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ABSTRACT

Hydrogen storage and Adsorption hydrogen energy in both Pristine and
Polycrystalline single-walled carbon nanotubes has been studied using
molecular dynamics simulations (MDS). Research interest in hydrogen because
of its pollution-free, abundance and high energy content in unit mass compare
to other fuel. Hydrogen is an appropriate alternative in terms of green energy
technologies for the carbon-based fossil fuels technologies. Hydrogen can be
stored in solid adsorbent in terms of physisorption of hydrogen gas molecules
in a safe and energy efficient manner.

The interaction between Carbon nanotubes (CNT) and hydrogen molecules, and
interatomic interactions of the CNT are modeled via Lennard-Jones (LJ)
potential using Tersoff potentials. Adsorption hydrogen energy and hydrogen
gravimetric storage capacity are evaluated by the effects of various pressure and
temperature using Potential energy distributions (PED). Adsorption hydrogen
capacity are evaluated at different temperature i.e. 77 K, 100 K, 200 K, 273 K
and up to 40 bar pressure starting from 1 bar for both Pristine and
Polycrystalline single-walled carbon nanotubes. At 77 K and 20bar, the
hydrogen gravimetric storage capacity of 6.2144% for pristine and 6.3133%
for polycrystalline CNT and Adsorption hydrogen energy of -0.021ev for
pristine and -0.0206ev for polycrystalline CNT is observed.

As the results obtained we observed that the decreasing in temperature and
increasing in pressure, gravimetric density (GD) for hydrogen storage is
increased for Pristine as well as Polycrystalline single-walled carbon nanotubes.
Gravimetric density for hydrogen storage with the effect of grain boundaries in
CNT i.e. Polycrystalline CNT is higher than Pristine CNT at different
temperature and Pressure. The gravimetric density for hydrogen storage and
adsorption hydrogen energy with the effect of different strain and defects is

applied in both the Pristine CNT and polycrystalline CNT is evaluated.
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Chapter 1 Introduction

1.1 Carbon Nanotube

Carbon nanotubes (CNT) are cylindrical hollow nanostructure
molecules which is allotropes of carbon with diameters mainly measured
in nanometers. Carbon nanotube mainly refer to single-wall carbon
nanotubes (SWCNTSs) which is independently discovered in 1993 by lijima
and Ichihashi [1] and Bethune et al.[2] in carbon arc chambers .Carbon
nanotubes are formed by rolling of two-dimensional hexagonal lattice of
graphene sheet to form a hollow cylinder.

Most of the researchers attract towards the carbon nanotubes due to highly
attractive alternative to conventional composite materials because of their
thermal, electrical, mechanical, barrier and chemical properties such as
electrical conductivity, improved heat deflection temperature, increased

tensile strength.

Figure 1.1 A carbon nanotubes

1.2 Classification of Carbon nanotubes (CNTS)
Carbon nanotubes are classified on the basis of the number of graphene layers
present in carbon nanotube in two ways:

¢ Single walled carbon nanotubes (SWCNTS)

e Multi walled carbon nanotubes (MWCNTS)



1.2.1 Single wall Carbon nanotubes (SWCNTS)

Single wall Carbon nanotubes is formed by rolling single graphene sheet
which is two-dimensional hexagonal lattice of carbon atoms and it is mostly
found in rope-form with diameters in the range of a nanometer. The attention
of researchers towards the SWCNTSs because of their versatile nature of
conductivity, high tensile strength due to Sp? bond, flexibility, high effective
surface area, hollow structure, light weight. And it is chemically bonded with

Sp?bonds which is extremely strong form of molecular interaction.

Figure 1.2 A Single wall carbon nanotubes (SWCNTYS)

1.2.2 Multi walled carbon nanotubes (MWCNTS)

Multi wall Carbon nanotubes is formed by rolling multiple number of
graphene sheets to form concentric hollow tubes cylinder. In MWNTSs Carbon
nanotubes are weakly bound together by van der Waals interaction which is
tree ring-like structure. The interlayer distance between two nanotubes in
multi-walled carbon nanotubes is approximately 3.4 A. Multi wall Carbon
nanotubes are similar morphology and properties as compare to single wall
nanotube but they are more resistant to chemicals. Sometimes multi wall
Carbon nanotubes are also known as double-wall and triple-wall carbon

nanotubes.



Figure 1.3 A Multi wall carbon nanotubes (MWCNTS)

1.3 structure of carbon nanotube

The structure of a carbon nanotube is formed by a layer of carbon atoms that
are bonded together in a hexagonal lattice and one-atom thick layer
of carbon is referred as graphene and it is wrapped in the shape of a cylinder
and bonded together to form a carbon nanotube. The structure of a carbon
nanotubes are classified as armchair (n, m=n), zigzag (n, m=0) and chiral (n,
m) nanotube. Where n, m are the chiral index in X, y directions which is called

index of vectors. Chiral vector [3] of nanotube is given by
Chph =maq +na, Q)

Here, n, m = chiral indices

And a; & a,are unit vectors of graphene sheet in the two-dimensional
hexagonal lattice.

Diameter of carbon nanotube (D) can be calculated from chiral indices is given
by

_ \/§ac—c
4

D J (@M% + m? 4+ nm) (2)

Where a,_. = 1.42 A is the equilibrium bond length of graphene
D is the diameter of carbon nanotube

And m and n are the chiral indices.



On the basis of chiral indices different types of a carbon nanotube is defined
as,
» If chiral indices i.e. m = 0 than it is known as zigzag carbon nanotubes
and its chiral angle is equal to 0°.
» If chiral indices i.e. n = m than it is known as armchair nanotubes and
its chiral angle equal to 30°.
» If chiral indices i.e. n # m than it is known as chiral nanotubes and its

chiral angles lie between 0 and 30°.

The two-dimensional structural of carbon nanotube as shown in figure 1.4
shows the two-dimensional graphene sheet with chiral indices (n, m) where

mainly n > m [4].

nQ) F ZIG ZAG

Figure 1.4 Representation of chirality in sheet and carbon nanotube

1.4 Properties of Carbon Nanotubes

1.4.1 Mechanical Properties

Carbon nanotubes are the strongest and stiffest materials in terms of tensile
strength and elastic modulus. Covalent Sp? bonds formed between the
individual carbon atoms which gives more strength. Strength of individual
carbon nanotubes shells is very high, weak shear interactions between adjacent
shells and tubes but the effective strength of multi walled carbon nanotubes is

reduced by a few GPa. Due to high mechanical toughness of carbon nanotubes


https://en.wikipedia.org/wiki/Tensile_strength
https://en.wikipedia.org/wiki/Tensile_strength
https://en.wikipedia.org/wiki/Elastic_modulus

is important in their application as mechanical elements such as robust atomic
force microscopy and for high aspect ratio structures [5]. Carbon nanotubes
are very soft in the radial direction due to Young's modulus in the order of

various GPa.

1.4.2 Electrical Properties

Carbon nanotubes have high electrical conductivity in plastics and their high
aspect ratio i.e.1000:1 imparts high electrical conductivity due to highly
conducting it is said to be metallic. Their conductivity is shown to be a function
of the degree of twist, diameter and their chirality. The conductivity and
resistivity has been measured by the placing electrodes at different parts of the
CNTs for the ropes of single walled Carbon nanotubes. So, we say that single

walled Carbon nanotube ropes are the most conductive carbon fibers.

1.4.3 Thermal Properties

Thermal property of the material is defined for the behavior of any material
when it is subjected to a change in temperature or heat. Structural changes and
temperature increases in Carbon nanotubes due to heat is applied and it is
absorbed and transported within the material. When the heat is applied
continuous it may even result in melting and carbon nanotubes show high

thermal Conductivity and low thermal Expansion Coefficient.

Thermal conductivity is defined as the ability of the material to transfer heat

from high temperature to low temperature. The expression is given by,
- _p4r
q= —k (3)

where q is the heat flux per unit time per unit area
And k is the thermal conductivity,
And dT /dx is the temperature gradient through the materials [6].

1.4.4 Optical Properties

The optical properties of carbon nanotubes are highly relevant for the
materials science and these materials are interact with electromagnetic
radiation is unique and it is useful for the peculiar absorption,

photoluminescence (fluorescence), and Raman spectroscopy. Spectroscopic

5



methods is used for the quick and non-destructive characterization of
adequately large amounts of carbon nanotubes. And it is also potentially useful
in the aforementioned tunability of properties which is optics and photonics.
Light-emitting diodes (LEDs) and photo-detectors based on a single carbon
nanotube have been developed in the lab.

1.5 Grain boundary in carbon nanotubes

Carbon nanotubes which is synthesized from chemical vapor deposition is
defined as polycrystalline and contain one-dimensional defects i.e. grain
boundaries(GB).It is line of individual point defects which is generally tilted
boundaries. [7] Grain boundary is a two-dimensional defect which is the
interface between adjacent grains or the boundary between crystals of a defects
material.

In many study it is found that the effect of the grain boundary is minimum as
compared to other materials in carbon nanotubes. From here we observed that
the electrical performances of the device was not significant due to the the
effect of grain boundaries and due to this it does not degrades the electrical
performance. Now due to the grain boundaries also, it was found that
adsorption capacity of carbon nanotubes is increases [8]. So we can observed
that the carbon nanotubes with grain boundaries i.e. polycrystalline carbon

nanotubes becomes important.

Figure 1.5 Carbon nanotubes containing grain boundary


https://en.wikipedia.org/wiki/Optics
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Many studies stated that the intrinsic strength, failure mechanism of carbon
nanotubes and critical failure strain with grain boundaries mainly depends on
the temperature and dihedral angle. Due to the grainy structure in carbon
nanotubes the mechanical properties of polycrystalline solids are strongly
influenced and carbon nanotubes have produced in a controlled environment
and these are less susceptible to large extrinsic defects. Due to this it is
expected that the variations in their mechanical properties to emerge from
intrinsic grain boundaries. Crack initiation within the carbon nanotubes is
introduced because stress state is introduced due to grain boundary. So due to
lack of inclusive understanding for the influence of grain boundaries which
may restraint the exploitation of the properties of polycrystalline carbon
nanotubes.

1.6 Voronoi tessellation

Voronoi diagram is a division of a plane into regions near to the given set of
objects and it is mainly studied in mathematics. VVoronoi diagram is obtained
by joining the set of all points in the plane that are nearer to each site than to
other sites which is finitely many points in the plane. Corresponding region for
each seed consist of all points of the plane near to that seed compare to other
seeds. VVoronoi diagram is obtained by joining the set of all points as shown in

Figure 1.6.

Figure 1.6 Voronoi diagram for obtaining grain boundary



Voronoi tessellation is a method which is used for creating grain boundaries
and the main thing is that we select any point to the region in which to join all
the point is nearer to that particular point to form the voronoi diagram. VVoronoi
tessellation is mainly used to identifying the nearest shop, risk calculation of
virus infection, computer science, etc. In our study VVoronoi tessellation is used
for creating the grain boundary in pristine carbon nanotubes containing some
crystals i.e. grain size to convert into polycrystalline carbon nanotubes i.e.

carbon nanotubes with grain boundary.

1.7 Energy overview

Current scenario of energy which is dependence on non-renewable sources of
energy i.e. carbon-based fossil fuels. But due to more consumption of carbon-
based fossil fuels it caused various environmental pollution and depletion of
the fossil fuel as shown in Figure. 1.7. So we can find an alternative of carbon-
based fossil fuels which can reduce the pollution and depletion of fossil fuels
and by replacement of fossil fuel we can save the world from energy crisis and
severe global warming. Due to continuous growing demand of energy and
severe global environmental concerns, many research has been done to find an
alternative source of carbon-based fossil fuels.

2014 2040

Nuclear

Nuclear
12%
12% Renewables

23%

Renewables
34%

Coal Coal
39% 30%

Figure 1.7 Comprision btw world total primary energy consumption



So we can use renewable sources energy including solar energy, wind energy,
hydropower, biomass energy etc. have received a more attention on these
energy. Among all these energy hydrogen has been believed an important and
promising energy and research interest in hydrogen because of its pollution-
free, abundance and high energy content in unit mass compare to other fuel.
Hydrogen is an appropriate alternative in terms of green energy technologies
for the carbon-based fossil fuels technologies. But the hydrogen storage as
efficiently and safely is still a challenge to recognize its economy.

Therefore hydrogen is a significantly available source of energy and hydrogen
is present in the form of water and forming several other compound with
component like, carbon, nitrogen etc. So we can used to produce the hydrogen
gas to use as a fuel as renewable sources energy. Recently hydrogen has been
produced from various renewable resources such as biomass, solar, wind.
There is a method for hydrogen production by using the splitting of water using
electrolysis or using solar energy or from several biological processes by
environment-friendly ways as shown in Figure. 1.8. Biomass gasifications and
electrolysis process using wind found to be cost-effective technology and the

expectation is the commercialization by solar electrolysis process.

Energy H2 Production Method Methods supported by
Source Material (and associated requirements) existing electric utility assets

—_ Reformation Using
LU — Carbon-Based Fuels Carbon
etc. B | Electrolysis Using Carbon- | Sequestration
Based Electric Sources
Electrolysis Using Carbon-
Free Electric Sources Hydrogen
Electrolysis Using Nuclear
e Electric Sources Nuclear Waste
ens 'f‘..._ ;k Thermo-Chemical Disposal
Dissociation
;(
Fut Thermal Dissociation Thru
uture Solar Thermal Sources

Figure 1.8 Methods of production of hydrogen
Application of hydrogen fuel is widespread which is especially used in the

automobile industry and it is prevented by the efficient on-board storage and

9



lack of safe and release systems and the major concern of fuel as hydrogen is
storage and utilization in our daily life. Hydrogen storage in terms of
gravimetric density, based on mass and volumetric density (VD), based on
volume in which the target set by U.S Department of Energy (DOE) as the
standardizing of the hydrogen storage. Vehicles which is powered by hydrogen
can produce zero emissions and it cannot leave any carbon footprint on the
environment as compare to the conventional fossil fuels.

Hydrogen as a green source of energy which can developed the proton
exchange membrane (PEM) fuel cells and it can happen because of the
exploring major driving forces. The main problem is to how the hydrogen is
storage in the efficient on board storage and release of hydrogen. The path is
developed for the hydrogen storage from hydrogen production to hydrogen
vehicle in terms of on board storage as shown in fig 1.9. Hydrogen may be
stored in an empty tank or in a tank which contains a solid which is solid based
storage by using on board storage. Gravimetric storage density is determined
by considering only the weight of solid in solid storage which is compare with

the material's performance for the vessel-based storage [9].

1.8 Hydrogen Storage Methods

Hydrogen is an amply available source of energy which is the most suitable
candidate for the alternative energy sources due to its high energy content per
unit mass, utilization efficiency, and environmental compatibility [10, 11,12].
Proton exchange membrane fuel cells is the most promising uses for hydrogen
for power generation in vehicles [13, 14]. Storage of hydrogen in a compact,
light, and cost efficient manner is a technical challenges in a vehicle is the
bottleneck intercept its wide-spread for the use of the energy carrier [15, 16,
17]. Electrochemical devices fuel cell is mainly used for providing power for
the vehicles in which hydrogen and oxygen combined together to produce
electricity and hydrogen converts into electricity about 50% efficiency and it

can produces heat and water as a by-product.

10



Hydrogen storage
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cyclopentane

Figure 1.9 Methods of hydrogen storage technologies

Hydrogen storage methods is defined mainly in two different ways:
¢+ Physical-based hydrogen storage

% Material-based hydrogen storage

1.8.1 Physical-based hydrogen storage

Physical-based hydrogen storage in a vessel is defined in terms of:
» Liquid hydrogen
» Compressed gas

» Cold/ Cryo compressed

1.8.1.1 Liquid hydrogen

At specific Pressure and temperature so that storing hydrogen is get liquefied
by using liquid hydrogen storage method and it requires a high level of purity.
Hydrogen should be cooled below the critical temperature of 33 K, since it is
economically but not efficient because it will require very large setup and plant
and this hydrogen storage process is complex. Therefore liquid hydrogen
storage is difficult and evaporation can take place and its application is finite

used in space travel.

11



1.8.1.2 Compressed gas

Compressed hydrogen is a storage form in which hydrogen gas is kept under
the pressures range of 350 bar to 700bar to increase the storage density and
hydrogen is stored as the gas inside the cylinders and in tanks. Compressed
gas hydrogen method is not good because of its cost efficiency and energy
efficiency due to this it is not considered commercially. Hydrogen which is
compressed form is stored in tanks which is made of polymer and composite
material at very high pressure and it can be supported by the mechanical forces.
Compressed hydrogen is used for the hydrogen tank systems in vehicles and
automobiles industry and it is based on carbon-composite technology because
fueling of hydrogen gas is very rapid [18]. Transportation of compressed gas
is easy by trucks in gas cylinders or gas pipelines in which pressures is ranging
from 200 to 500 bar. Hydrogen density of compressed gas is about 20 kg/m?®
is reached at 300 bars and high-pressure gas steel cylinders is operated at

maximum pressure of 200 bar which is common type of storage system.

1.8.1.3 Cold- and cryo-compressed gas

Cold- and Cryo-compressed hydrogen storage methods refers to
the storage of hydrogen at cryogenic temperatures in a vessel and it can be
pressurized for the pressure range of 250 bar to 350 bar but in contrast to
current cryogenic vessels in which liquid hydrogen can store at near-ambient
pressures. Cryo- compressed is similar to liquefied hydrogen where hydrogen
is compressed at temperature 20K approximately and it gives higher energy
density with a slight modification. The difference between Cold- and Cryo-
compressed hydrogen and liquid hydrogen storage is, if the hydrogen gets heat
up with the heat transfer from the environment than there is a system which
can allows us to go to higher pressure and they provide us to get enough

hydrogen for the utilization in the vehicle.
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1.8.2 Material- based hydrogen storage

Material- based hydrogen storage methods is classified into different
categories where hydrogen is adsorbed on the surface and it is classified as,

» Adsorbent

» Liquid organic

> Interstitial hydride
» Complex hydride

» Chemical hydrogen

1.8.2.1 Adsorbent hydrogen storage

Adsorbent hydrogen storage in which adsorbent materials can allow a liquid,
gas, and dissolved solid to bond a materials to it’s a surface. Hydrogen can
adsorbed by the chemisorption and the physisorption process of hydrogen on
high surface area materials, such as Metal-organic frameworks (MOFs).
Adsorption of hydrogen gas on solid is a safe, less expensive and energy
efficient method compared to other methods and it also have a potential to
reach the DOE goal and at a certain desorption pressure physisorbed hydrogen

can be desorbed by decreasing the pressure.

1.8.2.2 Liquid organic hydrogen storage

The storage of hydrogen in liquid organic hydrogen storage systems have safe
and efficient method over conventional storage systems. Liquid organic can
give a flexible medium for hydrogen storage and transportation of renewable
energy in the form of the existing fuel such as B-N methyl cyclopentane.
Hydrogen storage liquid organic systems requires an exothermic
hydrogenation step and an endothermic dehydrogenation step from a
thermodynamic point of view and hydrogenation and dehydrogenation can be

take place at the same temperature level.

1.8.2.3 Interstitial hydride hydrogen storage

Hydride materials have good energy density and their specific energy is worse
than the leading hydrocarbon fuels. Liquids fuels at ambient temperature and
pressure are easy to fuel but others are solids which could be convert into
pellets. It can forms the compound with the metals in the interstitial hydride

hydrogen storage and compound are such as LaNisHes. Hydrogen storage in
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terms of interstitial-hydrides are also fails for most of the materials with
respect to the total weight of the storage system.

1.8.2.4 Complex hydride hydrogen storage

Complex hydrides are potential candidates for materials based hydrogen
storage because of their high gravimetric hydrogen density. Complex
hydrides are very important and promising materials for hydrogen storage
applications, material such as Sodium aluminium hydride i.e. NaAlHa.
Complex hydrides are metal salts which contains more than one metal or
metalloid in which the anion contains the hydride and it also contain transition
metal hydrogen complexes in their structure and it has high volumetric

densities.

1.8.2.5 Chemical hydrogen storage

Chemical hydrogen storage can give high energy densities and it is potential
use of the systems involve liquids that may be easily dispensed using
infrastructure for the gasoline refueling stations. It also work under the process
of electrochemical hydrogen storage system. Chemical compounds with
hydrogen can also be considered as a hydrogen storage and it includes such as
methanol, ammonia, and methyl cyclohexane and compound like Ammonia
borane i.e. NH3BH3.
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Chapter 2 Literature review

2.1 Literature Review
2.1.1 Hydrogen Storage in Single-Walled Carbon Nanotubes

Carbon Nanotube(CNT) have attracted a lot of researchers’ attention due to
their high specific surface area (SSA) and pore sizes in nanometer range and
show great potential to adsorb hydrogen in their nano-structures[19][20].
Hydrogen is promising energy for the hydrogen adsorption in Carbon
nanotube and growing research interest in hydrogen because of its abundance,
pollution-free and packing more energy per unit mass compare to other fuel
[21]. Hydrogen storage system should be safe, portable, compact, cost-
efficient, and speed of kinetics which is the speed of stopping when it required
and the rate of release of hydrogen on demand [22]. Hydrogen storage can be
defined in two methods i.e. one is physical storage based on cryogenic
temperatures and utilizing high pressures and second one is material storage
based on physisorption and chemisorption [23].

Physisorption principles is the hydrogen adsorption performance of a porous
solid is maximized when a few molecular diameters is larger than that of pores
[24]. Physisorption produce weak van der Waals forces of attractions because
the presence of fluctuating dipole moments on the interacting adsorbate and
adsorbent and produced a stronger interaction force due to the potential fields
produced at the wall overlap which occurs in adsorption on a simple plane.
Material based hydrogen storage i.e. physisorption is an attractive method as
hydrogen does not chemically react to the substrate and it does not contaminate
the fuel for transportation purposes [25].

Chemisorption process i.e. material based hydrogen storage to be reversible
upon heating of the functionalized carbon nanotubes and then suggesting an
important path for the development of CNT based hydrogen storage devices.
And the formation of a strong C-H chemical bond at the carbon nanotube
sidewall potentially diminish the reversibility of the hydrogen adsorption
process for CNT, and practicability of chemisorption is used in real

applications[26,27]. And there is no chemical dissociation of molecules to
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provide faster Kinetics for refueling and discharging as incompatible to
reactive hydrogen storage [28].

Many authors have extensively studied the experimentally and
computationally for hydrogen storage in Carbon nanotubes (CNT) and Carbon
nanofibers (CNF) [29, 30, 31, 32, 33]. Carbon nanotubes have higher heat of
adsorption than graphene and activated carbon due to the unique curvature
effect which is determined by the tube diameter [34, 35]. By these features it
make more suitable candidate for hydrogen storage than graphene. Many
studies on carbon nanotubes exist by optimizing specific parameters such as
temperature, pressure, inter-tube spacing, tube diameter, etc., to achieve higher
hydrogen adsorption [36, 77, 38].

For carbon nanotubes, at very low tube diameter (<5 A), nanotube has been
fractured after hydrogen storage. Between the tube diameter ranges from 5 A
to 12 A, SWCNT's wall has been strained after hydrogen storage and Large
tube diameter (>21 A), SWCNT’s has been self-collapsed at the time of release
of hydrogen adsorption. In between the tube Diameter ranges from 13 A to 20
A, SWCNT’s has obtained optimum hydrogen adsorption without ruptured
[39].

Darkrim and Levesque et al. [40] state that as the diameter increases of carbon
nanotube, the number of hydrogen to be entered inside the carbon nanotube is
also increases for hydrogen storage. For the monolayer hydrogen adsorption
take place for the tube diameter above 10 A bulk density can be reached out

inside the nanotube also at room temperature.

B. Kurniawan and N. Nasruddin et al. [41] obtained optimum hydrogen storage
in carbon nanotube in between the tube diameter range of 8-10 A and it also
found very less amount of hydrogen adsorption in carbon nanotube
approximately 1-2 wt% at ambient temperature. Therefore it is needed to be
manipulated to make it suitable for the ambient hydrogen adsorption for

nanotube structure.
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Cracknell et al. [42] state that, because of their curvature effect the hydrogen
adsorption of carbon nanotubes is relatively higher inside the nanotube
comparatively than outside the nanotube. Gravimetric storage capacity of
carbon nanotube has been obtained above the DOE target (approximately 8wt
%) in literature at temperature approximately 80 K and at the maximum
pressure of approximately 150atm [43, 44].

Thermal motion of hydrogen molecule increases in carbon nanotube with
increases in temperature, so at room temperature hydrogen storage capacity is
considerably decreases [45]. So, at this temperature, the efficiency of SWCNT
decreases due to increase in kinetic energy of hydrogen molecules and it
becomes very less hydrogen adsorption in one single wall carbon nanotubes
[46] and the less thermal motion and potential energy dominating nature of
hydrogen molecules at low temperature (approximately 80K) due to this van
der Waals interactions become very effective which lead to more hydrogen

adsorption in one single-walled carbon nanotube [47].

Juarez-Mosqueda et al. [48] stated that carbon nanotube (dmax: 13.56 A) can
chemisorb and desorb hydrogen molecules only by taken a significant energy
barrier and they can absorb hydrogen molecules in carbon nanotube for a long
time at very high gravimetric/volumetric density. They have also established
the platinum (Pt) nanoparticles are very versatile on the Sp? hybridization of

carbon in carbon nanotube and then relocate nearly energy barrier-free.

Transition metals is presence in carbon nanotube then it decreases the
hydrogen gravimetric storage density because of the heavy atomic mass of the
metals is present. But light weight lithium can be doped in carbon nanotube
can increase the gravimetric hydrogen storage density up to approximately 14
wt. % [49]. Rangel et al. [50] obtained hydrogen storage density of about 2.7
wt% at room temperature using lithium doped in carbon nanotube which is

near about the experimental value [51, 52].
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Ghosh and Padmanabhan et al. [53] states that the hydrogen storage density of
Titanium and beryllium (Be) is doped in carbon nanotubes (CNTSs) which
contains Stone-Wales defects was studied using MDS and DFT. And Be-
doped carbon nanotubes showed a promising potential to absorb hydrogen in
CNTs exceed the above US DOE goal at room temperatures and high

pressures.

Kundalwal et al. [54] studied the mechanical properties and the fracture
behavior of large diameter polycrystalline CNTs (orientations of the grain
boundary) of structure orientation, varied size, and structure to an applied in
uniaxial load using MDS. And this is the first study in the literature which

described the mechanical properties of polycrystalline carbon nanotubes.

2.1.2 Hydrogen Storage with the effect of strain and defect in Single-
Walled Carbon Nanotubes

Xue and Xu et al. [55] states that the binding energies, atomic structures,
electronic and mechanical properties of graphene are considerably modified
by applying strain and about 10% of biaxial strain, binding energies of
hydrogen on graphene can be enhanced by 53.89% and 23.56% in the

symmetric and antisymmetric phase using the first-principle of calculations.

Shikai deng et al. [56] states that the strain can modifies the thermal
conductivity, atomic structure, chemical activity, lattice vibration, and
mechanical properties in 2D nanomaterials. And the chemically inert
monolayer graphene becomes effective by strain engineering using the first

principle study [57].

Zhou and Lu et al. [58] study about the use of mechanical strain as signify to
sustain metal atoms on carbon-based substrate and to increase the hydrogen
adsorption. And also studied the strain effects on hydrogen storage capacity of
metal-decorated graphene and we see that tensile strain in graphene can sustain

the supported metal atoms, and increase the hydrogen adsorption. Hydrogen
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storage capacity obtained up to 15.4 wt. % on Li- decorated and 9.5 wt. % on
Ti-decorated graphene with a strain of 10% and about 0.2 eVV/H2 can obtained
the optimal binding energy.

Li- decorated the lightest alkali metal and Ti- decorated a commonly used as
light transition metal, are used as model systems for two-dimensional (2D)
graphene sheets [59]. Over 15% of strain can be easily implement in graphene
as demonstrated the experimentally, [60, 61] which is important for optical and
electronic applications. [62, 63] The tensile strain around 10% could extremely
increase the hydrogen adsorption and there is catalytic activity of metal
clusters on graphene [64].

Defects obtained in carbon nanostructure and carbon nanotube have been
theoretically described by Stone and Wales in 1986 is known as called Stone-
Wales defects [65]. At a high range of temperature mono-vacancy or di-
vacancy can be formed in single wall carbon nanotube and grapheme, it is

formed as 5, 8, 9 -membered rings [66].

Gayathri and Geetha et al. [67] study about to calculated the adsorption
energies in defective CNTSs for distinct hydrogen configurations and obtained
that the binding energy increased considerably when defects in CNTs were
introduced and their study also says that hydrogen storage density could be

increased for defective carbon nanotubes.

Chen et al. [68, 69] state that the experimental study in the presence of defects,
mainly in micro-sizes (<20 A) for carbon nanotubes surface increased the
hydrogen adsorption at high temperature and at low temperature in 2008 and
2009 respectively due to this, the effect of nature of defects are still unknown.
So, it becomes highly important to completely understand the mechanics of

hydrogen storage capacity on carbon nanotubes considering structural defects.
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2.2. Research Gaps

» Many authors have investigation of well-known defects such as atom
vacancies, doping, substitutional impurities, Stone—Wales, and
hybridization in smaller diameter carbon nanotubes. But There is no
any authors is study about the application of PCNTs (considering
Grainboundary ) and large diameter CNTs for hydrogen storage
considering the effect of pressure and Temperature, for larger CNT
diameter and PCNTSs (considering Grainboundary) hydrogen storage is
more.

» There is very few studies for hydrogen storage in carbon nanotubes
bundles, CNTs bundles have high surface energy and surface area,
Therefore, the application of CNT as well as PCNT bundles for
hydrogen storage should be considered because it is more practical and
realistic representation of their existence in bulk form to achieve the
recent storage target set by the US DOE (8-10%).

» With considering the effect of pressure and Temperature, no single
MDS study to investigate the hydrogen storage capacity and hydrogen
adsorption energy for both Pristine CNTs and Polycrystalline carbon
nanotube (PCNTS).

2.3 Research objectives

» Calculate the hydrogen adsorption capacity of pristine carbon nanotube
(CNT) with considering the effect of pressure and Temperature.

» Creating grain boundary in CNTs and calculate the hydrogen storage
capacity of Polycrystalline carbon nanotube (CNT with grain
boundary) with considering the effect of Pressure and Temperature.

» Determine the hydrogen adsorption energy for both Pristine Carbon
nanotube (CNT) and Polycrystalline carbon nanotube with considering
the effect of Pressure and temperature.

» Consider the effect of strain and defects in carbon nanotube and obtain
the hydrogen adsorption capacity and adsorption energy of defective

carbon nanotube.
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Chapter 3 Methodology

3.1 Molecular dynamic simulation

Molecular dynamics (MD) is a computer simulation method for investigating
the physical  movements of atoms and molecules.  Molecular  dynamic
simulation allow us to study the mechanisms and behaviors of nanomaterials
that no other simulation method can execute in a computationally efficient
manner. It is dependent on time the computer simulations at molecular level
allow us to find a new observation which is difficult to find in experimental
way. Molecular dynamics simulations can also be used to verify any theory
with experimental results. With the use of computer simulations, we can easily
find out the reason of the phenomena by studying it in molecular level. MDS
is study using the Large Scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS), an open-source package developed by Sandia National
laboratories [70]. Molecular dynamics is the most comprehensive molecular
simulation method which determine the motions of individual molecules.
Molecular dynamics is a mechanics-based computer simulation method in
which the time evolution of a set of interacting atoms is followed by

integrating their equations of motion.

3.2 Molecular dynamic integration algorithms

Integration Algorithms is study about the initial position of atomic which is a
function of the potential energy of all the atoms in the system in molecular
dynamics simulation. The equations of motion must be solved numerically
because nature of this function is quite difficult and it is not possible to solve
by analytically.

Several numerical algorithms method is applied in molecular dynamics
simulation to solve the equations for integrating such as Predictor-Corrector
algorithm, Gear Predictor-Corrector algorithm, leap-frog algorithm and
velocity verlet algorithm [71] but in our study velocity varlet algorithm is

efficient method for integrating the equations of motion.
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General Rules for integration algorithms in molecular dynamics simulation
such as energy should be conserved and reversible, computational efficient,
required long integration time step and required only one force evaluation per
time step, it should be fast and require little computer memory, for the correct
statistical ensembles energy should be conserved.

3.2.1 Velocity verlet algorithm

Velocity Verlet Algorithm is allowed to integration of newton's equation of
motion to find positions (r(t)), velocities (v(t)), and accelerations (a(t)), of the
atom at time t are given by the three-dimensional vectors in one-time step,
atoms are allowed to move and accelerate. Finding the new position of an atom
which is determined by using Velocity Verlet Algorithm by integrating the

equation of motion which is shown below.

v(t, +5) =vity) +alt,) 5 4)
r(to +§)=r(to)+v(to +§)At (5)
v(t0 + %) =v (to + %) + a(t, )At (6)

Where,
r = position of the atom,
v = Velocity of the atom,
a= acceleration of the atom.
t, = initial time and At = time step.
Change in position, velocity, accelerations of an atom and time step with

respect to time is shown in figure 3.1.
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Figure 3.1: Change in position of an atom with time

Molecular dynamics simulations are implement in constant pressure and
constant temperature which is obtained by controlling the velocity and size of
the simulation box and it is necessary to control the pressure and temperature
in a natural environment for the system.

For controlling these properties several methods is used which is discussed
below.

3.3 Design constraints of Molecular dynamic

Molecular dynamics simulation should be design by taking the account for the
available computational power. Time step, total time duration and simulation
size (n = number of particles) must be selected so that the calculation can be
completed within a reasonable time period. However, external pressure and
heat transfer is exposed to the environment for the most natural phenomena of
the system. For these conditions, the total energy of the system is not
conserved for long time and then we required the extended forms of molecular
dynamics.

3.3.1 Micro-canonical ensemble (NVE)

Micro-canonical ensemble (NVE) in which changes in moles (N), volume (V)
of the system, and energy (E) of the system is isolated from system [72] and it
is obtained by solving the Newton equation of motion. NVE is also
corresponds to an adiabatic process with no heat exchange. Therefore, total
energy being conserved but during the integration process there is a slight

variation or float in energy due to rounding and truncation errors.
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3.3.2 Canonical ensemble (NVT)

The amount of substance (N), volume (V) of the system and temperature (T)
are conserved in the system [72] and it is also referred as constant temperature
molecular dynamics (CTMD) and it is obtained by controlling the temperature
of the system. Using thermostat the energy of exothermic and endothermic
processes is exchanged and also to add and remove energy from the boundaries
of an MD simulation. In Canonical ensemble, the models of simulation is

suitable in a vacuum without periodic boundary conditions.

3.3.3 Isothermal-Isobaric (NPT) Ensemble

The amount of substance (N), pressure (P) of the system and temperature (T)
are conserved in the system [72] and it is also referred as constant pressure and
temperature ensemble and it is also useful for measuring the equation of state
of model systems. Isothermal-lsobaric (NPT) Ensemble of select when the
correct pressure, volume, and densities are important in the simulation of the
system and the simulation is carried out in equilibrium to achieve the desired

temperature and pressure and for using a thermostat we need a barostat.

3.3.4 Generalized ensembles

Generalized ensemble is mainly the exchange method of model simulation
and it was originally designed to deal with the slow dynamics of disarranged
spin systems and it is also referred as parallel tempering. Replica exchange
molecular dynamics (REMD) have tries to exchange the temperature of non-
interacting model of the system running at various temperatures to overcome

the multiple-minima problem.

3.4 Potential Fields

A molecular dynamics simulation requires the definition of a potential fields
for the interatomic interaction of the carbon atoms in carbon nanotubes was
modeled by using tersoff potential and this potential field is the mathematical
expression of the potential energy of atoms [73]. Potential fields are empirical

in nature in which parameters are mainly obtain from experimental methods
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and high-level quantum mechanics approaches. Force fields is the pair
potential i.e. total potential energy which is calculated from the sum of energy
contributions between pairs of atoms. Potential fields of an atom is defined

below

Etotal = Ecovalent + Enon covalent (7)

Where Eiotars Ecovalent @Nd Eon covalent are the total energy, covalent energy,

and non-covalent energy respectively.

Now it can also expressed as,

Etotal = E ponas+ E angles E out-of-plane T E dinedral + Evander Waals T E electrostatic (8)
Where
Ecovalent =E bonds E angles +E out-of-plane +E dihedral (9)
Eron covalent = Evander waals t E electrostatic (10)
ru .
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Figure 3.2 Force-field degrees of freedom
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The interaction between hydrogen molecules and carbon atoms was modeled
by using Lennard-Jones (LJ) potential which is given below

oy 12 o 6
-2 ]

Here Ejis the pairwise total interaction energy and ¢;; are the well-depth
energy and o;; are the distance at which pairwise interaction energy goes to
zero. And o;; and ¢;; was calculated as the arithmetic mean of the value of the

respective atom and the geometric mean of the value of the respective atom

types respectively.
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Figure 3.3 Molecular dynamic simulation flow chart

3.5 Equation of Motion

Molecular dynamics simulation solves equations of motion, F = ma i.e.
Newton’s second law in numerical way using integration algorithms, where F
is the force exerted on the atoms, m is mass and a is acceleration. Now from
here we can calculate the acceleration of each atom in the system if the force

of each atoms is known. Integration of the equation of motion gives trajectory
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that describes the positions, velocities, and accelerations of the atoms with
respect to time. The state of the system can be predicted at any time if the
positions and velocities of each atom are known.

Equation of motion i.e. Newton’s second law is shown below [74],

dzri dv
Fi =m5 = =ma (12)

Where F; ,m; and a; is the force exerted, mass and acceleration of the i

particle in the system respectively.

Force can also be defined as the gradient of the potential energy,

F=-2% (13)

Where E; and r; are the potential energy and position of i" particle
respectively.

From above two equations yields

aEi _ dz‘l"i

F, = — = m;
¢ ar; Lde?

(14)

Now the equation of motion have relation between the derivatives of the
potential energy to the changes in position with respect to time.

If we take as the acceleration is constant than,

a= 2 (15)
Velocity after integration,
v=at+ v, (16)
And we know that
v=2 (17)
Position after integration,
r=vt+r, (18)

Combining the above two equation for the expression of velocity and position
we get value of r at time t is shown below,

r=at’+ v, +71, (19)
Now acceleration is also defined as the derivative of the potential energy as

shown below,

a= —~% (20)

mdr
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The initial positions of the atoms, an initial velocities and the acceleration
which is determined by the gradient of the potential energy that gives trajectory
of the particles. The positions and velocities at any times t is determined with
the help of the positions and the velocities at time zero using the equation of
motion.

The initial velocities of atoms are usually determined from a random
distribution which is required to the temperature magnitudes and corrected so
that overall momentum is zero is shown in the expression below.

P=3Y mv;=0 (21)

3.6 Methods of Controlling Pressure and Temperature

The pressure is controlled when the volume can change but the shape of the
cell is not changed with the help of Berendsen and Andersen methods. And
pressure and stress both can be controlled when the shape of the cell is changed

by using Parrinello- Rahman method.

Temperature is a state variable which is thermodynamic state of the system
and it is frequently used in molecular dynamics simulations. Temperature is
related to the microscopic representation of dynamics simulations through the
kinetic energy which is determined by the atomic velocities. The atomic
velocities and the temperature in a system are related through the Maxwell-
Boltzmann equation [75]. There are some methods for temperature control
such as direct velocity scaling, Berendsen and Langevin thermostat and Nose-

Hoover dynamics and Andersen methods.
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3.7 Process for hydrogen storage in carbon nanotubes

Molecular dynamics (MD) is a computer simulation method for investigating
the physical movements of atoms and molecules. Molecular dynamics is the
most comprehensive molecular simulation method which determine the
motions of individual molecules. Study the influence of both pristine and
Polycrystalline carbon nanotubes with length ranging from 50 A to 100 A and
diameter ranging from 15 A to 21 A were considered. Hydrogen storage and
adsorption hydrogen energy in CNTs are determined with considering the
effect of temperature at 77K, 100K, 200K, 273K, and pressure ranging from 0
bar to 40 bar was also studied [76].

Firstly, hydrogen molecules were randomly added surrounding the carbon
nanotubes was modeled which is carried out by MDS and Perfect carbon
nanotubes lattices were modeled separately using Materials Studio [77] and
then imported into the simulation box. Stress-free nanotubes at a given
temperature and pressure is taken for modeling the carbon nanotubes structures

and then carbon nanotubes is surrounded by hydrogen molecules randomly.

Periodic boundary conditions is applied in-plane directions for eliminating the
free edge defects and out-of-plane direction was applied with periodic
boundary conditions with large dimensions to avoid any interlayer interactions
of atoms in Carbon nanotubes in all MD calculations. Carbon nanotubes placed
in the middle of the simulation box and carbon nanotubes is surrounded by
hydrogen molecules randomly as shown in Fig. 3.4 By using Tersoff potential,
the interatomic interaction of the carbon atoms in carbon nanotubes was
modeled [78] and it can also predict the properties of carbon nanotubes

successfully [79].
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Figure 3.4 System configuration of carbon nanotubes for H> molecules at
Initial system configuration with relaxed carbon nanotubes at t=0sec, at
simulation time 1 ns and adsorbed H> molecules around carbon

nanotubes.

The potential energy (E) of an atomic structures is a function of the distance

rij between two adjacent atoms i and j in Tersoff potential is shown below,

E:ZEi:%Z‘/ij (22)

=
Where,

Vij = fe(rp)[fu(riy) + bijfa ()] (23)

fr() = Aexp(=2A;17) (24)

fa(r) = =B exp(=2,7) (25)
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Where Vij;, fr and fa is the potential energy of the pair, repulsive and attractive
pair potentials respectively with fc as a cut off function. Sometime fr and fa is
also referred as a two-body term, and three-body interactions respectively.

Term bjj is the many-body parameter that expressed how the bond formation
energy is affected due to the presence of adjacent atoms. The interaction
between hydrogen molecules and carbon atoms in carbon nanotubes which is
based on physisorption was modeled by using Lennard-Jones (LJ) potential
which is discussed below,

Uy = 4e [(ﬁ)lz B (E)j 0)

r r

Where u;;, €;; and o;; is the pairwise interaction energy, the well-depth
energy and the distance at which pair interaction energy goes to zero,
respectively and 12 A is cut-off distance for LJ interactions. LJ interaction
parameters for carbon atoms and hydrogen molecules as shown in table 3.1
[80]. Carbon atoms and hydrogen molecules interactions i.e. o;; and &;; were
obtained as the arithmetic mean of the value of the respective atom and the
geometric mean of the value of the respective atom types respectively by using

Lorentz-Berthelot mixing rules,

_ Gii T 0j;

€ij = 4/ €iigjj Oij = — (31)
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Table 3.1 Lennard-Jones interaction parameters for carbon atoms and
hydrogen molecules.

Parameter Ho-H> C-C C-H;
¢ [Kcal/mol] 0.067962 0.055641 0.0636932
o [A] 0.296 0.340 3.179

Considering the van der Waals interactions molecular dynamic simulation was
run using LAMMPS to optimize the system parameters and the van der Waals
interactions were modelled by Lennard-Jones (LJ) model. LJ potential
parameters for carbon and hydrogen molecules were derived from experiment
data of hydrogen and graphene. Timestep size of 0.5 femtoseconds was
considered for the hydrogen adsorption in molecular dynamic simulation. The
energy minimization in carbon nanotubes was applied with an energy
convergence of 100 to obtain using the conjugate gradient method. After
energy minimization, the system was equilibrated for 250 picosecond under
isothermal and isobaric conditions to produce a stress-free nanotubes in planar
directions and carbon nanotubes is surrounded by hydrogen molecules
randomly in the simulation box side by side, above and below the carbon
nanotubes.

The number of hydrogen molecules added to the system was randomly chosen
to be about 4 hydrogen molecules per carbon atom in the carbon nanotubes
and to achieve the desired system temperature and pressure, system ran for 250
picosecond. After that, an equilibration run of 4 nanosecond was performed
under the isothermal and isobaric conditions and then take a long equilibration
step is achieved to establish an equilibrated system with uniform distribution
in the system and to get the hydrogen gravimetric capacity and adsorption
hydrogen energy in carbon nanotubes. The above simulation steps was execute
multiple times for different set of pressure and temperature.

The hydrogen adsorbed in carbon nanotubes was determined by observing the
distribution of potential energy of each atoms and the gravimetric density (wt.

%) of hydrogen molecules was calculated by
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W2 —adsorbed

S(Wt%) = (32)

Wh2—adsorbed + We_nanotube

Where, Wys_qasorvea 1S the weight of adsorbed hydrogen molecules and

W._nanotupe 15 the weight percentage of the carbon nanotubes.

The hydrogen adsorption energy in carbon nanotubes was calculated by

Eadsorption = Lcarbon nanotube+H2 — (Ecarbon nanotube + EHZ) (33)

Where E.qrpon nanotube 1S the potential energy of carbon nanotubes, Ejy, is
the potential energy of one hydrogen molecule and E.q,10n nanotube+ 12 1S the
potential energy of the carbon nanotube with adsorbed hydrogen molecules.

3.8 Adsorption isotherm equations

Hydrogen adsorption behavior between adsorbate and adsorbent at different
pressures and temperature should be explain in various analytic expressions of
adsorption isotherms. These equations define the adsorption density (q) of the

adsorbent as a function of pressure (p) for a specific temperature.

3.8.1 Langmuir Isotherm

The Langmuir [81] theory assumes that the adsorbate stick to the adsorbent
and covers the surface forming a monolayer of the adsorbate and it is also
assumes that adsorption to be homogeneous. Dense state allows the higher
volumes to be stored by sorption which is possible by compression at low

pressures.

_ QmKip

- 34
1= 1+K,p (34)

Where, g is the amount of adsorbate on the surface adsorbent at a pressure p

And gmL is the constant reflecting theoretical monolayer capacity and K is the

Langmuir constant which shows the strength of adsorption.
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3.8.2 Freundlich Isotherm

Freundlich isotherm [82] refers to that surface which is heterogeneity and the
exponential distribution of adsorption sites and their energies. And the
expression which is applied to heterogeneous adsorption and it is given by

q =K, p"F (35)

Where K. and ng is the Freundlich constant and the heterogeneity factor

respectively.
3.8.3 Sips (Langmuir—Freundlich) Isotherm

The Sips isotherm [83] is defined as a combination of the Langmuir and

Freundlich isotherms and its expression is given by,

_ QmsKsp™s

1= Tv Kkeps (36)

Where gms, Ks and ns is maximum adsorption capacity at a temperature, the
Sips constant and the heterogeneity factor respectively. If ns is equal to 1, then
Sips equation becomes the Langmuir equation and the surface is

homogeneous.
3.8.4 Fritz—Schlunder Isotherm
The Fritz—Schlunder isotherm [84] expression is given by,

_ QmrsKrsp
q

1+ qupsp™FS 37

Where gmrs is a constant reflecting maximum adsorption capacity (mg g2),
Krs and nrs is the Fritz—Schlunder equilibrium constant and the

Fritz—Schlunder model exponent respectively.
3.9 Modeling polycrystalline carbon nanotubes

Polycrystalline carbon nanotubes were created by rolling graphene sheets
containing grainboundarys. The atomic structures of the graphene sheets is
randomly distributed with grain sizes and shapes will be created by using

Voronoi tessellation technique [85, 86]. The systematic steps to create a
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polycrystalline carbon nanotubes by rolling the graphene sheet with randomly
distributed grainboundarys is involved here as shown in fig.3.5 and it show
that the generated a collection of polygons separated by planar cell walls
perpendicular lines to connect neighbouring nucleation sites. We constructed
a polycrystalline graphene sheet by filling each cell with randomly oriented
graphene domains and atoms adjacent to the planar cell walls produce the

grainboundarys.

Figure 3.5: Formations of polycrystalline carbon nanotubes using

graphene sheets

Inside the polycrystalline graphene with dimensions of 100 A x 100 A were
selected at several regions at different locations and extracted to create the
basic structure then it is rolled to form polycrystalline carbon nanotubes. The
different arrangements can generated along the grainboundarys such as
pentagon, heptagon, quadrilaterals, octagons, and nonagons defects [86] and
all arrangements should be consider for determine the hydrogen storage and
hydrogen adsorption energy in polycrystalline carbon nanotubes using

molecular dynamic simulation.

3.10 Process of hydrogen storage considering strain

Hydrogen storage and hydrogen adsorption energy can be determined with
consider the effects of strain in carbon nanotubes using molecular dynamic
simulation. Strain can modifies the thermal conductivity, atomic structure,
chemical activity, lattice vibration, and mechanical properties in 2D
nanomaterials. We can apply mechanical strain which is varying from 0% to

7% at specific temperature and pressure in carbon nanotubes to study its effects
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on adsorption of hydrogen molecules and it is signify to sustain metal atoms
on carbon-based substrate .Over 15% of strain can be easily implement in
carbon nanotubes as demonstrated the experimentally.

Calculating the strain, expression is given by

. strain rate xXtimestep Xrun time
Strain = L4 (38)

Actual length

Here, time step is in Picosecond and actual length of carbon nanotubes is in
Angstrom (A).

The time step is known as the length of time between two successive iterations
in an molecular dynamic simulation and smaller time steps may increase the
accuracy of the simulation but larger time steps increase the computational
efficiency. So, the time step controls the trade-off between accuracy and
computational efficiency in an molecular dynamic simulation. In this section,
time step is taken as .0005 picosecond and strain rate is vary according to the
corresponding strain (0% to7%) is applying in the direction of length of the
carbon nanotubes and here length is taken as 81 A and run time is also vary
according to the strain rate in the simulation for determined the hydrogen

storage and hydrogen adsorption energy.
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Chapter 4 Results and discussion

Weight percent of hydrogen adsorption was determined for the pristine carbon
nanotube at different temperature and pressure using molecular dynamics
simulations. The several simulations performed in this study suggest that
hydrogen molecules are physically surrounded around the pristine carbon

nanotubes, as shown in Figure 4.1.

DA, it X I ST
N [

Outer ring

Inner ring CNTs

Figure 4.1 Simulation image for hydrogen storage in carbon nanotubes

Simulations in molecular dynamics for adsorption phenomenon can achieved
an equilibrated system and these system with equilibrated potential energy,
temperature, and pressure indicates a stable system. For the desired
temperature and pressure it can be observed that the system was stable and
equilibrated throughout the simulation. The intermolecular interaction of the
hydrogen molecules are repels to each other as more and more hydrogen are
surrounded around the pristine carbon nanotubes. But hydrogen molecules are
adhere to low potential energy sites and it bring the whole system to an
equilibrium and in stable.

Hydrogen adsorption density was determined with potential energy
distribution (PED) patterns of hydrogen molecules were observed and
hydrogen molecules are adsorbed around the pristine carbon nanotubes had
lower potential energy as compared to free hydrogen molecules on the basis

for adsorption percentage estimation. Potential energy distribution of each
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hydrogen molecules around the pristine carbon nanotubes at 77K and 1 MPa
with a probabilistic curve fitting as shown in fig. It was indicate that a local
minima point exists in the potential energy distribution below this minimum
point where adsorbed hydrogen molecules is lie as shown in Figure 4.2 (a).
Hydrogen molecules belonging to the adsorbed potential energy for validation
of the estimation method were segregated and hydrogen molecules are
surrounded around the pristine carbon nanotubes as shown in Figure 4.2 (b).
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Figure 4.2 (a) Potential Energy Distribution (PED) of hydrogen molecules
and (b) front view and top view of the hydrogen molecules at 77 K and 1
MPa.

Carbon atoms are kept hidden for clarity in carbon nanotubes and then the
number of adsorbed hydrogen molecules were counted and adsorption weight
percentage was calculated using the Eq. 32. Average of the weight percentage
for the last few time steps simulations of the equilibrated system was
calculated to get an approximate hydrogen adsorption value. No other study
has used this method to observe adsorption phenomena using MDS according
to the best of the authors' knowledge and using this method for estimating
adsorption weight percentage for the hydrogen adsorption phenomenon was
studied on multiple systems of a carbon nanotubes and hydrogen molecules
were studied and the hydrogen adsorption energy (ev) of the hydrogen

molecules was also calculated.
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4.1 Hydrogen adsorption weight percent and hydrogen adsorption energy
for pristine carbon nanotubes

Hydrogen adsorption weight percentage was determined for the pristine
carbon nanotubes using the potential energy distribution patterns of H>
molecules is adsorbed around the carbon nanotubes. Hydrogen adsorption
Weight percentage was calculated at 20 bar pressure and at different
temperature 77 K, 100 K, 200K, 273K as shown in Figure 4.3 and Figure 4.3(a)
shows that as the operating temperature increases the hydrogen adsorption
capacity decreases due to increase in thermal motion of hydrogen molecules
and also we can see that at lower temperature van der waals interaction for the
hydrogen gas molecules and pristine carbon nanotubes are very strong and as
temperature increases the van der waals interaction decreases and then due to
the strong interaction forces hydrogen adsorption density of hydrogen
molecules are higher at lower temperature. The results obtained for the weight
adsorption density of hydrogen molecules for pristine carbon nanotubes at

different temperature at 20 bar pressure as shown in Table 4.1.
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Figure 4.3 Variation of hydrogen adsorption capacity (wt %) for pristine
Carbon nanotube at constant pressure (20bar) (a) at different
temperature (b) with different no. of steps (lakh) at 77k and 100 K.

And Figure 4.3(b) shows that as the no. of steps in lakh for the simulations in
molecular dynamics is increases then at initial stage weight percentage of the
pristine carbon nanotubes is vary but after reaching at a saturation level weight

percentage of adsorbed hydrogen molecules is approximately equal, hence we
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can find that the minimum 5 to 6 lakh no. of steps for the simulations to get
accurate result for calculating the hydrogen adsorption capacity.

Table 4.1 Weight adsorption density of hydrogen molecules for pristine
carbon nanotubes at different temperature at 20 bar pressure

Temperature (k) 77K 100K 200K 273K
Weight percentage | 6.2144 4.4860 3.5461 3.1968

Hydrogen adsorption density was calculated using the data obtained for the
pristine carbon nanotubes using the potential energy distribution for hydrogen
molecules are adsorbed around the carbon nanotubes for different pressure
ranging from 1 bar to 40 bar (4MPa) and at different temperature 77 K, 100 K,
200K, 273K as shown in Figure 4.4. Due to the effect of pressure, here we can
see that as the pressure increases the gravimetric hydrogen density increases
because at a higher density of hydrogen molecules adheres to the adsorbent
upon increasing the pressure. At 2 bar pressure the gravimetric density is
6.0958, 4.4492, 3.3281, 3.2433 and at 10 bar pressure 6.178, 4.4872 ,3.972
,3.7877 at temperature 77 K, 100K, 200K, 273K respectively.
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Figure 4.4 Variation of adsorption hydrogen wt% of Pristine carbon

nanotubes with pressure at different temperature.
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And as the pressure is increased the hydrogen gravimetric capacity increases
rapidly but after reaching a certain pressure value it reaches a saturation level.
Due to the effect of the temperature, as the temperature increases the
gravimetric hydrogen density of hydrogen molecules are decreases because of
hydrogen molecules are weakly bonded van der Waals interaction with pristine
carbon nanotubes and also due to the kinetic energy of the system increases
and as a result, hydrogen adsorption density of hydrogen molecules is
decreases at higher temperature and then due to the strong interaction forces
hydrogen adsorption density of hydrogen molecules are higher at lower
temperature [87].

Adsorption hydrogen energy (ev) was calculated using the data obtained for
the pristine carbon nanotubes for hydrogen molecules for different pressure
ranging from 1 bar to 40 bar (4MPa) and at different temperature 77 K, 100 K,
200K, 273K as shown in Figure 4.5.
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Figure 4.5 Variation of adsorption hydrogen energy (eV) for Pristine

carbon nanotubes with pressure at different temperature.

Here we can see that the adsorption energies are calculated in negative values
and it signifies that the strength of the attraction between hydrogen molecules
and pristine carbon nanotubes and a higher value adsorption hydrogen energy
signifies a stronger attractive force between the adsorbate and adsorbent. If the

pressure increases we can observed that the hydrogen adsorption energy
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reduces to a more negative value indicating that the stronger adsorption
between the pristine carbon nanotubes and hydrogen molecules. It is observed
that at higher temperatures an indicating a weaker adsorption strength due to
increase in adsorption energy and at lower temperatures, adsorption strength
is strong then adsorption energy is decreases.

4.2 Hydrogen adsorption weight percent and hydrogen adsorption energy
for Polycrystalline carbon nanotubes

Weight percent of hydrogen adsorption for the polycrystalline carbon
nanotubes i.e. carbon nanotubes containing grain boundary was calculated
using the data obtained for hydrogen molecules are adsorbed around the
polycrystalline carbon nanotubes for different pressure ranging from 1 bar to
40 bar (4MPa) and at different temperature 77 K, 100 K, 200K, 273K as shown
in Figure 4.6.
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Figure 4.6 Variation of adsorption hydrogen wt% for Polycrystalline

CNTs with pressure at different temperature.

Here we can observed that the hydrogen adsorption density of carbon
nanotubes containing grain boundary is more than that of the pristine carbon
nanotubes because of grain boundary creating in carbon nanotubes there is

formation of some defects in carbon nanotubes and due to these defects
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hydrogen molecules are adsorbed more as compare to pristine carbon
nanotubes. Here we can see that as the pressure increases the gravimetric
density (GD) of hydrogen increases because at a higher density of hydrogen
molecules adheres to the adsorbent upon increasing the pressure and as the
pressure is increased the hydrogen gravimetric capacity increases rapidly but
after reaching a certain pressure value it reaches a saturation level. At 2 bar
pressure the gravimetric density is 6.1019, 4.4192, 3.8883, 2.9507 and at 40
bar pressure 6.364, 4.4712 ,4.2529 ,4.1084 at temperature 77 K, 100K, 200K,
273K respectively. As the temperature increases the gravimetric hydrogen
density of hydrogen molecules are decreases because of the hydrogen
molecules are weakly bonded van der Waals interaction with pristine carbon
nanotubes and also due to the kinetic energy of the system increases. At 10 bar
pressure the gravimetric density is 6.2175, 4.2113, 4.0131 and 3.8929 at
temperature 77 K, 100K, 200K, 273K respectively.

Adsorption hydrogen energy (ev) was determined using the data obtained for
the polycrystalline carbon nanotubes i.e. carbon nanotubes containing grain
boundary for hydrogen molecules for different pressure ranging from 1 bar to
40 bar (4MPa) and at different temperature 77 K, 100 K, 200K, 273K as shown
in Figure 4.7.
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Figure 4.7 Variation of adsorption hydrogen energy (ev) for

Polycrystalline carbon nanotubes with pressure at different temperature.

43



Here we can see that the adsorption energies are calculated in negative values
and adsorption energy is less as compare to pristine carbon nanotubes because
of grain boundary creating in carbon nanotubes there is formation of some
defects in carbon nanotubes and due to these defects adsorption strength of
hydrogen molecules is strong then adsorption energy is decreases. Higher
value adsorption hydrogen energy signifies a stronger attractive force between
the adsorbate and adsorbent. If the pressure increases we can observed that the
hydrogen adsorption energy reduces to a more negative value indicating that
the stronger adsorption between the polycrystalline carbon nanotubes
containing grain boundary and hydrogen molecules. It is observed that at
higher temperatures an indicating a weaker adsorption strength due to increase

in adsorption energy.

Weight percent of hydrogen adsorption for the polycrystalline carbon
nanotubes i.e. carbon nanotubes containing grain boundary was compared with
pristine carbon nanotubes and it was calculated using the data obtained for
hydrogen molecules are adsorbed around the polycrystalline carbon nanotubes
and pristine carbon nanotubes for different pressure ranging from 1 bar to 40
bar (4MPa) and at temperature 77 K as shown in Figure 4.8 as the comparison

between pristine and polycrystalline carbon nanotubes.
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Figure 4.8 Hydrogen adsorption wt% comparison btw pristine and

polycrystalline carbon nanotubes with different pressure at 77 K.
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Here we can observed that the hydrogen adsorption capacity of carbon
nanotubes containing grain boundary is more than that of the pristine carbon
nanotubes because of grain boundary creating in carbon nanotubes there is
formation of some defects in carbon nanotubes and due to these defects
hydrogen molecules are adsorbed more as compare to pristine carbon
nanotubes. The results obtained for the weight adsorption density of hydrogen
molecules for pristine and polycrystalline carbon nanotubes at 77K as shown
in Table 4.2.

Table 4.2 Weight adsorption density of hydrogen molecules for pristine
and polycrystalline carbon nanotubes at 77K.

Pressure (bar) Pristine CNTs Polycrystalline CNTs
1 bar 6.0104 6.0341
2 bar 6.0958 6.1019
3 bar 6.0686 6.1368
5 bar 6.1302 6.2072
10 bar 6.178 6.2175
15 bar 6.2331 6.3346
20 bar 6.2144 6.3133
25 bar 6.2212 6.3214
30 bar 6.2459 6.3233
35 bar 6.2985 6.3481
40 bar 6.3012 6.364
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4.3 Hydrogen adsorption weight percent and hydrogen adsorption energy
for both Pristine and Polycrystalline carbon nanotubes considering Strain

Weight percent of hydrogen adsorption was determined for both pristine and
polycrystalline carbon nanotube considering Strain at different temperature
and pressure using molecular dynamics simulations. The several simulations
performed in this study suggest that hydrogen molecules are physically
surrounded around the pristine and polycrystalline carbon nanotubes and
adsorption weight percentage was calculated using the Eqg. 32 and strain is
calculated using the Eq. 38 and strain is determined in the direction of length
of carbon nanotube in which length should be increase and diameter should be
decrease as shown in Figure 4.9.
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Figure 4.9 Simulation image for hydrogen storage in CNTs Considering
Strain

Hydrogen adsorption weight percentage was determined for the pristine
carbon nanotubes considering Strain using the potential energy distribution
patterns of H> molecules are adsorbed around the CNTs at 20 bar pressure and
at temperature 77 K and 200 K at different strain ranging from 0.01 i.e. 1% to
0.07 i.e. 7% as shown in Figure 4.10 and here we can see that as the percentage
of strain is increases adsorption weight percentage is also increased because
bond length between carbon-carbon atom is increased due to stretched

produced in carbon nanotubes by applying strain and then it creates a gap
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between carbon atom and when strain is more than gap is also increased
between carbon atom due to strain produced in CNTs and due to this gap more
hydrogen molecules are adsorbed in carbon nanotubes.
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Figure 4.10 Variation of adsorption hydrogen wt% of Pristine CNTs
considering Strain with strain at 20 bar pressure (a) at 77K (b) at 200K.

Figure 4.10(a) and Figure 4.10(b) show that as the temperature is increases
adsorption weight percentage in carbon nanotubes is decreased due to increase
in thermal motion of hydrogen molecules at temperature varying from77K to
200K at 20 bar pressure. The results obtained for adsorption weight percentage
of hydrogen molecules for pristine carbon nanotubes considering Strain at 77K
and 20 bar pressure at different strain as shown in Table 4.3.

Table 4.3 Weight adsorption density of hydrogen molecules for pristine
carbon nanotubes at 77K and 20 bar Pressure

Strain | 0.0 0.01 |0.02 0.03 0.04 0.05 0.06 0.07

wt% | 6.0875 | 6.104 | 6.1477 | 6.1508 | 6.1483 | 6.1746 | 6.2002 | 6.2383

Adsorption hydrogen energy (ev) was calculated using the data obtained for
the pristine carbon nanotubes considering Strain for hydrogen molecules at
different strain ranging from 0.0 to 0.07 and at temperature 77K and 200K at
20 bar pressure as shown in Figure 4.11. Adsorption energies are calculated in
negative values and it signifies that the strength of the attraction between H;
molecules and pristine CNTs considering Strain. If the percentage of strain

which is applied in carbon nanotubes is increased than we can observed that
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the hydrogen adsorption energy reduces to a more negative value indicating
that the stronger adsorption between the pristine carbon nanotubes considering
strain and hydrogen molecules as shown in Figure 4.11(a). And it is also
observed that at higher temperatures an indicating a weaker adsorption
strength of hydrogen molecules in carbon nanotubes due to increase in
adsorption energy and at lower temperatures adsorption strength of hydrogen
molecules in carbon nanotubes is strong then adsorption energy is decreases

as shown in Figure 4.11(b).
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Figure 4.11 Variation of adsorption hydrogen energy (eV) for Pristine
CNTs considering Strain with different Strain at 20bar (a) at 200 K
temperature (b) at 77K and 200K.

Hydrogen adsorption weight percentage was determined for the
polycrystalline carbon nanotubes considering strain using the potential energy
distribution patterns of H> molecules are adsorbed around the CNTSs at 20 bar
pressure and at temperature 77 K, 100K and 200 K at different strain ranging
from 0.01 i.e. 1% to 0.07 i.e. 7% as shown in Figure 4.12 (a) and here we can
see that as the percentage of strain is increases adsorption weight percentage
is also increased because bond length between carbon-carbon atom is
increased due to stretched produced in carbon nanotubes by applying strain
and then it creates a gap between carbon atom and when strain is more than
gap is also increased between carbon atom due to strain produced in CNTs and

due to this gap more hydrogen molecules are adsorbed in carbon nanotubes.
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And as the temperature is increases adsorption weight percentage in
polycrystalline carbon nanotubes is decreased due to increase in thermal
motion of hydrogen molecules at temperature varying from77K to 200K at 20

bar pressure.
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Figure 4.12 Variation of (a) adsorption hydrogen wt% (b) hydrogen
adsorption energy (ev) of polycrystalline carbon nanotubes with different

strain at different temperature at 20 bar pressure.

Adsorption hydrogen energy (ev) was calculated using the data obtained for
the polycrystalline carbon nanotubes with considering Strain for hydrogen
molecules at different strain ranging from 0.0 to 0.07 and at temperature 77K,
100K and 200K at 20 bar pressure as shown in Figure 4.12(b). Adsorption
energies are calculated in negative values and it signifies that the strength of
the attraction between H> molecules and polycrystalline CNTs considering
Strain. If the percentage of strain which is applied in polycrystalline carbon
nanotubes is increased than we can observed that the hydrogen adsorption
energy reduces to a more negative value indicating that the stronger adsorption
between the polycrystalline carbon nanotubes considering strain and hydrogen
molecules as shown in Figure 4.12(b). And it is also observed that at higher
temperatures an indicating a weaker adsorption strength of hydrogen
molecules in carbon nanotubes due to increase in adsorption energy and at
lower temperatures adsorption strength of hydrogen molecules in carbon

nanotubes is strong then adsorption energy is decreases.
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Gravimetric density weight percent of hydrogen molecules for the carbon
nanotubes considering 0.06 i.e. 6% Strain is compared with pristine carbon
nanotubes and it is determined for different temperature i.e. 77K, 100K, 200K,
273K at 20 bar pressure as shown in Figure 4.13(a). Hydrogen adsorption
weight percentage is compared between pristine and polycrystalline CNTs by
applying different Strain at 200K at 20 bar pressure as shown in Figure 4.13(b).
Here we can see that in both case there is improvement of hydrogen adsorption
weight percentage by applying strain in both pristine and polycrystalline
carbon nanotubes. Here we can observed that the hydrogen adsorption capacity
of CNTs considering strain and polycrystalline carbon nanotubes considering
strain is more than that of the pristine carbon nanotubes because there is
creating a gap between carbon atom and due to this gap more hydrogen
molecules are adsorbed in carbon nanotubes and the bond length between
carbon-carbon atom is also increased by applying strain in carbon nanotubes
and as the temperature is increases hydrogen adsorption weight percentage is
decreased due to increase in thermal motion of hydrogen molecules and also
at lower temperature van der waals interaction for the hydrogen gas molecules
and carbon nanotubes are very strong. Hence at lower temperature hydrogen

adsorption weight percentage is more.
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temperature (b) pristine and polycrystalline CNTs with different Strain

at 200K temperature.
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4.4 Hydrogen adsorption weight percent and hydrogen adsorption energy
for defective Pristine and Polycrystalline carbon nanotubes
Hydrogen adsorption weight percentage was determined for the defective
pristine carbon nanotubes using the potential energy distribution patterns of H»
molecules are adsorbed around the CNTs at different pressure and at
temperature 77 K, 100K and 200 K as shown in Figure 4.14 and here we can
observed that due to defects in pristine carbon nanotubes containing 5, 7 and
8 member rings i.e. monovacancy defects hydrogen adsorption weight
percentage is more than the non-defective carbon nanotubes because in
defective carbon nanotubes it creates a gap between carbon atom due to
monovacancy defects and due to this gap more hydrogen molecules are
adsorbed in carbon nanotubes and also we can observed that hydrogen
adsorbed wt % is increased with increasing percentage of defects in pristine
carbon nanotubes.
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Figure 4.14 Variation of hydrogen adsorption wt% for defective pristine
carbon nanotube at different pressure at 77K and at different
temperature.

Adsorption hydrogen energy (ev) was determined using the data obtained for
the defective pristine carbon nanotubes for hydrogen molecules for different
pressure ranging from 1 bar to 40 bar and at 77K, 100K and 200K temperature
as shown in Figure 4.15. Here we can see that the adsorption energies are
calculated in negative values and adsorption energy is less as compare to
pristine carbon nanotubes because there is formation of defects in pristine
carbon nanotubes and due to these defects adsorption strength of hydrogen

molecules is strong due to this adsorption energy is decreases. Higher value
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adsorption hydrogen energy signifies a stronger attractive force between the
adsorbate and adsorbent. If the pressure increases we can observed that the
hydrogen adsorption energy reduces to a more negative value indicating that
the stronger adsorption between the defective pristine carbon nanotubes and
hydrogen molecules.
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Figure 4.15 Variation of adsorption hydrogen energy (ev) for defective
pristine carbon nanotubes with different pressure at different
temperature.

Hydrogen adsorption weight percentage was determined for the defective
polycrystalline carbon nanotubes using the potential energy distribution
patterns of Ho molecules are adsorbed around the CNTs at different pressure
and at temperature 77 K and 100K as shown in Figure 4.16(a) and here we
can observed that due to defects in polycrystalline carbon nanotubes
containing 5, 7 and 8 member rings i.e. monovacancy defects hydrogen
adsorption weight percentage is more than the non-defective carbon nanotubes
because in defective polycrystalline carbon nanotubes it creates a gap between
carbon atom due to monovacancy defects and due to this gap more hydrogen
molecules are adsorbed in polycrystalline carbon nanotubes and also we can
observed that hydrogen adsorbed wt % is increased with increasing percentage

of defects in polycrystalline carbon nanotubes.

52



77K 00170 —=—100K] |
71 —e—100K| ] 17K

6 _J‘/—._———-'—_‘—.-’-
',_,_._,/—'-—'—""“ 00200
4] i
0.0205 1

T T T T T T T T
5 10 15 20 25 30 35 40 45 5 10 15 20 25 0 B 40 45
Pressure(bar) Pressure(bar)

(a) (b)
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adsorption energy (ev) of defective polycrystalline carbon nanotubes with
different pressure at 77K and 100K temperature.

Adsorption hydrogen energy (ev) was determined using the data obtained for
the defective polycrystalline carbon nanotubes for hydrogen molecules for
different pressure ranging from 1 bar to 40 bar and at 77K and 100K
temperature as shown in Figure 4.16(b). Here we can see that the adsorption
energies are calculated in negative values and adsorption energy is less as
compare to pristine carbon nanotubes because there is formation of defects in
polycrystalline carbon nanotubes and due to these defects adsorption strength
of hydrogen molecules is strong due to this adsorption energy is decreases.
Higher value adsorption hydrogen energy signifies a stronger attractive force
between the adsorbate and adsorbent. If the pressure increases we can observed
that the hydrogen adsorption energy reduces to a more negative value
indicating that the stronger adsorption between the defective polycrystalline

carbon nanotubes and hydrogen molecules.
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Chapter 5 Conclusions

MDS simulations were performed to determine the hydrogen adsorption
density and adsorption hydrogen energy (ev) for hydrogen molecules for both
the pristine and polycrystalline carbon nanotubes for different temperature and
pressure and also to determine the hydrogen adsorption density and adsorption
hydrogen energy (ev) with considering the effects of strain in pristine carbon
nanotubes at different temperature and pressure. For the polycrystalline carbon
nanotubes the grain boundaries were created using voronoi tessellation and the
adsorption density of carbon nanotubes containing grain boundaries was also
determined using the same approaches. Potential energy distributions
approaches is used to provide an accurate results of the number of adsorbed
hydrogen molecules in carbon nanotubes. Not a single study is used to estimate
the gravimetric density for the hydrogen molecules in carbon nanotubes using
MDS simulations.

The operating temperature increases the hydrogen adsorption capacity
decreases due to increase in thermal motion of hydrogen molecules and also
we can see that at lower temperature van der waals interaction between
hydrogen gas molecules and carbon nanotubes are very strong and as
temperature increases the van der Waals interaction decreases and then due to
the strong interaction forces hydrogen adsorption density of hydrogen
molecules are higher at lower temperature.

The pressure increases the gravimetric hydrogen density increases because at
a higher density of hydrogen molecules adheres to the adsorbent upon
increasing the pressure. And as the pressure is increased the hydrogen
gravimetric capacity increases rapidly but after reaching a certain pressure
value it reaches a saturation level.

The hydrogen adsorption density of carbon nanotubes containing grain
boundary is more than that of the pristine carbon nanotubes because of grain
boundary creating in carbon nanotubes than there is formation of some defects
in carbon nanotubes and due to these defects hydrogen molecules are adsorbed

more as compare to pristine carbon nanotubes.
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