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Abstract

L.ow temperature growth technique has been used to synthesize nanostructure metal
oxides materials. Ilexagonal molybdenum trioxide (h-MoQ3) nanorods doped with chromium
were synthesized successfully by using chemical co-precipitation method at low temperature.
Reaction conditions were varied to improve the crystallinity of as grown materials as well as to
optimize the morphology of the nanorods. X-ray diffraction (XRD) analysis confirmed the
hexagonal phase and crystallinty of the as synthesized (h-MoQs) powder. The average crystatlite
size of the structure calculated was 38.10 nm. The surface morphology studied was carried out
by means of scanning electron microscope (SEM), which showed that the (h-MoQs) contained
one dimensional nano rods with a hexagonal cross section. Energy dispersive spectroscopy
(EDX) analysis was used to investigate the compositional analysis of the molybdenum, oxygen
and chromium contained by the pure and doped products respectively. UV/visible spectroscopy
cxamined the optical absorption property of (h-MoQs). The band gap was calculated from
Kubelka Munk (K-M) function. The calculated E, was tuned from 2.99 eV for pure h-MoO; to
2.76 eV with 5 wt. % Cr doping.
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Chapter No. 1
INTRODUCTION

1.1 Introduction to materials

The substance by which some what is formed are identified as materials. In our life
materials play a vital role, because all the products which we use in our daily life are made of
these materials. People use different materials to improve their life style. So advancement in
human civilization is directly linked to the use and applications of these materials. Since from
last two decades, the main focus is that how to minimize the size of the bulk materials to nano-
level. So by varying the size of the material at nano-scale (10”m) give birth to new properties of
the same¢ material known as nano-science. At nano-level the physical and chemical

characteristics of material completely changed as compared to that of macro and micro-level [1].
1.2 Classification of materials

Solid materials are classified into three basic categories.
» Metals

Ceramics

\.-"

» Polymers
1.2.1 Metals
Metallic materials are usually the combination of metal elements, which consist of large
number of free electrons. These free electrons are not confined to any particle atom inside the
solid. Many properties of the metal are directly concerned with these electrons. Metals are good
conductor of heat and electricity i.e. iron, gold and silver etc [2].
1.2.2 Ceramics
Ccramics are that class of material that lies between metallic and non metallic material.
Ceramics are stiff and strong as compared to the metallic elements. Mostly ceramics are
composed of Oxides, Nitrides and Carbides. Current and heat cannot passes through ceramics

because they have low conductivity [3].
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1.2.3 Polymer
Polymer 1s chemically composed from hydrocarbon and non-metallic elements. Polymer
has long chain structure made from carbon and hydrogen i.e. epoxy region, polyethylene and
rubber etc. These materials are practically more elastic having low density. Mechanical
properties of the polymers are different from metal and ceramics [4].
In addition to metal, ceramics and polymer, there are three other categories of materials.
» Composiics
» Biomaterials

~  Semiconductor
1.3 Semiconductor

All those materials which have conductivity in the half way of those conductors and insulator
are called Semiconductors. The resistivity of the Semiconductors varies in the range from 10” to
10* Q-m. Germanium and Silicon are pure semiconductor belongs to group 1V of periodic table,
having the resistivity of about 0.6 Q-m and 1.5x107 Q-m respectively, are called elementary
semiconductor [4]. There is another type of semiconductor which is formed from the
combination of group IV and group V elements such as Gallium Arsenide (GaAs), Cadmium
Sulphide (CdS) etc, are called compound semiconductors. The band gap of the semiconductor is
small as compared to the band gap of insulator. The characteristic band gap of the semiconductor
is varies in the range 0.2 to 2.5¢V, while that of the insulator is about 6 ¢V. The importance of
the band gap is to measure and determine the wavelength of the radiation which emits or
absorbed by the semiconductor [5].

The conductivity of the semiconductor varies with temperature, at 0 K temperatures the pure
silicon atom act like an insulator but it high temperature it become a conductor. Therefore, the
conductivity of the semiconductor increases with the increasing of temperature. Beside this, the
conductivity of the semiconductor can be enhanced by adding some impurity (doping) in
semiconductor [2]. Furthermore, semiconductor can be classified into two types.

# Intrinsic semiconductor

#» Extrinsic semiconductor
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1.3.1 Intrinsic semiconductor

Naturally occurring semiconductors which are free from any other impurities atoms are
called Intrinsic or pure semiconductor such is pure Germanium or Silicon. In intrinsic
semiconductor concentration of electrons in the conduction band are equal to the concentration
of holes in valence band [5]. The electrical conductivity of such type of materials can be
determined by thermally generated electron inside the crystal. Because the electron in valence
band may acquire sufficient energy to break their covalent bond and become free from the atom.
These free electrons move randomly inside the crystal referred as a conduction electron. Each
electron which break covalent bond in the valence band and go to conduction band, create
vacancy left behind in the valence band called “hole™ also act as a charge carrier [2].

1.3.2 Extrinsic semiconductor

Semiconductors which are doped with impurity atoms are called extrinsic semiconductor.
Impurity atoms are added deliberately to enhance and control the carrier concentration of the
semiconductor are called doping. By introducing doping or impurity atoms 15 the most proficient
and suitable method to improve and modify the conductivity of the intrinsic semiconductor [5].
The conductivity of the semiconductor depends on the nature of the doping element. If the
impurity atom have one more electron or one less electron that it replace the atom, in this state
excess of electron or deficiency of electron are created in it but not present in the host atom. The
created free electron or hole inside the material can move freely and conduct electricity. Mostly,
clements of group III and group V of the periodic table are commonly use as an impurities
atoms to doped with Silicon or Germanium [6].

Therefore by adding some impurities to dope semiconductor with the excess of electron
or to donate electron are called n-type semiconductor, and with the fewer of electron or to accept
one electron are called p-type semiconductor, The impurities are doped in semiconductor in very
small ratio about 1 10 10° to 10® atoms. Furthermore, extrinsic semiconductor can be classified in
two types [2].

~ n-type semiconductor
# p- type semiconductor

1.3.2.1 n-type semiconductor

Introducing of group V elements having an atom with five electrons in pure Silicon or

in Pure Germanium 1.e. phosphorus, Antimony etc, which create an excess of electron in the

3
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crystal are called N-type semiconductor. Four from these electrons make a covalent bond with
other nearby four silicon atoms and the remaining fifth electron is loosely bounded to the
nucleus. A small and specific amount of energy is needed to take out the fifth electron from
atoms and become a free electron inside the crystal to conduct eleciricity [6].

The energy level which is related to the fifth electron lies nearly beneath to the
conduction band edge known is donor level. The energy difference and donor level is nearly
about 0.03 eV [5]. Therefore the fifth valence electron is easily relocate to conduction band, left
behind a vacancy in the valence band are called hole. Thus each and every pentavalent doping
element generate an extra electron and donate this electron to the host material are called donor
or n-type semiconductor. In n-type semiconductor materials electrons are in majority are called
majority charge carrier while holes are called the minority charge carrier [7].
1.3.2.2 p-type semiconductor

When a group III cicmcnts having an atom with three valence electron such is
Aluminum, Gallium and Boron etc, are doped with silicon atom which make three covalent bond
with nearest three silicon atoms while the fourth one is remain unbounded to the fewer of one
clectron. So each trivalent impurities atom needs one electron from the nearest neighbor silicon
atom to make their uncompleted fourth covalent bond {5]. Very small amount of energy is
needed to create one electron. The transferred of electron create a vacancy in the neighbor silicon
atom called “hole”. The energy level of this electron is just beyond to the valence band .The
accepter level] in the case of silicon is about to 0.16 eV. To provide such a small amount of
energy an electron can easily transfer from valence band to conduction band. This electron
creates a vacancy in valence band in the form of hole which acts as a mobile charge career [6].

The thennally generated electron does not take a part in the conduction of electricity.
Therefore. each trivalent impurity atom has a tendency to accept one electron from nearest
silicon atom to create a hole in the semiconductor. Such kinds of impurities are known as
accepter or p-type impurities and semiconductors possess such impurities are known as p-type
semiconductor. In p-type semiconductor hole are in majority charge carriers and electrons are

minority charge carriers [7].
1.4 Nanotechnology

To study the materials at nanoscale, having range from 1 nm to 100 nm and the

technology, which deals such type of materials is known as nanotechnology [8].

4
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Nanotechnology get great attention from last two decade due to 1ts wide applications especially
in research area of chemistry, physics, material science etc, and also interconnected with other
field of science and engineering [9]. Nanotechnology i1s employed for the synthesis,
characterization and fabrication for particularly small nanostructure materials. It gives idea about
very small size of materials up to 1 nm. For example, the thickness of the human hair varies
between 50000 nm to 80000 nm. Nanotechnology have various and important application
especially In the research area therefore it become a key technology, and already many countries
invested millions of dollar in such type of technology research. Nanotechnology deséribes many
major issues such is environmental impact and toxicity of nonomaterials [10].

The concept which leads to developed nanotechnology was firstly introduced in 1959 by
Richard Feynman in his talk entitled “there is plenty of room at the bottom”, and it was known
by Norio Taniguchi in 1974 [11]. The first book “engines of creation™ was published in 1986 on
nanotechnology by Eric Drexler, and first journal was published in1990 by Chris Paterson.
Scientist focused on nanotechnology due to progressively increases its applications day by day
and is positively affected on our daily life.

1.4.1 Synthesis approaches of nanotechnology

In order to investigate the physical and chemical properties of nanostructure materials
synthesis and fabrication of nanomaterials is the first and important step in nanotechnology.
Therc arc two main approaches for the synthesis of nonomaterials [12].

# Top-down approach
» Bottom-up approach
1.4.1.1 Top-down approach

In top down approach the bulk system of a material break down into its compositional
sub-system. Top down approach start from bigger element, and change it into very small
scgments. The production of integrated circnit is the useful application of top-down approach
[13]. Top-down approach refers many synthesis techniques to get nanostructure materials. Ball
milling method, lithography process, nano-fabrication by printing and nano-fabrication by
skiving are the typical conventional and unconventional techniques of top-down approach in
making nanostructure matertals. Beside these, there are some big problems come to facing by

using this technique, unavailability, not excess able and main problem is its expensiveness.
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1.4.1.2 Bottom-up approach

The inversion of top-down approach is known as bottom-up approach. In bottom-up
approach, materials are build-up of from smaller components ie. cluster-by-cluster, atom-by-
atom, or molecule-by-molecule to form multiphase assemblies [14]. Bottom-up approach is
commonly used for the synthesis of nano-materials. This approach is just the copy of nature, in
which cells; crystals are produced by using this technique. By using this technique nanostructure
materials are easily synthesized as compared to top-down approach because it is an easy, low
cost, simple and an approachable method from top-down technique.

Chemical co-precipitation method, sol-gel method, hydrothermal method and chemical
agueous method are the examples of bottom-up approach. These two approaches are
diagrammatically illustrated in figure 1.1,

Top-down Top-down Methods:
*Mechanical grinding
=Erosion

Bulk

- Powder

PO
Nanoparticles
1 T e

m. Clusters

o. Bottom-up Maethods:
= Aerosol techniques
w Atoms sChemical precipitation
=Self assembly

Bottom-up

Figure 1.1: Schematic diagram of top-down and bottom-up approaches [12].
1.4.2 Applications of nanotechnology:

Nanotechnology has, unique and efficient properties especially in research area which are
already discussed above in detail, due to these properties it have very wide application in our
daily life.

i.  Nanotechnology is use at industry level to increase the growth ratio of the products [15].
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ii. By using ditferent nano-techniques to mix nanoparticles with fluids to enhance drilling
speed of the tools.

ii.  The drilling tools are coated with nano layer to increase their life time.

iv.  Nanotechnology is frequently used in oil industry to increase the output of extracted oil
up to  50% [16].

v.  Nanocoating on bulk materials produces non-corrosive materials.

vi.  Water molecules are separated very effectively from oil by using nanotechnology
approach.

Beside these, nanotechnology gets more concentration on wide range due to its beneficial
application in energy conversion. The efficiency of solar cell surprisingly increased from 20% to
90% by using this technology. Also it can be use for health care treatment, medical sciences and
give result for environmental protection [17-18].

1.4.3 Classification of nanomaterials
Due to its distinction application nonomaterials are classified in to three types.

1) Zero dimensional nanomaterials

2) One dimensional nanomaterials

3) Two dimensional nanomaterials
1.4.3.1 Zero dimensional nanomaterials

It 1s that type of nanostructure materials that having their all the three dimension in nano
range is called “zero dimensional nanomaterials”. In general the dimension of the nano-materials
is considered in the range between | to 100nm. When the dimension of the nanomaterials is
small comparable to De-Broglie wave and quantum effects are observed, then such types of
materials are in zero dimensional range. Quantum dots and quantum sphere are the examples of
zero dimenstonal material.
1.4.3.2 One dimensional nanomaterials

One dimensional nanostructure materials can be define as “those type of materials which
having its two dimensions in nanometer range and other one is not to be restricted in nanometer
are called one dimensional nonmaterial's”. Nanorods, nanowires, and nanofibers all are the

cxample of one dimensional nanostructure materials.
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1.4.3.3 Two dimensional nanomaterials
Nanostructure materials which having one dimension in nanometer range while the other
two dimension are nol to restricted in nano size are called two dimensional nanomaterials.

Quantum wall is the example of two dimensional materials.
1.5 Metal oxide

The crystalline materials which have metal cations and oxygen anion are called “metal
oxide™. It has very vast application and plays a key role in many research areas of physics,
chemistry, and materials science [19-22]. The metal elements react with oxygen and can form a
number of various oxide compound by using different synthesis technique. The reaction between
mectal oxide and water cause basis and when react with acid form salt [23]. The grain size of
metal oxide is generally lies in micron range but they considered as a particle whose size is
greater than micron range. The metal oxides in nanometer range have great importance and
various applications then other bulk metal oxides. But it is very difficult to control their size in
nanometer range and it is a big issue for material science [24].

Although, metal oxide in nanometer range show different structure such as metallic,
semiconductor or insulator character due to having different electronic properties. The diversity
of quality of metal oxide allow the large application in the production piezoelectric devices,
scnsoss, fuel cells, microelectronic circuits, coatings against corrosion and as a catalyst. For
example all catalyst contains an oxide as active phase, supporter which permits the active
clement to disperse on it. Catalysts that contain oxides are employed to control the
environmental pollution, and remove CO, NO,, and SO, species generated during the
combustion process of fossil fuels [25]. Besides this, the most important areas of metal oxides
are to use as a semiconductor. Therefore the majority chips used in computers have an oxide
component. Furthermore, there are enough and many useful applications of such type of material
under regular investigation and new methods have been introduced for synthesis [26].

Metal oxide created a center of attention in nanometer range due to its distinctive and
various properties that using in many research areas [27-31]. To synthesize such types of nano-
materials a numerous techniques have been reported that can be explain as physical and chemical
method. In general, there are two approaches one is top-down and other one is bottom-up
approaches which contain liquid-solid or gas-solid transformation {30-32]. Furthermore, the

surface of these materials can be functionalized and modify its structure. The approachable

8
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thermal stability and chemical condition of these inorganic materials enable them to be mostly
used in different field.
1.5.1 Metal oxide in nature

To date, almost 60 biomaterials have been investigated to use it for different necessary
purposcs. Up to now, more than 60% materials from these are reported to used it in various field
either for water molecule, hydroxyl moieties treatment enable them to release ion slowly in to the
solution { 331. Metal oxides play an important role and act as a fundamental stepping-stone in the
growth of nano-materials. Oxides material shows their characteristic in between semiconductor
and msulator because they have low free energy states as compared to metals in the periodic
table [34]. Metal oxides, such as SiOy and Al,O; are act like an insulator and are frequently used
for catalysis and are non-reducible oxides. Semiconductors metal oxides provide different
templates for gas sensors [34].

The observed properties related to metal oxides in technology are unchanged so far that
observed in natural systems. Nature has a tendency to produce metal oxides nonomaterial in a
particular way under ambient conditions. Finding the magnetic direction device magnetoatic

bactleria (MTB) is the example of defined materials [35].
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Literature review

2.1 Molybdenum trioxide

Molybdenum trioxide (MoQ;3) 1s inorganic, thermodynamically stable transition metal
oxide. MoQO;, between the other transition metal oxides represent different, unique and
mteresting structural, optical, electrical and chemical properties. MoO; 1s a semiconductor metal
oxide having wide band gap 2.95 eV in bulk while 2.99 ¢V in nanostructure size. MoQO; use as a
cathode material in the formation of high-energy storing charge solid-state micro batteries. It
exhihits photo, electro, gas chromic effects and use as an electrochromic material to get great
interest for the formation of electronic displays, smart window technology and optical coating
switching coating. Nanostructure and thin film of Moiybdenum trioxide have also great
application in the development of sensors and lubricants [36].

Molybdenum trioxide like other metal oxide has different oxidation states, ranging from
I' to 6. In MoOj5 the oxidation state of molybdenum “Mo” is 6*. The oxidation states of the
“Mo™ atom are decreases by reduction of the oxygen partial pressure. In MoOs the reduction of
oxvgen can be accommodated by the compensation of two oxygen atoms in the stoichiometric
defects inside the crystal structure [37-38]. Lower ratio of oxygen to metal, there are seven stable
and meta-stable sub-oxides are formed y-Mo3O;1, 1-M0401), M05044, M03Oa3, M0gOa6, M017047
and Mo;gOs due to the composition of MoO; and MoO; [39].

Commonly MoO; has three phase namely orthorthombic (2-MoOs;), monoclinic (-
MoO3) and hexagonal (h-MoQ;) here in our thesis work we are interested in hexagonal
molybdenum trioxide (h-MoOs3) crystal structure.

Hexagonal molybdenum trioxide (h-MoQs) has interesting and wide application especially in
solar cell and can be use as a p-type as well as n-type materials in the solar cell device. The
synthesis procedure is discussed in detail in chapter 3.

2.1.1 Physical properties of MoQ;

Molybdenum trioxide (MoQO3) is a chemical compound formed from molybdenum
“Mo™®" and oxygen “O”. This compound is fabricated on large amount from any other

molybdenum compound. The physical properties of MoQOj3 are illustrated in table 2.1.
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Table2.1: Physical properties of Molybdenum trioxide (MoOs).

Molecular formula MoOs
Molar mass 143.93g/mol
Crystal structure Bee
Appearance Yellow or light blue solid
Order Order less
Density 4.69g/cm’
Boiling point 1155°C
Melting point 755°C
Band gap in bulk form 295eV
Solubility in water 0.1066 g/100mL (18 °C)

2.1.2 Structure of MoQ;

In solid state, the MoQj; shared with hydrous molecule to produce octahedral MoO; in
orthorhombic crystal. The chain of the oxygen atoms are formed due to sharing the edges of
octahedral structure and form the layers. These octahedral layers contain single short
molybdenum-oxygen bond and also have non-bonding oxygen atom {40]. Figure 2.1 shows the
crystal structure of MoOs.

(010) netplane

|
¥

- {100) netplane

- Mo

Figure 2.1: structure of MoO; [41])
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2.1.3 Optical properties of MoO;

The electronic structure and electrical properties of nanostructure molybdenum trioxide
are not examined in details; however there is a common trend that increasing the concentration
of metal with oxygen the electronic conductivity of the materials increases. The calculated
optical band gap of the molybdenum trioxide is 2.95 eV in bulk size while 2.99 eV in nanometer
range. The band gap of the MoOQj; can be reduced by introducing some impurities level near with
conduction band or by the reduction of oxygen atoms, then it acts like a semiconductor. The
change in the electronic conductivity of the insulating MoOs to the semiconducting MogOs;
varying in the range of (p = 78.1 Q/cm) to metallic 1-MosO1; (p =1.66x10"* Q/cm). The
anisotropic change in the crystal structure exhibits different electronic properties, however exact
data on these determinations are not available {42].

Molybdenum trioxide is a semiconductor materials having wide band gap 2.95 eV
already showed in table 2.1. It is found normally in white or light gray colored in powder form
and changed its color turn to blue when the excitation of electron take place inside it. Generally,
the crystalline form of the MoQs; are found to be in monoclinic structure (B-MoO3) or
orthorhombic structure (¢-MoQ;) both these structure are fundamentally formed due to corner-
sharing of MoQy octahedral. Monoclinic phase represents amorphous nature of MoQ3 especially
in thin film, which shows valuable chromomeric properties as compared to crystalline nature of
thin film or a single crystal {43].

The thin films of insulator compounds of metal oxide are used in large scale, such as by
preparing semiconductor devices. i.e. integrated circuits and transistors. Fabrication of
molybdenum trioxitde thin film in metal oxide is very complicated by thermal evaporation
process, because of the lower vapor pressure of the essential atoms which takes part in the
reaction. So, such types of evaporated film may frequently possess an excess of metal atoms,
which changes the electrical properties of the film and act as a doping element. This doping
element contains a low ratio of one molecule per million molecnles of the order 1017 em™. The
impurity changed the energy diagram of the doped thin film as compared to un-doped thin film
[40].

2.1.4 Nanostructure properties of MoO;
1o study the properties of MoO; at nanometer range are very interesting, due to its

unusual chemistry and unique electronic structure by its various oxidation states. Different metal
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oxides are synthesized spontaneously over self-assembled method with monolayer, which is
applicable for heterogeneous catalysis. Synthesis of MoO; at nano size shows large activity to
formed stable environment to develop the reguired oxidation states and isomerism of
hydrocarbons, and provides appropriate support for intercalation cathodes. Thermodynamically
stable (a-MoQj3) phase is formed due to bi-layered arrangement of octahedral MoOg sharing its
corner and bonded together by covalent forces. It is also used in transmission ¢lectron (TEM) for
the image calibration, but currently available in bulk form [44].

Beside this. MoO; exhibits promising properties is used as a catalyst. The
semiconducting thin film of MoO; recently gets more interest, because of their useful application
in conductance type gas sensors. MoQs thin film 1s very sensitive for different gases like CO, H;,
NO. NO2 and NH;  at low temperature 300° C as well as at high temperature 600° C. But the
working temperature can be mamtained below from melting point of MoQ;, because there is also
a chance for the grain growth of other polycrystalline materials. The properties of the
synthesized thin film are dependent on deposition parameters and deposition technique.
Therefore. a number of techniques are investigated to optimize structural and functional
properties of the desire thin film. One dimensional nanostructure of MoO; is reported in a lot of
publications. because they contain novel characteristics of large surface area. The conductivity is
strongly enhanced due to surface reaction and the crystallinty level decreases up to possible
instabilities [45].

2.1.5 Applications of MoO;

. MoO5 has wide application especially in research area due to its unique, interesting and
distinctive properties. Molybdenum trioxide is used for the preparation molybdenum metal,
which 1s further used for the manufacturing of steel and other corrosion-alloys. The conversion
of MoO; in to “Mo™ metal requires a suitable treatment with hydrogen at appropriate
temperature.

MoG; + 3H,— Mo + 3H,0 (2.1)
MoO; is also considering as a component of co-catalyst and used for the production of
acrylonitrile by the oxidation of ammonia and propane at industry level [46). Molybdenum
trioxide is also used as an anti-microbial agent such as in polymers, when react with water it

eenerate H™ lons which give result to kill bacteria effectively [47].
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Molybdenum trioxide has vast application and used at large scale in industry to increase
the product effectively. It is also used for the preparation of molybdenum products at industry
level. It is obviously used in industry as a catalyst, a crop nutrient, a pigment, a flame retardant
for polyester, a component of glass, polyvinyl chloride, and ceramic also used as a chemical
reagent. Besides these, MoO; thin films are used as a p-type semiconducting oxide material in
photovoltaic cell and its resistance is greatly affected by the presence of gases [48].

2.1.6 Molybdenum trioxide used as a catalyst

Molybdates and vanadates are commonly used on large scale as partially oxidative
catalysts [49]. However, commercially pure MoOs is of limited importance and always consider
is the major component of the imperative industrial catalysts. Methanol oxidation Fea (M0oOy);,
V-Mo-O [50]. oxidation and ammo oxidation of propane are the some examples of catalysts. But
MoO; has simple structure and used in large scale at industry level as compared to other multi
component Molybdates, also having some natural catalytic properties and usually studied as a
model oxidation catalyst [50-51]. The catalytic study of methanol (MeOH) for partially oxidation
has been the target of the previous investigation [52]. MoOs is widely used (up to 100%) as a
catalyst for partial oxidation of (MeOH) changed to formaldehyde [49]. It has been reported that
the reaction is surface structure sensitive; therefore 1t is not clear that the surface plays a
mechanistic role in the reaction. So, therefore the structure-reactivity relationship of MoOs3 is not
investigated [50].

2.2 Literature review

S. 8. Mahajan er al. [18] studied the properties of MoQO3; and showed the importance of
the transition metal oxide since from last two decades due to its various mteresting properties
and having unique structure. Metal oxides have wide application especially in the research area
of physics, chemistry, energy conversion and nanotechnology. MoQO; use as a cathode material in
the generation of high energy solid state micro-batteries. It is also use as a promising
electrochemical material and show electro, gas, photo chromic effects. Due to having such types
of properties, MoOs has uses in the generation of electro chromic display devices, smart window
technology. display devices and optical switching coatings.

Nirupama V ef al. [68] prepared the thin film at low temperature and also showed various
application of molybdenum trioxide in different electronics devices. MoOs is an interesting

material due to its vast range of stoichiometric applications, with attractive behavior including
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catalytic and chromomeric properties. Furthermore, it is use in the development of optical
memories, electro chromic display devices, lithium ion batteries and gas sensors. MoOs film can
be {abricated with different methods for various purposes including thermal evaporation,
Chemical vapor deposition, electron beam evaporation, electro deposition, sputtering, pulsed
laser deposition and sol-gel process. For the synthesis of MoQs thin film dc magnetrons
sputtering method is used on large scale even at industry level practiced method. By using this
method thin film can be fabricated at low temperature and also control the chemical
compositional ratio on large area of the substrate.

Lee S. I ¢f al [73] describe the properties of transition metal oxides that changes with
temperature, size, and coloration etc. Transition metal oxides (MoO;, V205 and WQ3) exhibit
unique properties and vast application in the field of electro chromic and batteries. The electro
chromic property of the transition metal oxides refer them to use in the synthesis of displays and
smart window. The fabrication of smart windows is greatly affected by changing the heating and
cooling conditions. The growth of electro chromic devices can be enhanced by increasing the
etticiency of coloration and also depends to decrease the coloration reaction time. Since from
last two decades the main focused on the fabrication of metal oxides at nanoscale and also to
enhance their properties. The expectation from such small size scales that to increase the
progress of switching times and amplification of ¢lectro chromic response depends on the
reduction of diffusion length and increased the surface area. Beside this, these materials are used
in energy storage system to increase energy stored per unit mass, and also develop the structural
stability over various charge cycle. Transitton metal oxides are used as a cathode material in
rechargeable batteries. [t is found that the chemical structure and particle size greatly change the
final energy density and power performance.

Angamuthuraj er @l. [86] showed the synthesis of hexagonal molybdenum trioxide (h-
MoOs) by solution based chemical co-precipitation method. Verification of crystal structure is
confirmed by the study of (XRD) analysis that the powder had a metastable hexagonal structure.
The identification of characteristic vibrational band of Mo-O was confirmed by Fourier
transform infrared spectroscopy (FTIR). They studied the size, shape and surface morphology of
h-MoQ3 by scanning electron microscopy (SEM) and Transmission electron microscopy (TEM)
respectively. The surface morphology study clearly showed that the powder contains one

dimensional {(1D) hexagonal rods. They studied the Electron energy loss spectroscopy (EELS)
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which clearly showed and confirm the characteristic peaks of Molybdenum and Oxygen.
Thermograimetric (TG) analysis confirmed that hexagonal phase of MoO; stable up to 430 °C
when the temperature increases from this ranges the phase is changes to orthorhombic phase
structure. The transmittance and reflectance behavior was studied by means of UV-visibie
spectroscopy and the optical band gap energy was found from Kubelka-Munk (K-M} function
and the estimated value was 2.99 eV. Approachable research methods have been interested on
the synthesis of metastable nano crystalline materials due to their distinctive and remarkable
improved properties as compared to their bulk structure. Synthesis of metastable nano crystalline
muaterial is always a big problem with controlled size and shape, but the properties of the nano-
materials are inter-connected with their size, shape and chemical composition.

Ye Zhao er al. [52] presented the synthesis of Molybdenum trioxide (MoOj) at
nanostructure by using direct oxidizing spiral ¢oil of molybdenum metal at specific atmosphere.
The reporied method is very simple in which the current is passing through the coil. They
showed that the synthesis of the thin film can be fabricated at low temperature of the substrate
(normally below 200° C), and also different structure can be formed by changing the current of
the coll and temperature. They reported that by adjusting the current through the coil the
thickness and size can be reduces of a-MoQs and fi-MoQ;, and can be synthesized in nanometer
range at specific atmosphere. The optical band gap related to these nanostructure materials has
wreater value 1.e. 2.99eV as compared to that of bulk material. Photoluminescence of such type
material at low temperature is about 395nm. This method provides a simple, sophisticated way to

synthesize metal oxide nanostructures and increased their interest.
Objectives

The objective of the present work is to grow and study the crystal structure, phase,
suriace motrphology of molybdenum trioxide (MoQ3) at nanometer scale. The first goal was to
synthesize (MoQO3) in hexagonal phase nanostructures by using chemical co-precipitation
method. The X-ray diffraction studied conformed the phase and meta-stable hexagonal structure
ol synthesized MoOj;. Second goal was to examine the morphological changes of the
nanostructures with ditferent reaction conditions. The main and final goal was to tune the optical

properties and band gap of the MoQO3 using Chromijum doping.
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Chapter No. 3

Synthesis and structural characterization

To prepare hexagonal phase molybdenum trioxide (h-MoQs;) nanorods several methods

have been used. Here only two methods are introduced and explained briefly.
3.1 Sol-gel method

Precipitates which are synthesized in the form of colloidal, suspended in liquid are called
“Sol” and the semi-hard form of the colloidal is known as “gel”. Supercritical treatment of gel 1s
known as “aero-gel”. It is hard and dehydrated material made of small pore of size
approximately 100nm. Further treatment of acro-gel at proper temperature it becomes “xero-
gel”. It looks like a solid material and its pore size varies in the range 1 to 10nm.

Sol-gel method 1s the most popular and a multi steps method which is used for the
fabrication of metal oxide nanostructure [53]. This method concerned with wet chemical route
technique normally starts by mixing of metal salts in suitable solvent at required temperature
|53-54]. By controlling parameter in sol-gel process such as pH value which is controlled from
the start of the reaction to get homogeneous precipitate and gel of the solution [55].Acid and
hases are added to the solution to get required pH value of the solution, different type of acids
and polymers are used with metal ions to form “sol” as well as to control size and consistency of
the product [55-591. By introducing the carboxylic acid with metal ion it forms in to essential
ion gel [60]. The gel is further more heated at 150 to 300 °C to remove unstable organic
component water etc. To obtained the single phase nano crystalline structure of metal oxides the
gel powder is dried up to 400 to 800 °C and also depend on the nature of the chemical [61-62].

This method is mostly used for the preparation of colloidal dispersions of numerous
materials which posses’ organic material, and also having organic- inorganic hybrid materials
|33]. The synthesized colloidal dispersions due to this method are further used to fabricate fiber,
nano powders and thin films. In this process, firstly the solution is hydrolyzed with water and
then allowed to condense to get precipitate of metal oxide nanostructure. In next step, the
obtamed precipitate is too washed, dried and grinded to get the fine crystalline nanostructure.
Hydroxylation plays a main role in the formation of metal oxide nano structure, and using this
process the following major problems can be controlled.

# When two hydrolyzed react with one another they make a water molecule.
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» When two opposite species reacts mean (hydrolyzed and unhydrolyzed) with one
another in the result alcohol molecule are formed.

The properties of finally synthesized products changed and greatly affected by changing
the rate of hydrolysis and condensation. Smaller and fine particles are fabricated by using slow
and controlled hydrolysis process. While denser and big particles are fabricated by using base-
catalyzed condensation process.

3.1.1 Steps in sol-gel method

Sol-gel process is an easy method and can performed in four steps is given below.

# Preparation of solution to formed gel (including hydrolysis and condensation process).

\Y

Aging

A\

Drying
» Heat treatment
3.1.2 Applications of sol-gel method
+ Sol-gel method is broadly used to fabricate different type of materials, such as gel,
glasses. amorphous and powder etc.
# Sol-gel method is used for the synthesis of thin film and nano particles.
~ It sused to get ceramics and monoclinic membrane.
» It has great application by using it in optics and electronics.
3.1.3 Advantages of Sol-gel method
~ Itis an easy, low cost and an approachable method.
~ It can perform at low temperature.
# In this method chemical reaction can be controlled compositionally.

~ By using this method impurities can doped in feasible way,
3.2 Co-precipitation method

Co-precipitation method 13 mostly used for the synthesis of different nanostructure
maierials. This method is used in large scale as compare to all other methods due to its efficient
application. In this method metal cations from ordinary medium are precipitated typically such as
hydroxide. carbonates, formats, oxalates [63-65]. In this method the precipitates are
consequently treated at proper temperature to acquire resultant products in powder form. To get

homogeneity. the mixing ratio of the precursor elements must be closer to each other [66].

18



e — T — T e e T T T T 1T U T T 1 e T o e e e

Chapter No 3 Synthesis and Structural Characterization

In co-precipitation process the solubility ratio at atomic scale and required low
temperature for the synthesis of nanostructure materials [67]. For the synthesis of nano structure
material there are various technique are reported in literature, but each synthesis technique
require its own conditions i.€. pH, homogeneity, precursor reaction etc. However co-precipitation
method require some condition to synthesize the resultant product in nanostructure size such as
to control pH, temperature, concentration of the solution and stirring speed of the mixture all
these conditions are involve in co-precipitation method {68-69).

3.2.1 Advantages of Co-precipitation method
» It 1s simple and direct method for the synthesis of metal oxide, and has great reactivity at
low temperature sintering.
~ It isan easy and an approachable method even it can be perform at room temperature.
» Homogeneous solutions of the reactant precipitate refer it to low temperature.
3.2.2 Disadvantages of Co-precipitation method
# This method 1s not suitable for the synthesis of metal oxide at high temperature.
+» This method is not applicable for different growth rate of precipitate and also having
different solubility rate of the reactant.
The present work demonstrated the synthesis of molybdenum trioxide on chemical based co-
precipitation method. This method is used on large scale for the synthesis of nanomaterials,
hecause it has various applications. It is an easy, inexpensive, low temperature and an

appreachable method for the synthesis of metal oxide at nano structure.

3.3 Sample preparation

{hemical bascd Co-precipitation method was used to synthesize h-MoQO; nanorods in powder
form. In which Ammonium heptamolybdate tetra hydrate (AHMT) was dissolved in distilled
water and HNO; was used to make the precipitation of the solution (salt form). The series of
samples of pure MoO3z and chromium doped MoQO; were prepared in the same way by same
molarity, but only the temperature of the reaction was varied while all other parameters were
kept constant. Now for Chromium doping, Chromium chloride (CryCl3) was added to the
solution with difterent concentration and a series of samples (0.5wt. %, Twt. %, 2wt. %, 3wt. %,

dwt. %, and Swi. %) were obtained.
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3.3.1 Chemicals

Fotlowing chemical were used for the synthesis of pure h-MoQO;,
1) Ammonium heptamolybdate tetra hydrate (NH4)sMo;O4H,0O
2) Nitric Acid (HNO3)
3} Distilled water ( pH value 6}

3.3.2 Synthesis of h-MoQ; nanorods

The experiment was performed in step wise at 25° C temperature. Pure h-MoOs samples
were also prepared at 40° C temperatures, while the reaction was carried at temperature ranges
from 100° C to 1455° C, when placed in oven. The whole experiment may be performed in the
following steps.

Step 1:

In step first, to get 0.2M concentration of the solution, Ammonium heptamolybdate
tetrahyvdrate (AHMT) having weight 4.94g/mol was added in 20ml distilled water of pH value 6
at 25" C temperature. The solution was stirted with the help of hot plate and magnetic stirrer up
10 15 minutes to dissolve AHMT in distilled water. After stirring process, AHMT was
completely dissolved and observed at a transparent solution,

Step 2:

In second step 5Sml Nitric actd was mixed drop wise and gradually into the precursor
solution and observed the precipitate of the solution immediately. To get the homogeneity of the
solution, 1t was stirred again for 10 min.

Step 3:

Then the solution was placed in Lab tech at 857 C for 1 hour, which was the reaction
temperature of the solution.
Step 4:

Then the resultant precipitate was separated from the mother liqueur and washed several
times carefuily with distilled water of pH value 6. The resultant precipitate was centrifuged at the
rate of S000 rpm and the acceleration was 6.

Step 5:
After completing the washing procedure, the precipitate was placed in vacuum oven

pump for drying at 70° C for 6h.
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Step 6:

Finally to grained the hard and dry precipitate with the help of “pistil mortar” to get
white powder of the resulting products. At the ends chemical based co-precipitation method was
used to synthesis h-MoQO; nanorods in powder form according to the following equation.

(NH,) sMo,4H,0(aq) + 6HNO; — TMo03(s) + 6NH,NO3(aq) + 7TH,0 (3.1)

The crystallinty and phase decomposition was analyzed by means of XRD in the range of
3 to 60°. The surface morphology and size of the crystal was examined by means of scanning
¢lectron microscope (SEM} with various magnifications. The optical properties of the h-MoQO;
were analyzed by DRS and spectra was recorded by means of computer controlled T90+UV-
visspectrometer.

I also prepared the Chromium “Cr” doped h-MoO3 nanorods in powder form in the same
way with different doping concentration from 0.5wt. % to Swt. %, and was characterized with
the same techniques which will be discussed briefly in next chapter.

4.94 gm AHMT 20 mi Distilled water

v !

Mixed in beaker and stirring up to 15

!

3 ml Nitric acid were added in acqoues solution and then stirred up to 15
min for homogeneity

|

Placed in oven at 85 °C for 1hr

!

The precipitate was washed several times with Distilled water and
centrifuged at 5000 rpm and acceleration was 6

!

Placed in vacuum oven at 70 °C for

h

Resultant precipitates were grained and get white powder

Figure 3.1: Flow chart for preparing pure MoO; nanorod.
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3.4 Characterization techniques

Experimental techniques are used to examine the properties of the synthesized material
such is crystal structure, phase decomposition, surface morphology, shape and size of the
particles, compositional analysis, and optical study of the material. For that X-ray diffraction
(XRD), Scanning Flectron Microscopy (SEM), Energy Dispersive Spectroscopy (EDX) and
Diffuse Reflectance Speciroscopy (DRS) have been employed to examine the above property
respectively. The detail of these characterization techniques are given below.

3.4.1 X-ray diffraction

XRD technique is broadly used to study phase composition, crystal structure, quality,
lattice parameter, and also used to determine the crystallite size of the material [70]. Because
every material has unique XRD pattern act like a finger print of the materials, and gives
information about the material that how the atoms are arranged inside it. Furthermore XRD can
characterize both types of samples either in powder form or in solid form {71]. XRD technique
differentiates many phases of the same crystal structure, and analyzes the crystal structure of
different material [72]. XRD technique is based on diffraction phenomenon, that X-rays are
diffracted from regular arranged crystal planes of the materials. In 1912 W.L Bragg explained
the diffraction phenomenon very well that “the diffraction occur only if the planes of the crystal
act like a mirrors when X-ray fall on it” this law is known as Bragg’s diffraction law [73].
Bragg’s law is explained graphically in Figure 3.2.

——90

d sin© Crvoalioion plones
D —

Figure 3.2: Bragg’s reflection from parallel planes [74].
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Mathematical form of Bragg’s law is given below,

2dsing = ni (3.2)
Where, 8 = Diffraction angle

» = Wavelength of X-ray
n = Integral number

d = Inter atomic planer distance

But here in this work the XRD technique is used to examine the crystal structure, phase
decomposition and also calculated the crystallite size of the samples.
3.4.2 Working principle of X-rays diffractometer

The X-ray diffractometer (Model D-8 Broker Company Ltd) operated at 40kv and 25mA
was used to verify the crystal structure and size of the particles. In X-rays diffractometer Cu-ke,
(1.54 A) is used as an X-rays source. A sample holder “S™ in the form of flat and round glass
slide (2.5%5¢m?) rotating perpendicularly to the plane of the axis labeled “0” is made possible.
The monochromatic X-rays beam is incident on the specimen placed in the sample holder. The
specimen reflects X-rays with specific intensity, and is recorded through a detector which is
fixed opposite to the X-ray tube. Initially X-rays source, counter and specimen all lies in the
same plane (coplanar). The XRD pattern was taken in the range of 5 to 60°, where 0.5° was the
angle increment and the given stay time was 2 Sec.

The angular position of the counter was measured in term of “28” not only single “8” and
marked it on a graduated scale. The incident angle and reflection angle should be equal to each
other because the specimen and carriage are adjusted mechanically to each other. The rotation of
the specimen through angle “8” is accompanying by a “20” rotation of the counter. Incorporate
collimators are in a job in the path of X-ray to produce well defined, monochromatic and focused
beam. The counter moving at constant angular velocity recorded the diffracted beam intensity as
a tunction of 20
3.4.3 Calculation of the average crystallite size

With the help of Debye Scherer’s formula we can calculate average crystallite size of the

crystal, and is given below.
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kA
~ Bcosd

Where “A” is the wavelength of the XRD radiation, 6y is the Bragg’s diffraction angle,

(3.3)

where “k™ Is the shape factor has constant value (0.9) and “B” is the full width at half maximum
of the observed diffraction peak. The average crystallite size is calculated by taking the high
inlensity diflracted peaks of the observed spectra [75-761.
3.4.4 Calculation of particle size

Consider that “t” is the thickness of the crystal measured perpendicularly to the reflecting
planes. Let there be (m+1) reflecting planes which reflect the X-ray beam with varying angle
called “0;” satisfying the Bragg’s law with constant wave length “A” and in valued inter atomic
space “d” between the planes. That is

A = 2dsiné (3.4)

Where m = 1 for maximum intensity

Now if “8p” is made by the incident rays with the reflecting planes, then all the scattered rays
will be the integral multiple of the wave length (nk). It shows that all the diffracted rays obey the
Bragg's law and are constructively interfere, while the remaining rays which are not reflected
ar¢ destructively interfered, cannot obey the Bragg’s law. The maximum reflection with high

intensity recorded Vs “20” is shown in Figure3 2.
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Figure 3.3: Particles size on diffraction curves.

In Figure 3.3 (a) width of the curve illustrates the thickness of the crystal and vice versa,
when the width of the curve increases than the thickness “t” decreases. The “B” is measured in

radian is called Full width at half maximum (FWHM) of the intensity. The width “B” is angular

24



Chapter No 3 Synthesis and Structural Characterization

width in terms of “28” not single ““0”. There is rough approximation for width “p”, and half of
the difference between the two extreme angles. For that we consider the triangular shape of the
diffraction. Therefore
1
p =526, —26,) = 6,-6; (3.5)
Now here we replacc the path difference “d” with “t” which is the entire thickness of the crystal

rather than space between the adjacent planes.

2tsind, = (m+ 1)A (3.6)
2tsinB; = (m—1)A 3.7
by subtracting we find:
t(singy — sind,) =1 (3.8)
&y + 0 0,—9
2tcos ( ! 2) sin( ! 2) =1 (3.9)
2 2
But. the measured sum of @) and 8; is very small and approximately equal to 9p
(6, + 6,) =6 (3.10)
g, —8 6, -8
sin( s 5 2)=( 12 2) (3.11)
T'herefore
6,— 6
Zt( = 2)cosaJB =1 (3.12)
A
=
Bcos8g
A more exact form of this equation is by adding shape factor constant “k”
t= kA 3.13
~ Beoséy (3.13)

I'rom this equation we can calculate the particle size with highest intensity observed

peaks. and is known as Scherer’s formula [77].
3.5 Scanning electron microscopy (SEM)

Scanning Electron Microscopy is a nondestructive analytical technique is wsed by the
scientist in different field i.e. for the study of surface morphology, shape and size of the material
[28]. Furthermore SEM is the best way to characterize nanostructure nonomaterial. SEM scan

the area of interest and produces the image on the basis of scattered electrons from the surface of
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the sample is in the form of (Electronic signal) having a unique pattern, which depends on the
bending of electron from surface and edges consist by the sample. SEM is a non destructive
analytical technique through which we can explain the topographic study of the surface of the
sample. The unique and important property of the SEM is to produce 3-D image of high
resolution and with varying magnification by covering the large depth of field [79]. Figure 3.4
explained the various part of the SEM in detail.

Figure 3.4: Schematic diagram of SEM [80].

3.5.1 Principle of SEM

Primary electros having high energy produce by the electron gun fall on the surface of
sample and generate Secondary and back-scattered electrons which are reflected from the surface
of sample, A detector collect these electrons in the form of (electronic signal) already installed in
SEM, and used for the formation of images of the sample on the screen. Secondary electron are
responsible for image formation of the surface of the sample, therefore the intensity of the
secondary electron is measured as a function of the position of the high energy (primary)
electrons. The intensity of the back-scattered electrons are use to determine the atomic number
of the present element in the sample. SEM gives the complete information about topographic
view of the sample by changing the intensity of the secondary and back-scattered electrons {81].
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3.6 Energy dispersive spectroscopy (EDX)

Encrgy dispersive spectroscopy is employed to determine the chemical composition in
materials. EDX is based on the interaction between high energetic electron beam and material.
The high cnergetic clectron excited the inner shell electron of the atom. The excited electron
create a vacancy in inner sheil, Outer shell electron of high energy comes to fill this vacancy in a
result characteristic X-ray are emitted from the materials are detected by a detector. Every
elements have unique characteristic X-ray and used for the identification of elements contain by
the sample. because every elements emits its own family of characteristic X-ray [82].

From the EDX spectrum we can determine elemental composition of the sample and

gives information about the element present in the sample.
3.7 UV/Visible spectroscopy

UV/ Visible spectroscopy 1s one of the most important techniques to determine the purity
of the material. It is also known as reflectance or absorbance spectroscopy. The absorbance
spectra ¢an be measured at specific wavelength, which observed the impurity peaks contain by
the material [83]. Absorpticn of light gives information about the transitions of electron from one
state to another state. UV wisible light fall on molecules, the non-bonding electron of the
molecule absorbed the light in the form of energy and jumps to the anti-bonding molecular
orbital. When the energy gap between HOMO (highest occupied molecular orbital) and LOMO
(lowest occupied molecular orbital) is small, then the light of longer wave length will be
absorbed by the electrons of the molecule [83]. This is very important spectroscopy for the
characterization absorption, reflection and also use for transmission for different materials such
as filters and pigments. Band gap of the material can be calculated by using this spectroscopy.
This absorption spectroscopy is petformed by using the electromagnetic radiations ranging
between (190nm to 800nm). The electromagnetic radiations between (190 to 400nm) are the
ultraviolet “UV™ region while that of (400 to 800nm) is the visible region [84].

LIV visibie spectrometer is shown in figure 3.5.
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Figure 3.5: Schematic diagram of UV visible spectrometer

3.7.1 UV visible working principle

UV visible spectrometer contains the following major components.
» Source (both UV and visible)
» Sample containers

» Wavelength selector
» Detectors

> Signal processor

It is very simple spectrometer and can operate in a simple way. UV visible sources produces a
beam of light are comes to strike with mirror first and then passes through the slit first and moves
to diffraction grating. A prism or diffraction grating is fixed inside the spectrometer in which the
incoming light passes through it, the prism divide the light into its component. Furthermore,
these components are again separated by using the half mirror. Each and every incident beam of
light divided into two components [84]. The first component of the beam passes through sample
cuvette, which has the solution of the compound. The second beam which is also known as
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reference beam, it is passes through reference cuvette which has solvent only. The intensities of
the beams are determine through electronic detectors and then compared to each other. The
intensity of the reference beam which does not take a part in absorbance or in very limited is
denoted by o, while the intensity of the beam which passes through the sample is denoted by L.

This spectrometer continuously scans all the component of incident light, and repeats this

process automatically [84].

om0
L R TR ]
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Chapter No4

Results and Discussion

in this chapter the experimental results obtained during this project will be presented and
discussed. Specifically crystallinity, phase decomposition, surface morphology, compositional
analyses and optical properties of both the pure and doped synthesized materials are studied in
detail. The following samples will be discussed in this chapter.

1) Pure h-MoOs

2) Crdoped h-MoO; from 0.5 to 5 wt. %

All these samples were synthesized on the solution based chemical co-precipitation
method. already mentioned in previous chapter. Here, we discussed the XRD analysis of the
synthesized samples as given below. In next sections we will discuss how to achieve the pure
phase and the doping effects on the physical properties of the MoO;.

4.1 Structural phase characterization

Crystallinty and phase decomposition of the synthesized sample was determined by X-
ray Diffraction (XRD) using (Model D-8 Broker Company Ltd) X-ray diffractometer with
CuKu, 1.54 A radiation in the range of 5 to 60° in steps of 0.2/min. The typical XRD spectrum of
the synthesized sample of pure (h-MoQOs3) is shown in the figure 4.1. All the resulting diffraction
pcaks of the resulting product were easily indexed by pure hexagonal phase (h-MoO3) with the
reterence o reported values (JCPDS-00-048-0399) a = 10.5 A and ¢ = 3.7278 A. The observed
peaks of the XRD pattern were in hexagonal phase (h-MoQs), and were well maiched with XRD
reported pattern correspond to the planes (010), (110), (020), (120), (111}, (021), (220), (121),
(230). (041), (002), (050) and (331) respectively.

The high intensity peaks were observed at 9.799° and at 26.5° which arised from (010)
and {120) planes, respectively. The high intensity and sharp peaks show that the synthesized
product is well crystalline in hexagonal molybdenum trioxide (h-MoO;) phase [85]. No other
secondary impurities peaks were observed of the polymorphs of MoO3; namely Orthorhombic (o-
Mo03) and Monoclinic {p-MoO3) {86].
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pure h-MoO3|

Intensity(a.u.)

Figure 4.1: The typical XRD paitem of the pure h-MoQ;
The Chromium doped MoO; samples were also characterized with the help of XRD, and the
apparent XRD spectra of doped samples were compared with pure h-MoQOs spectra .There is a
change in the diffraction peaks of Cr doped samples which are shifted towards right angle. The
shift occurs due to Chromium doping, because the ionic radii of the Chromium atom is smaller
than that of the Molybdenum atom. So, according to Brag’s law when the value of inter atomic

spacing “d” decrease then diffraction angle will increase and vice versa, as a result the crystallite
size of the particle increases. The XRD spectra of the pure and Cr doped MoO; are in hexagonal
phase. Diffraction peaks for chromium (Cr) are not observed in the XRD pattern, and all the
XRD pattern of doping samples were same. The XRD pattern of the Cr doped MoO; as shown in
figure 4.2.
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Figure 4.2;: XRD pattern of 2wt.% Cr doped MoQO,
4.1.1 Calculation of average crystallite size of MoO; particle by using Scherer’s formula
To calculate the average crystallite size of the observed curves (XRD pattern) of the
samples we used the Scherer’s formula, which is already discussed in chapter 3 in detail and is
given below [75].

kA
fBcos@

Where A is the wavelength of the X-ray radl:ation, k is the shape factor has constant value 0.94,
is the full width at half maxima of the diffracted radiation in radian and 6 is the Bragg’s angle.
Here, in our research work, the crystallite size was calculated by using the high intensity peaks
which arised from (010), (020), (120) and (121} planes already mentioned in the XRD pattern as
shown in figure 4.1, The average crystallite size of MoOs was 38.10995 nm and chromium (Cr)

doped MoO; is 38.1675 nm which is in good agreement with the reported value, is shown in
table 4.1.

(4.1)
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Table 4.1: Crystallite size of h-MoO;

Peak position (29) B (FWHM) Intensity | Size of single peak (nm)
9.7999 0.0984 100 8.4
19.5280 0.0984 30.11 855
25.8698 0.1378 7258 61.8698
35.5108 0.1181 16.92 73.8

All the synthesized samples are characterized with the help of XRD and no extra impurities
peaks were observed of other polymorphous and compared with standard. All the XRD spectra
are of pure MoO; and Chromium doped MoQ; are same. The XRD spectra of pure and doped
samples are shown in figure 4.3,

]

Intensity(a.u.)
i: (101)
020)
Se— (] )
—-{111)

Figure 4.3;: Combined XRD spectra of pure and doped Mo(Q,
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4.2  Scanning electron microscopy of pure h-MoO; and doped

CrMoQO:; at different temperature.

Scanning electron microscope (SEM) was employed to study the surface morphology,
size and shape of the particles. SEM images give information about growth mechanism and can
explain the shape and size of the particles. The SEM image of pure h-MoO; sample synthesized
at room temperature as shown in the figure 4.4.

4.2.1 SEM of pure h-MeO;
Figure 4.4 15 the SEM image of the synthesized pure h-MoQO; at low temperature,

Figure 4.4: SEM image of pure h-Mo0, at low temperature
In this figure the particles are widely dispersed and are found in combined form. Their size is in
micron range and stuck to each other, look like a bunch of nanorods [86). Therefore size of
single nanorods cannot be estimated easily. The size of the nanorod depends on concentration,
temperature, chemical reaction and on reaction time. At low temperature size does not reduces
and here in my research work the formation of rods are unsuccessful by using this method. The
low temperature treatment led the formation of nanoparticles in large size; most of them are
defectively synthesized as well as in irregular shape [87]. With these growth conditions we
observed strong agglomeration which leads to clusters of the particles. Furthermore some
secondary types of structures were also observed. Even after several attempts of the purification
we were unable to get rid of these secondary structures. Therefore we decided to change the
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experimental conditions for the reaction. In the following figure 4.5 and 4.6 it is discussed that
how the reaction temperature leads to change the structure/morphology.

Figure 4.5: SEM image of pure h-MoO, at 100° C.

Figure 4.5 is the SEM image of pure MoOs. The sample is synthesized at 100° C
which is the reaction temperature and also changes the mixing temperature from 25 to 35° C,
maintaining the pH value same as in previous case. In figure 4.5 it is mentioned that the size of
the rods reduce to nano meter range by increasing the temperature. However the structures are
not entirely pure. To achieve the purity of the structures, we further increased the reaction
temperature. Relatively the pure sample of h-MoO; is also achieved at high temperatures, in
which the reaction and mixing temperature increased from100° C to 145° C and 35° C to 40° C,
respectively, The pure h-MoO; synthesized at 145° C are shown in figure 4.6.

Figure 4.6: SEM image of pure h-MoQ, at 145° C.
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Figure 4.6 is the SEM image of pure h-MoO; in powder form, in which the sample is prepared
at 145" C and also increased the mixing temperature from 25° to 40° C. The surfaces of the
synthesized rods are not uniform however the secondary phases are marginally removed. The
hexagonal shape rods like structures are clearly observed. The sharp features of the SEM images
also confirm that the particles are of micron size range and shows that the particles are in the
form of one dimensional hexagonal rod [87]. The rods which wete grown at 100° C have better
structure as compared to other structure which were synthesized relatively at low and high
temperature. While comparing with reported structure the synthesized structures in our research

work are large in size but have the same phase and shape.

MHLAY TESCGARN

Datatitnl GFILAE I nanuEpaCs
Figure 4.7: SEM image of 2wt. % Cr doped MoO;

Figure 4.7 is the SEM image of 2 % Chromium doped MoO;; it is not a clear image
because the sample was also prepared at low temperature. The Figure contain irregular and rough
surface structure nanorods, actually these are the small nanorods which are stuck together in the
form of bunch and look like agglomerates which are grown on the surface of nanorods [86]. The
rod like structures can be clearly seen as observed in the earlier case without doping. Their size
arc greater than that of the pure MoO; particles Moreover the secondary type of structures are
also existing since the sample preparation was carried out at relatively low temperatures.

4.3 Elemental compositional study by (EDX)
The resultant samples were characterized by means of EDX to deterrine the

compositional concentration of the elements present inside the materials. This technique is used

36



Chapter No 4 Result and Discussion
i

to determine the elemental concentration in the sample. The EDX spectrum of pure h-MoO;
prepared sample as shown in figure 4.8.

Figure 4.8: EDX spectrum of pure h-MoO; at 100" C.

The given EDX spectrum in the figure 4.8 demonstrated that the synthesized samples
only contain Molybdenum (Mo) and Oxygen (O} elements in agreement with the previous
reports [36]. These spectra give a good approximation of apparent presence of elements in the
sample, compared with theoretical concentration composition [88]. The figure clearly shows the
characteristic peaks of molybdenum and oxygen which were well matched with the reported
peaks of those elements. It is also observed from the EDX result that the atomic concentration
ratio of Mo/O is of about1/3 confirming the formation of MoOj; products [89].
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Figure 4.9: EDX spectra of 0.5wt. % Chromium doped h-MoO;
Figure 49 is the EDX spectra of 0.5 % Chromium doped h-MoO; which confitm the

apparent weight percent of “Cr” element present in the samples 1s in good agreement with the
calculated weight concentration at the time of synthesis in all the particular samples.

Figure 4,10; EDX spectra of 2wt % Chromium doped h-MoQ;.
The detail of all the quantitative analysis and compositional study of the entire present element in
the material are shown in the table 4.2,
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Table 4.2: The Quantitative analysis of pure MoO; and Chromium doped MoO3 samples.

Sample Mo (wt. %) O (wt. %) Cr (wt. %)
Undoped MoO, 62.35 37.65 0.00
0.5 % Cr doped MoO» 62.72 37.24 0.04
2 % Cr doped MoOs - 60.64 39.24 .12

4.4. Optical studies by (DRS)

The optical absorption property of all the synthesized samples of pure MoO; and Cr
doped MoO; are characterized by means of DRS (T-906 UV spectrometer). The DRS spectra of
pure h-MoO; sample as shown in figure 4.11[86].
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Figure 4.11: DRS spectra of pure h-MoO,
In figure 4.11 the spectra was taken in the range of (200 to 800nm). The maximum reflectance

occur between 430 and 800nm to upper absorption, but at 400nm the reflectance decreases due to
the elementary absorbance of the material is taken between (valence band to conduction band)

[90].
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Figure 4.12: Combined DRS spectra of doped and pure MoO,
Figure 4.12 shows the comparison of the DRS spectra of all samples including doped and pure
Mo0O;. In the Figure the maximum reflectance occur between 430 and 800nm to upper absorption,
but at 400nm the reflectance decreases due to the elementary absorbance of the material is taken
between (valence band and conduction band) [90].

In figure 4.12 the DRS spectrum of pure h-MoO; and 0.5wt. % Chromium doped MoO;
exhibit slight difference between them. The absorption of 0.5wt. % doped samples is shifted
towards longer wavelength than that of the pure MoQO;. The spectrum of 2wt % and 4wt. %
Chromium doped MoQ; are alse shifted towards larger wavelength and they are same but there is
change m the optical band gap. The spectrum shows that the reflectance increases from 390nm and
reached to maximum reflectance between 450nm to 800nm for upper absorption. The band gap
energy of the samples is calculated by using Kubelka Munk (K-M) function, the K-M graph of all
the synthesized samples are shown in figure 4.13 [91].
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Figure 4.13: Comparison of K-M doped and pure MoQ; samples
In figure 4.11, the estimated band gap energy of pure h-MoO; is 2.99 ¢V which is greater than
that of the Buik (2.95 eV). The increase in the band gap energy show that the particles size of the
synthesize materials was reduced [79]. The band gap energy decreases with doping concentration

and also there is possibility due to creation of oxygen vacancy which cause to reduce the band
gap of h-MoQ; .The band gap value of pure and doped samples are shown in the table 4.3.

Table 4.3: Band gap values of doped and pure samples

Doping concentration of Chromium in wt.% | Band gap, eV
Pure h-MoO; 299
0.5% 2.96
1% 293
2% 2.84
49 2.79
5% 2.76

For calculating the band gap energy following equation are used [40].

F(R.) = (1 -R)"
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a-ry? _ K®) o= (hv — E,)?
2xRy  S(A) hv

Where F(R0) is the K-M function, R(w} is the diffuse reflectance of infinitely thick

sample. K() is the absorption coefficient, S(}) is the scattering coetficient, hv is the photon

F(R,) =

(4.3)

energy. Eg is the band gap energy and “n” is integer having the value “2” for direct allowed
transition and *‘1/2” for indirect allowed transition [90]. The graph is plotted between K-M
function F(Reo) on the Y-axis where “hv” is the photon energy is on X-axis, as shown in figure
4.13. In figure 4.13, the estimated band gap energy of pure h-MoO; is 2.99 eV which is greater
than that of the Bulk (2.95 ¢V). The calculated band gap values using KM function ar¢ plotted as
a function of Cr concentration in figure 4.14. The band gap is linearly decreasing with the
increasing chromium concentration in MoQs. The decrease in the band gap was observed up to
7.69% with chromium doping in MoQ;. The overall band gap of the pure MoO; is 2.99¢V,
slightly larger than its bulk value. The increase in the band gap energy show that the particles
size of the synthesize materials are in nanometer range [29]. The band gap energy decreases with
doping concentration and also there is possibility to create oxygen vacancy which causes to
reduce the band gap of metal oxides, because when metal concentration increases in the products
then automatically the concentration of oxygen decreases on the surface of the metal oxides.
These vacancies may be create due to its re-oxidation or may go to create some defects in the
crystal structure [4(]. Vanadium element was also reported as a doping element, which was
successfully doped in MoOs3 and also tuned their band gap to 2.88eV [41]. The band gap values
of pure and doped samples are given in the table 4.3, The band gap ¢nergy decreases

continuously with doping concentration of Chromium in h-MoQj3 as shown in the figure 4.14.
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Figure 4.14: Band gap energy versus doping conceniration graph.

Figure 4.14 clearly shows that the band gap was decreased to 2.76 ¢V with 5 % chromium
doping, already mentioned in tables 4.3,
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Conclusion

In this work, molybdenum trioxide was successfully synthesized in hexagonal phase (h-
MoO;) by solution based chemical co-precipitation method. Crystallinity and hexagonal phase
was confirmed by usmg XRD technique. Scherer’s formula was used to calculate the crystallite
size of (h-MoOs), which was in nanometer range. It is confirmed from SEM images that the
synthesized rods have one dimensional hexagonal structure. Initially, it was observed that at low
temperature the growth of rods are not uniform, but at relatively higher temperatures the
structure was regular and reasonable. It is confirmed from EDX results that the products contain
only molybdenum and oxygen elements. These spectra give a good approximation of apparent
presence of elements in the samples, compared with real concentration of the precursor solution.
It is observed from the EDX result that the atomic concentration ratio Mo/O is of about 1/3,
confirming the MoO5 product. The optical study absorption and band gap was studied by means
of UV/ visible spectroscopy. The band gap of pure MoO; and chromium doped samples was
calculated from the optical absorption studies. Moreover, for tuning the optical properties and
band gap, Cr was doped in the MoOj3 and its effects were studied systematically. It was observed
that the band gap decreases with chromium doping. In this thesis work, the band gap of MoQ;
was decreased from 2.99 eV for pure samples to 2.76 eV with different doping concentration of
chromium. From these result, it was observed that the MoQ; nanorods were synthesized in
nanometer range as well as chromium was doped successfully.

In future, we will use it as a p-type material in photovoltaic cell for hole conduction
inside the device, in which the nanorods can be grown on some transparent glass substrates to

make a hetero-junction with other cathodic materials.
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