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ABSTRACT

Nowadays, sustainably developed society with low carbon content is needed due to vulnerable
increase in the global energy demand and to tackle the global warming. The stable and flexible
high energy conversion and storage devices such as lithium-ion batteries and super-capacitors have
attracted a great attention. In order to enhance the utility of these devices, a highly efficient, stable
and cost effective catalytic material is required. In this scenario, the molybdenum disulphide has
emerged as a promising catalyst due to its unique properties such as layered structure, high
abundance, low cost and advantages over semi-metallic character of graphene. In the present study,
the nano-size single phase molybdenum disulphide has been synthesized at 700 °C via single step
reduction-sulphurization method in a specially designed autoclave. The structural and
morphological properties are investigated by X-ray diffraction (XRD) technique, field emission
scanning electron microscopy (FESEM) and high-resolution transmission electron microscopy
(HRTEM). The optical properties and band gap of as-prepared nanoparticles are studied by UV-
Visible spectroscopy. Both direct and indirect band gap were calculated from reflectance UV-Vis
spectroscopy. The reaction mechanism based on these results has been proposed. The as-
synthesized samples are expected to be promising catalyst in hydrogen evolution reaction (HER)

and their use as electrodes in lithium ion batteries.
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Chapter 1 - Introduction

1. Introduction

In the past few years, wide range of research interests had been focused on topic of
chalcogenides owing to their potential applications in optical, thermal and electrical fields [1-
4]. The term chalcogen is formed by Greek words ‘chalco’ and ‘gen’ meaning ore formation
[5]. The three elements of group VI of modern periodic table i.e. sulphur, selenium and
tellurium are known as chalcogens. All chalcogens have six electrons in their valence shell.
The electronic configuration of these compounds can be stated as ns?p*, where the s-orbital of
outermost valence shell contains two electrons and p-orbital is occupied by four electrons. The
lone pair of s-orbital is generally inert and in p-orbitals two unpaired electrons occupy two p-
orbitals and a pair of electrons occupies the third p-orbital [6]. So, they occur in many oxidation
states as -2, +2, +4 and +6. A special class of compounds which contain one or more chalcogen
atoms as a major constituent connected to another element is known as chalcogenides [6]. The
low electronegativity of chalcogens is mainly responsible for covalent bonds formed by them
[7]. While bonding, the s and p orbitals of chalcogens most possibly hybridise to form zinc
blend structure through sp® hybridisation [6]. Out of these chalcogens, sulphur and selenium
are non-metals, whereas tellurium is a metalloid [8,9]. When these chalcogens get attached to
any transition metal, they give rise to a special class of compounds, called transition metal
dichalcogenides (TMDCs) [6]. The general chemical formula for transition metal
dichalcogenides is MXz, where M stands for any transition metal and X represents a chalcogen
atom as S (sulphur), Se (selenium) or Te (tellurium)[10,11]. The distinct unison of direct band
gap, similarity to graphene layered structure, mono or few layer thickness, absence of dangling
bond, supermagnetism phenomenon make TMDCs an appealing focus for research projects
[11-13]. Among all the chalcogens, sulphides have a myriad of applications making them the
most studied compounds for industrial and research work [14,15]. Sulphides refer to a class of
compounds which contain sulphur atom as major anion (S2) attached to some other positively
charged atom, such as zinc sulphide (ZnS), sodium sulphide (Na2S), nickel sulphide (NiS),
hydrogen sulphide (H2S), copper sulphide (CuS), and molybdenum disulphide (MoSz). Owing
to the existence of multiple oxidation states, small size, low cost, high abundance and clear
quantum confinement effects, sulphides occupy important positions in the domain of catalysis,

mineralogy, lubrication, photoluminescence and many other fields [16-19].
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1.1 Classification of sulphides

Sulphur form many compounds with other positively charged atoms. Depending upon the

bonding and electronic structure, the sulphides can be broadly classified into four general

categories as shown on Fig.1.1.

Sulphides
Transition metal ! ! ! Interstitial
Tl e 2 lonic sulphides Covalent sulphides e
Figure 1.1: General classification of sulphides.
1) Transition metal sulphides: The sulphides which form compounds with transition

metals with chemical formula MS;, where M is transition metal and S is sulphide.
MoSz, WSz, MnS, ZnS, CuS, FeSy, etc.

lonic sulphides: The compounds containing sulphide attached to the most
electropositive element via ionic bonding. Na>S and Al2Ss belong to this category.
Covalent sulphides: The covalent sulphides have small electronegative difference
between the both species. Certain transition metal sulphides also belong to this
category because of their covalent character. The examples are CdS, ZnS and H2S.
Interstitial sulphides: In this category, large electronegativity and atomic size
difference exists between metal atom and sulphur. CuS belongs to this category of
sulphides.

Depending upon the number of host metal atoms, sulphides can also be categorised as:

>

Binary Sulphides: The sulphides in which a single metal and one sulphur atom
forms the compound. e.g. PbS, NazS, FeS2, H2S and MoS..

Ternary sulphides: Sulphides which contain two different kind of metal atoms
attached to a sulphur atom. e.g. CusFeSs4, NiAsS and CuFeSo.

Quaternery sulphides: Three different types of host metal atoms and one sulphur

atom results as quaternary sulphides. e.g. PbCuShSs.

Among all the sulphides, transition metal sulphides are most studied because of their

exceptional chemical and physical properties.




Chapter 1 - Introduction

1.2 Transition metal disulphides

Metal sulphides have attracted wide range of research interests because of their abundance in
nature and unique physical and chemical properties [16]. Transition metals have partially filled
d sub-shell or can produce cations having partially filled d sub-shell. When these metals are
attached to sulphide, with chemical formula MSg, they form transition metal sulphides (TMSS)
such as MoS; (molybdenum disulphide), WS (tungsten disulphide), TiS> (titanium sulphide),
NiS (nickel sulphide) and CuS (copper sulphide). These compounds have been topic of hot
research in solid state physics since the exploitation of graphene [20]. They are widely used for
lubrication, catalysis, photoelectric devices and biomedical applications, because of the
similarity in layered structures with graphene [10,21,22]. They are known as beyond graphene
materials as they overcome the limitations faced in the case of graphene layers [23]. The semi-
metallic nature of graphene limits its use in electronics [24,25]. Graphene acts a zero gap
material as the conduction and valence band are symmetrical and Fermi surface lies at the point
of intersection of these bands [26]. Also, TMDCs are found to be more chemically flexible, in
contrast to graphene [11]. For this reason the research interests have been focused from
graphene to other layered compounds such as transition metal sulphides [27]. The TMSs are
mostly studied because of the unique electronic band structure for band-edge transitions
[28,29]. In the past decades, sulphides have attracted a lot of attention throughout the world
due to clear quantum confinement effects, when exfoliated to few thick layers [30,31]. TMSs
are scientifically and technologically important materials because of their distinct union of
direct band gap, atomic layer thickness, strong spin-orbit coupling and lack of inversion
symmetry have led to potential applications in areas of photovoltaic devices, lithium ion
batteries, hydrogen evolution catalysis, transistors, photodetectors, DNA detection and
lubrication [11,30,32-36]. The schematic representation of TMS applications is shown in
Fig.1.2.

Lubricants

Photovoltic
Fuel cells c
devices

™S

Catalysts
~ applications

Figure 1.2: Schematic representation of applications of TMS.
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In the bulk form, most of the transition metal sulphides have layered structure, which is similar
to graphene, with adjacent layers weakly held together because of van der Wall interaction
[6,37]. Due to variation in stacking orders and metal atom co-ordination, transition metal
sulphides exist in various polytypes [38]. Transition metal sulphides have become subject of
much interest because of their ability to form well organised cage structures at nanoscale. These
nanomaterials exhibit wide range of unique properties in contrast to their bulk counterparts
[34]. The physical properties depend on the number of layers in atomically thin samples of
TMSs [6,38]. The electronic structure is such that large band-edge excitation occurs mainly as

d-d transitions of metal in contrast to zero bandgap of graphene [26].

1.3 Structure of transition metal disulphides
The total number of transition metal dichalcogenides as observed in nature is about sixty in
number. Almost two-thirds of them have layered structure. Only some of these layered

compounds exist naturally, others are synthesised compounds [6].

H sz He

M = Transition metal
Li Be X = Chalcogen B C N 0] F Ne

Na Mg | 3 4 5 6 7 8 9 0 1 12 Al Si P S Cl  Ar

K Ca Sc Ti A Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

Rb  Sr Y Zr Nb Mo [Te Ru Rh Pd Ag Cd |In Sn Sb Te | Xe

Cs Ba La-Luf Hf Ta | W | Re Os Ir Pt Au Hg TI Pb  Bi Po At Rn

Frr Ra Ac-Lr Rf Db Sg Bh Hs Mt Ds Rg Cn Uut Fl Uuwp Lv Uus Uuo

Figure 1.3: TMDCs having layered structure have been marked on periodic table, showing
three chalcogen atoms in orange colour [11].

The structure of transition metal sulphides consist of layers in which in-plane atoms are
covalently connected, whereas the layers themselves have weak van der Waals forces [39].
Three atomic planes, each 6-7A thick, are contained in each layer [6,11]. The planes are
hexagonally packed and the hexagonal plane of metal atoms is sandwiched between chalcogen
(sulphur) atoms as shown in Fig.1.4 (a). In these compounds, high oxidation states of transition

metals are not observed, because of small electronegativity of chalcogens [7]. During the
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bonding of transition metals and sulphur the d-orbitals electrons of sulphur participate,
strengthening the bonds and favouring the trigonal-prismatic coordination in sulphur as shown
in Fig.1.4 (b). The distortions in the structures are due to large polarizability of sulphur ions

arisen due to d-orbital participation [6,34].

Octahedral

Figure 1.4: (a) 3-D representation of typical MX: structure, where metal atoms are shown in
green and chalcogen in orange, (b) Transition metals can have trigonal prismatic
or octahedral coordination. [34]

The occurrence of polymorphs of a same TMSs is also common. For example, natural
molybdenum disulphide (MoS2) usually exists as 2H phase, while the one synthetically
fabricated has 3R phase. The metal coordination in both these polymorphs is trigonal prismatic

implying that stacking sequence has no impact on metal coordination [6].

1.4 Properties of transition metal disulphides
The transition metal disulphides exhibit different physical and chemical properties depending
upon their structural, morphological aspects as given below:

e The phenomenon of superconductivity is observed in all TMSs, resulting in a new class
of artificial 2-D superconductors. The superconductivity is directly related to
asymmetric spin-orbit coupling (ASOC) [40].

e TMS monolayers exhibit direct band gap because of d-d transitions occurring in metal

atom. They have been most popularly used in transistors nowadays as it had made
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possible to switch on-off the circuit, owing to this direct band-gap. TMS monolayer
band gaps lie in visible range (400-700 nm) [40,41].

¢ No inversion centre has been detected in TMDC monolayers. As a result, the occurrence
of valleytronics is observed in them, which allows a new degree of freedom to charge
carriers in these 2-D materials. This also leads to piezoelectricity in odd layers of these
materials [40,42].

e They possess higher carrier mobility and high on/off ratio [29].

e The Young’s modulus of TMSs is reported to be higher than even of steel. Layers of

TMSs can bear deformation upto a certain percentage before fracturing [26,43].

2. Molybdenum disulphide

Among different TMSs, molybdenum disulphide (Mo0S>) having layered structure resembling
to structure of graphene is mostly studied because of exceptional chemical properties. This
unique layered structure endows MoS, many novel properties, such as chemical stability,
anisotropy and anti-photo corrosion [37]. Owing to its distinctive catalytic, electronic and
optical properties, it is widely used in numerous areas, such as hydrosulfurization catalyst,
photo and electrocatalyst, in lithium batteries and as dry lubricant [18,35,44]. The enhancement
of surface properties of nano MoS, makes it promising candidate for water splitting by both
photo and electro catalysis for hydrogen production as clean and renewable energy source [45-
47]. The catalysis and efficiency of hydrogen evolution reaction (HER) is greatly influenced
by surface characteristics and method of synthesis [36]. The synthesis of MoS; at nano scale
with uniform sulphurization and controlled morphology is highly desirable.

Molybdenum disulphide mainly occurs as mineral Molybdenite (chief ore of molybdenum) in
nature [48]. Molybdenum disulphide is an inorganic compound made of Molybdenum and
Sulphur, with chemical formula MoS», where molybdenum belongs to transition metals and
sulphur is a chalcogen. Molybdenum exists in various oxidation states as +2, +4 and +6 and
oxidation state of sulphide is -2, thus forming various compounds as MoSsz, MoSz and Mo02Ss.
MoS: having oxidation state of Mo (+4) forms the stable and prominent member of transition
metal sulphide family. MoS; layers are assembled together by weak van der Wall interactions,
so that they can easily move against each other and is used for dry lubricant applications [49].
MoS> has a very high melting point above 1,185°C. Bulk MoS; is an indirect bandgap
semiconductor with bandgap of 1.23 eV, whereas the monolayer of MoS; has direct bandgap
of 1.8eV [41]. Typically, the Mo-S bond is 2.42 A long and a single layer of MoSz is 0.7 nm
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thick. It is a promising agent for novel diverse applications in areas of electronics,
optoelectronics, sensors and energy-storage devices [28]. The similarity of MoS» with graphene
and bandgap variation widens its industrial use as catalyst for hydrogen production and storage
applications [36]. MoS: having the unique property of band gap variation is a promising low

cost efficient catalyst and support for HER via photocatlysis and electrolcatlysis [50].

2.1 Structure of molybdenum disulphide

MoS: is a naturally occurring layered solid with structure similar to graphene layers [37]. The
crystal structure of MoS: consists of weakly coupled layers of S-Mo-S with Mo atom layer
sandwiched in between two S atom layers. The unit cell of MoS; has covalently bonded S-Mo-
S in a hexagonal arrangement, where each S atom coordinates with three Mo atoms in the form
of trigonal prismatic coordination [50]. MoS> has three main types of phases described as: 1T,
2H and 3R MoS; as shown below in Fig.1.5 (a-c), respectively. The coordination of
molybdenum atoms in 1T Fig.1.5 (a) form is distorted octahedral, whereas 2H and 3R Fig.1.5
(b,c) crystalline varieties differ by layer arrangement. The metastable 1T phase can transform
to 2H phase by heating treatment [11].

Poly-Types of MoS2

The metastable 1T phase as shown below in Fig.1.5 (a) is metallic modification of monolayered
molybdenum disulphide. It contains one layer (S-Mo-S) per unit cell stack in tetragonal
symmetry with octahedral coordination. Monolayer of 1T MoS; consists of two slabs of
hexagonally packed S atoms with one slab of hexagonal Mo atoms sandwiched in between
them. Mo atoms occupy centre positions of octahedral interstices of the S layers. Here, the S
atoms in upper and lower planes are offset from each other. The metallic phase possesses
unique electrical properties [29,37,50].

Bulk MoS; exists as 2H phase and contains two layers per unit cell stack in hexagonal
symmetry with trigonal prismatic coordination as shown in Fig.1.5 (b). This is a stable phase
and dominates in nature. Each Mo atom in this phase is surrounded by six S atoms, as in a
trigonal prism with stacking sequence of AbA BaB. There is strong chemical bonding between
the atoms but layers have weak van der Waals force between them [37,40,50].

3R MoS; consists of three layers per unit cell stack in the rhombohedral symmetry with trigonal
prismatic coordination in 3R phase as shown in Fig.1.5 (c). The stacking sequence of planes is
ADbA CaC BcB. This poly-type exists at high pressure i.e. above 4.0 GPa [6,37,50].
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Octahedral
c
a
b - O o

Trigonal prismatic
S

@)
‘ Mo

Trigonal prismatic

(c) 3R: rhombohedral symmetry. [50]

2.2 Properties of molybdenum disulphide

Figure 1.5: Polytypes of MoS; @) 1T: tetragonal symmetry, (b) 2H: hexagonal symmetry,

MoS;, a black shiny powder has molar mass of 160.07 g/mol with density 5.06 g/cm?®. It melts
at temperature only higher than 1000 °C. Young’s Modulus for MoS: is reported to be
0.33+0.07 TPa, making it a mechanically flexible material [26]. MoS; is found to be
diamagnetic in nature [11]. In addition, MoS: is found quite stable against photocorrosion,
making it a potential candidate for photo and electrochemical applications [37].

The physical properties of molybdenum disulphide are given in Table 1.1.

Table 1.1: Properties of molybdenum disulphide.

Polytypes
Parameters
2H 3R
Lattice parameters | a=3.16 A a=317A
(a,c) c=1229A c=1838A
Resitivity (p) 33 Qcm 0.3 Qcm
Electron 610" cm
concentration (n)
Energy gap (Eg) 1.971eV (at T=77K) | 1.9 eV
Hall coefficient (u4) | 57 cm?/V's

Most of chemical properties depends directly on number and sequence of stacking pattern of

layers. It also shows some interesting optical properties, as in photoluminescence spectra, two
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distinct peaks (Al and B1 excitons) are observed at 670nm and 627nm, but with increase in
number of layers they disappear [26]. Also, the transition of band gap into a direct one has led
to higher mobility and increased current on/off ratio in MoSz [41]. This band gap transition has
led to physical phenomenon of valleytronics. Owing to this phenomenon and lack of inversion
symmetry, the odd number layers in MoS; are piezoelectric [11]. While reacting chemically,
the metallic edge planes with existence of sulphur vacancies appear as active sites, whereas,
the sulphur atoms lying on basal planes behave as inert as they are completely coordinated.
Moreover, the poisonous behaviour of sulphur is no longer observed in MoS,. The metallic
states located at edges act as catalytic sites as they can accept or donate electrons. All these
points result in high activity of molybdenum disulphide [37].

2.3 Applications of molybdenum disulphide

)} Photo and Electrocatalysis: The importance of MoS; as a catalyst is because of of
its relatively high activity and resistance to poisoning with sulphur. It is widely used
in hydro-desulfurization and hydrogen evolution reactions (HER). It is also used in
hydrogenation of CO and methanation [37].

i) Batteries: MoS; has been verified as efficient electrode material for lithium ion
batteries (LIBs). LIBs have high operating voltage, large energy density and long
life cycle. They consist of anode, cathode and electrolyte. MoS; has proved to a
good anode as well as cathode candidate in LIBs, making it widely usable in field
of energy conversion and storage [44].

iii) Bio-applications: MoS; has good biocompatibility, therefore is used for DNA
optical detection, artificial protein receptors, and glucose electrochemical sensing,
efficient photothermal therapy, enzymatic biodegradation, combined therapy and
multifunctional cancer theranostic. MoS; is the only known biodegradable material
that can be ultimately excreted from body [51].

iv) Sensors: MoS; has been used to develop various types of sensors, such as optical
sensors, gas sensors, chemical sensors, and biosensors, owing to their high surface-
to area ratio as well as their unique physical and chemical properties [28].

V) Lubricant: Molybdenum disulphide nanoparticles are known to possess
tribological properties. Because of MoSz lamellar structure with weak van der wall

forces between layers, it works as an excellent solid lubricant [37].
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2.4 Synthesis of MoS;

Different physical and chemical methods have been applied to synthesise nano-sized
molybdenum disulphide bulk and nanostructures. The physical methods involve high energy
techniques such as microwave plasma, sputtering or pulsed-laser deposition. All these methods
are rapid and obtained nanostructures result in reduced surface areas [37]. Chemical route
include multi-step methods as high temperature transport, hydrothermal, solvothermal and
sonochemical synthesis [25]. Chemical synthesis methods have proved to be facile; cost
efficient and resultant particles are highly pure with controlled morphologies [52]. Till date,
only limited reports are available on morphology controlled techniques [53]. The reported
synthesis methods mostly occur over a long duration of time with involvement of multi-steps,
costing financial resources and energy exploitation. So, a single step method is the need of the
hour through which we can synthesize molybdenum disulphide nanoparticles in a limited
amount of time. The further knowledge on the behaviour of molybdenum and sulphur phase
formation can be gathered from the detailed study of phase diagram of MoS; as given in
Fig.1.6.

2.4.1 Phase diagram of MoS>

The Fig.1.6 shows the phase diagram of Mo-S system. The two stable phases according to the
phase diagram are Mo2Ss (belonging to group mP10) and MoS; (from group hP6). A metastable

phase of MoS> (hR3) also exists, which has a close structure to hP6.
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Figure 1.6: Phase diagram of MoS;. [54]
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It has been reported that the content of molybdenum is higher in hR3 than hP6. The hR3 state
is found stable at higher pressures. When the amount of sulphide increases in hP6 phase,
expansion and distortion occurs in the lattice upto MoSa.se. There are more chances of obtaining
an amorphous phase, with increase in sulphur content. The equilibrium phase of MoS> changes
to MoS.. if the temperature is increased upto 1100 °C [54]. According to the thermodynamic
values, hP6 symmetry of MoS; is most stable with -1.19+£0.01 value of entropy (AH®208/R), K
and free energy function (AG°298/R), K value of -10720+100.
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2. Literature review

Molybdenum disulphide at present is most intensively studied compound in material science
on account of its intriguing applications in flexible electronics, biomedical, energy storage and
harvesting and electrochemical catalysis. It is also known as beyond graphene compound
because of many novel physical, chemical, electronic and catalytic properties when peeled off
to atomic-layer thickness. The high activity shown by MoS; has appealed the research
community to shift focus on large scale applications of molybdenum disulphide in hydrogen
production by water splitting. But all these properties depend on the morphology, structure and
surface characteristics of synthesised nanoparticles, which depend on method of synthesis. The
change in structure, surface composition and phase are observed by varying synthesis
parameters. Researchers have focused on developing a feasible, low cost method to synthesize
nano-MoS; with enhanced catalytic activity. Traditional methods such as mechanical cleavage
or exfoliation have gone into oblivion because it is difficult to control size and thickness of
resultant samples. In comparison, chemical vapour deposition technique is an efficient method
but at the same time it is very costly and requires high-scale machinery. The low cost
hydrothermal method requires bulk quantities of precursors along with tedious time duration.
So, all these methods have been studied and the recent trends for the synthesis have been

reviewed below.

Hu and Hu [1] in 2009 synthesized different MoS2 nanostructures by heating MoSs precursor
via precipitation method. The synthesized MoSs precursors were then calcined under H: gas at
high temperatures in the range of 700 to 1000 °C. The as obtained samples were characterized
by X-ray diffractometer (XRD), scanning electron microscope (SEM) and transmission
electron microscope (TEM). The exfoliation restacking behaviour was also investigated. MoS;
hollow nanoballs were obtained when thioacetamide (C2HsNS) was used as sulphur source,
whereas cloud-like loose nanostructures were obtained when NaxS (sodium sulphide) was used
as sulphur source. After exfoliation treatment, it was observed from XRD patterns that

restacking was not regular along c axis.

Lin et al. [2] in 2010 synthesized MoS. nanorods via hydrothermal method. Here,
sillicontungstic acid was used as an additive. The structure and morphology of as-obtained
samples were characterized by XRD and field emission scanning electron microscope

(FESEM). Both hexagonal and rhombohedral phases were observed in the obtained nanorods.
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The atomic ratio of Mo:S was found to be 1:2 via XPS data. The FESEM micrographs indicated
that MoS; nanorods have uniform size with diameter in range of 20-50 nm and 400-500 nm in
length. According to the proposed mechanism, MoS; layers swelled in presence of
sillicontungstic acid leading to the intercalation of small molecules. The swollen compund
exfoliated when put into hydrothermal reaction for duration of 24 hours, synthesizing MoS>

nanorods.

Dong et al. [3] in 2011 synthesized MoS; nanoflowers via hydrothermal method. The
precursors were magnetically stirred after adding ionic liquid for 12 hours and then put into
autoclave for 24 hours. The X-ray diffraction patterns indicated pure and highly crystallite
structure, confirmed by SAED results. The uniform rose-like morphology with size of 1um
was confirmed by SEM micrographs. TEM and HRTEM images revealed rough surfaces and
bent layers of MoS,. The as prepared nanoflowers had higher specific surface area and more

active sites, as the morphology was highly influenced by ionic liquid.

Chen et al. [4] in 2012 synthesized MoS,/CdS photocatalyst via ball milling combined
calcination method. These samples were characterised by XRD, TEM and SEM to confirm the
size, structure and morphology of as-obtained samples. The smooth-surfaced particles were
mostly smaller than 100 nm in size. The TGA/DSC results were found in good agreement to
those of XRD patterns. XPS studies and HRTEM images showed that layered MoS> was
deposited on surface of CdS. The as prepared samples showed enhanced photocatalytic H>

evolution activity.

Wang et al. [5] in 2013 synthesized hollow nanoparticles of molybdenum disulphide by
solvothermal method. The above prepared samples were characterized by X-ray diffraction
(XRD), transmission electron microscope (TEM), High resolution-TEM (HRTEM) and
scanning electron microscope (SEM). The as-prepared MoS; consist of spherical nanoparticles
with diameter of 300-800 nm with high wrinkled surface. The lattice constant values as
calculated from XRD data showed increase in ¢ value in comparison to standard data. These
hollow nanoparticles showed improved lithium storage performance than the solid

counterparts.
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Zhao et al. [6] in 2014 synthesized thin MoS2 nanoflakes encapsulated in carbon nanofibres
by hydrothermal method and second method of electro-spinning followed by carbonization. X-
ray powder diffractometer (XRD), scanning and transmission electron microscopy revealed
MoS; nanoflakes suffered expansion in interlayer spacing, resulting in thickness of about 5 nm.
SAED patterns were in good reference to that of XRD peaks. Hybrid nanofibrous mats formed

by the later method exhibited excellent performance as anode material for LIBs.

Wang et al. [7] in 2014 synthesized morphology controlled MoS; nanostructures (nanospheres,
nanoribbons and aggregated nanoparticles) via introducing variations in surfactants and
reaction temperatures of hydrothermal method using different precursors. XRD results referred
to 2-H hexagonal phase. The nanoribbons exhibited a smaller crystallite size whereas in
aggregated nanoparticles the d-spacing was found to be larger. FESEM and HRTEM images
indicated uniform size of rough-surfaced nanostructures close to 600 nm. SAED patterns
revealed weak crystallite nature of samples. The results revealed that the final morphology of
nanostructure highly depends on surfactant and reaction temperature. The electrochemical
measurements revealed that nanospheres possessed highest cycle stability and rate capacity

among the synthesized samples, owing to its large specific surface.

Vattikuti et al. [8] in 2015 synthesized MoS, nanorods via co-precipitation method. The
precursors Mo:citric acid were taken in ratio of 1:5, in a pH controlled environment. The
transition of nanospheres into nanorods was observed when calcined at 800 °C. XRD, SEM
and TEM characterizations revealed that finally nanorods with diameter 200-150 nm and few
tens of micrometers long were obtained. UV-Vis spectroscopy revealed that bandgap of such
nanorods was less than that of nanospherical structures. The purity of sample was confirmed
by EDX mapping. FTIR and TGA curves indicated vapourisation of organic components and
recrystallization of MoS». The shape and size of nanoparticles was successfully controlled by

effect of temperature.

Vattikuti et al. [9] in 2015 synthesized MoS, multi-wall nanotubes using wet chemical method
with H20: solvent as growth promoter. The size and morphology of as-prepared nanoparticles
were characterized by X-Ray diffraction, transmission electron microscopy (TEM) and
HRTEM. An increase in the size of nanotubes was observed as per the increase in reaction
time. The mean length of as obtained nanotubes was 100-300 nm with diameter 20-30 nm and
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energy bandgap was 2.57eV. The sample with 0.5wt% showed greater photocatalytic
degradation of dye Rhodamine B (RhB) under UV light irradiation.

Cheah et al. [10] in 2015 synthesized 2-H MoSz nanospheres via hydrothermal method. The
X-ray patterns confirmed hexagonal phase with low crystallinity. The atomic packing was not
in systemized order, due to the possibility of strain within internal structure. The morphology
by TEM and HRTEM micrographs revealed spherical structure with average diameter of 120-
180 nm. Optical absorption spectra showed visible light region occurring electronic transitions.

Yinetal. [11] in 2016 synthesized M0S2/CdS nanosheets-on-nanorod heterostructure via two-
step prolonged solvothermal method. TEM and HRTEM images showed discontinuous
amorphous lattice fringes on nanosheets. EDS analysis indicated S and Cd were homogenously
distributed whereas Mo matched weakly with sheet-like structures. The presence of Cd, Mo, S
and O was confirmed by XPS spectrum. XRD data indicated MoS; was partially crystallite in
nature and its loading was deficient on surface of CdS nanorods. The loading dependent
experiments showed that CdS nanosheets-on-nanorods with MoS; loading exhibited the
highest Hz generation rate during photocatalytic HER under visible light.

Deokar et al. [12] in 2016 synthesized MoS> nanosheets with high purity by additive-free
chemical vapor deposition (CVD) method. Vertically aligned 2H-MoS2 nanosheets with large
surface area were processed. Raman and TEM analysis indicated 2-H MoS; crystal structure
in prepared nanosheets. High purity of sample was confirmed by XPS. Thin nanosheets show
PL at 1.83eV as that of direct band gap monolayer. Further, photoluminescence showed sharp

increase with reduction in thickness.

Yan et al. [13] in 2016 synthesized ZnO coated MoSz nanosheets by two step hydrothermal
method. The structure and morphology of as obtained samples was characterised by XRD,
EDS, XPS, FESEM and TEM. The results revealed the flower-like morphology of MoS: in a
range of 400 to 800 nm diameter. It consisted of many nanosheets with average diameter of
500 nm and about 5-10 nm thick. These ZnO coated MoS; nanosheets proved to be better gas

sensors towards ethanol than ZnO nanoparticales.
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Kumar et al. [14] in 2016 synthesized MoS: nanostructures in a time span of 10 minutes
through supercritical ethanol route method. The as-obtained samples were characterized by
XRD, XPS, FESEM, HRTEM, BET and FT-IR spectroscopy. The XRD patterns confirmed
hexagonal pure phase of MoS>. Decrease in interplaner spacing was observed with increase in
calcination temperature. The FESEM revealed aggregation of nanoplates, whereas nanoplates
merged to form a sheet like structure with increase in calcination temperature. The fringes-
distance between well stacked layers was about 0.65 nm as per HRTEM micrographs. The FT-
IR spectroscopy indicated presence of hydroxyl groups on surface of MoS2 nanoparticles. The
pore size of the samples was found to be in range of 2-150 nm from FESEM and TEM analysis.
The electrochemical studies showed that MoS2 nanoparticles produces via such technique can
be used in high-performance lithium ion batteries as they have reversible discharge capacities
of in range of 800 mAhg™.

Wang et al. [15] in 2017 reported low temperature synthesis of globular MoS; nanoparticles
with sulphur powders as sulphur source. The as-synthesized nanoparticles were characterized
by X-ray diffraction (XRD), SEM, TEM for analysing structural and morphological properties.
High-indexed diffraction peaks were not found in XRD patterns, which confirmed poor
crystallinity and the short-range disorder exists between planes. EDX confirmed absence of
impurities in the obtained sample. Raman spectroscopy was found in good agreement with
XRD results. SEM and TEM reults indicated that the MoS; nanoparticles without MnCl, were
of flower like structure with particle size 140 nm whereas NPs with traces of MnCl; have
average size decreased by 50 nm. Thus, the average size of MoS; NPs can be reduced

remarkably by introducing trace transition metals or halide ions.

Sun et al. [16] in 2017 synthesized MoS> quantum dots (QDs) cocatalysts via hydrothermal
(H) and liquid exfoliation strategy (L). The as prepared QDs were homogenous with diameter
of 2.49 nm and 2.27 nm, respectively. XRD, transmission electron microscopic (TEM) images
and high-resolution transmission electron microscopic (HRTEM) were used to characterise the
size, structure and morphology of both samples. QDs-H had very low yield and even the
repeatability of experiment was poor. Moreover, they showed no better results over their bulk
counterparts according to the electrochemical results. In comparison, QDs-L were observed to

be highly crystalline with paralleled and ordered lattice fringes from TEM and HRTEM
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images. The MoS; QDs-L/CdS showed higher photo and electrocatalytic hydrogen production

performance.

Shomalian et al. [17] in 2017 synthesized porous MoS: nanoparticles by polymerizing
complexing sol-gel method. The sample structure and size along with morphology was
analysed by using data from X-ray diffraction (XRD), transmission electron microscopy
(TEM), field emission scanning electron microscopy (FESEM). The nanoparticles synthesized
with precursor (NH4)2S20g exhibited pure phase better than ones prepared with ammonia as
precursor with continuous sulphur vapours flow. The values of band gaps were in range 2.97-
2.02eV and 3.96-2.95eV with respective precursors were obtained from UV-Vis
spectrophotoscopy. SEM image of the nanoparticles from ammonia has a platy and flower-like
growth, whereas others have nano-plates cluster growth. The precursors and annealing
temperature proved to be deciding factor of morphology of the prepared nanoparticles. TEM
images of nanoparticles annealed at low temperature shows nanorods and blade like plate

sections.

Sunetal. [18] in 2017 synthesized MoS2/In,Sz ultrathin nanoflakes with mesh-shaped structure
on Indium Tin Oxide (ITO) via hydrothermal method. The as-synthesized nanoflakes were
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), HRTEM, X-
ray photoelectron spectroscopy (XPS), UV-visible spectroscopy and photoluminescence (PL).
SEM and HRTEM analysis revealed layered nanosheets with well crystalline lattice fringes.
The size of layered structure of nanosheet was found to be less than 10 nm through XRD
analysis. STEM analysis showed In»Ssz and MoS; were connected closely. In-doped MoS» was
successfully observed via XPS. The as prepared composite showed higher adsorption intensity
as per UV-Vis data. But, MoS2/In.S3 composite showed low PL intensity, proposing to
downfall in recombination. These hybrid nanoflakes have higher electrochemically active
surface area (ECSA) and exhibited more superior visible light activities. They also proved to

be superior photocatalyst for photoelectrochemical (PEC) cells.

Afsar et al. [19] in 2018 synthesized 2-D MoS; nanoflakes via liquid-solid phase reaction.
The structure and morphology of as-obtained nanoparticles were characterized by XRD, SEM
and TEM analysis. The prepared nanoflakes exhibited poly-crystalline nature. The EDS sata

confirmed no impurities were present. High specific surface area of 21 m?/g was analysed
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through BET characterization. The UV-visible spectroscopy confirmed the band-gap of
2.05eV. Methylene blue (MB) and safranin-o (SO) were degraded to check the photocatalytic
activity. MB was 99.58% degraded in 100 min while SO was 99.89% degraded in only 70
mins. Such obtained nanoflakes proved to be potential catalyst in waste-water treatment.

Ravikumar et al. [20] in 2018 synthesized 2-D nanoflowers of MoS, and MoSe; via simple
hydrothermal method over the duration of 48 long hours. The XRD patterns referred to
hexagonal phase with uniaxial tensile strain along (001) direction. HRTEM images revealed
interlayer distance of 0.62 nm and showed various deformations and break-downs. The
elemental distribution of Mo:S was confirmed by EDX to be 1:2. The electrochemical studies

proved MoSe: to be better electrocatalyst towards HER, in reference to its higher defect level.

Song et al. [21] in 2018 synthesized MoS> nanosheets on reduced graphene oxide surface by
single-step hydrothermal technique. The structural and morphological features of as-
synthesized samples were characterised by XRD, FESEM and HRTEM. The patterns from
XRD data referred to hexagonal phase with high degree of crystallinity. The obtained samples
appeared to be highly aggregated consisting of severly stacked large-scale sheets. As observed
in HRTEM, the MoS2/RGO revealed flower-like morphology. The electrochemical
experiments showed that MoS2/RGO composite is better electrode than simple MoS: as it has
higher cycling stability. The results concluded that introduction of graphene loosens the
structure giving rise to higher acceleration of ion and electron transport, making MoS2/RGO

better electrodes for sodium ion batteries.
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3. Experimental

3.1 Chemicals

In this study, the nanosized molybdenum disulphide has been synthesized via reduction-
sulphurization method using a specially designed stainless steel autoclave. High purity
precursors of molybdenum and sulphur were used for synthesis. Molybdenum trioxide (MoO3)
(Loba Chemie) was used as molybdenum source and sodium sulphide (Na.S) (Loba Chemie)
was used as sulphur source, whereas magnesium (Mg) (SDFC Ltd.) acted as reducing agent.

The detailed route followed for synthesis is discussed in detail below:

3.2 Sample preparation

A specially designed high grade stainless steel autoclave was used for synthesis of required
pure-phase molybdenum disulphide nanoparticles [1]. The precursors molybdenum trioxide
(Mo0s) and sodium sulphide (Na.S) along with reducing agent (Mg) were mixed in agate-
mortar. Then, the solid mixture was transferred into the autoclave and sealed properly. The
sealed autoclave was heated in furnace upto different required temperatures (300, 400, 500,
600, 700, 800 °C) for distinct holding times (8, 10, 12, 15 hours), with maintained heating rate
of 5 °C/min. Optimisation in quantities of precursor’s, temperature and time was done to obtain
pure phase of MoS,. The powder collected, after autoclave had cooled down to room
temperature, was put into diluted hydrochloric acid for leaching. The obtained powder was
washed with distilled water and dried in oven at 100 °C for duration of 24 hours. The route
followed for synthesis of nano MoS: is schematically represented in Fig.3.1 and the variation

in synthesis conditions has been listed in table 3.1.
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Figure 3.1: Synthesis route for preparation of MoS..
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Heating at various
temperatures
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prepared samples

Table 3.1: Optimisation in synthesis conditions.

Leaching
HCIL:H,0
(1:2)

!

Drying of
powder

Sample Id | MoOs3(g) | Mg (g) | Na2SxH20 (g) | Temperature (°C) | Holding time (hrs)
MS-1 1.439 2.5 2 400 10
MS-2 1.439 2.5 2 500 10
MS-3 1.439 25 2 600 10
MS-4 1.439 2.5 2 700 10
MS-5 1.439 2.5 2 800 10
MS-6 1.439 2.5 2 500 12
MS-7 1.439 2.5 2 500 15
MS-8 1.439 2.5 3 600 10
MS-9 1.439 25 3 700 10

MS-10 1.439 2.5 3 700 12
MS-11 1.439 2.5 3.5 700 10
MS-12 1.439 2.5 4 700 10
MS-13 1.439 2.5 4.5 700 10
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3.3 Characterization

3.3.1 X-ray diffraction (XRD)

The as-prepared samples were characterized with the help of PANALYTICAL X'PERT PRO
XRD diffractometer armed with X’Celerator solid state detector having nickel (Ni) as an inbuilt
beta filter. The Cu-Ka radiations, generated from Cu anode target material with A=1.54443 A,
were used to detect phase and obtain crystal structure of required samples. The diffractograms
with intensity versus 260 positions, where 26 varied in definite range of 10° to 90° with step size
of 0.0170°, were recorded. The peaks as observed in this recorded XRD data were analysed by
comparing them to International Centre of Diffraction Data (ICDD) cards as registered in
X’pert Highscore plus software. Further, Scherrer formula was used to calculate the crystallite

size.
3.3.2 Field emission scanning electron microscopy (FESEM)

In this work, morphology of the optimised samples in powder form, was determined with the
help of FESEM. The images of FESEM were obtained using HITACHI SU8010 instrument,
operating at an accelerating voltage of 5 kV.

3.3.3 High resolution transmission electron microscopy (HRTEM)

The below atomic level properties of ultra-thin samples were investigated by HRTEM. A small
amount of sample was placed on carbon coated grid. The as-prepared samples were
characterized by JEOL 2100 operating at a voltage of 200 kV to record TEM micrographs at

various magnifications.
3.3.4 UV-Visible Spectroscopy

For the analysis of optical properties of the pure phased sample, UV-Visible spectroscopy was
performed. UV-Visible reflectance spectra was carried at room temperature with Hitachi
U3900H spectrophotometer instrument in wavelength spectral range of 200 to 800 nm. The
band-gap energy of as-prepared MoS; was evaluated using Kubelka-Munk function, written in
equation (3.1).

(1-R)?

F(R) =—5¢

(3.1)

where, R stands for reflectance.
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4. Results and Discussion

The effects of synthesis parameters on the formation of MoSz nanoparticles were studied in the
present work. In the primary experiments, MoOz (1.439g), Mg (2.5g) and NaxS (2g) were put
into autoclave at different temperatures for 10 hours. In further experiments, parameters (time,
sulphur content) were varied accordingly. Finally, the obtained nanopowders were analysed by
various techniques as X-ray diffraction (XRD), field emission scanning electron microscopy
(FESEM), high resolution transmission electron microscopy (HRTEM) along with UV-Vis
analysis for structural, morphological and optical studies, respectively.

4.1 X-ray diffraction (XRD) analysis

X’Pert HighScore Plus software was used to analyze XRD data by matching the data peaks
with reference International Centre for Diffraction Data (ICDD) reference patterns. The results
of XRD details revealed the presence of different phases and compounds. The list of ICDD

cards, which were used in analysis, is given in Table 4.1.

Table 4.1: List of ICDD cards used for analysis of as-synthesized powders.

S.No ICDD reference code Compound
1 03-065-7025 MoS: (Hexagonal)
2 01-074-0932 MoS: (Rhombohedral)
3 01-089-5023 Mo (Cubic)
4 03-065-0445 Mo2S3 (Monoclinic)
5 01-089-5114 Mo3Ss (Monoclinic)
6 00-035-0609 MoO3 (Orthorhombic)
7 01-076-1807 MoO2 (Monaclinic)
8 01-084-1248 MogO23 (Monoclinic)
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4.1 (A) Effect of reaction temperature on synthesis of MoS2 nanoparticles
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Figure 4.1: X-ray diffractograms of samples synthesized at 400 °C (MS-1), 500 °C (MS-2),

600 °C (MS-3), 700 °C (MS-4), and 800 °C (MS-5).

Figure 4.1 shows the XRD patterns of samples synthesized with variation in temperature from
400 °C to 800 °C and fixed holding time of 10 hours and heating rate of 5 °C/min. MS-1 shows
formation of major peak of molybdenum disulphide (MoS;) along with peaks of molybdenum
dioxide (M0O.) and molybdenum (I11) sulphide (M0.S3). The MS-2 shows formation of MoS;
and MoO>. No other impure phases as Mo0,Ss were observed in MS-2. The formation of MoO-

phase reveals that the temperature (400 °C and 500 °C) was not enough for sulphurization of

reduced molybdenum dioxide phase. Therefore, the temperature was increased even further,
favouring the reduction of MoOs. At higher temperatures, (600 °C, 700°C, 800 °C) formation

of molybdenum metal dominated, as only small peaks of MoS: were observed. The impurity
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phase (Mo) present at high temperatures revealed lack of sulphur source, even if reduction
process of MoO3 to Mo metal has been accomplished. The formation of Mo metal at higher
temperatures revealed the fast reduction of MoO3s/Mo0O. to Mo metal without the proper
sulphurization.

4.1 (B) Effect of holding time at a particular temperature on synthesis of MoS:
nanoparticles

% MoS5, ¢« MoO5, v , & Mo
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Figure 4.2: XRD patterns of samples heated for different holding times for 10 hours (MS-2),
12 hours (MS-6), 15 hours (MS-7).

Figure 4.2 reveals the X-ray diffractograms of samples synthesized at 500 °C with variation in
holding times of 10, 12 and 15 hours. The major peak corresponding to MoS; at 20 = 14.398
remained constant in all three samples, whereas the variations in impure phases was observed.
When the time was increased to 12 hours (MS-6), the phase formation of Mo metal, MoO> and
even some peaks of MoOs were observed, suggesting reverse oxidation of formed phase to
MoOs. Further increase in time upto 15 hours showed dominance of MoOs peaks indicating

that MoO- phase has transformed into MoOz with increase in reaction time. The reforming of
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MoO3 could be attributed to the competition between oxygen and sulphur because of their
atomic sizes. Both the oxygen and sulphur belong to the same group and oxygen being smaller
gets bonded easily as compared to sulphur. The results with increase in time were not
satisfactory, further more optimisation was introduced in other parameters. Afsar et al. [1] in
2018 synthesized MoS; at higher temperature (650 °C) by liquid-solid phase reaction method.
Therefore, the optimisation was done at relatively higher temperatures. As observed from
Fig.4.1, the reduction was complete at 600 °C and 700 °C, but sulphurization was found to be

minimal; so addition in sulphur source was done in further experiments.

4.1 (C) Effect of sulphur source on synthesis of MoS2 nanoparticles
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Figure 4.3: Effect of increase in sulphur source at 600 °C (MS-8) and 700 °C (MS-9).

The sulphur content was increased from 2g to 3g at 600 °C (MS-8) and 700 °C (MS-9) to
enhance the sulphurization process. The XRD patterns shown in Fig.4.3 suggested that at 600
°C (MS-8) only a small peak of MoS; appeared along with impure phases of Mo, MoO. and
MogO23. But at 700 °C (MS-9) MoS; phase dominated, with presence of small single peak of
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Mo and Mo2Sz phases. The variation in sulphur content affects the formation of MoOs to MoS;
as predicted in Mo and S phase diagram [2]. Therefore, the reaction temperature 700 °C
revealed that the reduction and sulphurization of MoOs was almost accomplished. Further, to
remove the impurities (Mo, M0,S3) however small existing in MS-9, the holding time was

increased to 12 hours (MS-10 as shown in Fig.4.4)

% MoS,, ¢ MoO,, ¥ Mo,S, & Mo, « MoO,
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L
E&

10 20 30 40 50 60 70 80 90
20 (degree)

Figure 4.4: Effect of holding time for 10 hours (MS-9) and 12 hours (MS-10) at 700 °C
temperature.

In the sample MS-11 (holding time of 12 hours), the impure phases as M0,S3, Mo and MoOs3
along with major phase Mo were obtained. Here, also MoO3 was obtained when holding time
exceeded 10 hours. This could be the result of reverse oxidation of the formed molybdenum
disulphide corresponds to the difference in atomic sizes of oxygen and sulphur. There is always
arivalry in both of them to bond with other atoms but oxygen having advantage of smaller size
replaces sulphur easily at relatively higher temperatures. This could be due to presence of

higher amount of oxygen as compared to sulphur inside the autoclave.
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Figure 4.5: Effects of variation in sulphur source; 2g (MS-4), 3g (MS-9), 3.5g (MS-11), 4g
(MS-12) and 4.5g (MS-13).

Figure 4.5 shows typical XRD patterns of samples synthesized with variation in sulphur
content; 29 (MS-4), 3g (MS-9), 3.59 (MS-11), 49 (MS-12) and 4.59 (MS-13) at fixed
temperature of 700 °C and holding time of 10 hours. The patterns in MS-9 (3g) showed
sulphurization has been accomplished to a greater extent, but small impure intermediate phases
of M0,Ss and Mo metal has been detected. In an attempt to attain complete sulphurization,
sulphur content was increased upto 3.5g in sample MS-11, which resulted in pure phase of

MoS:. This increase in sulphur content resulted in proceeding of reaction in forward direction.
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The major peak grown at 26=14.398 and very small humps at higher 26 values confirmed the
synthesis of nano molybdenum disulphide. The results indicated that the as-prepared sample
has amorphous nature and layers were weakly stacked [3], [4]. The further increase in sulphur
content suggested in severe increase in pressure within the autoclave, as transformation in
crystal structure of MoS, was observed. The excess amount of sulphur source used in the
synthesis of sulphide compounds have considerable effects on the crystal structure [5]. The
hexagonal MoS; has been synthesized in MS-11 (ICDD card reference code: 03-065-7025),
whereas the MoS; synthesized with higher sulphur content (4.5g) in MS-13 exhibited
rhombohedral structure (ICDD card reference code: 01-074-0932), which exists at relatively
higher pressure [6], [7]. So, the results predict the effect of pressure produced inside the
autoclave due to increase in sulphur content. The pressure generated inside the autoclave

affects the phase formation of MoOs to MoS..

Thus, single pure phase of molybdenum disulphide was obtained at 700 °C with sulphur
content of 3.5 grams (MS-11) and holding time of 10 hours. In this sample, the major peak at
20=14.394 corresponding to plane (002) of hexagonal MoS: in reference to ICDD card 03-
0665-7025.

4.2 Crystallite size of single phase molybdenum disulphide

The XRD patterns are useful in determining the crystallite size and lattice parameters. Pearson
V11 peak function was used for curve fitting of major peak (002) in XRD pattern of pure phase
MoS; (MS-11). The Bragg peak position and full width half maxima were marked in
accordance to the best fit as shown in Fig.4.6. Scherrer formula, which is volume weighted
quantity, was then taken in account for calculation of crystallite size. The Scherrer equation

states the relation between Bragg peak position (2 0) and crystallite size as:

L2
~ Bcos6

(4.1)

Here, D stands for calculated crystallite size, k is shape factor (0.9394), A corresponds to
wavelength of Cu Ka radiation (0.154 nm) and 0 is Bragg’s angle. g used in above equation
refers to Bragg’s peak breadth, which is amalgamation of both sample and instrumental
dependent effects. The instrumental peak broadening was obtained with the help of Si standard

sample and was then subtracted from observed value, so that:

.8 = {(ngserved) - (:Biznstrumental)} (4'2)
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Figure 4.6: Fitting of major peak (002) using Pearson VI peak function.

Table 4.2: Crystallite size of MS-12 using Scherrer formula

Sample Id 20 Bobserved | Pinstrumental | P(radian) | cos(0) | D (crystallite size)

MS-12 14.452 |0.43539 |0.13788 |0.0072 0.99206 |19.39277 nm

Thus, the crystallite size of single phase MoS> was calculated to be 19.39 nanometers.
4.2.1 Young’s modulus

The synthesized pure phase MoS, (MS-11) exhibited hexagonal structure. To understand the
elastic properties, Young’s modulus (E(nki) of this hexagonal structure along the best-fit plane
(002) was calculated using eq.(4.3) [8].

h+2k)2 2
[h2+( 2 ) +(%l) ]2

E ity = o2 (4.3)

4 h+2k)2 2
511(h2+T)2+533(%l) +(544+2513)(h2+%)((%l) )
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where, S11, Sz3, Sas and Sy all are elastic compliances found by using values of elastic constants
for MoS> hexagonal system [9]. The as calculated Young’s modulus was 0.4TPa; which is in
good agreement with earlier reported literature [10].

4.3 Field emission scanning electron microscopy (FESEM) analysis

The surface morphological characteristics of the sample having single phase were studied by
FESEM analysis. Figure 4.7 (a) and (b) shows the micrographs of sample MS-11, synthesized
at 700 °C with holding time of 10 hours. The FESEM micrographs at different magnifications
shows that the particles are highly agglomerated. The results also confirm homogenous
spherical/faceted morphology of particles. The size as measured from these micrographs is in
range of 20-30 nm; which is approximate to the size calculated with the help of Scherrer

formula in table 4.2.
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Figure 4.7: FESEM micrograph of sample MS-11 with (a) 1um magnification (b) 500nm
magnification.

4.4 High-resolution transmission electron microscopy (HRTEM) analysis

Figure 4.8 (a-d) shows the transmission electron microscopy (TEM) and HRTEM micrographs
of as-synthesized nano MoS; particles. The TEM micrographs Fig.4.8 (a) and (b) shows the
nanoflower like morphology and reveals the preferential growth of nano structures. The results
are in agreement with the XRD results. Certain particles in Fig.4.8 (c) are agglomerated and
possess faceted like shape which shows the resemblance to graphene and formation of
nanoflakes. The HR-TEM in Fig.4.8 (d) reveals the lattice fringes of 0.327 nm corresponding
to (004) plane having similar d-spacing as MoS: (ICDD card: 03-0665-7025). The HRTEM
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confirms the pure phase formation of hexagonal MoS,. The average particle size calculated at

various areas is about ~147 nm.

Figure 4.8: TEM micrographs of MS-11 sample; (a) and (b) shows nano-flower morphology
(c) shows agglomeration of particles (d) HRTEM micrograph showing lattice
fringing of sample MS-11.

4.5 UV-Visible analysis

UV-Vis reflectance spectroscopy was performed to analyze optical properties and estimate
band gap energy of prepared MoS; sample. The Fig.4.8 shows reflectance spectra recorded in

wavelength range of 200 to 800 nm at room temperature.

As the spectroscopy data was recorded for reflectance against UV-Vis rays, Kubelka-Munk

function was used to find the band gap energy. According to Kubelka-Munk equation:
[F(RYhv]" = A(hv — E,) (4.4)

where, A is proportionality constant, v refers to frequency and Egobtained is band gap and F(R)
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is reflectance as mentioned in eq.3.1. (experimental section).
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Figure 4.9: Reflectance spectra of sample MS-11.

The band gap of MoSz depends on its structure and morphology. Both direct and indirect band

gaps for MoS: have been reported [11]. In the analysis of MS-11 both direct allowed (n=%2)

and indirect allowed (n=2) transitions are taken under consideration.

The plot between energy (hv) on X-axis vs [F(R)hv]" on Y-axis, where n can be % or 2 are

plotted. The Fig.4.9 (a) shows indirect band gap with value 1.7eV and Fig.4.9 (b) shows direct

band gap of 2.24eV. This blue shift in band gap energies could be attributed to the additional

quantum confinement of Z-direction in as synthesized hexagonal molybdenum disulphide [12].
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Figure 4.10: Corresponding [F(R)'hv]"~ hv curves of sample MS-11 showing (a) indirect band

gap and (b) direct band gap.
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4.6 Formation mechanism of molybdenum disulphide

In the present work, the nano-sized MoS; has been synthesized in a specially designed
pressurized vessel (autoclave) via reduction-sulphurization method. The mechanism for
formation of MoS; has been proposed on the basis of XRD results and morphological features.
Mg has been added as the reducing agent, along with precursors, to favor reaction in fast
forward reaction. As per reported literature, MgO catalyst is formed via interaction of Mg and
oxygen present in the autoclave [13]. Then, the reduction of precursors is bought out by MgO
to form H> and HS gases. Both these gases are supposed to help in reducing MoOs to MoOy,
owing to their diffusion coefficient [14], [15]. Smaller size of hydrogen makes it enter the grain
boundaries of oxides; fragmenting them into smaller particles, whereas sulphur at same time is

engaged in enclosing the particles.

As per the results revealed by XRD diffractograms for samples synthesized in temperature
range 400-500 °C, the reduction of MoOz and simultaneous sulphurization resulted in the
formation of MoO2, MoS; and Mo02Ss. The possible reaction paths taking place inside the
autoclave are listed below:

5Mo03; + 6Mg + 5Na,S3H,0 - MoS, + MoO, + M0,Ss; + MoO3 + 10NaOH +
6Mg0 + H, + 9H,0 (4.5)

5Mo03 + 2Mg + 6Na,S3H,0 —» MoS, + MoO, + M0,S3 + MoOs + 12NaOH +
2MgO0 + SO, + 12H,0 (4.6)

5M003 + SMg + 6NCL253H20 - MOSZ + MOOZ + M0253 + M003 + 12NaOH +
5Mg0 + HyS + 11H,0 (4.7)

S5Mo0O3; +2Mg + 7Na,S'3H,0 - MoS, + MoO, + Mo,S3 + MoO3 + 14NaOH +
2Mg0O + H,S + S0, + 9H,0 (4.8)

5M003 + 6Mg + 6NCL253H20 - MOSZ + M002 + MOZSg + M003 + 12NaOH +
6MgO + H,S + Hy + 10H,0 (4.9)

S5Mo0O3; +3Mg + 6Na,S'3H,0 - MoS, + MoO, + Mo,S3 + MoO3 + 12NaOH +
3MgO + H, + SO, + 11H,0 (4.10)
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5M003 + 3Mg + 7Na253H20 - MOSZ + M002 + MOZSg + M003 + 14NaOH +
3Mg0 + SO, + H, + H,S + 9H,0 (4.11)
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Figure 4.11: Variation in heat of formation (AH) corresponding to temperature (K) for
reduction and sulphurization of MoOg into various intermediate compounds.

The graph between heat of formation (AH) and temperature (K) has been plotted for above
reactions are shown in the Fig.4.11. The only reactions having negative values of AH are
considered as feasible. It has been well established by the graph that only one of these reactions
seems feasible only above 1000 K temperature. This indicates that along with temperature, the
pressure generated in autoclave played key role in reduction of MoOs. So, the effect of pressure

along with temperature have resulted in the formation of these intermediate compounds.

However, as per reported literature, MoOs gets reduced to MoO: at the initial stages, along
with evolution of some gases [15]. The possible reactions paths thermodynamically proposed

are:
4Mo003 + Mg + Na,S3H,0 — 4Mo0, + 2NaOH + Mg0 + SO, + 2H,0 (4.12)
Mo00s + Mg + 2Na,S3H,0 — M00, + 4NaOH + 2Mg0 + 2H,S + H, + 2H,0 (4.13)

2Mo0O5; + 2Mg + Na,S'3H,0 - 2Mo0, + 2NaOH + 2Mg0O + H,S + H,0 (4.14)
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2Mo03; + Mg + 2Na,S 3H,0 - 2Mo0, + 4NaOH + MgO + H,S + SO, + 2H, + H,0
(4.15)
3MoO; + 2Mg + Na,S3H,0 —» 3Mo0, + 2NaOH + MgO + H, + SO, + H,0 (4.16)

1 1
5M00; +3Mg + 5 Na,S'3H,0 — 5Mo0; + NaOH +3Mg0 + 5505 + H,0  (4.17)

4M00; + 2Mg + Na,S-3H,0 - 4M00, + 2NaOH + Mg0 + H, + SO; + H,0  (4.18)

Figure 4.12 depicts the relationship between heat of formation (AH) and temperature (in
Kelvin) of the possible reactions for reduction of MoOs to MoO:. It has been exhibited by the

graph that reaction (4.12) is the most feasible reaction; possessing most negative value of AH.
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Figure 4.12: Variation in heat formation with respect to temperature (K) for reduction reaction
of MoOsto MoO:..

So, the reaction (4.12) is most favorable path for reduction of MoOs to MoO2. However, no
sulphurization has been considered till this reduction. Now, the evolved gases (H2/H.S) will

further react to sulphurize MoO- to form molybdenum disulphide.

Increasing the temperature to 600-800 °C, the XRD analysis showed presence of both Mo and
MoS;, phases were present. The possible reactions based on thermodynamic kinetics for
transformation of MoO- to MoS, and Mo in presence of Mg and Na>S'3H20 are listed below:
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2Mo0O, + 5Mg + Na,S'3H,0 + H, + H,S + SO,

— MoS, + Mo + 2NaOH + 5Mg0 + H,S + H, + 2H,0

5Mo0, + 5Mg + 3Na,S-3H,0

— MoS, + 4Mo + 6NaOH + 5Mg0 + SO, + 6H,0

2Mo0, + 4Mg + Na,S-3H,0 + SO, + H, + H,S

- MoS; + Mo + 2NaOH + 4Mg0 + H,S + 3H,0

2Mo0, + 6Mg + 2Na,S-3H,0 + SO,

- MoS, + Mo + 4NaOH + 6Mg0 + H,S + H, + 2H,0

2M002 + SMg + 2Na253H20 + 502 + HZ

— MoS, + Mo + 4NaOH + 5Mg0 + H,S + H, + 3H,0

2M002 + 4‘Mg + 2Na253H20 + 502 + HZ

— MoS, + Mo + 4NaOH + 4MgO0 + H,S + 4H,0

2M002 + 3Mg + Na25'3H20 + 502 + HZ + st

— MoS, + Mo + 2NaOH + 3Mg0 + H,S + H, + SO, + 2H,0
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Figure 4.13: Variation in heat of formation (AH) with temperature (K) for further reduction of
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The variation in heat of formation for these above feasible reactions with respect to change in
temperature, is shown in Fig.4.13. The reaction (4.19) is most feasible for synthesis of MoS>

as it possess most negative AH value.

Then, for complete sulphurization sulphur content was increased. The feasible reactions at

temperature 700 °C (700+343 K) for sulphurization of Mo to MoS> has also been listed below:

(4.26)
Mo + S0, + Mg + Na,S-3H,0 — MoS, + Mg0 + 2NaOH + 2H,0 (4.27)

800

600

400

200

AH (KJmol™)
o

o
200 *— o

————0————0————1—————0

-400 IR

200 400 600 800 1000
Temperature (K)

Figure 4.14: Variation of heat of formation for most feasible reaction while transformation of
Mo into MoS:.

Whereas, as per the XRD analysis, the direct formation of pure phase molybdenum disulphide
is also possible inside autoclave, if adequate amount of sulphur is present. The feasibility of

such transformation could occur through a number of possible reactions written below:

MoO3;+ Mg + 3Na,S3H,0 - MoS, + 6NaOH + MgO + 3H, + 3H,0 (4.29)
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9
2M00; + Mg +5 NayS3H;0

1 1 35
~ 2MoS; + INGOH + MgO0 + 7 H,S + 7505 + —~H,0 (4.30)

MoO3 +2Mg + 3Na,S3H,0 - MoS, + 6NaOH + 2Mg0 + 2H,S + H, + 4H,0 (4.31)

MoOs + Mg + 3Na,S3H,0 —» MoS, + 6NaOH + Mg0 + H,S + 5H,0 (4.33)
1 11
2M003 + EMg + 7NCL253H20
1 1
~ 2M0S, + 11NaOH +5Mg0 +550_+ HyS + 10H,0 (4.34)
2
—h— (4.35)
400 —»— (4.34)
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Figure 4.15: Variation in AH (heat of formation) with respect to temperature for direct
synthesis of MoS, from precursors.
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The reactions (4.29), (4.30) and (4.31) seems to be favorable for transformation of MoOs to
MoS; in presence of Mg, Na;S3H.O and pressure generated inside the autoclave. The

schematic representation of synthesis mechanism as above discussed steps is shown in
Fig.4.16.

II *MoS,
* Mo

e
400-500°C {*" Mo,
X K
Mo Single
phase

MoS,

Mg ’ ¢ * r MoS,
MoO; *r

Mo

Figure 4.16: Schematic representation of synthesis of single phase nano molybdenum
disulphide.
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5. Conclusion

In this work, molybdenum disulphide nanoflowers were successfully synthesized via single
step reduction-sulphurization method in an autoclave at 700 °C for 10 hours. The reaction
parameters were optimized to obtain a pure phase MoS». The effect of reaction temperature,
reaction time and amount of sulphur content on the phase formation were studied in detail. The
estimated crystallite size of as synthesized nano crystalline hexagonal MoSz is 19 nm. The
FESEM micrographs showed highly agglomerated particles with crystallite size in good
agreement with size calculated from XRD analysis (~20-30 nm). The TEM micrographs
revealed nanoflowers morphology of synthesized samples and HRTEM confirms the
hexagonal phase formation of MoS,. The optical properties studied by UV-Vis spectroscopy
showing presence of both direct (2.24 eV) and indirect (1.7 eV) band gaps. The formation
mechanism on the basis of XRD, morphological studies and reaction kinetics have been framed

for formation of MoS: in a specially designed autoclave.
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6. Future scope

The as-synthesized MoS, nanoflowers are expected to behave as promising catalysts in
hydrogen evolution reaction (HER) in both photo and electro catalytic water splitting. The
applications of MoS; as promising potential candidate for electrode material in capacitors and
batteries cannot be ignored. The MoS, as-synthesized can be used for various sensing
applications like gas sensors, optical sensors, etc. Due to its good bio compatibility, the use of
MoS; for DNA optical detection, glucose electrochemical sensing, photo-thermal therapy and
multifunctional cancer theranostic can be vastly studied. The tribiological properties of MoS>
can also be studied for lubricant applications due to its lamellar structure and weak van der
Walls forces between layers.




