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Chapter 1 INTRODUCTION

On 29 Dec 1959, Nobel laureate and physicist Richard P. Feynman gave a
historical talk at the American Physical society that provoked many to think small
down to the order of atoms and molecules and marked the onset of a new technology
called as “nanotechnology”, he presented a classic lecture on the topic “There’s Plenty
of Room at the Bottom”. The term ‘“Nanotechnology” was first introduced by
Taniguchi in 1974 in a paper entitled “On the Basic Concepts of Nanotechnology”,
he stated that nanotechnology mainly consists of the processing of separation,

consolidation and deformation of materials by one atom or one molecule.

The word ‘nano’ comes from the Greek word ‘nanos’ or latin word ‘nanus’ that
means ‘Dwarf’. Nanomaterials are defined as the materials where the sizes of the
individual building blocks are less than 100nm at least in one dimension or the
nanomaterials have properties that depend inherently on the small grain size. As
moving from bulk to the nanoscale may lead severe changes in the chemical and
physical properties of material. Nanoscience is the study of materials between the size
range (1-100nm). Nanomaterials may be zero-dimensional (nanoparticles), one-
dimensional (nanorods or nanotubes), or two-dimensional (usually realized as thin
films or stacks of thin films). Quantum confinement effects or the increasing
prevalence of surface atoms drives physical evolutions between bulk and nanoscaled

materials.

Nanomaterials shows novel properties which has led to an extensive interest
into them. Nanoparticles are used in a variety of application, such as sensors, LEDs,
drug delivery, medical diagnostics, catalyst and gene therapy. Their unique range of

properties and enormous application led to the development of the nanotechnology.

As the materials are reduced to nanoscale they show very different properties
compared to bulk, because of this nanomaterials received more attention due to their
unique physical, chemical, mechanical, optical, thermal, electrical and magnetic properties,
in comparison to their bulk counterpart. The material properties of nanostructures are

different from the bulk basically due to high surface to volume ratio and quantum
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confinement effect. Due to their small dimensions, nanomaterials have extremely large
surface area than bulk materials. Suppose we have a sphere of a radius, then surface to
volume ratio is 3/a. It means the ratio is inversely proportional to the radius. If the
radius of sphere reduces then surface to volume ratio increases and vice-versa. When
the sizes of nanomaterials are comparable to length, the entire material is affected by
surface dependent material properties. For example, metallic nanoparticles are used as
very active catalysts. The nanomaterials also have spatial confinement effect on
materials which bring the quantum effects. The quantum confinement effect is
observed when the size of material is too small comparable to the wavelength of
electron. In nanocrystal, the electronic energy levels are discrete (finite density of
states), because of the confinement of the electronic wave function to the physical
dimensions of the particles. This phenomena is quantum confinement and the
nanocrystals are known as quantum dots. Because of their unique properties, quantum
dots have many applications in different fields including solar cells, LEDs, Transistors,

displays, laser diodes, medical imaging etc.

NSMs can be classified into following categories:
1. Zero-Dimension (0-D): all dimension in nanoscale range. Examples are QDs.

2. One-Dimension (1-D): Two dimension in a nanometre range, less than 100nm are

typically nanofibers, nanowires, nanorods and nanotubes.

3. Two-Dimension (2-D): having one dimensions in nanometer range and it

includes nanofilms, monolayer, multilayer, self-assembled, and plates etc.

4. Three-Dimension (3-D): no dimension in nanoscale range and it includes
nanocomposites, nanohybrids, micro and mesoporous hybrid, nanometer-sized

grains.

Due to the large surface to volume ratio of nanomaterials the surface atoms play an
important role to demonstrate the thermodynamic properties. Generally Equaton of state is
a relationship between state variables like pressure temperature and volume but this
definition is not applicable for nanomaterials because of the size factor between bulk and

nanomaterials so in case of nanomaterials the definition is a relationship between the state
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variables like pressure, volume, temperature and size. As size is an important factor in this
so we have to study about size dependence of EOS to understand the behaviour of
nanomaterials under high pressure. Size dependency is further more complicated when

surface factor are responsible for unique properties of the nanomaterials.

The EOS is a thermodynamical relation which explains the dependence of one
parameter on other parameters. An EOS can be applied successfully to explain the
behaviour of solids under varying pressure and temperature. The universal form of EOS
for pressure as well as a function of volume for different classes of solids in compression
was discovered by (Vinet et al., 1986). Several theoretical and experimental studies have
been performed during past to explain the behaviour of solids under varying temperature
pressure conditions and a well-known EOS for solids is given by Murnaghan
(Murnaghan, 1937).

The physical properties of materials depend strongly on the structure and
interatomic distances, high pressure and high temperature can vary these distances. On
varying temperature and pressure on nanomaterials many transformation effects occur.
As bulk modulus measures the compressibility so it is evident that change in particle
size affect the bulk modulus of material directly. The value of bulk modulus increases
with decrease in the size. The change in size from bulk to nano leads to change in
surface energy and reduction in volume which results in extra binding energy in
nanomaterials as compared to their bulk counterparts. The increase in surface energy

tends to increase in bulk modulus viz. reduction of compressibility in nanomaterials.

Size plays an important role in nanomaterials, there have been a number of
studies on the size dependent behavior of thermal properties for nanomaterials (Qi et
al., 2003; Qu et al., 2017). CE is another important factor which define the strength of
metallic bond. Nanda et al. (2002) used the liquid drop model for the size dependence
of CE of nanosolid. Qi and Wang (2002) they developed a simple method to calculate
the CE of nanoparticles and this method showed that the CE depends on particle size i.e
the CE increases with a increase in particle size and vice versa. Qi and Wang (2004)
proposed a new model on account for the effect of shape and size on the metallic

nanoparticles. They considered a particle shape difference by introducing a shape
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factor. They showed that the particle shape affects the melting temperature of

nanoparticles and particle shape factor increases with decreasing the particle size.

The thermodynamic properties under high pressure are very important and many
experimental and theoretical models were proposed. Bhatt et al. (2013) made an effort to
find a suitable EOS for nanomaterials. They used six different models to study the
compression behaviour of nanomaterials and got the best result for murnaghan EOS for
thirty one naomaterials. Kumar and Kumar (2013) discussed a simple thermodynamical
EOS and used to study the isothermal compression behaviour and pressure dependence of
bulk modulus for nanomaterials. Qi (2016) studied the nanoscopic thermodynamics and
highlighted some points for nanoparticles, nanowires and nanofilms using BEM. His main
focus is on the CE which determines the thermodynamic performance of material and CE
depend on the coordination environment. The BEM is used to rationalize the effect of
surface dangling bonds which depress the melting temperature, entropy, enthalpy, Gibbs
free energy and formation heat, defined the dependence on nanoparticles size how their
stability vary when they are embedded in an appropriate matrix. The model was also useful
to study the superheating phenomenon, thermal stability of metal particles on graphene,
order-disorder transition of nano alloys, and size-temperature phase diagram for
nanoparticles. Kumar and Bhatt (2017) developed a model to study the effect of size,
shape, temperature and pressure, used to study the EOS and pressure dependence on SnO,
nanomaterial. The model is also used to study the compression behaviour at room
tempertature and they compared the results with experimental data as well as with Birch-
Murnaghan equation of state. Chhabra and Kumar (2020) developed a simple model
based on the bond energy analysis and used to compute the size and shape dependence of
magnetic properties. They found that T, (D) and Ms(D) decreases with decrease in size and

Tn(D) increases or decreases with drooping D.

As nanomaterials having a great potential to provide social benefit so
nanostructured materials are the focus point for all the researchers. Mainly the
properties of nanomaterials depends on pressure, size and shape. There have been a
numbr of experimental and theoretical models to study the effect of size, shape,
temperature and pressure. In the present work we study for the effect of pressure, size

and shape of nanomaterials. The main objectives of our planned work are as follows.
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e In the present work, we shall modify the Murnaghan EOS to study the behavior
of nanomaterial under the effect of pressure for nanomaterials of current

interest.

e The model thus formulated shall be used to study the compression behavior of

nanomaterials.

e The model shell be used to study the compression behavior of different

nanomaterials for size.
e Further we shall extend the model to study the shape effect on nanomaterials.

e We shall compare our results with the available experimental data to

demonstrate the suitability of the formulation used in the present work.

The thesis is divided into five different chapters. Chapter 1 provides a brief
introduction. Chapter 2 is a review of literature. Chapter 3 is about the material and
methods. Chapter 4 the results are discussed. Chapter 5 gives the overall summary of

the present work. Literature cited are given in last.
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Chapter 2 REVIEW OF LITERATURE

Several experimental, theoretical models have been proposed to study the
thermodynamical behavior of nanoparticles under the effect of size, shape, temperature
and pressure. The study with varying thermodynamical parameters can help us to find

useful materials, the present chapter is all about the literature review of the same work.

Murnaghan (1937) showed, how the observed effect of the change of
compressibility with pressure is readily accounted in terms of his theory of finite strain.
He was the first who proposed equation of state (EOS). Vinet et al. (1986) discovered a
universal EOS for solids, there is a universal form for pressure as a function of volume
for all the classes of solids in compression. Plymate et al. (1989) derived an explicit
empirical V(T,P) equation based on an exponential temperature correction of the
Isothermal Murnaghan equation. They successfully tested equation against literature
pressure -volume-temperature (P-V-T) data for NaCl. Anderson (1995) gave equation
of states of solids for geophysics and ceramic science. Developed a theory showing
how the thermoelastic parameters vary with T and V at high temperature and high
compression. Also emphasized o and its relationship to many properties in the EOS and
cast it in terms of thermoelastic dimensionless parameters. The varation of o with T, V,
and P at extreme conditions is presented. Kumar (1995) reported a simple equation of
state to investigate the properties of solids under high pressures. He studied the
compression behavior for sodium halides, viz. NaF, NaCl, NaBr and Nal from
atmospheric pressure to their transition pressures. The results were found with the
better agreement with the Murnaghan EOS, which is applicable only upto 40 Kbar (low
pressure range) but the equation proposed by this paper is applicable upto transition

temperature.

Jiang et al. (1997) developed a model for the dependence of melting
temperature of nanocrystals on the size of carbon nanotube. They have considered the
nanotube size dependent melting of TaC and Pb single crystals in carbon nanotubes,
and the results were found that the melting temperature for these crystals can be

strongly suppressed and depicted that the carbon nanotubes as an effective way to
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investigate the supercooled state of liquids and liquid-glass transition. Hama et al.
(1999) proposed a simple method to calculate the thermoelastic properties of MgO
under high pressure and high temperature. The model was successful to explain the
thermoelastic properties of MgO with experimental EOS at room temperature of
220Gpa pressure and EOS of shock-wave 200Gpa. The input parameters used here are
the volume of unit cell, bulk modulus, pressure derivative of bulk modulus and Debye
temperature at room temperature and zero pressure. The author also discussed about the
thermal expansivity, experimental velocities compressional and shear waves with a
wide temperature and zero pressure. They also calculated the thermal EOS and shock
wave EOS. Shanker et al. (1999) developed a new criterion for melting on the basis of
the thermal equation of state based on the method of lattice potential energy. The
results obtained for the melting temperature and its pressure dependence are presented
in case of NaCl, KCI, MgO and CaO. Jiang et al. (1999) proposed a theoretical model
for the size dependent melting temperature and the size dependent melting entropy.
organic nanocrystals exhibit less melting temperature and melting entropy because the
vibrational spectrum of the surface region is different for bulk. With decreasing crystal

size all these effects increases.

Zhang (2000) reported an isobaric thermal expansion data of MgO at pressures
of 2.6, 5.4, and 8.2 GPa in the temperature range 300 to 1073 K. The experiments were
performed using DIA type, large-volume apparatus designed for in-situ X-ray
diffraction studies at simultaneously high pressure and temperature. Rekhi et al. (2000)
performed an X-ray diffractrometry to investigate the effect of particle size on
compressibility of MgO (1000 and 2000A). They found that the bulk modulus of MgO
is independent with particle size. Qadri et al. (2001) studied the pressure induced
phase transformations for the two different sizes of ZnS nanoparticles (2.8 and 25.3nm)
using X-ray diffraction and diamond anvil cell. They found that the the zinc-blende
particles (2.8nm) and wurtzite particles (25.3nm) particle size transformed into NaCl
phase at 19 and 15GPa pressure respectively. They also found that the nanoparticles of
the wurtzite never returned to their initial structure but the Zinc blende phase returned
to their original on release of pressure. Qi et al. (2002) developed a simple method to
calculate the cohesive energy of nanoparticles, as the cohesive energy is the heat of

sublimation. They observed that the cohesive energy of nanoparticles depend on its
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size, with increase in size the cohesive energy is also increased and when the particle

size is large enough the cohesive energy will approach its bulk value.

Chen et al. (2002) showed that the compressibility increases with decreasing
size for nanocrystalline y-alumina by high pressure quasihydrostatic X-ray diffraction
method. A new phase transformation has been observed by them. Jiang et al. (2002)
proposed a model for the size dependence of latent heat and CE. They found that the
CE decreases with decreasing particle size, the results were matched with the
experimental data of CE for Mo and W nanoparticle. Nanda et al. (2002) established
empirical relationship between the CE, surface tension, and melting temperature for
different bulk solids. An expression was derived for the size dependent melting
temperature on the low dimensional system by help of liquid drop model. The model
was extended to understand the superheating of nanoparticles embedded in a matrix and
the effect of size deposited cluster on a substrate temperature. When a nanoparticle with
lower surface energy is embedded in a matrix with material of higher surface energy
results superheating. Olsen et al. (2002) studied nc-TiO, by X-ray diffraction method
at room temperature. They found a phase transformation to occur in the pressure range
20-30 Gpa from tetragonal to monoclinic. Lu and Jiang (2004) proposed simple model
for size-dependent surface energy of nanocrystals, based on the earlier models proposed
for the size dependent cohesive energy. The surface energy decreases with the decrease
in nanocrystal size while the surface energy ratio between different facets is size
independent and equal to the corresponding bulk ratio. The surface energies for Be,

Mg, Na, Al and Au has been found from this model.

Qi and Wang (2004) proposed a new model for studying the dependency of
particle shape and size on the melting temperature of metallic nanoparticles. The results
obtained by reducing the size of nanoparticles and the particle shape effect on the
melting temperature becomes larger. He et al. (2005) Studied high pressure behaviour
of SnO, samples for bulk and nanocrystalline material by High pressure synchrotron
radiation x-ray diffraction method. It was found that the smaller the SnO, nanocrystal
higher the onset pressure for the phase transition from from rutile to cubic phase for nc-
SnO,, the increment in pressure is due to the surface energy differences between the

phases. Qi et al. (2005) calculated the melting temperature for Sn and Pb nanoparticles
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,nanowires, nanofilms by considering the surface effects based on size-dependent
cohesive energy. The results showed that the melting temperature of free standing
nanosolids decreased with the decrease in size. Liang et al. (2005) studied a molecular
statics which is based on embedded-atom-method to find the elasticity of copper
nanowires along crystallographic directions. It was found that on an comparison with
bulk clearly showed that the overall nanowire elasticity is primarily due to nonlinear

response of the nanowire core.

Liang and Baowen (2006) proposed a simple unified model for the size
dependent elastic modulus and vibration frequency of nanocrystalline metals, ceramics
and semiconductors based on the inherent lattice strain and the binding energy change
of nanocrystals compared with the bulk counterpart, and the various nanomaterials are
Cu, Ag, Si thin films and TiO; nanoparticles. San-Miguel (2006) reviewed the
advantages and expected results with a effect of high pressure on nanomaterials. He
demonstrated that the high pressure and high temperature are the effective tool for the
modification of nanostructured materials. Gilbert et al. (2006) synthesized ZnS
nanoparticles of different sizes to know the factors that determines compressibility of
nanoparticles. They studied the high pressure X-ray diffraction to find out the
compressibility of ZnS nanoparticles. They showed that the compressibility of ZnS
nanoparticles increases with decreasing particle size. They studied both the bulk and
nanoparticles and compared the results. Pan et al. (2009) synthesized ZnS
nanoparticles for the average sizes 10nm and 5nm by sol-gel method. The pressure
induced phase transition were examined by energy dispersive X-ray diffraction method.
Qi (2006) generalized the surface area difference model (SAD) for the cohesive energy
of nanoparticles with different composition in different shapes. It is found that the
cohesive energy of nanoparticles with different composition depends on the
nanoparticle size, the particle shape and the atomic percent of each composition.
Kumar and Kumar (2008) studied EOS and the bulk modulus of nanosolids. The
results obtained were in a good agreement with an experimental studies. Luo et al.
(2008) obtained a method to calculate the thermodynamic properties of nanomaterials.
Melting temperature, enthalpy of fusion, reduced heat capacity and entropy for Ag

nanoparticles was found to be inversely to the reciprocal of particle size.
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Chen et al. (2009) synthesized ZnO2 nanoparticles with an average particle size
of 3.1nm by chemical method. They investigated Structural stability, magnetic and
optical properties of nc-ZnO, by experiments and first-principles calculations. It was
found that nc-ZnO, decompose into ZnO at about 230C and is stable up to 36 GPa at
room temperature. nc-ZnO2 material is an indirect semiconductor with an energy gap
of about 4.5eV and paramagnetic down to 5 K. Lin et al. (2009) investigated phase
stability and compressibility of nanocrystalline tungsten carbide upto 35.6 GPa using
synchrotron X- ray diffraction in a diamond anvil cell. It was found that the bulk
modulus of nano WC is comparable to the diamond. Couvy et al. (2009) established an
EOS for nc-FO (forsterite) using diamond anvil cell. They performed high temperature
and high pressure experiments and found that nc-FO is more compressible than macro-
FO. Rich et al. (2009) investigated high pressure X-ray diffraction for three different
sizes of SiC (20, 50 and 130nm). The mulk modulus of the two larger sizes was
consistent with bulk material whle the bulk modulus for the smaller one i.e 20nm was
greatly increases. This observation was found to be consistent with the core-shell model
which stated that the grain having size 20nm or smaller size possess compressed shell
atoms. Moreover, on observing the results for the size 30nm the bulk modulus is
smaller than the bulk modulus of size 20nm but larger than the 50nm grains. Yao et al.
(2009) prepared ZnSe nanoparticles and studied both ZnSe nanoribbons as well as bulk
ZnSe and compared both of them. High pressure ADXD was used to analyzed the
structural stability of ZnSe nanoribbons, the phase transition occurs at 12.6 GPa from
the Zinc blende to rocksalt. In their they observed that the effect of pressure on the
change in volume suddenly becomes discontinuousat pressure 5.2 GPa, which shows
the unidentified transition. Kumar et al. (2010) proposed a model to study the thermal
expression and compression of nanoparticles, which demonstrates that the two different
approaches are unified into a single theory. They study the effect of temperature (at
constant P), the effect of pressure ( at constant T) and the comined effect of temperature
and pressure. Li et al. (2010a) developed a model for the the size dependent melting
temperature of metallic and bimetallic nanowires by considering the contribution of all
the surface atoms atoms to the surface area, lattice and surface packing factors and the
cross-sectional shape. The melting temperature is a size dependent property, as the size

decreases the melting temperature also decreases. The depression in melting
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temperature is dramatic in smaller particle size, while smooth for larger size. The
model was successful to define the melting temperature for metallic and bimetallic

nanowires for the both small large dimensional system.

Li et al. (2010b) developed a model on account of size, shape, composition,
dimension dependent and surface segregation CE of bimetallic nanosolids. The model
was extended to predict the size dependent thermodynamic properties viz. melting
temperature, ordering temperature, Curie temperatures, and phase diagram. It was
found that the thermodynamic properties of nanosolids not only depend on the atomic
percent, the diameter and CE but also depend on size and shape. Zou et al. (2009)
prepared Tin with different size distribution by chemical reduction method and studied
the size dependent melting temperature and latent heat of fusion of nanoparticles.
Various size dependent melting models were used to examine the size dependent
melting properties of Sn nanoparticles and the result showed that the LSM model gives
the better knowledge for the melting property. Results obtained from the model showed
that the cube root of the latent heat of fusion of Sn nanoparticles is linearly dependent

on the reciprocal of the average particle diameter.

Wang et al. (2010) studied the high pressure behaviour of B-Ga,O3 nanocrystal
prepared by chemical method, investigated by angle-dispersive synchrotron X-ray
diffraction in a diamond-anvil cell at room temperature. A phase transition occurs, nc-
monoclinic B-Ga,03 goes in a phase transition to a-Ga;Os;. They concluded with a
result that the phase-transition pressure and bulk modulus of nc-p-Ga,Os is higher than
the bulk counterpart. Xiong et al. (2011a) calculated the formation enthalpies and
Gibbs free energy using the size and shape dependence. It was found that both the
formation enthalpy and Gibbs free energy are composition dependent and both of them
decrease with particle size. Xiong et al. (2011b) developed a thermodynamical model
based on bond broken rule and the BOLS model account for the size-dependent surface
free energy of nanoparticles and nanocavities. It was found that the surfacr free energy
of nanoparticles and nanocavities have opposite behaviour with particle size i.e. the
Surface free energy decreases with decreasing nanoparticle size, while it increases with
the reduction of cavity diameter valid for (D<10nm). Marqduart et al. (2011)

performed high-pressure synchrotron x-ray diffraction experiments on nc-MgO
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compressed under both quasi-hydrostatic and non-hydrostatic conditions in a diamond

anvil cell.

Safaei (2011) developed a size-dependent model to predict the CE of
nanocrystals viz. nanodisks, nanofilms, nanowires and nanoparticles, on considering
the effect of the averaged structural and energetic properties of their surface and
volume. The formula obtained for the CE of nanocrystal was applied for the melting
point of Ag, Si, In and Bi, evaporation temperature of Au and Ag, vacancy formation
energy of Au, diffusion activation energy of Au , surface energy of Au, Al and Na,
liquid vapour interfacial energy, curie temperature, debye temperature and band gap
of Al, Na, Pb, Au, Fe and Si. Liang (2011) discussed a simple unified model about
the size-dependent elastic modulus and vibration frequency of nanocrystalline metals,
ceramics and semiconductors based on the inherent lattice strain and the binding
energy change of nanocrystals compared with the bulk crystals and the various
nanomaterials are Cu, Ag, Si thin films, nanoparticles, and TiO, nanoparticles. Singh
et al. (2012) discussed EOS to study the effect of pressure on volume expansion of
nanomaterials. They used only two input parameters for calculations, namely, the
bulk modulus and its first pressure derivative. They considered various nanomaterials
[Ag (55nm), Ni (20 nm), Cu (80nm) and a-Fe (nanotubes)] [Ge (49 nm), MgO
(20nm), Si, CdSe (rock-salt phase) and ZnO] and carbon nanotube (CNT) to
determine the effects of pressure on these nanomaterials. Bhatt and Kumar (2012)
proposed a simple theoretical model to study the size dependence of EOS for
nanomaterials. They studied the isothermal compression curve of Ni and Fe for
different sizes. On increasing the particle a shift in compression curve is obtained,
this demonstrates that the softening of material on increasing particle size. Chen et al.
(2013) investigated the High-pressure strength and plastic properties of nc-TaC. The
bulk modulus of nc-TaC is very close to diamond and higher than its bulk
counterpart. The yield strength of nc-TaC in plastic deformation starts from ~ 20 GPa
and then increases with pressure and reaches a value of ~22 GPa which the highest
pressure they reach. Kumar and Kumar (2013) discussed a simple thermodynamical
analysis of EOS from thermal expansion of nanomaterials. Isothermal compression

and pressure dependence of bulk modulus has been studied for different materials.
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Bhatt et al. (2013) made an effort to find a suitable EOS for nanomaterials.
They studied six EOS models viz. Birch-Murnaghan model, Murnaghan model,
Kumar model, Vinet model, Ferund and Ignalls model and Tallon model to examin
the compression behaviour of thirty one nanomaterials. Wang et al. (2013)
investigated the compression behaviour of nc-TiN for the sizes 16nm, 34nm and
80nm. They found that the bulk modulus of nc-TiN first increases and decreases with
a decrease in grain size and also there were no phase transition was during the
compression. Li (2014) developed a theoretical model to understand the size and
shape dependent CE of nanomaterials. It was found that CE of nanoparticles
decreases with a decrease in size. Sharma and Kumar (2014) developed a simple
theoretical model for the size and shape dependent thermoelastic properties of
nanomaterials. They observed that the size and shape is very much affected by
temperature and so they included temperature and pressure also. They studied the
variation of volume and bulk modulus under the effect of shape, size, temperature and
pressure. Ghosh et al. (2014) studied the size and shape dependent structural
parameters of ZnO, the apparent change in morphology of nanostructures is linked
with the specific changes in various structural parameters. They reported a
comprehensive study of size dependent structural parameter of ZnO nanostructure
having a wide range of aspect ratio (length/diameter), with increase in size ZnO
nanostructure undergoes a shape transition from spherical to rod morphology. Bhatt
et al. (2014) proposed a simple theoretical model to study the effect of size on elastic
and thermodynamic properties of nanomaterial. The model was applied to Pb, Fe
spherical nanosolid and Au nanowire. Yan et al. (2014) studied the phase transition
and compressibility of nc-Ho,O3 under high pressure with help of x-ray diffraction
and raman spectroscopy. On increasing the pressure several phase transition occurs. It
was found that the bulk modulus of nc-Ho,03 is 10% lower than the reported value of
bulk- Ho,O3.

Font et al. (2015) proposed a mathematical model to study the melting
process of spherical Au nanoparticles. They modified the standard model using the
Gibbs-Thomson equation to include M.P depression. The difference between the
previous work and this model is the difference of densities in liquid and solid phases,

new term is included which is a kinetic energy term to balance the energy of the
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phase change at interface, which changes the form of equation. Approximate
numerical and analytical solutions are studied for the size range 10-100nm to study
the melting of particles. They observed that the melting process is slower when they
included the density term instead of constant density term. The change is due the
extra energy term which is kinetic energy term so they concluded that the density
variation effect becomes more important with decreasing particle size. Li et al.
(2015) used a molecular dynamic simulation to study the melting temperature of Ag-
Cu. They observed that the melting temperature of core shell nanoparticles is lower

than that of the pure Cu nanoparticles.

Singh et al. (2015) studied the grain size effects on the volume thermal
expansion of nanomaterial. A simple theoretical model was reported to study the size
dependence of volume thermal expansion of Nanomaterials for spherical
nanoparticles, nanowire and nanofilms. Sharma and Kumar (2015) developed a
simple theoretical model to study the effect of size for different nanomaterials. They
included materials showing hardening, softening, very low effect and no effect. Qi
(2016) reported a good review of nanoscopic thermodynamics based on the BEM.
This model helps us to reproduce a size and shape dependence in a number of
physical properties. Patel et al. (2016) modified the liquid drop model for the size
and shape dependent melting temperature of Si and Pb nanoparticles, the shape of
nanoparticles was introduced with a new parameter called shape factor. it was found
that the particle shape affects the melting temperature of nanoparticles and with the
decrease in particle size the melting temperature increases. It was observed that the
results obtained with the model were in a good agreement with a experimental data

which supports the validity of model.

Bhatt and Kumar (2017) developed a simple theoretical model to study the
effect of size, shape, temperature and pressure and used to study the EOS and
pressure dependence of lattice parameter of SnO, nanomaterial. They used the model
to study the compression behaviour at room temperature. Goyal and Gupta (2017)
proposed a theoretical model to study the thermodynamical properties of
nanomaterials for different shapes and sizes. They demonstrated the variation of

melting temperature, cohesive energy, Debye temperature, specific heat capacity and
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energy band gap with the shape and size of nanomaterials. They observed that the
cohesive energy, melting temperature and Debye temperature decreases with a
decrease in particle size. Moreover, the energy band gap and specific heat capacity

increases with the particle size.

Singh (2018) proposed a model to study the size and shape dependence of the
thermal expansion coefficient and specific heat of Ag and Ni nanoparticles for
different shapes based on BEM model. He observed that the thermal expansion and
specific heat changes with the shape of nanomaterials and maximum for regular
tetragon and minimum for spherical shape, cocluded that the thermal expansion and
specific heat increases with decreasing the particle size. Zhang et al. (2018) studied
the size and shape dependent melting temperature of nanomaterials. Using an idea for
surface atoms and interior atoms affects the melting temperature of materials in a
different way, thus they defined an equivalent relationship between the contribution
of surface atoms and interior atoms. Based on this definition, a model is proposed for
melting temperature through introducing a critical energy storage density of melting
which is the sum of the contribution of surface atoms and the interior atoms. Thus, a
different theoretical model was developed to define the size effect of melting
temperatures of nanomaterials. Kholiya et al. (2019) reported a simple theoretical
model to study the pressure dependence of compressibility for bulk and nc-SnO, of
different sizes (3,8 and 14nm) using EOS. They demonstrated that the effect of size
and pressure on compression, showed the dependency of nanocrystalline size on
compression. They found that the compressibility increases with decreasing
nanocrystalline size. Lie et al. (2019) studied the synthesis and high pressure
mechanical properties of superhard Rhenium Diboride (ReB;) and Rhenium Tungsten
Diboride (Regs,Wo.48B2). Mechanical properties in situ radial X-ray diffraction was
performed under high pressures in a diamond anvil cell. The EOS for n- ReB, and n-
REo.5:Wo.45B2 were measured using hydrostatic volume data measured. They found a
small difference in the bulk modulus of n- ReB, compared with bulk counterpart
while n-REq5,Wop.4sB2 was found incompressible to bulk counterpart. Chhabra and
Kumar (2020) developed a simple model for the development of size and shape

dependent model for magnetic properties from bulk to nanoscale.
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A careful review of literature shows that there are several number of
experimental studies performed on nanomaterials to understand the effect of size,
shape, pressure and temperature for the different properties of nanomaterials. However,
the theoretical understandings are lacking. Thus, it is legitimate and may be useful to
report a theoretical approach to discuss the properties of nanosolids under the effect of

size, shape and pressure, which is an object of present thesis.
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Chapter 3 MATERIALS AND METHODS

High pressure and high temperature studies of nanomaterials are our current
interest because nanomaterials are very sensitive towards it, so it offers new paths for
the investigation of fundamental phenomena and for the elaboration of new materials

with new or improved properties.

In this chapter, the simple equations are used to study the effect of pressure, size
and shape of nanomaterials. Basically EOS plays an important role to describe the
behaviour of materials under the effect of pressure, volume and temperature. An EOS
describes how the volume of materials varies and which consequently depends on
pressure, temperature, but this definition of EOS is not applicable for nanomaterials.
Nanomaterials have different physical and chemical properties comparatively to their
bulk counterparts and they strongly depends on size. So the complete EOS for
nanomaterials establishes the relationship between state variables like pressure,
volume, temperature and size. If an adequate knowledge of an EOS is available, it can
be used to understand the behaviour of nanomaterials under the different

thermodynamic conditions.
3.1 Birch Model

Different models of EOS have been reported, some of these are reviewed below.
Birch proposed Eularian finite theory of strain which is known as Birch Murnaghan
EOS (Anderson, 1995). Birch’s original derivation was based on Murnaghan’s theory
of finite strain. In the theory of the finite strain, the expression for the strain
components , referred to the strained state are as follows, (u, v, w) are the components

of the displacement (X, y, z) are the Cartesian coordinates after the displacement of a

point.

R o

X" ax 2| \ox oy 0z '
_1(ov_ow) _[oudu ovov  owow

Eyz— 2 (62 6y) 0y dz 0ydz 0Oy 0z (32)
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In case of hydrostatic strain of a medium of isotropic or cubic symmetry, the strain

degenerate into a single component.

E:a_u_z(a_u)zza_v_ 1(61)2:61_1(61)2 (3.3)
dx 2 \ox dy 2 \dy dz 2\0z
The relation between strain E with density p or Volume V is

Vo

= pﬂ = (1- 2E)** = (1+ 2f)*? (3.4)

The strain energy expressed as
w=af’ +bf +cf+........... (3.5)

where a, b, c........ are constants and used to represent the functions of temperature.
From the thermodynamic relation we can obtain the relation between volume and

hydrostatic pressure is

_ (0w
P=-(3) (3.6)
Where v is the Helmholtz free energy, and V denotes volume per unit mass. Then the
pressure is,
a ow -
p= (é) (E)T: (3Vo) (L + 2f)*2(2af + 3bfP + .......... ) (3.7)

Using the notation used by (Birch 1947), now the pressure written as

P=3B, (14201 - L2 ) (38)

3Bop

In terms of density

=3 -G [f-eGy -o]+ e
& was defined by Birch and its value is
£=2(4-By) (3.10)

on neglecting higher order terms and using this equation we get

7

@ -@ff-e-mlei-le)  em




Or

o=@ - @] {14 oo [ -] o] 612

The Bulk Modulus corresponding to Eqg. (3.12)

8=2|7(2) " = 5(3) | 2o - [o(H) " - 14(2) "5 ()|
(3.13)

Here, P is the pressure, B is the bulk modulus and V/V, is the relative change in

volume. On taking By’ = 4 above equation reduces in the following form:

7 5
_35 11{Vo)3 Vo3
B=3B0 [(7) -() l (3.14)
This equation is known as Birch equation.

3.2 Tallon Model

Tallon (1998) proposed a model for the isobaric variations of volume and
thermal expansion coefficient with temperature and used the concept of modified

Gruneisen parameter g defined as

dlnM
av P

v =-Vo| (3.15)

where V, is the volume at room temperature T, and at atmospheric pressure. M
represents the elastic constant, above equation gives the basis to study the temperature
dependence of M at a constant pressure. Integrating Eg. (3.15) at constant pressure we

get

M(T.P) = M(To. P)exp{gMPM} (3.16)

Vo
Where ApV is the isobaric volume change
ApV =V (T,P) — V(T,, P) (3.17)

When we put isobaric bulk modulus B in place of M of Eq. (3.16) we get

B(T.P) = B(To, P) exp{gMPAé,_V} (3.18)
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Above equation gives an isobaric variation of bulk modulus with temperature.
Since aB is temperature independent, so the temperature dependence of a is given by

the temperature dependence of B. Thus,

a(T,P) = o(To, P)exp gap [M] (3.19)
on integrating

V(T,P V(TP V(TP
E|gsp 2] = Bl gsp "2 - a(To PYexp [—gse "2 (T-To) - (320)

Where E (X) is the exponential integral. This equation is at zero isobar so for the sake of

V(T,0)=V(To,
Vo(T9,0)

notation, o (T, 0) and

Using the approximation, this gives

ApV) (1+4pV) 1 Vo
1- [ 9se 2| oo(T-To) = exp{—gzr 2 H - } a0 (3.21)
Integrating above equation with respect to temperature gives
ApV _ gpp—1 (9Bp) _
z [ 2z ]In{ —( (ng—n) ao(T = To)} (3.22)
The values of ggp are not available for all the materials so the model is not very
useful.

3.3 Kumar and Upadhyay Model

Using thermodynamic analysis Kumar and Upadhyay (1994) developed a

model, as discussed below
o= - — |2 (3.23)
P
where a is the coefficient of volume thermal expansion and defined as
i
=75 . (3.24)
and By is the isothermal bulk modulus and defined as

Br=-v[%] (3.25)
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One of the well known Maxwell thermodynamic identity is

BT[aa] 1 [aBT (3.26)

ET_Q JdT 1p

Above Eq. (3.23), (3.25) and (3.26) gives the following relation

2= 51(S) (3.27)

a

On integrating, this gives

= ()" 62

Where V, and o, are the volume and thermal expansion coefficient at atmospheric
pressure (P=0) and temperature condition. For solids like NaCl type structure V= 2r°

where r is an interatomic separation.

Thus Eq.(3.28) can be rewritten as

LI (1)36T (3.29)

Qo To

From the definition of thermal expansion coefficient a
a 1
—=ar (3.30)

From Eq. (3.29) and (3.30),yields

dr _ 1 r**1
- = ao
ar 3

(3.31)

X
Where x =306T1

On integrating above Eq. gives

[ m = [, dT =12%(T -Ty) (3.32)

To rx+1 3 rox 3 rox
Gives

1
1- 8ta(T-T9)

r(T)=ro [ (3.33)

Eqg. (3.33) known as kumar and Upadhyay model, and from Eg. (3.15)
following equation may be obtained

o(T) = to| ————] (3.34)

1- 6ta®(T-T%)
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Above equations give the temperature dependence of r(T) and a(T).
3.4 He and Yan Model

He and Yan proposed a model for the temperature dependence of interatomic

sepeartion.

sr=-(—) (";iT)P (3.35)

where Bt and a are the bulk modulus and thermal expansion coefficient respectively

and defined as

_1fov
o= |5, (339
and
_ P
Br= 'V[ﬁ ) (3.37)

He and Yan assumed that the dependence of a on temperature is quadratically.
’ 1 " 2
a(T) = ap +0,0'(T-To) + (E)(lo (T-To) (3.38)

o, 0p" and o, are zero first and second order temperature derivative of a at Ty. using a

well known thermodynamic expression aBTt = constant, gives

(1 da
o= () (5, (3:39)
this Eq.(3.39) gives the following results
, d
' = (ﬁ)p: 51002 (3.40)
" — 62 —
" = (a—T‘;‘)P— 2 8120, (3.41)

The another assumption is that the Anderson Gruneisen parameter ot is independent of

temperature (T). Thus Eqg. (3.38) can be written as
o(T) = 0g +01"31(T-To) + a9 51%(T- To)? (3.42)

on Substituting the value of a in Eq. (3.35), we get the following relation

dBT

T

= 810 +0o O1(T-To) + ao38T (T- To)2ldT (3.43)
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Gives

Br(T = Boexp[—aOST(T —To) {1 + (1) aodT(T — To) + (1) ao?81*(T — To)z}]

2 3

(3.44)
Substituting
Y Lo+t 51(T-To) + ao®1'(T- To)AdT (3.45)
Vlo =exp [—aO(T —To) {1 + (%) aodT(T — Ty) + G) aOZSTZ(T — TO)Z}] (3.46)

This is a isobaric EOS which can be used to find out the values of V/V, from

room temperature to melting temperature along an isobar.

However, on considering the relation (V/V,) = (r/r)® Eq. (3.46) converted in the

following form:

r=ro €XP I:(g) (XQ(T - TO) {1 + (%) a08T(T - To) + (%) aOZSTZ(T - To)z}]
(3.47)

the above equation is referred as He and Yan relation.

3.5 Murnaghan EOS

Equation of state from pressure dependence of bulk modulus, which depends

linearly on the pressure (Murnaghan, 1994).
B= B, + B,P (3.48)

Bulk modulus is defined as

_\,dP
B= -V (3.49)
av _  dp
V T B+ByP (3.50)

On integrating Eq. (3.50), we get

In(V) = -Biolln(l + %‘:P) (3.51)
or
|n(§) =- Biolzn (1+ %‘:P) (3.52)
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or Z= (1 + %‘;’P)_B% (3.53)

0

or P=2lexp{-Byin(5)}-1] (3.54)

=5
Eq. (3.54) is known as Murnaghan EOS.

Theory of the EOS based on thermodynamic analysis was reported by Kumar
(1995).

High pressure research demonstrates that the product of o (coefficient of
volume thermal expansion) and B (bulk modulus) remains constant under the effect of

pressure,
aB = constant (3.55)

on partial differentiating Eq. (3.55), we get

o (55)+B(5;) =0 (3.56)
which gives
et =12 o

where 61 is known as Anderson Gruneisen parameter. At fixed temperature we can

write above equation as

2= (3.58)

B

Integrating Eq. (3.11) with limits B = B, when V =V, gives:

SON 0%
As B=-V(%) (3.60)

Eq. (3.12) gives

() =) (361)
or
. L gp (3.62)

poT+1 BOVOST

Materials and Methods ... ... ...... &5



From Eq. (3.57) 81 =(2) =By
Integrating Eq. (3.15) for a limit V =V, at P = P, gives
_ By I} 14
P= B [exp {—BO In (V—O)} — 1] (3.63)

Eq. (3.16) is also known as Murnaghan EOS.

In this section, we study an EOS from thermal expansion of nanomaterials.
When a material is heated it will expand and when cooled down it will contract for a
given temperature.
The coefficient of thermal expansion a is defined as:

1

av
a:;(d_T)P (364)
Prakash (2005) determined a by using molecular dynamic simulation for single
wall CNTs, which is given as

a=a+bT +cT? (3.65)

Where, a, b and ¢ are constants. Writing Eq. (3.18) in form of a initial boundary

condition, i.e. oo =0, for T=T,.

a=a+b (T-To) + c(T-To)? (3.66)
or
o =00 + o (T-To) oo (T -To)? (3.67)

where a” and a"" are related to &t (He and Yan, 2001)

o’ = 0,207 (3.68)
U’ = 00 07 (3.69)
Now, Eq.(3.19) written as

o= 0o + 0o 2d7(T-To) + 0 °07°(T-To)° (3.70)

Eq. (3.23) is true provided that o depends on T quadratically. However,
considering the higher terms of Eq.(3.23) may replace the error on the temperature

dependence of a. So it is necessary to consider the accurate form of Eq.(3.23).
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o =0 + 0o 07(T-To) + 0 872 (T-To)? + —mmmmmmmmmmmmmmmmmeee e (3.71)
or

ai =[1— aydt(T —To)]? (3.72)

From the definition of volume thermal expansion a , using Eq. (3.17) above

equation reduced to

Vlo = [1— aodT(T — To)] /%" (3.73)
The thermal pressure Py, is defined as (Anderson, 1995)

Pih = aoBo(T-To) (3.74)

Thus, Eq.(3.24) written as

vV _ st 171/0T
= 1 —B—OP] (3.75)
Bo v -1

or Pp-2t [1 - (V—) ] (3.76)

When applied pressure is not zero then Eq. (3.27) is transformed as

Po—p= 21— (L) 3.77
n-P=51-(5) (3.77)

And when P=0, Eq. (3.28) written as

p=leofy (L) 3.78
=511 - () (3.78)

Using well known approximation ot = By (Anderson 1995), Eq.(3.28) read as

=[]

Or

P= 5;:, exp {—Bo’ln (VKO)} — 1] (3.79)
which is also known as Murnaghan EOS.

Thus, Murnaghan EOS may be derived in different ways.
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3.2 Effect of Size and Shape on EOS

Qi (2005, 2016) proposed a model for the CE of nanoparticles (Etot). According
to this model if the total atoms of nanosolid is denoted as n, and number of surface
atoms is denoted as N, so the number of interior atoms were denoted as (n-N). Let Eq
be the CE per atom for the bulk materials, then the contribution to the interior atoms to
the CE is Eq (n-N ). Since half of the bonds of each surface atoms are the dangling

bonds so the contribution of each surface atom to the CE of nanosoild is equal to E/2.

E1ot is the sum of the contributions of surface atoms and interior atoms, which

has been formulated as:-

Erot = Eo(n - N) + EoN (3.80)
Or
Er=Ep(1-1) (3.81)

Where E, is the CE per mole of nanosolid, which is written as

AvEtot
n

Ep=

(3.82)

Where, A, is the Avagadro constant
Ey is the CE per mole of the corresponding bulk material (E, = AEy).

It is well known that both the CE and the elastic moduli are the parameters to
define the rigidity or bond strength of materials. Kumar and Kumar (2010) reported

that the effect of size on bulk modulus may be defined as
Bon=Boo (1 — 5 (3.83)

Where By, and By, are the bulk modulus of nanomaterials and bulk material

respectively.

Now our aim is to compute N/n for the different shapes of nanomaterials viz.
film, dodecahedral, icosahedral, wire, spherical, octahedral and tetrahedral. For
spherical nanosolid, having diameter D and its volume is 7D%/6 and the atomic volume
can be given by nd*/6, where d is the atomic diameter. Then the total number of atoms

n is defined as the ratio of the volume of the nanoslolid to the volume of atom i.e. n=
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(nD%/6)/( nd®6) = D3/d>. The surface area of nanosolid is 7D? and the contribution of
each surface atom to the surface area of the nanosolid is the area of the great circle i.e.
N= (zD?)/( nd%/4) and simplified into the form N/2n = 2d/D

So for spherical nanosolid, the bulk modulus may be defined as
Bon=Boy (1 — =) (3.84)
For others shapes we similary find the N/n ratio which is given in table 4.1

3.5 Effect of temperature on EOS

Nanomaterials are very sensitive towards tempaerature as like pressure and size.

So the effect of temperature is also included.

As the thermal pressure Py, is defined by (Anderson, 1995).

(f’;’—;’l)vz B (3.85)

Where a and B is the coefficient of volume thermal expansion and the bulk modulus
respectively, and T is the absolute temperature. Using the Hilderbrand approximation

(Born and Huang, 1954), on integrating above Eq.(3.85) we get the following relation

Pin= [, (@B)dT (3.86)
or
Pth = aoBo(T-To) (3.87)

This is the effect of temperature on EOS.

Now to develop the final EOS for the nanomaterials we include all the effects,

effect of size, effect of pressure and effect of temperature. we get the following

relation.
B N v\ Blon
P= —B’—(;l;(l — g) [1 — (V_o) ] + (XonBon(T'To) (388)

Eq. (3.88) is the EOS for nanomaterials.

Now we have to find the following relations for different shapes, for that we

have to compute N/n to find By, for different nanosolids which is given in Table 4.1
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Film:

p= -0 (1 287 [1 - (1)_3")"] + aonBon(T-To)

Bron h Vo
Dodecahedral:

B 0.898d v\ Blon
b= 1221 ("] oty
Icosahedral:

B 1.323d v\ Blon
o 1221 ()] oty
Wire:

B 1.323d v\ Blon
P=- B/(:,l; (1 L ) [1 B (V_o) ] * 0onBon(T-To)
Spherical:

B 2d v\~ Blon
P= —ﬁ(l - F) [1 - (V_o) ] + aonBon(T-To)
Octahedral:

B 2.449d v\ Blon
o=t (-1 (] ot
Tetrahedral:

B 4.898d v\ Blon
et 122 ()"t

This gives the theory of the EOS with a effect of size, shape, pressure and
temperature. In the present thesis, we used above relations to study the size and shape
effect on nanomaterials under varying conditions of pressure. We used different

materials for this purpose. The results obtained are given in chapter 4 along with the

available experimental data.

(3.89)

(3.90)

(3.92)

(3.92)

(3.93)

(3.94)

(3.95)
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Chapter 4 RESULTS AND DISCUSSION

In this chapter, we analyzed the results obtained from the various
formulations as reported in chapter 3. We discussed different models for the EOS
and and we carry forward the Murnaghan EOS. By help of Murnaghan EOS we
study the compression behaviour of nanomaterials and the effect of pressure, size
and shape. The input parameters which are required for the present work are given
in Table 4.2. There are a number of models proposed to know thermodynamical
behaviour of nanomaterials. There are different theories related to the MEOS Eqgs.
(3.54) (3.63) and (3.78) which are studied in present thesis. However the derivations
are well known for higher pressure ranges (Kumar, 1995) for bulk materials. As
Murnaghan neglects the higher terms and assumed the bulk modulus depend linealy

on pressure given by Eq. (3.48).

Theoretical as well as experimental works on EOS suggested that the
Murnaghan EOS Eq. (3.48) can be used to study the compression behaviour of
nanomaterials and also the effect of pressure, size and shape. Thus Eq. (3.88) is the
final equation of our present thesis which gives the effect of size, shape and
pressure, further Eq. (3.89) to (3.95) is the MEOS for different shapes and values
used there were from table 4.1. we have performed our studies on the materials viz.
MgO (20nm), ZnO, (3.1nm), WC (25nm), n-ReB; (40nm), n-ReWB, (30nm), TiN
(18nm), TiN (34nm), TiN (80nm), a-Ga;O3; (14nm), B- Ga,Osz (14nm), H0,03
(14nm) because of some experimental data are available on these materials so the
comparison is also possible. Firstly in present chapter we compare experimental
data with our results comes from model then we studied the nanomaterials for the
different sizes and shapes. The studies has been made at room temperature for all

the materials considered in the present work.
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Table 4.1: N/n values for different shapes of nanosolids (Bhatt and kumar, 2017)

S.No. Shape of Nanosolid N/n
1. Film 1.333d/h
2. Dodecahedral 1.796d/a
3. Icosahedral 2.646d/a
4. Wire 2.666d/L
5. Spherical 4d/D
6. Octahedral 4.898d/a
7. Tetrahedral 9.797d/a

Table 4.2: List of the materials with the parameter used n present thesis

S.No | NANOMATERIAL Bon B'on | REFERENCES
1. | MgO (20nm) 185.5 Margduart et al. (2011)
Rekhii et al. (2002)
2. | MgO (11nm) 146.7 4.0 | Marqduart et al. (2011)
3. | Zn0; (3.1nm) 174 4.71 | Chenetal. (2009)
4. | WC (25nm) 452 1.25 | Linetal. (2009)
5. | ReB; (50nm) 326 4.4 | Leietal (2019)
6. | Reps2Wo.45B2 (120nm) 349 1.7 | Leietal. (2019)
7. | TiN (16nm) 320 4 Wang et al. (2010)
8. | TiN (34nm) 338 4 Wang et al. (2010)
9. | TiN (80nm) 287 4 Wang et al. (2010)
10. | a-Gay03 (14nm) 333 4 Wang et al. (2009)
11. | B-Gay03(14nm) 228 4 Wang et al. (2009)
12. | Ho,O3 (14nm) 164 4 Yan et al. (2014)
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We have used Eq. (3.88) to compute the behaviour of nanomaterials at different
sizes, for different shapes i.e. film, dodecahedral, icosahedral, wire, spherical,
octahedral and tetrahedral, we have used Eq. (3.89) to Eq. (3.95) respectively. The
compression behaviour for MgO (20nm) at room temperature has been reported in Fig.
1 along with experimental data, the experimental data was reported by Marqgduart et
al. (2011) and there is a good agreement between theory and experimental data. Further
we study the compression behaviour for different sizes of MgO (11nm, 40nm, 60nm,
80nm and 100nm). The results are reported in Fig. 2-6 is the combined figure reported
for the different sizes of MgO (11nm, 20nm and 100nm). An interesting thing to be
noted is that the compression behaviour of 20nm and 100nm collapse together and
seems one line. Overall we found a shift in a isotherm from the size 11nm to 100nm.
We are reporting these results in absence of experimental data. After that we also
studied the pressure dependence of V/V, for different shapes reported in Fig. 7. We
studied all nanomaterials at room temperature. Now for the nanomaterial ZnO,
(3.1nm), we studied the compression behaviour for the particle size 3.1nm was reported
in Fig. 8. After that we studied in a similar fashion firstly for different sizes ZnO,
(40nm, 60nm, 80nm) and plotted in Fig. 9-11 respectively, then we plotted a combined
pressure dependence of V/V, for different shapes viz. 3.1nm, 10nm and 90nm and we
observed a shift in isotherm with increase in size from 3.1nm to 90nm and reported in
Fig. 12. Finally, we study the shape effect in compression behaviour of ZnO, (3.1nm)
and reported in Fig.13.

Pressure dependence of V/V, for different sizes of WC has been plotted in the
Fig.14-17. In Fig. 14 WC (25nm) plotted the compression behaviour with an
experimental data, as given by Lin et al. (2009). Our model is in good agreement with
experimental data. Shape effect is also studied and reported in Fig.18. Now coming on
another material Rhenium Dibroide (ReB;) and Rhenium tungsten diboride
(Rep52Wo.48B2), Lei et al. (2019) studied both the materials together. Fig. 19 represents
the compression behaviour of n- ReB, (40nm) with experimental data after that Fig.
20-25 represents for the different size at last Fig. 26 reported is reported for the

different shapes.
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In Fig. 27, the combined plot for the ReB, (40nm) and Reys,Wo.4sB2 (30nm)
and the isotherm curve clearly defines the hardness increased by adding W. For
Reo52Wo.48B2 (30nm). The pressure dependence of V/V, for different sizes is plotted in
Fig. 28-31. Plot for the different shapes is represented by the Fig. 32.

For TiN (16nm, 34nm and 80nm), the plots of pressure dependence of V/V, has
been depicted with experimental data and represented by the Fig. 33-35 respectively.
Experimental data was given by Wang et al. (2010). Our results are in a good
agreement with experimental data. The compression curve for the different sizes is
represented by Fig. 36-40. Fig. 41 reported the shape effect of TiN (80nm).Wang et al.
(2010) studied the high pressure of -Ga,O3 along with this also studied the combined
compression curve for a- GayOs. From Fig.42-46 represents the compression curve of
a- Ga,05 for different sizes after that Fig. 47 represents the compression curve for the
different shapes of a- Ga;O3. The combined plot for f-Ga,0O3 and a- Ga,Oj is reprented
in Fig. 48. Fig. 48 represents the compression curve of B-Ga,Os; (14nm) with
experimental data carried from Wang et al. (2010). From Fig. 50-53 represents the
pressure dependence of V/V, for different sizes for B-Ga,O3. The compression curve of
B-Ga,Os3 for the different shapes is represented by Fig.54. The results calculated are in
good agreement with experimental data. For Ho,O3 (14nm), the compression curve
with experimental data given by Yan et al. (2014) was represented by Fig. 55. The
pressure dependence of V/V, for the different sizes is represented from the Fig. 56-59

and the Fig. 60 represents the compression curve for the different shapes.

We observe that for the nanomaterials studied in the present thesis a shift in
isotherm is found as we increase size. As the pressure is increased we get the more
compressed form of particle. Also, we see that for different shapes of nanomaterials
viz. film, dodecahedral, icosahedral, wire, spherical, octahedral and tetrahedral. The
largest shift in isotherm is observed in case of film and the least in tetrahedral. Since
bulk modulus is inversely proportional to compressibility so it is quite evident that
tetrahedral nanosolid are least compressible and followed by the order octahedral,

spherical, wire, icosahedral, dodecahedral and film respectively.
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Figure 1: Pressure dependence of V/V, for MgO (20nm) using Eq. (3.88),
 demonstrate the experimental data (Marqgduart et al., 2011)
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Figure 2: Pressure dependence of VV/V, for MgO (11nm) by using Eq. (3.88)
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Figure 3: Pressure dependence of V/V, for MgO (40nm) using Eq. (3.88)
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Figure 4: Pressure dependence of VV/Vo for MgO (60nm) using Eq. (3.88)

Results and Discussion



1.00

0.95 +

0.90 +

VIVo

0.85 +

0.80

0.75
T T T T T T T
60 80 100

20 40
P (GPa)

Figure 5: Pressure dependence of VV/V, for MgO (80nm) by using Eq. (3.88)
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Figure 6: Pressure dependence of V/V, for different sizes of MgO (spherical), using

Eq. (3.88)
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Figure 7: Pressure dependence of V/V, for different shapes of MgO (20nm), using
Egs. (3.89-3.95)
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Figure 8: Pressure dependence of VV/V, for ZnO; (3.1nm), using Eq. (3.88)
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Figure 9: Pressure dependence of V/V, for ZnO, (40nm) using Eq. (3.88)
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Figure 10: Pressure dependence of VV/V, for ZnO, (60nm) using Eq. (3.88)
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Figure 11: Pressure dependence of VV/V, for ZnO, (80nm) using Eq. (3.88)
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Figure 12: Pressure dependence of VV/V, for different sizes of ZnO, (spherical) by using
Eq. (3.88)
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Figure 13: Pressure dependence of V/V, for different shapes of ZnO, (3.1nm), using
Egs. (89-95)
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Figure 14: Pressure dependence of V/V, for n-WC (25nm), using Eg. (3.88),
* demonstrates experimental data (Lin et al. 2009)
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Figure 15: Pressure dependence of V/V, for n-WC (50nm), using Eq. (3.88)
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Figure 16: Pressure dependence of VV/V, for WC (75nm), using Eq. (3.88)
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Figure 17: Pressure dependence of VV/V, for n-WC (100nm), using Eq. (3.88)

—— Film

—@— Dodecahedral

—A— Icosahedral

—¥— Wire
Spherical
Octahedral

—p— Tetrahedral

1.00 +

0.98

0.96
<
>
0.94
0.92
0.90
T T T T T
0 50 100 150 200
P (GPa)

Figure 18: Pressure dependence of V/V, for different shapes of n-WC (25cm), using

Egs. (3.89-3.95).
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Figure 19: Pressure dependence of V/V, for n-ReB, (40nm) using Eq. (3.88),
* demonstrate experimental data (Lei et al. 2019)
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Figure 20: Pressure dependence of VV/V, for n-ReB; (20nm), using Equation (3.88)
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Figure 21: Pressure dependence of VV/V, for n-ReB; (20nm), using Eq. (3.88)
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Figure 22: Pressure dependence of V/V, for n-ReB; (40nm), using Eq. (3.88)
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Figure 23: Pressure dependence of VV/V, for n-ReB; (60nm), using Eq. (3.88)
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Figure 24: Pressure dependence of VV/V, for n-ReB; (80nm), using Eq. (3.88)
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Figure 25: Pressure dependence of VV/V, for n-ReB; (100nm), using Eq. (3.88)
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Figure 26: Pressure dependence of V/V, for n-ReB; (40nm), using Egs. (3.89-3.95)
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Figure 27: Pressure dependence of V/V, for n-ReB, (40nm) and n-Regs5;Wo.4sB2
(30nm), using Eq. (3.88)
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Figure 28: Pressure dependence of V/V, for Re0 5,Wy 4sB, (10nm) using Eq. (3.88)
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Figure 29: Pressure dependence of V/V, for n- Reg5,Wo 48B2 (30nm), using Eq. (3.88)
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Figure 30: Pressure dependence of V/V, for n- Reg5,Wy 48B2 (60nm), using Eq. (3.88)
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Figure 31: Pressure dependence of V/V, for n- Reg5,Wp 48B2 (90nm), using Eq. (3.88)
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Figure 32: Pressure dependence of V/V, for different shapes of n- Reps,Wo4sB2
(30nm) using Eqgs. (3.89-3.95)
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Figure 33: Pressure dependence of V/V, for different shapes of n-TiN (16nm) using
Eq. (3.88), * demonstrates the experimental data (Wang et al. 2010)
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Figure 34: Pressure dependence of V/V, for different shapes of n-TiN (34nm) using
Eqg. (3.88), * demonstrates the experimental data (Wang et al. 2010)

Results and Discussion




1.00
0.98
0.96

o

2 0.94 -

> <4

0.92
0.90
0.88 °
T T T T T T T T T T

0 10 20 30 40 50 60
P (GPa)

Figure 35: Pressure dependence of V/V, for different shapes of n-TiN (80nm) using Eq.
(3.88), * demonstrates the experimental data (Wang et al. 2010)
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Figure 36: Pressure dependence of V/V, for n-TiN (16nm), using Eq. (3.88)
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Figure 37: Pressure dependence of VV/V, for n-TiN (34nm), using Eq. (3.88)
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Figure 38: Pressure dependence of V/V, for n-TiN (60nm), using Eq. (3.88)
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Figure 39: Pressure dependence of VV/V, for n-TiN (80nm), using Eq. (3.88)
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Figure 40: Pressure dependence of VV/V, for n-TiN (100nm), using Eq. (3.88)
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Figure 41: Pressure dependence of V/V, for different shapes of n-TiN (80nm), using
Egs. (3.89-3.95)
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Figure 42: Pressure dependence of V/V, for a-Ga,O3 (14nm), using Eq. (3.88)
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Figure 43: Pressure dependence of VV/V, for a-Ga,O3 (40nm), using Eqg. (3.88)
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Figure 44: Pressure dependence of V/V, for a-Ga,O3 (60nm), using Eqg. (3.88)
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Figure 45: Pressure dependence of V/V, for a-Ga,O3 (80nm), using Eqg. (3.88)
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Figure 46: Pressure dependence of VV/V, for a-Ga,O3 (100nm), using Eq. (3.88)
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Figure 47: Pressure dependence of V/V, for different shapes of a-Ga,O3; (100nm),
using Egs. (3.89-3.95)
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Figure 48: Pressure dependence of V/V, for a-Ga;O3; (14nm) and B-Ga,Os; (14nm).
Using Eq. (3.88)
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Figure 49: Pressure dependence of V/V, for B-Ga,O; (14nm) using Eq. (3.88),
* demonstrate the experimental data (Lin et al., 2009).
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Figure 50: Pressure dependence of V/V, for 3-Ga,O3 (40nm), using Eq. (3.88)
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Figure 51: Pressure dependence of V/V, for B-Ga,O3 (60nm), using Eq. (3.88)
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Figure 52: Pressure dependence of V/V for -Ga,O3 (80nm), using Eq. (3.88)
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Figure 53: Pressure dependence of V/V, for B-Ga,O3 (100nm), using Eq. (3.88)
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Figure 54: Pressure dependence of V/V, for different shapes of -Ga,O3 (14nm), using
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Figure 55: Pressure dependence of V/V, for Ho,0O3 (14nm) using Eq. (3.88),
* demonstrate the experimental data (Yan et al., 2014).
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Figure 56: Pressure dependence of V/V, for Ho,O3 (14nm), using Eq. (3.88)
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Figure 57: Pressure dependence of VV/V, for Ho,O3 (40nm) using Eq. (3.88)
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Figure 58: Pressure dependence of VV/V, for Ho,O3 (60nm) using Eq. (3.88)
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Figure 59: Pressure dependence of VV/V, for Ho,O3 (80nm) using Eq. (3.88)
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Figure 60: Pressure dependence of V/V, for Ho,O3 (40nm) for different shapes, using
Egs. (3.89-3.95)
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Nanomaterials are getting much attention because of their applications as well
as their fundamental research interest increase due to their unique properties and
structural stability which is quite different from the bulk counterpart. Moving from bulk
to nanomaterials may leads several changes in physical and chemical properties. The
properties like electronic, magnetic, optical, photonic etc and the variety of application,
such as sensors, LEDs, drug delivery, medical diagnostics, catalyst and gene therapy
attracts the researchers interest on it. These properties for bulk amounts are not depends
on size as the decreases reduced one of the dimension to a certain limit normally under
100nm this becomes the size dependent one. In the present thesis we discussed the
recently developed theoretical formulation and using it to understand the behaviour of
nanomaterials under the effect of pressure, size and shape. We have used the concept of
the size dependence of bulk modulus and discussed the various theories for the
equation of state (EOS). We discussed Murnaghan equation of state briefly with the
help of three theories, Eq. (3.88) is our final equation in which we included the effect of
size as well as shape. A careful review of literature of EOS suggested that the MEOS
has been widely used during the experimental work. In the present work we study the
compression behaviour of nanomaterials for the different sizes and shapes viz. Film,
dodecahedral, icosahedral, wire, spherical, octahedral and tetrahedral. The model
predictions were compared with an experimental data to verify the suitability of the
model predictions. We consider those material whose experimental data was available
and materials are MgO (20nm), ZnO; (3.1nm), WC (25nm), n-ReB; (40nm), n-ReWB,
(30nm), TiN (18nm), TiN (34nm), TiN (80nm), 0-Ga,0O3 (14nm), B- Ga,0O3 (14nm),
Ho,0O3; (14nm). A good agreement between theory and experimental data is the

validation of the model.

In the present thesis, we analyzed the compression behaviour of nanomaterials
using Eq. (3.88) for different size and shape. We improved the model or Eq. (3.88) for
the effect of shape using the values of N/n from the table 4.1. We observed a change by
changing the shape from fil to tetrahedral at high pressure region, and shape effect is

less at low pressure range. The shape effect is investigated in the absence of

Summary and Conclusion ............ Vg



experimental data which maybe helpful for the researchers engaged in experimental
works of these materials. The shift in a isotherm curve was observed with increase in
size. It was found that the compression is small for the smaller size and increseaes with
increases in size. It means at low pressure range the effect of size is very small but it
increases with increasing the pressure. Thus, we may concluded that the shift in a
isotherm curve is depends on size. Further, we extended our model to investigate the
effect of shape. We studied the compression behaviour of nanoparticles for different
shapes and observed that there is an shift in isotherm curve and found larger for the
film indicated that they are most compressible and smaller for the tetrahedral indicated
that they are least compressible. This is due to the different surface to volume ratio of
nanoparticles for different shapes. The effect of shape is shown higher for high pressure

and decreases with decreasing pressure.

We conclude that the model developed in the present thesis is capable of
predicting different properties of nanomaterials under varying condition of pressure,
size and shape. We may conclude that the results obtained in the present show good
agreement with experimental data which proofs the validation of model and some
results that are reported in the absence of experimental data may be useful for the future

studies.
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Nanomaterials at high pressure are one of the major areas of interest due to its
immense potential of applications. Due to a small size nanomaterials shows novel
properties. Nanoparticles are used in a variety of application, such as sensors, LEDs,
drug delivery, medical diagnostics, catalyst and gene therapy. Their unique range of
properties and enormous application led to the development of the nanotechnology. In
the present thesis we used the Murnaghan EOS for various nanomaterials. We have
computed the pressure dependence of V/V, for different sizes and shapes viz. Film,
dodecahedral, icosahedral, wire, spherical, octahedral and tetrahedral. The materials
which we included in the present study are viz. MgO (20nm), MgO (11nm), ZnO,
(3.1nm), WC (25nm), n-ReB, (40nm), n-Reps2Wo4sB2 (30nm), TiN (18nm), TiN
(34nm), TiN (80nm), a-Ga,03 (14nm), B- Ga,0O3 (14nm), Ho,O3 (14nm) because of the
experimental data are available on these materials so the comparison is also possible. We
studied the nanomaterials for the different sizes and shapes in room temperature. A shift
in isotherm is observed with the increase in size. We studied the compression behaviour
of nanoparticles for different shapes and observed that there is a shift in isotherm curve
and found larger for the film indicated that they are most compressible and smaller for
the tetrahedral indicated that they are least compressible. This is due to the different
surface to volume ratio of nanoparticles for different shapes. Our results are found to be
in good agreement with the experimental data. Hence it proves the validity of the theory
of EOS used in the present thesis.

(
WW C;\W,}N‘L\

(Munish Kumar) (Laxmi Mehra)
Advisor Authoress



I ;e HewT uR=is ;53043

VAT U4 WY 9§ : UH, 2018—19 STy S | AR
TE fawg BEIRE fmT : iiforan

oY BT MiH ;I ACRICH & qA1E, AR U4 JAGT & foIg s

TS =T 71 HAGBR S0 A9 HAR

Jed QM4 WR 4T YT (U JUR &HAT B ATUAN B PR & Hidx &3l
# W Uh T G IMHR & HRYT A4 ASRIST T oI Bl giar &, s dRor
STH MUP wiY Ul 85 €| AU BT SUART A YR & JguaRT § fHar e
2, O IR, Uass!, gar faavur, fRfecar feM, SSRe @R 9 oRU | 59 sifgd
Ui IR IR IWRINT A 941 ddAIe & fAeN &1 A9 fhar| adae o # fafrs
TFcRae & foy gAted GG BT IWANT fBar| g Vv, IR T & U§E
T3 JMBR 3R BT o fhev, TSTIRS, IHNRSA, dIR, TATBR,
JifPpeesd 3R cgiesd W IR®fd fhar| 9 g S 9aa s § wnfaa fad
T HAT: MgO (20nm), MgO (11nm), ZnO, (3.1nm), WC (25nm), n-ReB, (40nm), n-
Reo.ssWo 4Bz (30nm), TiN (18nm), TiN (34nm), TiN (80nm), 0-Ga,0s (14nm), p- Ga,0; (14nm),
Ho,0; (14nm) B | ATHAT T ¥ MR de & A1 Udh IR urar 71| U &
JIER AHCRed &1 faf= arrepfaal # urm war | A9 gl o A srefadl @
forg A @ | uRads &1 w¥ A4 e § 3ifdean <@r ud Sgiesd | R
TRIT AT | YARTAS 3ifhsl & A1 3126l HeAld H Ui T Sl b gaae o § uge
3TARAT & AHIBROT BT T HI ATAT B 2 |

(
WW C{l\uy\,m\

(T ) (e di)
IRaaT

AATEDR




