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ABSTRACT

CAN SILICON CARBIDE NANOTUBES BE EFFECTIVE STORAGE

MEDIUM FOR HYDROGEN STORAGE?

SOUPTIK MUKHERJEE

The University of Texas at Arlington, 2008

Supervising Professor: A. K. Ray

A systematic study of molecular hydrogen adsorption on three different atomic
configurations of armchair SICNTs has been performed. In the first stage of our study, first
principles calculations using both density functional theory (DFT) and hybrid density functional
theory (HDFT) as well as the finite cluster approximation have been performed to study the
adsorption of molecular hydrogen on three types of armchair (9, 9) silicon carbide nanotubes.
The distances of molecular hydrogen from the outer wall of the nanotubes have been optimized
manually using the B3LYP and PW91 functionals and results have been compared in detail with
published literature results. In the second part of our study, hydrogen molecule has been
adsorbed from both inside as well as from the outer wall of nanotubes ranging from (3, 3) to
(6, 6) and for all three types. A detailed comparison of the binding energies, equilibrium
positions and Mulliken charges has been performed for all three types of nanotubes and for all
possible sites in those nanotubes. In the third phase, co-adsorption of two hydrogen molecules
has been carried out. In some cases, during co-adsorption, the binding energy obtained has
increased in certain structures like type 2 (4, 4) compared to single hydrogen molecular

adsorption.  Possibilities of hydrogen storage have been explored in detail.
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CHAPTER 1

INTRODUCTION

Hydrogen has long been recognized as a clean source of energy and is often referred
to as the fuel of the future. When used in a fuel cell, hydrogen produces only water as a
byproduct. Electric vehicles using hydrogen fuel cells hold great promise. Recently, it has been
announced by the Daimler Chrysler Corporation that it would be the first automaker worldwide
to offer fuel cell vehicles on the market during the next several years [1]. However, to put
hydrogen electric vehicles into large-scale practical utilization, several challenges need to be
met. One of the major challenges is the lack of a safe and efficient onboard storage technology,
which can dramatically influence the vehicle’s cost, range, performance, and fuel economy. It
can also shape the scale, investment requirements, energy use, and potential emissions of a
hydrogen-refueling infrastructure. Hence the development of onboard storage technology will

directly determine the schedule of hydrogen-powered vehicles coming into the market [2].

One method employed for storage is the formation of metal hydrides due to reaction of
solids like metals and alloys with hydrogen. Using cryogenic conditions for adsorption on
various solids, including carbon, has also been suggested as an alternative storage method [3-
5]. Another method tried out by Schwarz et al. is the adsorption of hydrogen on molecularly
engineered carbon at -150 € [4, 5]. They reported that a storage capacity of 0.5 g of H2/kg of
carbon at 20 Atm pressure can be achieved using this material. Dillon et al. [6] used another

storage material, 1 mg of unpurified soot that consisted of a mixture of carbonaceous materials,

for hydrogen storage. It contained 0.1-0.2 wt % of single-walled carbon nanotubes as



well as a large fraction of cobalt catalyst particles (20 wt %). Using this material, a storage
capacity of 5% of hydrogen at 0 C was achieved.

Interaction of hydrogen with various isotopes of carbon with graphitic surface has been

studied extensively for hydrogen storage [7, 8]. Alkali-intercalated graphite [9, 10] has also been
suggested as a possible storage material. Up to 0.137 L (STP) of H,/gm of carbon can be
absorbed as reported. It has also been found that at liquid nitrogen temperature, repeated
cycles of absorption and release of hydrogen causes no damage to the material.
However, critical problems associated with conventional storage mediums like metals and
intermetallics is the limitation on the storage capacity and the reversibility of stored hydrogen
under normal conditions [11-14]. The United States Department of Energy (DOE) has set a goal
of developing a hydrogen storage system having a capacity of 6 wt % by 2010 and 9 wt % by
2015, [15]. It is to be noted that these targets are for the hydrogen storage system, not the
hydrogen storage material. Thus while a material may store 6 wt% H,, a working system using
that material may only achieve 3 wt% when the weight of tanks, temperature and pressure
control equipment, etc., is considered. A light weight nanostructure with a large surface-to-bulk
ratio is ideal for hydrogen storage. As a result the hydrogen storage capacity of single walled
nanostructures has become extremely important. Since the synthesis of carbon nanotubes by
lijima, [16] the synthesis and application of one dimension, nanometer scaled structures have
increased considerably. Dillon et al. [17] have reported that carbon nanotubes (CNTs) can be
used for hydrogen storage and have measured the H, adsorption capacity of SWCNT which
ranges from 5 -10 wt %. Recent theoretical studies indicate that the binding energies of
molecular hydrogen on boron-nitride nanotubes (BNNTs) exceed that of CNTs considerably
[18]. Hence the possibility of hydrogen storage in similar polar nanotubes, made up of two
different atoms, such as SiC becomes an interesting study.

Silicon carbide (SiC) in bulk form is one of the hardest materials and is very suitable for

operations in extreme environments. Group IV elements, with the exception of carbon, have



significant energy difference between sp2 and sp3 bonds [19]. This large energy difference is
also seen in case of SiC bonds. Different groups have successfully synthesized SiCNTs [20-26].
For brevity; only few of the methods have been discussed here. Synthesis of SICNTs resulting
from the reaction of silicon (via disproportionation of SiO) and multiwalled carbon nanotubes (as
templates) have been successfully reported by Sun et al. [20]. Synthesis of SICNTs using high-
temperature reactions between silicon powders and multi-walled carbon nanotubes have been
reported by Borowiak-Palen et al. [22]. Very recently, using periodic boundary conditions and
the DMol suite of software, Meng et al. have studied hydrogen adsorption in silicon carbide
nanotubes coated with Ti metal atoms [27]. They concluded that SICNT materials could be used
as an excellent hydrogen storage media. There are certain advantages SiC nanotubes enjoy
over carbon nanotubes. They have high reactivity of exterior surface, stability at high
temperature and can form harsh environment nanotube and nanofibre reinforced ceramics [28].
Similar work has been carried out using boron and nitrogen doped SICNTs [29]. In order to
study hydrogen storage in SICNTs experimentally Rong-an He et al. [30] synthesized SICNTs
from multi walled carbon nanotubes (MWCNTSs) via chemical vapour reaction (CVR) and
purification. Measurements carried out on SiICNTs by them have revealed that the hydrogen
storage capacity of SICNTSs is superior to those of MWCNTSs.

Most stable SiC nanotubes have been found to possess one to one ratio of Si and C
atoms in their atomic arrangement as any other ratio would collapse the tube into nanowire or
clusters with solid interiors [31]. Two atomic arrangements of SiC nanotubes (type 1 and type 2)
had already been studied by M. Menon et al. [32]. Recently, it has been found out that there can
be three types of armchair nanotube types, based on spatial configuration [33] and that the
armchair structures show more stability as more compared to zigzag configurations.

In case of type 1, SiC atomic arrangement can be discussed as rows of alternating Si and C
atoms perpendicular to the nanotube axis. Each Si atoms has three C neighbors and vice

versa with only Si-C bonds. In type 2 atomic configuration each layer has either Si or C atoms



perpendicular to the nanotube axis. C atom has two Si neighbors and one C neighbor and vice
versa. Type 2 nanotubes contain C-C and Si-Si bonds in addition to Si-C bonds. Calculations
have revealed that type 1 SiC nanotubes with alternating Si and C atoms are energetically
preferred over the SiC nanotubes that contain C-C and Si-Si bonds. [33]. The type 3 SiC
nanotube [33] has the same number of Si and C atoms, with similar one to one ratio, but differs
in the relative atomic arrangement of Si and C atoms. In type 3 arrangements each Si has two
C and one Si neighbors, similar to type 2, but Si and C atoms are arranged alternatively in
each layer (the layer perpendicular to the tube axis) similar to type 1. All three nanotube
structures are close in energy but type 1 is more stable as compared to type 2 and type 3.
Mpourmpakis et al. [34] has mentioned that the storage capacity in SiC nanotubes exceed that
of CNTs by 20%. They also stated that the binding can increase further under low temperature
and high pressure conditions. Thus, according to them SiCNTs are more suitable material for
hydrogen storage as compared to pure CNTs. However, only one nanotube type and only a
specific adsorption site in that type has been considered in their study. These considerations
along with the previous work on SiC nanotubes done in our group [33] has guided us to study a
detailed adsorption site-specific study of the interaction of hydrogen molecules with the three
armchair SiC nanotubes (all three atomic configuration types). The hydrogen molecule has
been studied for adsorption both from inside the nanotube and from the outer wall of the
nanotube. This also helps us to explore the possibility of utilizing SiC nanotubes as an effective
medium for hydrogen storage.

This thesis has been organized into five chapters. In the first chapter we have given an
introduction to SIiC nanotubes. In the second chapter the density functional theory and
computational details have been discussed. In the third chapter the hydrogen molecular
adsorption from the outer wall for three types of (9, 9) armchair SiC nanotubes [35] have been
discussed and the results form these studies have been compared to previous studies. Studies

on the hydrogen molecular interaction, with the hydrogen molecule adsorbed from inside the



nanotube have been done and have been compared with the outer wall adsorption. We have
chosen nanotubes ranging from (3, 3) to (6, 6) for this purpose. Previous studies done on
armchair SiC nanotubes ranging from (3, 3) to (11, 11) have indicated that beyond (6, 6), the
binding energy of the nanotubes saturates [33]. Hence to simplify some of the computational
constraints involving more atoms and for reasons above we have limited our study to (6, 6)
armchair nanotubes. By choosing a smaller nanotube we expect to study the inner wall
interaction of the hydrogen molecules in more details. The results of our study have been
discussed in the later part of the chapter. Apart from single molecular adsorption we have also
done co-adsorption of two hydrogen molecules in order to explore the possibility of getting
better binding energy. For each of the sites where a single molecule has been adsorbed there
are several unique co-adsorption sites available. Co-adsorption of the hydrogen molecules have
been carried out for (3, 3) to (6, 6) armchair nanotube structures. As in single hydrogen
molecular adsorption, in case of co-adsorption too, both inner wall as well as outer wall
adsorption has been studied. The results of our study have been laid out in chapter 4. The last

chapter deals with the conclusions and contains suggestions for future work.



CHAPTER 2
THEORY

2.1 Density Functional Theory

Hartree-Fock (HF) theory and density functional theory (DFT) are the two standard
methods in computational condensed matter physics. Both of these theories are simplistic
versions of the full problem of many electrons moving in the potential field. Amongst both the
theories density functional theory, which results from work of Hohenberg, Kohn and Sham [36-
43] has been the most popular method. Time-independent Schrédinger equation can be used in
many cases to study problems related to electronic structures. In case of an isolated system
with N electrons in the Born-Oppenheimer nonrelativistic approximation, this is given by
HWY = EW (2.1)

Where H is the Hamiltonian in atomic units,

N 1 N N 1
H=>Y (-0 +> v(r)+y — (2.2)
i 2 =1 i<i T
in which
Z
=-) @ 2.3
V(r) ;lri _Ral ( )

is taken to be the “external” potential due to nuclei of charges Z , acting on the i electron. The
electronic energy is given by Eand W = lJJ(Xi ,X2,...,Xn) is the many-electron wave function,

where X denote the particle coordinates and spins. For the last few decades physics have

strived to solve the many particle problems. There are essentially two ways in which physicists

approach  this problem. One is by considering the many-electron wave



function lJJ()(i , X ,...,Xn) [44]. The many-electron wave function is constructed from the product

of single particle functions.

lP()q,Xz,...,Xn): LlJl(Xl)qJZ(XZ)"'LPn(Xn) (2.4)

Each of the functions l1—’1(X1) satisfies a one-electron Schrédinger equation with a potential

term arising from the average field of the other electrons,

2
{—%Dz +V,, +cpi}lJi (X) =&W.(X) (2.5)

where the Coulomb potential @ is given by Poisson’s equation

N 2
2 — 2
D%, =4re ;wi | (2.6)
J=Li#]

and where V_, is the potential due to the nuclei. Now, the simple product wave function can be

replaced by a single determinantal function, which leads to the so-called Hartree-Fock
approximation [45-46] which results from the Pauli Exclusion Principle. The total energy
calculation improves after the inclusion of Fermi statistics thereby introducing an additional,
nonlocal exchange term. However the single particle picture, with the wave function described
in terms of orbital with particular spins and occupation numbers remains unchanged. Since the
lowest-lying configuration is generally only one of many comparable energies, it has been
observed that a single configuration (Slater determinant) wave function inevitably lead to a poor
energy. A better approximation would result from taking a linear combination [47]. This
approach is known as “configuration interaction” (Cl). It also includes the correlation effects
beyond Hartree-Fock approximation by improving the many-particle wave functions. CI in
principle provides an exact solution of the many-electron problems. The number of
configurations with increasing electron number has increased explosively in real practice limiting

its application to only small systems having relatively few electrons. Also, due to the complexity
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of the resulting solutions it has become increasingly difficult to interpret the results. Another
alternative approach which is based on the density of electrons in the system n(r) is the

Thomas-Fermi model [48-49].
n(r) = derz...jdrnLP* (s fo e YW, Ny yenl). (2.7)

The Thomas-Fermi model is based on the assumption that the motions of the electrons are

uncorrelated. It also assumes that the local approximation based on the results for uniform

electron gas, [n(r)]5/3can describe the corresponding kinetic energy. The fact that by

incorporating a term derived from the exchange energy density in a homogenous system was
described by Dirac [50] very shortly there after. In a system of variable density the exchange

]1/3

potential could be approximated by a term. This term has a local dependence ~ [n(r) based

on electron density. In fact, the concept of the “exchange” or “Fermi” hole helps to explain this
dependence on the density. In other words this concept is based on the fact that the region near
an electron is avoided by electrons of the same spin, and not on the exchange potential in a
homogenous system. A prototype for modern density functional theory was given by the
Thomas-Fermi model and is based upon two Hohenberg-Kohn theorems [37].

It is to be noted that the number of electrons is represented by N Hamiltonian in (2.2),

and the external potential is represented by V(r) in the Hamiltonian (2.2) Because of that all
properties for the ground state are determined are determined by V(r) and N . The use of
electron density N(r) as the basic variable has been permitted to be used in place of N
and V(r), by the first two Hohenberg-Kohn theorems. The Hohenberg-Kohn theorem states the
following: The external potential V(r)is determined, within a trivial additive constant, by the

electron density n(r) .

The proof of the Hohenberg-Kohn theorem is quite straightforward. For some N-

electron system, the number of electrons is determined by Consider the electron density for the



non-degenerate ground state of some N-electron system. It determines the number of electrons

by

jn(r)dr =N ,where n(r) is the electron density for the non degenerate ground state (2.8)
We know that V(r) is determined from n(r) . Hence the ground-state wave function ¥

is determined fromn(r). Similarly, other electronic properties can also be determined

fromNn(r) . Let us consider two external potentials VandV,. Taking into fact that they differ by

more than a constant, and each give the same N(r)for its ground state. It is possible to

construct two Hamiltonians Hand H,whose normalized wave functions Wand W, are
different, although their ground-state densities are the same.

HW = EWY (2.9)
H,W =EWY, (2.10)
Hand H, have the ground-state energies Eand E, respectively. Hence for W, its
expectation value H would be greater than E,

E<(WIH|W )=(W [H+H -H,|¥ )

=(WH W )+ (W H-H, W, ) (2.12)
=, + j n(r)[v(r) = v, (r)]dr

In a similar way, in W, the expectation value of H,in would be greater than E,

E, <(W[H,|W)=(WY|H +H-H|¥)
=(WIH W )+(WH-H, W) (2.12)

=E+ j n(r)[v(r) = v, (r)]dr

By adding (2.11) and (2.12), we get



E+E <E+E (2.13)

But two different external potentials cannot give the same ground-state densities. Otherwise

there would be a contradiction.
Thus, all properties of the ground state are determined N(r) determines both N and

Vand hence. Therefore, the ground state total energy can be written as a functional of the

electron density,

E[n] = T[n]+V, [n] +V,.[n] = [ n(r)v(r)dr + R [1] (2.14)

where T[n] is the kinetic energy, Vne[n] is the nuclei-electron interaction energy and Vee[n] is

the electron-electron Coulomb interaction energy and F, [n] is a universal functional of Nn(r)

in a sense that F, [n] is defined independently of the external potential v(r),

Fox [n] = T[n] +Vee[n] (2.15)
The second Hohenberg-Kohn theorem states: For a trial densityn,(r), such that

n(r)= Oandjnl(r)dr =N,

E, < E[n,] (2.16)

Where E[nl] is the energy functional of (2.14).

This theorem gives the energy variational principle. It means that the ground-state

electron density as the density that minimizes E[n]. Since the first theorem assures that
n, (r) which determines its ownV,, Hamiltonian H, , and wave function W, can be taken as a
trial function for the Hamiltonian H of interest with external potential vV. Thus,

(W IH|W )= '[nl(r)v(r)dr +Fy [n] = E[n] = E[n] (2.17)

The variational principle (2.16) requires that the ground-state density satisfy the following

stationary principle,
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J{E[n]—,uU n(rydr -N|}=0 (2.18)
which gives the Euler-Lagrange equation

_ N _ o ]
'u_&](r) v(r) + (1) (2.19)

where the quantity (4 is the chemical potential.
Knowing the exact F, [n] (2.18) gives an exact equation for the ground-state density.

Once an explicit form of FHK[n] either approximate or accurate is found, this method can be

applied to any system. Equation (2.19) is the basic working equation of density-functional
theory. However, accurate computational implementations of the density-functional theory are

far from easy to achieve, due to the difficulty in obtaining the explicit form of the

functional F,, [N] . Although the Hohenberg-Kohn theorems are not insightful of actual methods

of calculation, as it is usually V(r) rather than Nn(r) that is known, they provide confidence that it

is sensible to seek solutions based on the density rather than the wave functions for many-body

problems.

Early attempts to approximate the universal functional F,,, [n] used the Thomas-Fermi
approximation for the kinetic componentT[n]. However only very crude answers can be
obtained with this local functional for the kinetic energy, no matter how sophisticated the
approximation for the Vee[n] component is. Kohn and Sham thereafter proposed a highly

nonlocal functional giving the major part of the kinetic energy and the scheme making the
density functional theory practical. They invoked a non-interacting reference system, with the

Hamiltonian,

N

N
0.%) D Ve (1) (2.20)
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For which the ground-state electron density is exactly N(r) . Thus, for this system, there will be

an exact ground-state wave function.

-1

TN

where the W, are the N lowest eigenstates of the one-electron Hamiltonian h,:

W def{w,w,.. v | (2.21)

hW = |- V0% +vy (D)W =g w (2.22)
and

N 2
n(r) = ZZM (r,s) (2.23)

The kinetic energy is then given by T [n],

T,[n] = i<‘#i‘—%D2

i=1

w > (2.24)

The kinetic energy of the independent electrons in their ground state (i.e. electrons without

mutual Coulomb repulsion), under the action of an external potential such that their ground state
density is N(r)is given by the equation above. Now the universal functional can now be

restructured as
Foac[n] = TI] + V. [n]
=T,[n] + I[n] + (Tn] = T,[n] +V,.[n] - I[ni)
=T,[n] +J[n] + E.[n] (2.29)

Where J[n] is the classical Coulomb interaction energy.

_len(on(r) oo
J[n]—zj =] drdr (2.26)

While the defined quantity

12



E..[n] =T[n] —T,[n] +V[n] = I[n] (2.27)

is called the exchange-correlation energy. It is to be noted that Ts[n] here is not the true kinetic
energy of the interacting system whose ground state density is N(r), but is in fact much closer
to the kinetic energy T[], in the final optimized description, than it is to the Thomas-Fermi

kinetic energy. There are two parts of contributions to the exchange correlation energy Exc[n] :

one is from the non-classical effects of the electron-electron interactions and the other is from

the kinetic energy. The Euler equation now becomes

M=V (r)+% (2.28)

where the Kohn-Sham effective potential is defined by

a[n] , &, [n]

V. (r)=v(r)+ 2.29
o (1) =V(r) &) e (2.29)
=v()+ [ dres, (1)
r=ri
Which the exchange-correlation potential
ok, .[n]
rN=—— 2.30
Ve () () (2.30)

As seen in Figure 2.1, the Kohn-Sham computational scheme for DFT is shown as a flowchart.

The effective potential vV as we see from equation (2.29) is also a functional of the electron

density, such that equations (2.22) to (2.30) have to be solved self-consistently. To start with a

guessed density nO(r) is assumed which is usually constructed from the atomic wave functions.

Then the effective potential V is calculated through equation (2.29) and is used in equation

(2.22) to solve the single-electron Schrodinger equation. Using equation (2.23), a new electron

13



density N(r) can be formed (2.23). The total energy from equations (2.14, 2.24 to 2.27), can be

computed once the convergent requirement is achieved.

The single Euler equation (2.22) includes a more general local effective potential
incorporating the exchange and correlation interactions between electrons but has the same
form as the Hartree equation. Therefore, to solve the Hartree equations the computational
efforts would be the same as required to solve the Kohn-Sham equations and significantly less
than to solve the Hartree-Fock equations. In principle, the exact ground state properties are
given by Kohn-Sham equations provided the exact exchange correlation potential is given.
However, methods to provide the explicit exchange and correlation functionals is not given by
Kohn-Sham scheme and therefore, approximations need to be considered.

2.2 Exchange and Correlation Functionals

The exchange correlation functionals can be approximated in three distinct ways,
according to DFT. They are the local density approximation (LDA), the generalized gradient
approximation (GGA) and the hybrid approximation.

2.2.1. Local Density Approximation
Kohn and Sham proposed the local density approximation. They showed that it is

possible to apply it to the limiting case of a slowly varying density [58].
Ex2A[n] = [ n(r)é,, (n)dr (2.31)

Where for a uniform electron gas of densityn(r), &,.(n)is the exchange and correlation
energy per particle. The local approximation to the Kohn-Sham exchange-correlation potential is

given by the functional derivative of E--A[N] .

LDA
- £XC

dg~><C(n)
~n(r)

o

Vie (1)

= £, (n(r) = n(r)

(2.32)

The Kohn-Sham equation becomes
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n(r')
Ir=r]

[—%DZ +v(r) +_[ dr'+vLDA(r):|l4J1 =W, (2.33)

| XC

E.(N)=¢,.(n)+&.(n) (2.34)

Where for a homogeneous electron gas sx(n) is the exchange energy per particle.

1/3
£,c(N) = _%(ﬁj n(r)*® =- 04582 (2.35)
JT r

S

and for a homogenous electron gas, &, (n) is the correlation energy per particle

_19 g g
g.(n) = E(r_j + rs?’}z + rs—g + J for rg >>1 (2.36)

Here I is the Wigner-Seitz radius,

me=

S

wls
Sk

(2.37)

By replacing the scalar external potential V(r) by a spin dependent potential va[,,(r) and also

replacing the charge density N(r) by the density matrix N, (r)[51-53], the Kohn-Sham-LDA is

further extended to the spin dependent case. The electron densities can be treated separately,

with  spin  projecton up n,(r) and downng(r). Similarly, one can deal
withn(r) =n, (r) +n,(r), along with the polarization{ (r) = [na(r) - nﬁ(r)J/n(r). { takes
values between -1 (fully polarized downwards) and +1 (fully polarized upwards). In a similar way

it is possible to deal with N(r) as well. The spin-up and spin-down Kohn-Sham wave functions

generate the spin-up and spin-down densities. LDA for atomic and molecular systems with
unpaired spins was improved by local spin density (LSD) approximation.
The knowledge of the uniform electron gas to predict properties of the in homogenous

electron gases that occurs in atoms, molecules and solids can be used by LDA and its spin
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generalization LSD. The success and importance of LDA and LSD computational schemes in
can hardly be exaggerated as far as the solid state computations are concerned. Particularly,
for most systems of interest, LSD usually has moderate accuracy. Errors of order 5-10% have
been reported. It makes the same kind of mistake in every system it's applied to and hence in a

LDA(

way its reliable. The fact that the exchange-correlation hole N

r,r,) is spherically
symmetric and that it obeys the sum rule which corresponds to the fact that, if an electron has

been found at 1, , then there is one less electron left to find elsewhere (i.e , by integral over all

r,), can be majorly attributed to the success of LDA and LSD.
InchD A(ry,rp)dr, =-1 (2.38)

LDA(

Where the exchange-correlation hole N

r,,r,) is defined by
\Y/ ='[.[in (r,,r,)dr,dr =J[n]+lﬂin(r)nLDA(r r,)dr,dr (2.39)
ee r12 2\'11"2 12 2 r12 177 'xc 1772 12 :

with J[Nn] being the classical Coulomb interaction. This is true because for everyr,,

n'x‘cDA(rl,rz) is the exact exchange-correlation hole of a homogenous electron gas having a

LDA
XC

density N(r,) . Hence, the total charge of N, (r;,r,) is correctly described by LDA and LSD .
2.2.2. Generalized Gradient Approximation

The LDA formula for E,_ is formally justified for systems with slow varying densities,

and hence it seems to be a logical extension seek gradient corrections to EXLCDA by the gradient

expansion approximation (GGA), thereby expanding the functional in a Taylor series in

gradients of the density [54],

On.(r) Ong,(r)
EchA[na,nﬂ]:EXLCSD[na,nﬁ]+Z[;“Jcaﬁ(na(r),nﬁ(r)) "253). nﬁm d’r (2.40)

n, B
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However, for systems such as atom and molecule, GGA does not give better energy than LDA.
The reasons are following: (1) GGA exchange-correlation hole at only short separations can
improve the LDA hole. However, at large separations it is poorly damped and oscillatory. (2)
The sum rule of the exchange-correlation hole is violated by GGA .That made it possible for
Perdew to introduce the so-called generalized gradient approximation [55-60] which makes it
possible for the exchange correlation energy which can now be written as a functional of both

the density and its gradient:
Ex[n,.ng] = [drf (n, ()0, (r),0n, (r), 0ng (r) (2.41)

The first modern GGA was that of Langreth and Mehl [87]. They were the first to propose the
idea of truncating the gradient expansion for the exchange-correlation hole. Perdew et al. [59,
60] proposed several versions of GGA functional which removed some of the problems
encountered by GGA. He introduced the real-space cutoff procedure on the hole thereby
restoring the sum rule or the normalization and negativity conditions on the GGA hole and
generating a short-ranged hole whose angular and system average was much closer to the true
hole. No free parameters were incorporated by the Perdew-Wang 1991 (PW91) GGA functional
[60]. It is also possible to entirely determine it from uniform electron gas properties .The
Perdew-Burke-Ernzerhof [59] functional is a simplified and refined version of the PW91
functional. Becke [56]. The exchange functional known as B88 was derived which incorporated
the known behavior of the exchange hole at large distances outside a finite system. The
correlation energy as an explicit functional of the density was obtained by Lee, Yang and Parr
[57] and it's gradient and Laplacian are now generally known as the “LYP” functional.

The well-known GGA functionals in some calculations, approach the accuracy of
traditional quantum chemical (e.g. Configuration Interaction) methods, at much less
computational cost. It also systematically improves the LDA. However, the quasilocal nature of
GGA, fails to describe the dispersion or long-ranged van der Waals interaction arising from

long-ranged correlated electronic density fluctuations in the weak bonding systems such as
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noble gas dimmers. Neither LDA nor GGA can accurately describe. GGA, like LDA has the
difficulty to describe the hole centered for from the electron causing the hole.
2.2.3. Hybrid Density Functional Method

Based on local or semi local nature of LDA and GGA, Becke proposed the so-called
Hybrid Density Functional method incorporating the exact treatment of exchange by Hartree-
Fock theory with DFT approximations for dynamical correlation. This idea was inspired by re-

examination of the adiabatic connection,

H, =T +AV,+> v, (r) (2.42)
i
Where Ais an inter-electronic coupling-strength parameter that “switches on” the

% coulomb repulsion between electrons. A =0 corresponds to the non-interacting Kohn-
12

Sham reference system, while A =lcorresponds to the fully interacting real system, with

Nn(r) being fixed as the exact ground state density of H ,. The E,_[n] can be written as

1

E,[n] = [dAU[n] (2.43)
0

where,

Unl = (W |V | W)= J[n] (2.44)

The obvious first approximation for the A dependence of the integrated in equation (2.43) is a

linear interpolation, resulting in the Becke’s half-and-half functional:
Eh&h —_ 1 (U 0 + U 1 )
Xc [n] - E Xc Xc (2.45)

Where U ;’c is the exact exchange energy of the KS determinant. Uic represents the potential

energy contribution to the exchange-correlation energy of the fully interacting system. This half

and half functional has the potential of having a finite slope as A — 0. It becomes exact if
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DFT
Exc,)l =

, is exact and when the system has high density. However, a good quality of the total
energy is not provided by it and the uniform gas limit is not obtained. Based on the above facts,
Becke proposed the semi-empirical generalization of 3-parameter hybrid exchange-correlation

functional

EXEZ3 = EL‘CSDA + ao(Efxact - EXLSDA) + axAEfGA + acAEcGGA (2.46)

Where, a,,a,and a_are semiempirical coefficients an appropriate fit to experimental data
helps to determine them. E)‘f"""CI represents the exchange energy of the Slater determinant of
the Kohn-Sham orbitals. AECGGA represents the gradient correction for the correlation and

AESGA represents the gradient correction for the exchange and.

Both methods based on Hartree-Fock (HF) theory and density functional theory (DFT)
have their advantages and disadvantages.[36-39,61] For example, DFT within the local spin
density approximation (LSDA) calculations underestimate the band gaps of semiconductors.
The discontinuity of exchange-correlation Kohn-Sham potential results in this discrepancy
between theoretical and experimental band gaps. [62, 63] On the other hand, hybrid density
functional theory incorporating HF exchange with DFT exchange-correlation has proved to be
an efficient method for many systems. It has been recently verified that hybrid functionals can
reproduce the band gaps of semiconductors and insulators quite well. [64, 65] In particular,
screened hybrid functionals can accurately reproduce band gaps in carbon based materials.
[66-69]

2.3 Computational Method

In this work, we have opted to use hybrid density functional theory and compare the
results using pure density functional theory for initial outer wall hydrogen molecular adsorption
in (9, 9) armchair nanotube. That is because the primary objective of the (9, 9) outer wall

adsorption study had been to compare out results with those made by Mpourmpakis et. al. [34]
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Later calculations involving hydrogen molecular adsorption and co-adsorption for armchair
structures ranging from (3, 3) to (6, 6) have been performed using hybrid density functional
theory for a detailed step by step investigation of SiC nanotubes. In particular, we have used
the B3LYP [56, 57] hybrid functional and the PWO91, [70] pure density functional as
implemented in the Gaussian 03 suite of programs [71] The dangling bonds have been
terminated by hydrogen atoms to simulate the effect of infinite nanotubes.
2.3.1 Dimer Calculations

Using the B3LYP method, the ionization potential and electron affinity of the Si atom are
8.14eV and 0.80eV, to be compared with the experimental values of 8.15eV and 1.39eV,
respectively. For C atom, our theoretically computed values are 11.44eV and 0.37eV, and the
experimental values are 11.26eV and 1.2eV, respectively. In case of SiC dimer, our values for
the theoretical ionization potential and electron affinity are 8.86eV and 1.79eV, to be compared
with the experimental values of 9.29eV and 3.8eV, respectively. The calculated bond length of
the SiC dimer is 1.72 A and the corresponding experimental value is 1.89 A. For PW91, the
ionization potential and electron affinity for Si atom are 8.25eV and 0.98eV, respectively. For C
atom, our theoretically computed, corresponding values are 11.48eV and 0.21eV. In the case of
the SiC dimer, our values for the theoretical ionization potential and electron affinity are 8.92eV
and 1.92eV. The calculated bond length of the SiC dimer is 1.74 A. Also for Si, C, H, SiC, SiH
and CH dimers the B.E/atom values for B3LYP are 1.55eV, 3.08eV, 2.43eV, 2.15eV, 1.64eV
and 1.83eV, respectively. The corresponding values using PW91 are 1.75eV, 3.45eV, 2.34eV,
2.41eV, 1.60eV and 1.53eV. The corresponding experimental values are 1.69eV, 3.15eV,
2.26eV, 2.34eV, 1.55eV and 1.75eV. Thus, the methods and the basis set used are deemed to
be quite satisfactory.
2.3.2 Basis sets and functionals used for various calculations

The basis set chosen was 3-21G* where the exponents of the polarization functions

were optimized to yield the energy minima at the experimental dimer bond lengths. The d
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exponent for the C atom was found to be 0.91 and the p exponent for the H atom was 1.04
[Figure. 2.2-2.3]. The same basis set has been used consistently for all calculations. However
the functional used in case of adsorption of the hydrogen molecule from outside the nanotube
at various uniquely available sites in case of the (9, 9) armchair structures, is B3LYP and
PW91. Manual optimization of the vertical distance of the hydrogen molecule has been carried
out by optimizing the binding energy with the hydrogen molecule placed at different vertical
distances from the adsorption sites. The results that are obtained using both B3LYP and PW91
functional are compared to determine how the sites stack up with respect to binding of the
hydrogen molecule.

After optimization of the bare SICNT armchair (9, 9) structure using 3-21G* basis set,
for both B3LYP and PW91 methods, it is found that for SICNT type 1 structures, more
electronegative C atoms move outward and more electropositive Si atoms move inward
resulting in two concentric cylinders [Figure. 2.4]. The tube diameter for type 1 optimized
structure using B3LYP functional is 15.492 A and the radial buckling in this case is 0.030 A.
Using the PW91 functional, the tube diameter for the type 1 optimized structure is 15.542 A and
the corresponding radial buckling is 0.035 A. This results in stretching of the sp® hybridized Si-C
bonds and thus, weakening the bonds in the process. For type 2 SICNT, upon optimization of
the bare SICNT structures, using 3-21G* basis set, for both B3LYP and PW91 methods, the
average radial distance of Si atoms were higher than that for C atoms [Figure. 2.4], because in
those structures in addition to Si-C bonds there are Si-Si and C-C covalent type bonds as well.
The tube diameter for type 2 structure is 15.942 A using B3LYP functional and 15.993 A using
the PW91 functional. The corresponding radial buckling are 0.102 A and 0.106 A for B3LYP and
PWO91, respectively. In case of type 3 structures the tube diameter using the B3LYP method is
15.648 A and 15.678 A using the PW91 method. The corresponding radial buckling is 0.0025 A,
using the B3LYP method and 0.0027 A, using the PW91 method. Thus, we find using both the

B3LYP and PW91 methods, the type 3 structures become slightly C coated. However, the radial
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buckling can be considered insignificant for type 3 structures optimized using both B3LYP and
PW91 functional.

Now when the hydrogen molecule is absorbed from inside and outside the nanotube
for all armchair structures ranging from (3, 3) to (6, 6) and for all three types, the bare
nanotube structures are first optimized using B3LYP functional. The structures are optimized
once again with the hydrogen molecule absorbed both from inside as well as outside the
nanotube at various uniquely available sites and using the same functional.

In case of co-adsorption of hydrogen molecules at various uniquely available site
arrangement for all armchair structures ranging from (3, 3) to (6, 6) and for all three types, with
a hydrogen molecule already adsorbed at a particular site, the functional used is again B3LYP.
All computations reported here have been performed using the supercomputing facilities at the

University of Texas at Arlington.
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Figure 2.2: Ground state energy in a.u vs. d exponent for carbon dimer using 3-21G* basis set.
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. Type 2 SICNT (9, 9)
Type 1 SICNT (9, 9) Tube diameter = 15.942 A

Tube diameter = 15.492 A Radial buckling = 0.102 A

Radial buckling = 0.030 A

Type 3 SICNT (9, 9)
Tube diameter = 15.648 A
Radial buckling = 0.0025 A

Figure 2.4: Tube diameter and buckling. The carbon atoms are shown in brown and the silicon
atoms are shown in yellow. All the above structures have been optimized using B3LYP method. In
case of Type 1, the carbon atoms move outwards but for type 2, the silicon atoms move outwards.

In case of type 3, the buckling is insignificant.
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CHAPTER 3
MOLECULAR HYDROGEN ADSORPTION IN SIC NANOTUBES

3.1 Construction of different types of nanotubes

SiC nanotubes have been constructed using finite cluster-CNT based approach where
a graphene-like sheet of Si and C are rolled to form a nanotube. The two sites of the two
dimensional graphene-like sheet which are crystographically equivalent are connected and the
rolling can be described in terms of a chiral vector Cy,. This chiral vector is an integer multiple
of the two basis vectors a; and a,, which is C,, = ha; + ma,. It maps an atom from the left hand
border onto an atom on the right border line. The chiral vector is thus determined from the
integer pair (n, m) which also describes the geometry of any nanotube. In the case of an
armchair nanotube n=m and the chiral angle is 30° As has been mentioned before, armchair
nanotubes having type 1 arrangement, there is no adjacent silicon and carbon atoms and are
placed alternatively in each layer perpendicular to the tube axis. However the basic difference
between type 2 and type 3 is the difference in relative spatial position of silicon and carbon
atoms. In type 2 each silicon atom is surrounded by two carbon and a silicon atom and vice
versa. Also each layer perpendicular to the nanotube axis has only silicon or carbon atoms.
Thus along the nanotube axis there are alternate layers of silicon and carbon atoms. In type 3
as in case of type 2 each silicon atom is surrounded by two carbon and a silicon atom, and
vice versa. However for each of the layers perpendicular to the nanotube axis, type 3 is very
similar to type 1. The layers have no adjacent silicon or carbon atoms and are placed
alternately. The relative positions of silicon and carbon atoms are shown in [Figure. 3.1].

3.2 Adsorption of hydrogen molecule in (9, 9) armchair nanotubes

Exohedral interactions of a hydrogen molecule with a (9, 9) armchair SiC nanotube has

been considered. Of course, the molecule can also approach the nanotube wall from inside in a
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direction such that the hydrogen molecular axis can make any angle between 0°and 90° To
start with, we have specifically studied the vertical approach of hydrogen molecule to the outer
part of the tube wall. The binding energy (BE) is obtained by comparing the total energy of the
spin-optimized composite system SICNT+H2 with the total energies of the optimized separated
systems, namely SICNT and H2 with the 3-21G* basis set:
BE = E (SiCNT) + E (H2) — E (SICNT+H2) (1)
For type 1, which has only one type of bond, we have five different sites available
[Figure. 3.1]. In the first case, the hydrogen molecule approaches the nanotube vertically on top
of the carbon atom. We call this site type 1 carbon top (T1CT). In the second case the hydrogen
molecule approaches the silicon atom vertically. This site is called type 1 silicon top (T1SIT).
The third site, called type 1 hollow site (T1HS), lies at the centre of the hexagon. The fourth site
is the centre of the silicon and carbon bond. There are two such bond orientations available.
One is the normal bond and the other the zigzag bond. The corresponding sites are type 1
carbon silicon normal bridge (T1CSINB) and the Type 1 carbon silicon zigzag bridge
(T1CSIZB). The graphs in [Figure. 3.2] show the BE of the hydrogen molecule as a function of
the distance of the nearest hydrogen atom, of the approaching hydrogen molecule, from the
tube wall, using both B3LYP and PW91 for all sites. [Table 3.1] shows the BE versus the
distance of the nearest hydrogen atom, of the approaching hydrogen molecule, and the
optimized values of both quantities using both the B3LYP and the PW91 functionals. For type 1
structure using B3LYP method, the order of the binding energies is as follows:
BE (T1CSINB) > BE (T1CSIZB) > BE (T1HS) > BE (T1CT) > BE (T1SIT). 2)
The minimum value of the binding energy obtained in this case is 0.044 kcal/mol and the
maximum value obtained is 0.277 kcal/mol. There is significantly less dispersion in the values of
the optimized distances, either 3.5 A or 3.3 A. The SiH bond has the lowest binding energy
amongst the three bonds SiH, CH and SiC, the corresponding values being 1.64eV, 1.83eV and

1.93eV, respectively. We believe that this contributes to the low BE for T1SIT site. Also our
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analysis shows that the HOMO contribution of C-Si normal bridge bond site is higher than that
of other sites. This explains why the T1CSINB site is the most preferred site [Figure. 3.5].

For the type 1 structure using PW91 functional, the BE is significantly higher, as expected, for
all sites, from 0.701 kcal/mol to 1.134 kcal/mol and the hydrogen molecular distances are either
2.9 A or 3.1 A. Thus, the choice of the functional has lower effect on the adsorption geometry
than on the adsorption energy. The ordering of the binding energies is as follows:

BE (T1CT) > BE (T1CSINB) > BE (T1CSIZB)> BE (T1HS) > BE (T1SIT) (3)
Thus, from our study we can say that there are more preferred bonding sites compared to TIHS
which is different from the conclusions reported by Mpourmpakis et al. [34]. We also note that
for B3LYP functional, as the BE increases the distance of the hydrogen molecule from the
nanotube decreases. For TLICSINB which has the highest BE, this distance is 3.3 A and 3.5 A in
case of T1SIT which has the lowest BE. However, this conclusion does not hold true for the
PW91 functional.

For type 2, there are seven different bonding sites available and three different types of
bonds, namely C-C, Si-Si and Si-C. First two sites in type 2, carbon top (T2CT) and silicon top
(T2SIT) are similar to TLCT and T1SIT. Taking the hydrogen adsorption site at the middle of the
three different types of bonds, the next three different sites are carbon silicon bridge (T2CSIB),
silicon silicon bridge (T2SISIB) and the carbon carbon bridge (T2CCB). Two different hollow
sites are type 2 first hollow site (T2H1S) and type 2 second hollow site (T2H2S). The adsorption
energy obtained for different sites using the B3LYP method is of the following order [Table 3.2]:
BE (T2CCB) > BE (T2CT) > BE (T2H2S) > BE (T2SISIB) > BE (T2CSIB) > BE (T2SIT) >
BE (T2H1S) (4)
Thus, T2H1S has the lowest BE (0.079 kcal/mol) with the BE for the T2H2S (0.263 kcal/mol)
being higher compared to that of T2H1S. In case of T2H1S the atoms of the hexagon are
compactly arranged as compared to T2H2S causing possible electron-electron repulsion to

occur [Figure. 3.1]. In case of T2H2S the atoms are spaced apart further. Hence the electron-
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electron repulsion may be less in this case. The BE of T2SIT is 0.143 kcal/mol. The low BE of
silicon top site may be attributed to the low binding energy of Si-H bond. The BE of T2CCB is
highest. The difference in enthalpies between sp® and sp°® lattices in case of carbon is small.
This allows carbon to shift between sp2 and sp3 hybridized states easily. When a hydrogen
molecule approaches the centre of the bond the carbon atoms have a tendency to form a sp®
hybridized bond with hydrogen molecule while other bonds, like Si-Si which are already sp®
hybridized may fail to do so. This possibly contributes to the T2CCB and the T2CT sites as the
more preferred hydrogen adsorption sites, with adsorption energies of 0.303 kcal/mol and 0.284
kcal/mol, respectively, as compared to the other sites. This is also evident from the HOMO plots
where the HOMO contribution of C atoms is bound to be significantly more than that of Si atoms
[Figure. 3.5]. The distance of the hydrogen molecule from the nanotube for the most preferred
site T2CCB is found to be 3.1 A. The binding energies obtained for different sites using PW91
method is of the following order:
BE (T2H2S) > BE (T2CT) > BE (T2CSIB) > BE (T2SISIB) > BE (T2CCB) > BE (T2SIT) >
BE (T2H1S) )
T2H1S has the lowest BE (1.206 kcal/mol), with the BE of T2H2S being the highest, 1.423
kcal/mol. The BE of T2SIT is 1.241 kcal/mol. The low BE of silicon top sites may again be
attributed to the low binding energy of Si-H bond. The BE of T2SISIB and T2CCB is almost the
same, being 1.283 kcal/mol and 1.276 kcal/mol, with the BE of T2CSIB being 1.340 kcal/mol.
For type 3, we have three different types of bonds as in the case of type 2 [Figure. 3.1].
They are C-C, C-Si, and Si-Si. In addition to that, two different types of C-Si bonds, one normal
to the tube axis and one in the zigzag direction, exist. Also there is only one hollow site possible
since the hexagons in the structure are all similar. Consequently, the seven different sites are
type 3 carbon top (T3CT), silicon top (T3SIT), carbon silicon zigzag bridge (T3CSIZB), carbon

silicon normal bridge (T3CSINB), carbon carbon bridge (T3CCB), silicon silicon bridge
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(T3SISIB) and the hollow site (T3HS). The binding energies using B3LYP method is of the
following order [Table 3.3].
BE (T3CCB) > BE (T3CT) > BE (T3CSIZB) > BE (T3CSINB) > BE (T3SISIB) > BE (T3HS) > BE
(T3SIT) (6)
The most preferred site is T3CCB. The possible explanation behind the BE of T3CCB
being more than that of other adsorption sites is the sp® hybridization factor as explained in type
2 before. The same kind of explanation holds for the carbon-top site. Significantly the BE of
carbon-carbon bridge site for both type 2 as well as type 3 using the B3LYP method is same,
which is equal to 0.303 kcal/mol.
Similarly the binding energies using PW91 method is of the following order:
BE (T3CCB) > BE (T3CT) > BE (T3CSIZB) > BE (T3SISISB) > BE (T3SIT) > BE (T3HS) > BE
(T3CSINB) (7)
Here also the T3CCB site is the most preferred site followed by T3CT. Amongst all
sites, where binding of hydrogen molecule has been studied using B3LYP method, the T2CCB
or T3CCB site has been found to be the best. We specifically comment on the T2CCB site. The
Mulliken charge analysis for the bare type 2 SICNT nanotube using B3LYP method gives the
average Mulliken charge for carbon as -0.531 e, average Mulliken charge for hydrogen as 0.037
e and the average Mulliken charge for silicon as 0.494 e. The overall charge distribution has
been shown in [Figure. 3.6]. When the hydrogen molecule is placed vertically on top of the
T2CCB site at 3.1 A, which is the optimized distance, the corresponding average Mulliken
charges for carbon is -0.529 e, 0.034 e for hydrogen atoms and 0.495 e for silicon atoms. The
approaching hydrogen molecule, has zero charge on each of the hydrogen atoms initially, but
gets polarized as it approaches this site. At the optimized distance, the hydrogen atom, in the
approaching hydrogen molecule, which is closest to the nanotube wall has a Mulliken charge of
0.014 e, while the other hydrogen atom, in the approaching hydrogen molecule, which is

farthest from the nanotube wall has a Mulliken charge of -0.016 e. This has been shown in
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[Figure. 3.8]. Similarly for all possible sites, where binding of hydrogen molecule has been
studied using PW91 method, the T2H2S site has been found to be the best. The Mulliken
charge analysis for the bare type 2 SICNT nanotube, using PW91 method, gives the average
Mulliken charge for carbon as -0.530 e, average Mulliken charge for hydrogen as 0.060 e and
the average Mulliken charge for silicon as 0.470 e. The overall charge distribution has been
shown in [Figure. 3.6]. When the hydrogen molecule is placed vertically on top of the T2H2S
site at 2.7 A, which is the optimized distance, the corresponding average Mulliken charge for
carbon atoms is -0.527 e, 0.056 e for hydrogen atoms and 0.471 e for Si atoms. The
approaching hydrogen molecule, has zero charge on each of the hydrogen atoms initially, but
gets polarized as it approaches the site. At the optimized distance, the hydrogen atom which is
closest to the nanotube wall has a Mulliken charge of 0.015 e, while the hydrogen atom in the
approaching hydrogen molecule which is farthest from the nanotube wall has a Mulliken charge
of -0.010 e. This has been shown in [Figure. 3.8]. The BE obtained for different sites in SICNT is
not significantly high. However certain superior properties of SiCNT like high reactivity of
exterior surface and stability at high temperature allows SICNT nanotubes to possess certain
advantage over other nanotubes. This makes possible the use of SICNT nanotubes as a
storage medium under harsh environmental conditions [72].

3.3 Outer and Inner wall adsorption of hydrogen molecule in armchair nanotubes

To study the hydrogen molecular interaction, with the hydrogen molecule adsorbed
from inside the nanotube and compare with the outside adsorption, we have chosen nanotubes
ranging from (3, 3) to (6, 6) for all the three armchair types and all possible sites in each of
these nanotube structures. Studies done before on armchair SiC nanotubes ranging from (3, 3)
to (11, 11) have indicated that there beyond (6, 6) the binding energy of the nanotubes
saturates. [33] Hence, we have chosen nanotubes ranging from (3, 3) to (6, 6) armchair
configuration, thereby chosen a shorter diameter to study the adsorption of the hydrogen

molecule from inside the nanotube in more details. In this study, a hydrogen molecule is placed
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at different sites in three different types of nanotubes. The hydrogen molecule is made to
approach the tubes at various sites both from inside as well as from outer wall of the nanotube.
Our aim is to explore the binding energies of hydrogen molecule for the various sites. As a
precursor to the current work, we have studied hydrogen molecule adsorption on the outside, on
a SiC (9, 9) nanotube [73]. In this paper, as mentioned before, we have carried out a more
detailed study on all available sites from (3, 3) to (6, 6) structures, for hydrogen molecule
adsorption, both from inside and outside the nanotube. The various sites in different types of
nanotubes and the relative arrangement of silicon and carbon atoms, for all three types have
been shown [Figure. 3.1]. In the case of type 1 nanotube, having only Si-C bonds, silicon and
carbon atoms are placed alternatively without any adjacent Si or C atoms. In type 2 and type 3
nanotube structure having Si-C, Si-Si, and C-C bonds, the nearest neighbors of each Si atom
consist of two C atoms and another Si atom and vice versa. The difference between type 2 and
type 3 structures lies in the relative spatial positions of the Si and C atoms. If we consider one
layer perpendicular to the tube axis, in type 3, Si and C atoms are alternately arranged, while in
type 2 each layer contains either Si or C atoms. Type 1 has five different adsorption sites and
types 2 and 3 nanotubes have seven different adsorption sites each.

For each of the structures, there are three major adsorption sites: top, bridge, and
hollow. T1CT for type one, T2CT for type 2 and T3CT for type 3 are C top adsorption sites
directly perpendicular to the tube wall along the C atoms. Similarly, T1SIT, T2SIT and T3SIT are
Si top adsorption sites directly perpendicular to the tube wall along the Si atoms, for three
different types, type 1, type 2 and type 3 respectively. Also there are two major bridge sites
named as normal and zigzag bridge. The relative orientation of these bridge sites with respect
to the tube axis is clearly visible in [Figure. 3.1]. These two bridge sites are named according to
their adjacent atoms. Hollow sites are located at the middle of the hexagons. In types 1 and 3
there is only one type of hexagon present and hence there is only one hollow site. In type 2, two

different hexagons are present and this gives rise to two different hollow sites, T2H1S and
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T2H2S. T2H1S is associated with the hexagon containing four C and two Si atoms, whereas
T2H2S is positioned along the center perpendicular to hexagon containing two C and four Si
atoms.

The binding energy (B.E) for the adsorbed hydrogen molecule, approaching the tube
wall from either inside or outside the tube is obtained from the expression below.
Binding energy= E (SiCNT) + E (H2) - E (H2+SiCNT) 2)

Where, E (SIiCNT) and E (H2) are the ground state energies of the bare nanotube and
the hydrogen molecule respectively. E (H2 + SiCNT) represent the ground state energy of the
hydrogen molecule, adsorbed in SiCNT. [Table 3.5] shows the binding energies of the hydrogen
molecule adsorbed inside the nanotubes for type 1, the distance of the adsorbed hydrogen
molecule from the nanotube wall, distance of the molecule from nearest C and Si atoms, the
bond length of the adsorbed hydrogen molecule and the Mulliken charge of the hydrogen atom,
belonging to the adsorbed molecule. Similar information with regards to the adsorption of the
hydrogen molecule on the outer wall of type 1 nanotubes has been shown in [Table 3.6]. From
the data, it is quite noticeable, that there is a slight difference between the distances of
hydrogen molecule from the tube wall and the corresponding distances of the molecule from the
nearest carbon atom for carbon top sites. Similarly there is a difference when compared with the
distance of the molecule from the nearest silicon atom in case of silicon top site. This is due to
the difference in electro negativities of the C and Si atoms. In case of Type 1 nanotubes, the
best adsorption binding energy is obtained for (5, 5) structures, for hydrogen molecular
adsorption, both for inside adsorption as well as for adsorption on the outer wall of the
nanotube. The most favorable site for both inside and outer wall adsorption in case of type 1 (5,
5) tubes, is found to be TICT site, having an adsorption binding energy of 0.52 kcal/mol and
1.11 kcal/mol for inside and outer wall adsorption respectively. From the Mulliken charge
analysis, it is found, that the charge transfer between hydrogen atoms, belonging to the

adsorbed hydrogen molecule, is slightly higher, in case of the hydrogen molecule approaching

34



the tube from the outer wall, as compared to the molecule approaching the tube wall from inside
[Figure. 3.9 - 3.10]. It is 0.011e, in case of adsorption from outside as compared to 0.008e, in
case of adsorption from inside. In both cases, the charge transfer from the nanotube mostly
occurs from the carbon atom of the T1CT site, which is also the C atom closest to the
approaching hydrogen molecule. In case of outside adsorption, the Mulliken charge of the
closest carbon atom is 0.944e and 0.941e, in case of inside adsorption. In both cases, the
carbon atom is loosing charge and the hydrogen atom of the approaching hydrogen molecule is
gaining charge. The Mulliken charge of the hydrogen atom, belonging to the adsorbed hydrogen
molecule closest to the tube wall, has been analyzed for various sites and structures. In all
cases the approaching hydrogen atom is gaining charge. However, no trend between amount of
charge transfer and adsorption energy of the site has been found here, suggesting that the local
structure as a whole determines the amount of charge transfer as well as the binding strength of
the adsorbent. Type 1 (3, 3) and (4, 4) structures have been found not to display any binding for
any of the sites when the hydrogen molecule approaches the various sites from inside. For type
1 (5, 5) structures, only TLCT and T1CSINB site show binding, when the hydrogen molecule
approaches the nanotube wall from inside. For other sites in type 1 (5, 5) structures, in case of
hydrogen molecular adsorption from inside, the hydrogen molecule does not bind at all and in
case of type 1 (6, 6) only the T1HS site is found to display binding. The interaction is however
weak and a binding energy of only 0.02 kcal/mol is observed. In case of the hydrogen molecule
approaching the type 1 nanotube structures from the outer wall, all structures from (3, 3) to (6,
6) binds the incoming hydrogen molecule. However only 2 sites in (3, 3),5 sites in (4, 4),3 sites
in (5, 5) and 4 sites in (6, 6) show binding with the hydrogen molecule during outer wall
adsorption. The total electron charge density plot for type 1 (5, 5) TICT site and type 1 (5, 5)
T1CSINB site, when the hydrogen molecule has been adsorbed from inside has been shown
[Figure. 3.11]. We note that in case of type 1 (5, 5), TICT site, there is significant overlap

between the charge of the hydrogen molecule and the SiCNT, as compared to type 1 (5, 5)

35



T1CSINB site, during inside adsorption. Similarly in case of hydrogen molecule adsorbed from
the outer wall of the nanotube, the charge overlap of the hydrogen molecule with SICNT is
significant in case of type 1 (5, 5) T1ICT as compared to type 1 (5, 5) T1CSIZB site. The
electron charge density plot has a strong relationship to binding energy values in all cases. The
binding energy value when the hydrogen molecule is adsorbed from outside the nanotube has
been found to be significantly more as compared to when adsorption takes place from inside the
nanotube. The reason being, due to buckling, the bonds in these structures stretch outwardly
and may facilitate strong binding. From the values of binding energy in case of type 1
structures, we find that the adsorption of the hydrogen molecule is mostly physosorption in
nature. This is substantiated from the PDOS plot, plotted using GaussSum [74] of type 1 (5, 5)
T1CT site, where the hydrogen molecular adsorption is taking place from outside the nanotube.
The plot shows that binding energy just below Er has no major contribution from hydrogen s
orbitals [Figure. 3.12]. All these point out to a pure physosorption taking place. However, it is
worth noting that for both inside and outside adsorption, the T1CT site is most preferable and is
always more preferable than the T1SIT site. Using the DMol3 suite of software, for Ti adsorption
on type 1 (5, 5) SICNT, Meng et al. [75] found the most favorable site to be the C top site. The
reason behind it is that, the binding energy/atom of the C-H bond, according to our dimmer
calculations is 1.83eV while the binding energy/atom of the Si-H bond is 1.64eV. The HOMO
plots for type 1 (5, 5) bare SICNT and the type 1 (5, 5) TICT site for both inside and outside
adsorption of the hydrogen molecule have been shown [Figure. 3.13]. In all cases it has been
found that the delocalization of the HOMO initially present in the bare nanotube remains
unchanged after the adsorption. This is due to the bonding being physosorption in nature. For
all the four structures studied in type 1, for outer wall interactions of the hydrogen molecule, the
average binding energy, which is the binding energy of different sites averaged out for any

particular structure, increases from (3, 3) to (5, 5) and decreases thereafter [Figure. 3.14].
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Though type 1 bare nanotubes were found to be most stable [33], we note from [Table.
3.5-3.10] that type 2 tubes have the strongest interactions with hydrogen molecules followed by
type 3 and then type 1, both for adsorption from inside and outside the nanotube. The type 2 (4,
4) structure in particular shows a very strong interaction with the hydrogen molecule, both when
the molecule is placed inside and outside the nanotube. When the hydrogen molecule is placed
inside the nanotube at T2CCB site, a high adsorption binding energy of 29.50 kcal/mol is
obtained. This is the only site where chemisorption takes place, in the case of hydrogen
adsorption from inside the nanotube. Adsorption in all other sites is physosorption in nature.
From the Mulliken charge analysis it can be seen that type 2 (4, 4) T2CCB structure is highly
charge symmetric [Figure. 3.15]. Usually for all other sites in various structures, one of the
atoms in the adsorbed hydrogen molecule gains charge, while the other one looses charge.
Here both the hydrogen atoms gain an equal charge of 0.004e. In the optimized structure, the
hydrogen molecule is found to be at the centre of nanotube, with both the atoms at equal
distance from the opposite walls of the nanotube. The geometrical symmetry of the final
optimized structure as well as the charge symmetry may be responsible for the high adsorption
binding energy, in this case. For outside adsorption of the hydrogen molecule for type 2 (4,4)
T2CT site, the Mulliken charge analysis shows strong charge transfer from neighboring carbon
and silicon atoms where the adsorption takes place. While comparing with the bare nanotube,
this becomes quite evident [Figure. 3.16]. Also, from the electron charge density plots, we find
that there is considerable charge overlap between the hydrogen molecule and the bare SiCNT,
when the hydrogen molecule is adsorbed from inside at T2CCB site [Figure. 3.17]. In this case,
the charge overlap is quite prominent visually and can be seen to take up the whole space
inside the nanotube. Similar plot for the T2CSIB site, showing interaction of the hydrogen
molecule with bare nanotube shows considerably free space inside the nanotube. This site has
a binding energy of 0.36 kcal/mol compared to 29.50 kcal/mol for the T2CCB site. The HOMO

plots for type 2 (4, 4) bare SiCNT, the type 2 (4, 4) T2CCB site with hydrogen molecule
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adsorbed inside and T2CT site with hydrogen molecule adsorbed from outside the nanotube
have been shown [Figure. 3.18]. In case of type 2 (4, 4) T2CCB site, the HOMO moves from
one of the ends of the nanotube, the end where the molecule is placed and gets localized at the
centre. The other end remains unaffected. In case of type 2 (4, 4) T2CT site, the HOMO
delocalization initially present in the bare nanotube remains unchanged after the adsorption.
From the electron charge density plot for the type 2 (4,4) T2CT site, with the hydrogen molecule
adsorbed from outside the nanotube, considerable charge overlap is observed as compared to
its type 2 (4,4) T2CSIB site, where the molecular adsorption is from the outer wall [Figure. 3.17].
Clearly, most of the sites in type 2 (4, 4) show strong chemisorption, during outer wall
interaction with the hydrogen molecule. In this case, the T2CT site is the most preferred site
having a binding energy of 37.52 kcal/mol. The PDOS plot for this site also shows strong
contribution from the s orbital of the adsorbed hydrogen molecule and the p orbital of the C
atom on which it is adsorbed [Figure. 3.19]. This justifies the high binding energy for this site.
The average binding energy for outside interaction shows a steep increase from type 2 (3, 3) to
type 2 (4, 4) and a steep fall thereafter [Figure. 3.20]. Type 2 (3, 3) has an average binding
energy of 0.26 kcal/mol while type 2 (4, 4) has an average binding energy of 27.09 kcal/mol. In
case of type 2 (5, 5), two sites T2CCB and T2H1S show very strong interaction with the
hydrogen molecule adsorbed from outside the nanotube. T2CCB has a binding energy of 15.20
kcal/mol and T2H1S has a binding energy of 13.95 kcal/mol. For type 2 (5, 5) structure, the
hydrogen storage capacity has been calculated to be 7.45%. Hence by reducing the diameter of
the nanotube, and modifying the atomic configuration, it is possible to obtain the desired storage
weight percentage.

In case of type 3 structures, for adsorption of the hydrogen molecule from inside the nanotube,
it has been found, that the (3, 3) structure shows strong binding. We have compared the
geometry of the type 3 (3,3) optimized structure, with the hydrogen molecule placed inside the

tube, at the most preferred sites in that structure, to the bare SICNT [Figure. 3.21]. It has been
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found that the introduction of the hydrogen molecule changes the geometry of the bare SICNT
structure and makes it tapered towards the end, closer to the adsorbed molecule. The change
in geometry can also be observed from the Mulliken charge analysis plot [Figure. 3.22]. From
the Mulliken charge analysis plot, it has been found that there is a considerable change in the
charges of the carbon and silicon atoms closest to the hydrogen molecule. The bare SiCNT has
-0.551e as the partial charge on the carbon atom closest to the hydrogen molecule and the
neighboring silicon atom has a partial charge of 0.535e. The carbon atom is loosing charge and
the silicon atom is gaining charge. After the introduction of the hydrogen molecule, the
corresponding carbon atom gain charge and has a partial charge of -0.493e and the
corresponding silicon atom loose charge and has a partial charge of 0.432e. Same is observed
for other sites in type 3 (3, 3), inside molecular adsorption, as well. For other type 3 structures
like (4, 4) and (5, 5), most of the sites do not display any binding with the hydrogen molecule,
when the hydrogen molecule is adsorbed from inside. Also a site where interaction does occur,
the binding is extremely weak. However type 3 (6, 6) shows binding with the hydrogen
molecule, inside the nanotube for all available sites. The interaction is however weak and the
structure as a whole determines the binding energy. In case of type 3, when the hydrogen
molecule is adsorbed from outside, the (6, 6) structure has the maximum number of sites where
adsorption takes place. For type 3 structures, when the hydrogen molecule is adsorbed from
outside the nanotube, the average binding energy increases with diameter from (4, 4) to (6,6).
For (4, 4) structures the average binding energy is 0.32 kcal/mol and for (6, 6) structures the
binding energy is 0.72 kcal/mol. From the Mulliken charge analysis of type 3 (6, 6), T3CSINB
site, which is the most preferred adsorption site for outside adsorption, it has been found that no
considerable change occurs in the values of the partial charges of the atoms neighboring the
site [Figure. 3.23]. This is also evident from the electron charge density plots, where the charge
overlap for both type 3 (6, 6), T3CSINB and T3SIT sites is minimal, with the hydrogen molecule

adsorbed from outside. The electron charge density plot, in case of the hydrogen molecule
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adsorbed from inside the nanotube, for both type 3 (3,3) T3CSIZB and T3CSINB sites, has
been found to display considerable charge overlap [Figure. 3.24]. The HOMO plots for the
above sites show no major change from bare SiCNT due to the hydrogen molecular adsorption
[Figure. 3.25]. The PDOS plot for type 3 (6,6) T3CSINB site, with the hydrogen molecule
adsorbed from outside shows that at Er the contribution from p orbital of carbon and p orbital of
silicon is significant [Figure. 3.26]. However the contribution from the s orbital of hydrogen is

minimal, thereby indicating a physosorption.
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Table 3.1 BE in kcal/mol for different sites in type 1 (9, 9) armchair nanotube, outside adsorption
and the corresponding optimized vertical distance in A of the hydrogen molecule from the
nanotube wall.

Site Name BE (B3LYP) BE (PW91) D (B3LYP) D (PW91)
TiCT 0.059 1.134 3.5 3.1
T1SIT 0.044 0.701 3.5 3.1
T1HS 0.068 0.800 3.3 2.9

T1CSINB 0.277 0.970 3.3 2.9

T1CSIZB 0.115 0.962 3.3 2.9
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Table 3.2 BE in kcal/mol for different sites in type 2 (9, 9) armchair nanotube, outside adsorption
and the corresponding optimized vertical distance in A of the hydrogen molecule from the
nanotube wall.

Site Name BE (B3LYP) BE (PW91) D (B3LYP) D (PW91)
T2CT 0.284 1.354 3.1 2.9
T2SIT 0.143 1.241 3.3 3.1

T2CSIB 0.196 1.340 3.3 2.9
T2SISIB 0.207 1.283 3.5 3.1
T2CCB 0.303 1.276 3.1 3.1
T2H1S 0.079 1.206 3.3 3.1
T2H2S 0.263 1.423 3.1 2.7
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Table 3.3 BE in kcal/mol for different sites in type 3 (9, 9) armchair nanotube, outside adsorption
and the corresponding optimized vertical distance in A of the hydrogen molecule from the
nanotube wall.

Site Name BE (B3LYP) BE (PW91) D (B3LYP) D (PW91)
T3CT 0.257 1.193 3.1 2.9
T3SIT 0.052 1.109 3.5 3.1

T3CSIZB 0.159 1.190 3.3 2.9

T3CSINB 0.124 1.102 3.3 3.1

T3CCB 0.303 1.265 3.1 2.9
T3SISIB 0.117 1.164 3.3 3.1
T3HS 0.084 1.103 3.5 3.1
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Table 3.4 Different nanotube structures from (3, 3) to (6, 6) and their corresponding diameter
and buckling.

Type name and

armehair structure Diameter in A Buckling in A
Type 1 (3,3) 5.204 0.115
Type 1 (4,4) 6.925 0.076
Type 1 (5,5) 8.631 0.050
Type 1 (6,6) 10.350 0.044
Type 2 (3,3) 5.186 0.224
Type 2 (4,4) 7.098 0.208
Type 2 (5,5) 8.869 0.161
Type 2 (6,6) 10.640 0.135
Type 3 (3,3) 5.259 0.173
Type 3 (4,4) 7.023 0.002
Type 3 (5,5) 8.742 0.005
Type 3 (6,6) 10.460 0.012
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Table 3.5 Adsorption binding energies of hydrogen molecule, distances of hydrogen molecule
from tube walls, nearest C-hydrogen molecule distances, nearest Si-hydrogen molecule
distances, bond lengths of adsorbed hydrogen molecules and Mulliken charges of hydrogen
atom nearest to the wall, belonging to the adsorbed molecule, adsorbed on type 1 armchair
SICNT from inside.

Distance Mulliken
of . . Bond charge of
Nanostructure Bindin hydrogen Distance Distance length of the
. 9 yarog from from adsorbed
name / Site energy in  molecule . hydrogen
nearest C  nearest Si  hydrogen
name kcal/mol from - ) atom
atom in A atomin A molecule
nanotube . nearest to
; in A
wall in A the wall
TYPTElle’E’)/ 0.52 3.599 3.608 3.621 0.748 0.008
TYTTE;IE\ISI’BS)/ 0.13 3.321 3.350 3.298 0.748 0.009
TYP_:_Eul_'éG’G)/ 0.02 3.347 3.498 3.455 0.748 0.010
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Table 3.6 Adsorption binding energies of hydrogen molecule, distances of hydrogen molecule
from tube walls, nearest C-hydrogen molecule distances, nearest Si-hydrogen molecule
distances, bond lengths of adsorbed hydrogen molecules and Mulliken charges of hydrogen
atom nearest to the wall, belonging to the adsorbed molecule, adsorbed on type 1 armchair

SICNT from outside.

Distance Mulliken
of Bond charge of
- Distance Distance length of 9
Nanostructure Binding hydrogen the
. - from from adsorbed
name / Site energy in molecule . hydrogen
nearest C nearest Si  hydrogen
name kcal/mol from : - atom
atominA atominA  molecule
nanotube . nearest to
. in A
wall in A the wall
T\;ﬁiélﬁ’g’)’ 0.50 2.751 2.961 3.160 0.749 0.018
TYTF;E:él(ZSéS)/ 0.42 2.935 3.101 3.396 0.748 0.012
TYPE%:?"‘)/ 1.02 3.071 3.061 3.677 0.748 0.017
TYTF)lli:é|(24|_5,4)/ 0.63 3.074 3.141 3.867 0.748 0.015
Tﬂ.ﬁiélﬁé‘w 0.55 2.955 3.073 3.406 0.748 0.017
TYPTElél(T‘"“)/ 0.36 3.271 3.806 3.351 0.747 0.005
TYP1I_511H(S4,4)/ 0.09 3.038 3.634 3.684 0.748 0.013
TYPF;(L:.(FS’S)/ 1.11 3.453 3.448 4.040 0.747 0.011
TYPTElélg‘tS,S)/ 0.59 3.535 4.057 3.605 0.747 0.004
TYTF;_E:él(éséS)/ 0.16 3.149 3.257 3.382 0.748 0.011
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Table 3.6 — Continued

Dlst;nce Bond CMh;IrhI;egf
- Distance Distance length of 9
Nanostructure Binding hydrogen the
: - from from adsorbed
name / Site energy in molecule . hydrogen
nearest C nearest Si  hydrogen
name kcal/mol from . - atom
atominA atominA  molecule
nanotube . nearest to
) in A
wall in A the wall
TYTPliélg\?éG)/ 0.46 2.881 3.105 3.172 0.748 0.009
TYPTEllH(SG'G)/ 0.33 3.023 3.469 3.677 0.747 0.012
TYTplli:él(ZGIéG)/ 0.14 3.036 3.068 3.524 0.748 0.014
TYP_:_El](':_(I_G’G)/ 0.09 2.982 3.000 3.610 0.748 0.015
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Table 3.7 Adsorption binding energies of hydrogen molecule, distances of hydrogen molecule
from tube walls, nearest C-hydrogen molecule distances, nearest Si-hydrogen molecule
distances, bond lengths of adsorbed hydrogen molecules and Mulliken charges of hydrogen
atom nearest to the wall, belonging to the adsorbed molecule, adsorbed on type 2 armchair
SICNT from inside.

Distance of Bond cthlrlglgkeegf
Nanostructure Binding hydrogen Distance Distance length of the
. - molecule from from adsorbed
name / Site energy in . hydrogen
from nearest C nearestSi  hydrogen
name kcal/mol . - atom
nanotube  atominA atominA  molecule nearest to
wall in A in A
the wall
TYPE 2 (4,4)/

T2CCB 29.50 3.174 2.937 3.341 0.749 0.004
TYPE 2 (4,4)/

T2SIT 1.30 2.920 3.213 3.003 0.750 0.000
TYPEZ%:?"‘)/ 1.22 3.098 3.004 3.543 0.749 0.003
TYPE 2 (4,4)/

T2H2S 1.16 3.043 3.305 3.174 0.749 0.003
TYPE 2 (4,4)/

T2SISIB 1.09 2.895 3.279 3.016 0.748 0.001
TYPE 2 (4,4)/

ToH1S 1.02 3.051 3.048 3.511 0.748 0.003
TYPE 2 (4,4)/

T2CSIB 0.36 3.039 3.044 3.219 0.747 0.003
TYPE 2 (5,5)/

T2CSIB 0.17 3.581 3.591 3.712 0.748 0.006
TYPE 2 (5,5)/

ToSIT 0.11 3.676 3.731 3.883 0.748 0.005
TYPE 2 (5,5)/

T2SISIB 0.11 3.73 3.938 3.835 0.747 0.005
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Table 3.7 — Continued

Distance of Bond Mulliken
. . charge of
- hydrogen Distance Distance length of
Nanostructure Binding the
. - molecule from from adsorbed
name / Site energy in . hydrogen
from nearest C nearest Si  hydrogen
name kcal/mol ; - atom
nanotube atominA atominA  molecule
) . nearest to
wall in A in A
the wall
TYPE 2 (5,5)/
T2H2S 0.11 3.560 3.877 3.649 0.748 0.006
TYPE 2 (6,6)/
ToCT 1.31 4.798 4.702 5.062 0.747 0.000
TYPE 2 (6,6)/
T2CCB 0.18 3.157 3.087 3.678 0.748 0.009
TYPE 2 (6,6)/
T2H2S 0.10 3.264 3.551 3.421 0.747 0.008
TYPE 2 (6,6)/
T2H1S 0.07 3.488 3.579 3.877 0.747 0.007
TYPE 2 (6,6)/
T2CSIB 0.16 3.063 3.077 3.202 0.748 0.008
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Table 3.8 Adsorption binding energies of hydrogen molecule, distances of hydrogen molecule
from tube walls, nearest C-hydrogen molecule distances, nearest Si-hydrogen molecule
distances, bond lengths of adsorbed hydrogen molecules and Mulliken charges of hydrogen
atom nearest to the wall, belonging to the adsorbed molecule, adsorbed on type 2 armchair
SICNT from outside.

Dlst;nce Bond CMh;IrhI;egf
- Distance Distance length of 9
Nanostructure Binding hydrogen the
: - from from adsorbed
name / Site energy in molecule . hydrogen
nearest C nearest Si  hydrogen
name kcal/mol from . - atom
atominA atominA  molecule
nanotube . nearest to
. in A
wall in A the wall
TYPTEzgl(T‘Q"S)/ 0.53 3.835 4.304 3.304 0.749 0.028
TYFT"SCZC(E'?’)/ 0.38 2.795 3.705 3.140 0.747 0.012
TYEEst%S)/ 0.36 3.729 4733 3.478 0.747 0.019
TYF_:_I;_Z'Z(:SS,S)/ 0.29 2.701 3.516 3.352 0.747 0.010
TYF;'Zjl(g'g’)/ 0.15 3.750 4675 3.860 0.747 0.011
TY.FFZECZS(I%E’)/ 0.08 3.521 3.705 3.444 0.748 0.015
TYP.II_EZ%:.(I_4’4)/ 37.52 2.827 3.863 3.125 0.748 0.006
TYPTEzé(TM)/ 33.98 3.133 3.947 3.428 0.747 0.003
TYFT)';CZC(‘B"“)/ 29.76 3.329 3.601 4.043 0.747 0.008
TYE;%%“ 29.59 7.175 7.482 6.555 0.747 0.001
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Table 3.8 — Continued

Distance Mulliken
of Bond charge of
- Distance Distance length of
Nanostructure Binding hydrogen the
. - from from adsorbed
name / Site energy in molecule . hydrogen
name keal/mol from neare'_st C nearegt Si hydrogen atom
atominA atominA  molecule
nanotube . nearest to
. in A
wall in A the wall
TYF}EﬁZ(g"‘)/ 28.56 3.302 3.947 3.428 0.747 0.008
TYF.:E'_Z”_(;A)/ 29.14 3.342 4.351 3.670 0.748 0.009
TY.FFZECZS(IEA)/ 1.05 3.341 3.799 3.625 0.747 0.008
TYE)I'EC?C(E’S)/ 15.20 2.940 3.795 3.249 0.747 0.012
TYF}Eﬁl(g'E’)/ 13.95 3.345 3.239 3.828 0.747 0.012
TYPFZf:f"E’)/ 0.26 2.940 3.193 3.641 0.748 0.013
TYPTEzglgll::)’S)/ 0.14 3.239 3.892 3.208 0.749 0.006
TY.FFZECZS(IE'S)/ 0.09 2,657 3.589 3.450 0.747 0.009
TY%ESfS(I%S)/ 0.01 3.291 4581 3.575 0.747 0.003
TYE)I'EC?C(SG)/ 0.28 2.824 3.086 3.831 0.747 0.017
TYPTEZ;(T&G)/ 0.09 2.991 3.659 3.000 0.748 0.004
TYF;%Z(S'G)/ 0.07 2.709 3.366 3.421 0.747 0.016
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Table 3.9 Adsorption binding energies of hydrogen molecule, distances of hydrogen molecule
from tube walls, nearest C-hydrogen molecule distances, nearest Si-hydrogen molecule
distances, bond lengths of adsorbed hydrogen molecules and Mulliken charges of hydrogen
atom nearest to the wall, belonging to the adsorbed molecule, adsorbed on type 3 armchair
SICNT from inside.

Distance Bond Mulliken
of . Distance charge of
- Distance length of
Nanostructure Binding hydrogen from the
name / Site energy in  molecule from nearest adsorbed hydrogen
nearest C ; hydrogen
name kcal/mol from ; Si atom atom
atom in A . molecule
nanotube in A ! nearest to
; in A
wall in A the wall
TYTPSIE;(ZSI%S)/ 8.36 2.410 2.420 2.952 0.741 0.010
TYPTEs3H(S3’3)/ 8.34 2.338 2.838 3.467 0.741 0.002
TYPT%;QI‘?’S)/ 8.33 2.416 2.737 3.314 0.742 0.006
TYP.:_E?E.(I_S’S)/ 8.27 2.416 2.829 3.233 0.741 0.010
Tg%glﬁ’g’)/ 5.52 2.283 2.419 2,506 0.744 0.024
TY'IE)??S?S(I‘I‘E;M/ 0.17 2.956 3.159 3.074 0.749 0.004
TYFT";&:(S’E’)/ 0.03 3.130 3.177 3.411 0.746 0.010
TYPT%g|$’6)/ 0.61 3.946 3.936 3.977 0.747 0.002
TYFT)ES’C(S’G)/ 0.60 4.436 4.460 4574 0.747 0.001
TYPTEs3H(86’6)/ 0.54 4.724 4.738 4.759 0.747 0.001
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Table 3.9 — Continued

Distance Bond Mulliken
of . Distance charge of
- Distance length of
Nanostructure Binding hydrogen from the
X - from adsorbed
name / Site energy in  molecule nearest hydrogen
nearest C . : hydrogen
name kcal/mol from . Siatom in atom
atom in A molecule
nanotube A : nearest to
. in A
wall in A the wall
TYTZE:;(Z%E})/ 0.49 4.446 4.491 4.499 0.747 0.001
TY%ES?S(I%E;)/ 0.47 4.446 4.569 4.523 0.747 0.001
TYP.FS?C’:1(_6’6)/ 0.23 4.431 4.408 4.469 0.747 0.001
TPESOO o1g 4.504 4.488 4.498 0.747 0.001
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Table 3.10 Adsorption binding energies of hydrogen molecule, distances of hydrogen molecule
from tube walls, nearest C-hydrogen molecule distances, nearest Si-hydrogen molecule
distances, bond lengths of adsorbed hydrogen molecules and Mulliken charges of hydrogen
atom nearest to the wall, belonging to the adsorbed molecule, adsorbed on type 3 armchair
SICNT from outside.

Distance Mulliken
of Bond charge of
- Distance Distance length of
Nanostructure Binding hydrogen the
name / Site energy in  molecule from from . adsorbed hydrogen
nearest C  nearest Si hydrogen
name kcal/mol from . - atom
atominA  atomin A molecule
nanotube : nearest to
; in A
wall in A the wall
TYP_:_ESPC’:_(I_A'A)/ 0.39 2.858 3.004 3.755 0.748 0.019
TYEBES?S(I‘E“)/ 0.39 3.296 3.672 3.313 0.748 0.011
TYTZEZ;(I\?ED/ 0.37 2.911 3.128 3.542 0.748 0.019
TYTF;IE:;I(ZAE‘)/ 0.32 2.518 3.175 3.287 0.747 0.012
TYPTE3§|(T£L4)/ 0.28 3.285 3.910 3.329 0.748 0.006
TY?_E(:;C(QA)/ 0.16 2.886 3.004 3.755 0.748 0.021
TYTZEC;&E’)/ 0.21 3.062 3.322 3.332 0.748 0.009
TYEI)'ESC(E,S)/ 0.12 3.154 3.267 3.968 0.748 0.017
TYPTES?(’:E’S)/ 0.07 3.162 3.199 3.771 0.747 0.015
TYTF;%;(ZEES)/ 0.02 3.285 3.292 3.313 0.748 0.011
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Table 3.10 — Continued

Distance Mulliken
of . . Bond charge of
- Distance Distance length of
Nanostructure Binding hydrogen the
name / Site energy in  molecule from from . adsorbed hydrogen
nearest C nearest Si hydrogen
name kcal/mol from ; - atom
atominA  atomin A molecule
nanotube . nearest to
; in A
wall in A the wall
TYFZE:SI(I\?I%G)/ 0.91 3.082 3.324 3.331 0.748 0.009
TYPTEs3Hé6’6)/ 0.81 2.864 3.417 3.567 0.748 0.010
TYI_T%SC(S’G)/ 0.76 3.12 3.243 3.952 0.748 0.017
TYPTE;é%G’G)/ 0.75 3.078 3.116 3.709 0.748 0.016
TYTF;%;(Z%G)/ 0.75 3.760 3.569 3.089 0.748 0.017
TY‘II?sl’ES:IgS(I%G)/ 0.58 3.403 4.253 3.620 0.748 0.007
TYPT%glgf’G)/ 0.49 3.188 3.223 3.773 0.748 0.008
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Figure 3.1 Atomic arrangements and different adsorption sites for (a) type 1, (b) type 2 and (c)
type 3 nanotubes. The carbon atoms are yellow and silicon atoms are green. The dashed lines
represent the orientation of tube axis.
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Figure 3.2 Binding energy vs. distance for type 1 approach sites for (9, 9) nanotubes,
when hydrogen molecular adsorption takes place from outside.
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Figure 3.3 Binding energy vs. distance for type 2 approach sites for (9, 9) nanotubes,
when hydrogen molecular adsorption takes place from outside.
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Figure 3.4 Binding energy vs. distance for type 3 approach sites for (9, 9) nanotubes,
when hydrogen molecular adsorption takes place from outside.

59



@) (b)

(©

Figure 3.5 HOMO (highest occupied molecular orbital) plots for type 1, type 2 and type 3 (9, 9)
bare SICNT nanotube obtained using B3LYP method. The C atoms have been shown in brown
and the Si atoms in yellow.
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Figure 3.6 Mulliken charge distributions for (a) type 1, (b) type 2 and (c) type 3, (9, 9)
nanotubes using B3LYP method. Carbon atoms gained and silicon atoms lost charge.
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(b)

Figure 3.7 (a) Hydrogen molecule optimized using B3LYP method. (b) Type 2 bare SiCNT (9, 9)
optimized using B3LYP method. (c) Type 2 SiCNT (9, 9) + Hydrogen molecule using B3LYP
method. The hydrogen molecule is perpendicular to 1 as shown in the Figure above. This is the
T2CCB position. The carbon atoms shown in yellow are gaining charge and the silicon atoms
shown in red are losing charge. The numbers in bracket indicate the Mulliken charge for each
atom.
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Figure 3.8 (a) Hydrogen molecule optimized using PW91 method. (b) Type 2 bare SiCNT (9, 9)
optimized using PW91 method. (c) Type 2 SIiCNT (9, 9) + Hydrogen molecule using PW91
method. The hydrogen molecule is perpendicular to 1 as shown in the Figure above. This is the
T2H2S position. The carbon atoms shown in yellow are gaining charge and the silicon atoms
shown in red are losing charge. The numbers in bracket indicate the Mulliken charge for each
atom.
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Figure 3.9 Mulliken charge plot of (a) type 1 (5, 5) bare SiCNT (b) type 1 (5, 5) SICNT along
with the hydrogen molecule adsorbed from inside at T1CT site. The carbon atoms are yellow,
silicon atoms are green and the hydrogen atoms are white.
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Figure 3.10 Mulliken charge plot of (a) type 1 (5, 5) bare SICNT (b) type 1 (5, 5) SIiCNT along
with the hydrogen molecule adsorbed from the outer wall at TLCT site. The carbon atoms are
yellow, silicon atoms are green and the hydrogen atoms are white.
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Figure 3.11 Electron charge density plot for (a) adsorption of the hydrogen molecule from inside
the nanotube for type 1 (5, 5) TICT site (b) inside adsorption for type 1 (5, 5) TLCSINB site (c)
outer wall adsorption for type 1 (5, 5) T1CT site (d) outer wall adsorption for type 1 (5, 5)
T1CSIZB site. All plots have been plotted under similar conditions using an isovalue of 0.002.
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Figure 3.12 Partial density of state plot for the outer wall interaction of the hydrogen molecule
with type 1 (5, 5) TICT site. The contribution of the hydrogen molecule and the nearest C atom
has been shown in the PDOS.
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Figure 3.13 HOMO plots for (a) bare type 1 (5, 5) SICNT (b) optimized type 1 (5, 5) SICNT with
hydrogen molecule placed inside the nanotube at T1CT site (c) optimized type 1 (5, 5) SICNT
with the hydrogen molecule approaching the nanotube from the outer wall at T1CT site.
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Figure 3.14 Diameter vs. average binding energy of the adsorbed hydrogen molecule for
various type 1 structures, with the hydrogen molecule being adsorption from the outer wall.
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Figure 3.15 Mulliken charge plot of (a) type 2 (4, 4) bare SICNT (b) type 2 (4, 4) SICNT along
with the hydrogen molecule adsorbed from inside at T2CCB site (c) partial charge on the
encapsulated hydrogen molecule. The carbon atoms are yellow, silicon atoms are green and

the hydrogen atoms are white.
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Figure 3.16 Mulliken charge plot of (a) type 2 (4, 4) bare SICNT (b) type 2 (4, 4) SiICNT along
with the hydrogen molecule adsorbed from outside at T2CT site (c) partial charge on the
encapsulated hydrogen molecule. The carbon atoms are yellow, silicon atoms are green and

the hydrogen atoms are white.
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Figure 3.17 Electron charge density plot for (a) adsorption of the hydrogen molecule from inside
the nanotube for type 2 (4, 4) T2CCB site (b) inside adsorption for type 2 (4, 4) T2CSIB site (c)
outer wall adsorption for type 2 (4, 4) T2CT site (d) outer wall adsorption for type 2 (4, 4)
T2CSIB site. All plots have been plotted under similar conditions using an isovalue of 0.002.

72



(b) (©

Figure 3.18 HOMO plots for (a) bare type 2 (4, 4) SiCNT (b) optimized type 2 (4, 4) SICNT with
hydrogen molecule placed inside the nanotube at T2CCB site (c) optimized type 2 (4, 4) SICNT
with the hydrogen molecule approaching the nanotube from the outer wall at T2CT site.
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Figure 3.19 Partial density of state plot for the outer wall interaction of the hydrogen molecule
with type 2 (4, 4) T2CT site. The contributions of the hydrogen molecule and the nearest C atom
have been used for the PDOS plot.
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Figure 3.20 Diameter vs. average binding energy of the adsorbed hydrogen molecule for
various type 2 structures, with the hydrogen molecule adsorbed from the outer wall.
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Figure 3.21 (a) type 3 (3, 3) bare SICNT (b) type 3 (3, 3) SICNT with hydrogen molecule
adsorbed from inside at T3CSIZB site.
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Figure 3.22 Mulliken charge plot of (a) type 3 (3, 3) bare SICNT (b) type 3 (3, 3) SICNT along
with the hydrogen molecule adsorbed from inside at T3CSIZB site. The carbon atoms are
yellow, silicon atoms are green and the hydrogen atoms are white.
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Figure 3.23 Mulliken charge plot of (a) type 3 (6, 6) bare SICNT (b) type 3 (6, 6) SICNT along
with the hydrogen molecule adsorbed from outside at T3CSINB site. The carbon atoms are
yellow, silicon atoms are green and the hydrogen atoms are white.
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Figure 3.24 Electron charge density plot for (a) adsorption of the hydrogen molecule from inside
the nanotube for type 3 (3, 3) T3CSIZB site (b) inside adsorption for type 3 (3, 3) T2CSINB site
(c) outer wall adsorption for type 3 (6, 6) T3CSINB site (d) outer wall adsorption for type 3 (6, 6)
T3SIT site. All plots have been plotted under similar conditions using an isovalue of 0.002.
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Figure 3.25 HOMO plots for (a) bare type 3 (3, 3) SICNT (b) optimized type 3 (3, 3) SICNT with
hydrogen molecule placed inside the nanotube at T3CSIZB site (c) bare type 3 (6, 6) SICNT (d)
optimized type 3 (6, 6) SICNT with the hydrogen molecule approaching the nanotube from the
outer wall at T3CSINB site.
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Figure 3.26 Partial density of state plot for the outer wall interaction of the hydrogen molecule
with type 3 (6, 6) T3CSINB site. The contributions from two adjacent C and Si atoms for the site
and the approaching hydrogen molecule have been used for the PDOS plot.
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CHAPTER 4
CO-ADSORPTION OF HYDROGEN MOLECULES IN SIC NANOTUBES

4.1 Available site arrangements in different types of nanotubes

As a natural extension of the single molecular hydrogen adsorption, co-adsorption of
two hydrogen molecules has been studied on the same structures used previously for single
molecule adsorption and under the same set of conditions. The details have been provided
here. A hydrogen molecule is first adsorbed at any of the uniquely available sites in each of the
structures. Another hydrogen molecule can be placed in each of the remaining sites available
for a particular type. While designating the configuration of the overall structure which includes
the bare nanotube and the two adsorbed hydrogen molecules, the type of structure is
designated first. The site nhame where the first hydrogen molecule is placed is stated next. This
is followed by a zero which again is followed by the site name for adsorption of the second
hydrogen molecule, except the type name, which is mentioned only once at the beginning while
designating the “site arrangement” or “site configuration”. For example [Figure. 4.1] for co-
adsorption at T1IHS site in type 1 nanotube, after the adsorption of the first hydrogen molecule,
there are 4 possible adsorption sites for the second molecule. These are T1CSINB, T1CT,
T1CSIZB and T1SIT. So when both hydrogen molecules are adsorbed, one at T1HS site and
say the other one at TLCSINB site, the overall configuration of the structure is designated as
T1HSOCSINB. Similarly the other possible co-adsorption site arrangements for type 1 structures
are TIHSOCT, T1HSOCSIZB and T1IHSOSIT. This is with the first molecule placed at T1HS site.
The hybrid density functional B3LYP is used as the functional for co-adsorption of hydrogen
molecules. The basis set and other computational details are the same as in other single

molecular hydrogen adsorption calculations, carried out previously.
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4.2 Co-adsorption results and discussions

The binding energy (BE) is obtained by comparing the total energy of the spin-
optimized composite system SiICNT+2*H, with the total energies of the optimized separated
systems, namely SICNT and the two H, molecules with the 3-21G* basis set:

BE = E (SIiCNT) + 2*E (H2) — E (SICNT+H2) (1)
Co-adsorption of hydrogen molecules in type 1 SICNT, with the hydrogen molecules
approaching the nanotube from the inner walls, do not show any binding after optimization of
the structure. This differs from single hydrogen molecular interaction with type 1 nanotubes
where at least three sites, two in (5, 5) and one in (6, 6) show binding. For adsorption at the
outer wall of the nanotube, the best binding is given by type 1 (4, 4), with the hydrogen
molecules in the T1CSIZBOSIT site configuration. The binding energy in this case is 1.50
kcal/mol [Table 4.1]. The least binding site for type 1 armchair structures ranging from (3, 3) to
(6, 6), for outer wall co-adsorption is (6, 6) TIHSOCT site configuration. The binding energy in
this case is 0.68 kcal/mol. (3, 3) and (5, 5) structures in type 1 nanotubes do not display any
binding when the hydrogen molecules interact with the nanotube from the outer wall. Only two
site arrangements in type 1 (4, 4) and three site arrangements in type 1 (6, 6) nanotubes show
binding. The bond length of the hydrogen molecules in the structures in type 1 nanotubes where
the hydrogen molecules have been co-adsorbed varies between 0.747 A and 0.748 A. The
distance of the co-adsorbed hydrogen molecules from the nanotube wall are in the range of 3 A.
However, no specific correlation has found between parameters like the distance of the co-
adsorbed hydrogen molecules from the nanotube wall and the binding energy. From the data
obtained it looks that the distance in this case is dependant on the overall structural
configuration. Also the distance between the centers of the two hydrogen molecules which have
been co-adsorbed is independent of the binding energy which is guided here more by the
overall geometry of the optimized co-adsorbed structure. It is also worth mentioning that the

binding energy 1.50 kcal/mol of type 1 (4, 4) T1CSIZBOSIT site arrangement obtained during
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co-adsorption is better than the most favorable binding energy of type 1 (4, 4) structures
obtained during single hydrogen molecular interaction. It is also better than the best binding
energy sites in type 1, which is the energy attained in (5, 5) structures T1CT site. Even the least
binding site arrangement during co-adsorption in type 1 (6, 6) nanotubes, which is TIHSOCT
site arrangement having a binding energy of 0.68 kcal/mol compares favorably to 0.46 kcal/mol
which is the binding energy of the most favorable binding site in type 1 (6, 6) structure. From
[Figure. 4.3] we find that the HOMO delocalization initially present in the bare type 1 (6, 6)
SICNT nanotube gets localized. The HOMO shifts to one end of the nanotube. However this
does not necessarily relate to the binding energy of co-adsorption of the hydrogen molecules.
Compared to type 1 (4, 4) TICSIZBOSIT site arrangement, which gives the best binding energy
for type 1 nanotube for outer wall co-adsorption of the hydrogen molecules, the charge overlap
of type 1 (6, 6) TLHSOCT site arrangement is considerably less as seen in the electron charge
density plot [Figure. 4.4]. Also from the Mulliken charge analysis of optimized type 1 (4, 4)
SICNT with two hydrogen molecules placed outside the nanotube in T1CSIZBOSIT site
configuration, it is found that hydrogen atoms farthest away from the nanotube walls has a
charge loss of -0.022e and -0.024e [Figure. 4.5]. This can be compared to the charge loss of -
0.020e and -0.019¢ of the hydrogen atoms farthest from the nanotube wall in case of type 1 (6,
6) SICNT with two hydrogen molecules placed outside the nanotube in T1IHSOCT site
configuration [Figure. 4.6].

For outer wall co-adsorption of the hydrogen molecules in type 2 (4, 4) nanotubes the
number of binding sites arrangements are considerably more as compared to type 2 (3, 3). Also
a very high comparative binding energy of 38.26 kcal/mol is obtained in case of type 2 (4, 4)
T2CTOSISIB site configuration which is more than the best binding energy value of 37.52
kcal/mol obtained in case of single hydrogen molecule adsorption obtained in our previous
study [Figure. 3.8]. In case of outer wall co-adsorption in type 2 (4, 4) structure twenty site

arrangements where binding takes place have been found. The average binding in all these
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sites arrangements with the exception of T2CSIBOSISIB is more than 1eV and the binding is
chemisorption in nature. In particular, five out of six possible site arrangements where one of
the two hydrogen molecules is placed in T2CT or T2CCB site shows extremely high binding
energy. In case of co-adsorption in type 2 (5, 5) structures again twenty site arrangements have
been found where binding occurs. In particular the site arrangement where one of the hydrogen
molecules is placed at T2CCB position shows high binding energy ranging from 0.6eV to 0.7eV.
For type 2 (5, 5) structures with outer wall molecular co-adsorption of the hydrogen molecules,
the two adsorbed hydrogen molecules are at two diametrically opposite ends of the nanotube.
The separation between the centers of the adsorbed hydrogen molecules are in the order of 13
A to 15 A. Only seven favorable site arrangements have been found in case of outer wall co-
adsorption of the hydrogen molecules for type 2 (6, 6) structures. This trend is in line with our
previous study involving hydrogen molecular adsorption on the same structures. The least
favorable site arrangement for binding in case of type 2 SiCNT, outer wall adsorption is type 2
(6, 6) T2SISIBOH2S. The binding energy obtained in this case is 0.02 kcal/mol. In case of
HOMO plots for optimized type 2 (4, 4) SICNT with hydrogen molecules placed outside the
nanotube in T2CTOSISIB site configuration, the delocalization of the HOMO at layers
perpendicular to the nanotube wall get partially localized in areas around the same layer
[Figure. 4.7]. For the least possible binding site in case of type 2 structures for outside co-
adsorption, which is type 2 (6, 6) T2SISIBOH2S site configuration, the HOMO delocalization
largely remains unaffected before and after co-adsorption [Figure. 4.8]. The charge overlap in
case of type 2 (4, 4) T2CTOSISIB site configuration is distinctly more as compared to type 2 (6,
6) T2SISIBOH2S site configuration [Figure. 4.9]. The Mulliken charge analysis of the two above
structures shows the hydrogen atoms farthest away from the nanotube walls has a charge loss
of -0.019e and -0.009e in case of type 2 (4, 4) nanotube in T2CTOSISIB site configuration
[Figure. 4.10]. This can be compared to the charge loss of -0.015e and -0.004e of the hydrogen

atoms farthest from the nanotube wall in case of type 2 (6, 6) SICNT with two hydrogen
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molecules placed outside the nanotube in T2SISIBOH2S site configuration [Figure. 4.11]. For
type 2 co-adsorption of the hydrogen molecules at the inner wall of the nanotube, several (4, 4)
site configurations show a very high comparative binding energy. The best binding energy site
is type 2 (4, 4) T2SISIBOCSIB site configuration which exhibits a binding energy of 37.27
kcal/mol [Table 4.3]. Type 2 (5, 5) show lower binding energy compared to (4, 4) sites. The least
binding energy in case of type 2 site configuration where binding does occur is type 2 (5, 5) and
is equal to 13.97 kcal/mol [Table 4.3]. The HOMO delocalization of type 2 (4, 4) bare SICNT
gets partially localized after co-adsorption of the hydrogen molecules as in T2SISIBOCSIB site
configuration [Figure. 4.12]. In case of type 2 (5, 5) SICNT with hydrogen molecules placed
inside the nanotube in T2H2S0SISIB site configuration, the localization after adsorption results
in slight shift in the HOMO to one end of the nanotube after co-adsorption [Figure. 4.13]. The
electron charge density plot for co-adsorption of two hydrogen molecules from inside the
nanotube in type 2 (4, 4) T2SISIBOCSIB site configuration has been compared to the co-
adsorption of two hydrogen molecules from inside the nanotube in type 2 (5, 5) T2H2S0SISIB
site configuration. The charge overlap is strong in both cases. The Mulliken charge analysis of
optimized type 2 (4, 4) SICNT with two hydrogen molecules approaching the nanotube wall from
inside the nanotube in T2SISIBOCSIB site configuration, show the hydrogen atoms belonging to
the adsorbed hydrogen molecules gaining charge. This holds true for both type 2 (4, 4) and type
2 (5, 5) inner wall co-adsorptions [Figure. 4.15, 4.16]. For outer wall adsorption, some atoms in
the adsorbed hydrogen molecules gain charge while the other looses.

In case of co-adsorption of hydrogen molecules in type 3 structures from the outer wall,
the site configuration which shows the best binding energy is type 3 (6, 6) T3CTOOCSIZB site
configuration. The binding energy obtained is 1.58 kcal/mol. The least favorable binding site has
a binding energy of 0.17 kcal/mol in case of type 3 (4, 4), T3SISIBOSIT site configuration [Table
4.4]. Thus in case of type 3 the nanotubes having higher diameter have a better or comparable

binding energy than nanotubes having smaller diameter. This is the reverse trend as compared
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to type 1 and type 2, where the nanotubes having smaller diameter also have better binding
energy for co-adsorption. The electron density plots and the Mulliken charge analysis confirm
the better binding site potential of type 3 (6, 6) T3CTOCSIZB configuration as compared to type
3 (4, 4), T3SISIBOSIT site configuration [Figure. 4.19 - 4.21]. The trend is however same as
what was observed during molecular adsorption. For type 3 inner wall co-adsorption, only type 3
(6, 6) structures have shown binding. The most favorable binding site configuration is
T3HSOSISIB which gives a binding energy of 0.64 kcal/mol as compared to T3SISIBOCSIZB
adsorption site which gives the least binding energy of 0.10 kcal/mol. The HOMO pilots for type
2 (4, 4) SICNT with hydrogen molecules placed inside the nanotube in T2SISIBOCSIB site
configuration and the T3HSOSISIB site configuration show no change in the original HOMO
delocalization of the bare nanotube structure [Figure. 4.12].However the binding energy in both
cases are low and the electron charge density plots and the Mulliken charge plots do not lead to

any major comparison amongst the two.
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Table 4.1 Optimized parameters of co-adsorbed structure for adsorption at type 1 nanotube
wall. The hydrogen molecules are approaching the nanotube wall from outside.

Bond Distance Distance Distance
Bond ) of the
length of of the first between
- length of second -
Nanostructure B|nd|ng the first the hydrogen hydrogen the centre B|nd|ng
name / Site name energy in hvdrogen second molecule molecule of the two energy in
kcal rr)llolecgule hydrogen from the from the hydrogen kcal/mol
: molecule nanotube molecules
in A . ; nanotube X
in A wall in A ; in A
wall in A
T144/
T1CSIZBOSIT 1.50 0.748 0.747 3.14 3.10 1.32 0.75
T144/
T1CSIZBOHS 1.45 0.748 0.748 3.07 3.47 4.17 0.73
T166/
T1CSINBOHS 0.79 0.748 0.747 3.18 2.99 3.41 0.40
T166/
T1CSINBOCSIZB 0.78 0.748 0.748 3.16 3.64 4.13 0.39
T166/
T1HSOCT 0.68 0.748 0.748 3.13 3.53 3.95 0.34
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Table 4.2 Optimized parameters of co-adsorbed structure for adsorption at type 2 nanotube
wall. The hydrogen molecules are approaching the nanotube wall from outside.

Distance

Distance Distance
Bond Bond ) of the
- length of length of of the first second between -
Nanostructure Binding . hydrogen the centre Binding
. - the first the second hydrogen :
name / Site energy in hydrogen hydrogen molecule molecule of the two energy in
name kcal molecule molecule from the from the hydrogen kcal/mol
in A in A nano@ube nanotube mo!ecules
wall in A ; in A
wall in A
T233/
T2SITOCSIB 0.56 0.748 0.747 3.31 6.62 3.45 0.28
T244/
T2CTOSISIB 38.26 0.749 0.748 3.25 3.46 5.80 19.13
T244/
T2CTOH2S 36.91 0.748 0.747 3.85 3.40 5.95 18.46
T244/
T2H1S0SISIB 29.53 0.717 0.716 3.66 3.01 1.96 14.77
T244/
T2SITOH2S 34.74 0.747 0.748 3.88 3.90 3.04 17.37
T244/
T2H1SO0SIT 29.03 0.748 0.747 4.62 3.10 2.82 14.52
T244/
T2CTOCCB 37.14 0.749 0.749 3.31 3.38 3.02 18.57
T244/
T2SISIBOCCB 29.64 0.747 0.747 6.55 3.12 7.08 14.82
T244/
T2CTOSIT 38.19 0.748 0.749 3.28 3.27 5.31 19.10
T244/
T2CCBOCSIB 29.04 0.747 0.747 4.49 3.79 2.90 14.52
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Table 4.2 — Continued

Distance

Bond Distance Distance
Bond length of of the first of the between
- length of second -
Binding . the hydrogen the centre Binding
Nanostructure energy in the first second molecule hydrogen of the two energy in
name / Site name o hydrogen molecule oy
kcal hydrogen from the hydrogen kcal/mol
molecule from the
’ molecule nanotube molecules
in A in A wall in A nanotube in A
wall in A
T244/
T2CCBOH1S 29.41 0.747 0.748 3.84 3.27 291 14.71
T244/
T2CCBOSIT 35.01 0.747 0.747 3.92 3.79 4.10 17.50
T244/
T2CCBOH2S 28.99 0.747 0.748 4.94 3.91 5.26 14.50
T244/
T2CSIBOH1S 38.06 0.748 0.748 4.15 3.30 3.10 19.03
T244/
T2H1SOCT 29.87 0.748 0.747 3.85 3.72 3.15 14.94
T244/
T2H1S0H2S 29.23 0.747 0.748 3.20 3.15 3.95 14.62
T244/
T2CSIBOH1S 38.06 0.748 0.748 3.00 3.25 4.00 19.03
T244/
T2CSIB0OSISIB 0.35 0.747 0.748 3.45 3.67 3.82 17.50
T244/
T2SITOSISIB 34.45 0.747 0.747 3.32 3.56 3.88 17.23
T244/
T2SITOCSIB 37.42 0.747 0.748 3.45 3.66 4.01 18.71
T244/
T2CTOH1S 29.87 0.748 0.748 3.54 3.29 3.97 14.94
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Table 4.2 — Continued

Distance Distance Distance
Bond Bond of the first of the between
Nanostructure Binding I?r?eg ;?rsc;f tr:(;nsgetzoor:d hydrogen hSng ngn the centre Binding
) energy in molecule yarog of the two energy in
name / Site name hydrogen hydrogen molecule
kcal from the hydrogen kcal/mol
molecule molecule from the
in A in A nanotube nanotube molecules
wall in A . in A
wall in A
T255/
T2CTOH2S 15.74 0.748 0.747 3.65 343 13.88 7.87
T255/
T2CSIBOSIT 0.56 0.747 0.747 3.53 3.63 13.41 0.28
T255/
T2SITOCT 0.31 0.747 0.748 3.89 3.11 13.50 0.16
T255/
T2SITOSISIB 0.33 0.747 0.747 3.45 3.46 13.66 0.17

91



Table 4.2 — Continued

Bond Distance Distance Distance
Bond h of the
length of of the first between
- length of second -
Nanostructure B|nd|ng the first the hydrogen hydrogen the centre B|nd|ng
) energy in second molecule of the two energy in
name / Site name kcal hydrogen hydrogen from the moleculs hydrogen kcal/mol
molecule yarog from the yarog
in A mqlecule nano@ube nanotube mo!ecules
in A wall in A ; in A
wall in A
T255/
T2CSIB0OSISIB 0.43 0.747 0.747 3.86 3.95 15.12 0.22
T255/
T2SISIBOCCB 0.28 0.748 0.747 3.66 3.78 13.98 0.14
T255/
T2CTOSISIB 0.27 0.747 0.748 3.56 3.61 14.26 0.14
T255/
T2SISIBOH1S 14.68 0.748 0.747 3.60 3.62 13.99 7.34
T255/
T2SISIBOH2S 17.72 0.748 0.748 3.33 3.28 14.05 8.86
T255/
T2SITOSISIB 0.33 0.747 0.747 3.31 3.88 15.01 0.17
T255/
T2CCBOCSIB 14.96 0.748 0.747 3.67 3.98 13.87 7.48
T255/
T2CCBOH1S 15.52 0.747 0.748 3.88 3.79 14.89 7.76
T255/
T2CTOH1S 0.47 0.748 0.748 3.72 3.56 13.56 0.24
T255/
T2H1S0CSIB 0.33 0.747 0.748 3.61 3.43 14.56 0.17
T255/
T2SITOH1S 0.47 0.747 0.747 3.67 3.28 13.77 0.24
T255/
T2SITOH2S 0.23 0.747 0.748 3.15 3.85 14.63 0.12
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Table 4.2 — Continued

Bond Distance Distance Distance
Bond ) of the
length of of the first between
- length of second -
Nanostructure Blndlng the first the hydrogen hydrogen the centre B|nd|ng
) energy in second molecule of the two energy in
name / Site name kcal hydrogen hydrogen from the moleculs hydrogen kcal/mol
molecule yarog from the yarog
in A mqlecule nanoFube nanotube mo!ecules
in A wall in A ; in A
wall in A
T255/
T2CSIBOOCT 0.12 0.748 0.747 3.23 3.67 15.01 0.06
T255/
T2CSIB0OSISIB 0.43 0.747 0.748 3.45 3.15 14.03 0.22
T255/
T2CCBOCT 14.47 0.748 0.747 3.75 3.98 13.57 7.24
T255/
T2CCBOSISIB 15.24 0.747 0.748 3.26 3.58 13.66 7.62
T266/
T2SITOCCB 0.38 0.748 0.748 3.44 3.72 13.88 0.19
T266/
T2SITOCSIB 0.36 0.747 0.747 3.21 3.56 13.69 0.18
T266/
T2SITOCT 0.34 0.748 0.747 3.62 3.85 4.25 0.17
T266/
T2SITOH1S 0.53 0.747 0.748 3.20 3.34 4.32 0.27
T266/
T2SISIBOH2S 0.02 0.747 0.748 3.25 2.96 4.85 0.01
T266/
T2H2SO0CT 0.26 0.747 0.747 3.60 3.01 4.44 0.13
T266/
T2SITOH2S 0.53 0.747 0.748 3.51 3.63 4.63 0.27
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Table 4.3 Optimized parameters of co-adsorbed structure for adsorption at type 2 nanotube
wall. The hydrogen molecules are approaching the nanotube wall from inside.

Distance

Bond Distance Distance
o Ier?gt?\dof length of of the first s(()efctcr)]rf d between o
Nanostructure Blndlng the first the d hydlrogein hydrogen thfer:: entre Blndlng_
name / Site name energy in hydrogen secon molecule molecule of the two energy in
kcal hydrogen from the hydrogen kcal/mol
molecule from the
. molecule nanotube molecules
in A . ; nanotube .
in A wallin A ; in A
wall in A

T244/

T2SITOCT 26.90 0.750 0.749 2.91 3.05 3.38 13.45
T244/

T2CTOH1S 37.14 0.749 0.750 2.93 2.97 3.21 18.57
T244/

T2SITOCSIB 30.34 0.750 0.750 2.97 2.69 3.15 15.17
T244/

T2SITOH2S 29.89 0.750 0.749 2.87 2.89 3.01 14.95
T244/

T2SISIBOCSIB 37.27 0.750 0.749 2.95 3.45 3.20 18.64
T244/

T2CCBOSISIB 30.72 0.750 0.750 2.81 2.76 3.19 15.36
T244/

T2CCBOCSIB 29.82 0.749 0.749 2.63 2.85 3.39 14.91
T244/

T2CCBOH1S 29.88 0.749 0.750 2.59 2.48 3.11 14.94
T244/

T2CCBOH2S 30.84 0.749 0.749 2.28 2.32 3.41 15.42
T244/

T2CCBOCT 29.69 0.750 0.750 2.61 2.45 3.56 14.85
T255/

T2CSIBOSISIB 16.93 0.749 0.747 4.23 4.18 2.67 8.47
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Table 4.3 — Continued

Distance

Bond Distance Distance
o Ier?gt?\dof length of of the first s(()efctcr)]r? d between o
Nanostructure Blndlng the first the d hydlrogeln hydrogen thfer:: entre Blndlng
name / Site name energy in hydrogen secon molecule molecule of the two energy in
kcal hydrogen from the hydrogen kcal/mol
molecule from the
. molecule nanotube molecules
inA . ; nanotube .
in A wallin A ; in A
wall in A
T255/
T2CSIBOSIT 15.70 0.749 0.748 4.11 4.48 2.62 7.85
T255/
T2H2S0SISIB 13.97 0.750 0.747 4.25 4.06 2.72 6.99
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Table 4.4 Optimized parameters of co-adsorbed structure for adsorption at type 3 nanotube
wall. The hydrogen molecules are approaching the nanotube wall from outside.

Distance

Bond Distance Distance
o IeEgtrrl\dof length of of the first s(;fctcr)]r? d between o
Nanostructure Blndlng_ the first the d hydlrogein hydrogen tr}eﬁ entre Blndlng
name / Site name energy in hydrogen secon molecule molecule of the two energy in
kcal hydrogen from the hydrogen kcal/mol
molecule from the
. molecule nanotube molecules
in A " ; nanotube .
in A wall in A ; in A
wall in A

T344/

T3CTOCSINB 0.71 0.747 0.748 3.31 3,45 3.21 0.36
T344/

T3CTOSISIB 0.60 0.747 0.747 3.46 3.17 3.09 0.30
T344/

T3SITOCSIZB 0.33 0.748 0.747 3.20 3.17 3.05 0.17
T344/

T3SITOCSINB 0.24 0.748 0.748 3.51 3.74 3.33 0.12
T344/

T3CTOCSIZB 0.40 0.747 0.748 3.11 2.97 3.28 0.20
T344/

T3CTOSIT 0.50 0.747 0.748 3.47 3.00 3.16 0.25
T344/

T3CTOCCB 0.41 0.748 0.748 4.06 3.91 3.13 0.21
T344/

T3SITOCCB 0.49 0.748 0.747 3.07 2.98 3.02 0.25
T344/

T3SISIBOCCB 0.61 0.747 0.748 3.05 3.43 3.30 0.31
T344/

T3SISIBOSIT 0.17 0.748 0.748 3.36 3.14 3.07 0.09
T344/

T3SISIBOCSINB 0.86 0.747 0.747 3.66 3.42 3.22 0.43
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Table 4.4 — Continued

Bond Distance Distance Distance
Bond ) of the
length of of the first between
indi length of h hvd second h indi
Nanostructure name Bin ing the first the ydrogen hydrogen the centre Bin ing
. energy in second molecule of the two energy in
/ Site name kcal hydrogen hydrogen from the moleculs hydrogen kcal/mol
molecule ydrog from the yarog
in A mqlecule nano@ube nanotube mo!ecules
in A wall in A . in A
wall in A
T344/
T3CSINBOCCB 0.64 0.747 0.747 3.31 3.18 3.12 0.32
T355/
T3CCBOCSINB 0.83 0.748 0.747 3.20 3.14 3.11 0.42
T355/
T3CCBOCT 0.35 0.748 0.748 3.19 3.12 3.00 0.18
T355/
T3CSINBOCSIZB 0.72 0.748 0.748 3.15 3.24 3.24 0.36
T355/
T3CCBOCSIZB 0.33 0.748 0.748 3.21 3.22 3.23 0.17
T355/
T3CSINBOCT 0.72 0.748 0.747 3.45 3.56 3.10 0.36
T355/
T3CSIZBOCT 0.64 0.748 0.747 3.11 3.22 3.19 0.32
T366/
T3CTOCSIZB 1.58 0.749 0.748 3.30 3.47 3.53 0.79
T366/
T3SISIBOSIT 1.03 0.747 0.748 3.29 3.67 3.46 0.52
T366/
T3CSINBOSIT 1.25 0.747 0.748 3.47 3.62 3.56 0.63
T366/
T3CSINBOCSIZB 0.56 0.747 0.747 3.12 3.08 3.74 0.28
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Table 4.4 — Continued

Bond Bond Distance Dlosft?r?;:e Distance
length of of the first between
Binding Iength of the hydrogen second the centre Binding
Nanostructure energy in the first second molecule hydrogen of the two energy in
name / Site name 9y hydrogen molecule 9y
kcal hydrogen from the hydrogen kcal/mol
molecule from the
. molecule nanotube molecules
in A in A wallin A nanotube in A
wall in A
T366/
T3CSINBOHS 1.07 0.747 0.747 331 3.48 3.54 0.54
T366/
T3HSO0CSIZB 1.48 0.748 0.747 3.13 3.70 3.17 0.74
T366/
T3HSOSIT 0.78 0.748 0.748 3.54 3.42 3.63 0.39
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Table 4.5 Optimized parameters of co-adsorbed structure for adsorption at type 3 nanotube
wall. The hydrogen molecules are approaching the nanotube wall from inside.

Distance

Bond Bond Distance of the Distance
length of of the first between
- length of second -
Nanostructure B|nd|ng the first the hydrogen hydrogen the centre Blndlng
] energy in second molecule of the two energy in
name / Site name kcal hydrogen hydrogen from the moleculs hydrogen kcal/mol
molecule ydrog from the ydrog
in A mqlecule nano@ube nanotube mo!ecules
in A wall in A . in A
wall in A
T366/
T3HSOCT 0.36 0.748 0.747 3.21 3.45 3.24 0.18
T366/
T3HSO0SISIB 0.64 0.747 0.747 3.28 3.95 3.27 0.32
T366/
T3HSOSIT 0.29 0.748 0.747 3.21 3.31 3.54 0.15
T366/
T3SITOCSINB 0.43 0.747 0.748 3.26 3.17 3.19 0.22
T366/
T3SITOCSIZB 0.32 0.748 0.747 341 3.23 3.25 0.16
T366/
T3SITOSISIB 0.27 0.747 0.747 3.17 3.19 3.18 0.14
T366/
T3CCBOCT 0.30 0.748 0.748 3.22 3.45 3.26 0.15
T366/
T3CCBOCSINB 0.27 0.748 0.748 3.18 3.40 3.17 0.14
T366/
T3CCBOCSIZB 0.32 0.747 0.747 3.25 3.47 3.34 0.16
T366/
T3CCBOHS 0.13 0.748 0.748 3.28 3.21 3.22 0.07
T366/
T3HSOCSIZB 0.61 0.747 0.748 3.22 3.41 3.19 0.31
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Table 4.5 — Continued

Distance

Bond Bond Distance of the Distance
length of of the first between
- length of second o
Nanostructure Blndlng the first the hydrogen hydrogen the centre B|nd|ng
) energy in second molecule of the two energy in
name / Site name hydrogen molecule
keal molecule hydrogen from the from the hydrogen kcal/mol
5 molecule nanotube molecules
in A . ; nanotube X
in A wall in A ; in A
wall in A
T366/
T3CTOHS 0.40 0.747 0.748 4.21 3.49 3.31 0.20
T366/
T3SITOCCB 0.59 0.747 0.747 3.46 3.98 3.23 0.30
T366/
T3SITOHS 0.35 0.747 0.747 3.14 3.89 3.34 0.18
T366/
T3SISIBOCCB 0.40 0.747 0.747 4.21 3.26 3.45 0.20
T366/
T3SISIBOCSINB 0.40 0.747 0.748 3.45 3.01 3.00 0.20
T366/
T3SISIBOCSIZB 0.10 0.747 0.747 4.76 3.25 3.34 0.05
T366/
T3SISIBOCT 0.50 0.747 0.748 3.97 3.00 3.17 0.25
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Figure 4.1 Atomic arrangements and different co-adsorption sites for (a) T1IHS, (b) T2H2S and
(c) T3HS nanotubes. The carbon atoms are yellow and silicon atoms are green. The dashed
lines represent the orientation of tube axis.
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Figure 4.2 HOMO plots for (a) bare type 1 optimized (4, 4) SICNT (b) optimized type 1 (4, 4)
SICNT with hydrogen molecules placed inside the nanotube in TLCSIZBOSIT site configuration.
The two hydrogen molecules are approaching the nanotube from the outer wall.
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Figure 4.3 HOMO plots for (a) bare type 1 optimized (6, 6) SICNT (b) optimized type 1 (6, 6)
SICNT with hydrogen molecules placed inside the nanotube in TLHSOCT site configuration. The
two hydrogen molecules are approaching the nanotube from the outer wall.
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Figure 4.4 Electron charge density plot for (a) co-adsorption of two hydrogen molecules from
outside the nanotube in type 1 (4, 4) T1CSIZBOSIT site configuration (b) co-adsorption of two
hydrogen molecules from outside the nanotube in type 1 (6, 6) TIHSOCT site configuration. All
plots have been plotted under similar conditions using an isovalue of 0.002.
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Figure 4.5 Mulliken charge plot of optimized type 1 (4, 4) SICNT with two hydrogen molecules
placed outside the nanotube in T1CSIZBOSIT site configuration. The carbon atoms are yellow,
silicon atoms are green and the hydrogen atoms are white.
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Figure 4.6 Mulliken charge plot of optimized type 1 (6, 6) SICNT with two hydrogen molecules
placed outside the nanotube in TIHSOCT site configuration. The carbon atoms are yellow,
silicon atoms are green and the hydrogen atoms are white.
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Figure 4.7 HOMO plots for (a) bare type 2 optimized (4, 4) SICNT (b) optimized type 2 (4, 4)
SICNT with hydrogen molecules co-adsorbed outside the nanotube in T2CTOSISIB site
configuration. The two hydrogen molecules are approaching the nanotube from the outer wall.
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Figure 4.8 HOMO plots for (a) bare type 2 optimized (6, 6) SICNT (b) optimized type 2 (6, 6)
SICNT with hydrogen molecules placed outside the nanotube in T2SISIBOH2S site
configuration. The two hydrogen molecules are approaching the nanotube from the outer wall.
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Figure 4.9 Electron charge density plot for (a) co-adsorption of two hydrogen molecules from
outside the nanotube in type 2 (4, 4) T2CTOSISIB site arrangement (b) co-adsorption of two
hydrogen molecules from outside the nanotube in type 2 (6, 6) T2SISIBOH2S site arrangement.
All plots have been plotted under similar conditions using an isovalue of 0.002.
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Figure 4.10 Mulliken charge plot of optimized type 2 (4, 4) SICNT with two hydrogen molecules
placed outside the nanotube in T2CTOSISIB site configuration. The carbon atoms are yellow,
silicon atoms are green and the hydrogen atoms are white.
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Figure 4.11 Mulliken charge plot of optimized type 2 (6, 6) SICNT with two hydrogen molecules
placed outside the nanotube in T2SISIBOH2S site configuration. The carbon atoms are yellow,
silicon atoms are green and the hydrogen atoms are white.
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Figure 4.12 HOMO plots for (a) bare type 2 optimized (4, 4) SiICNT (b) optimized type 2 (4, 4)
SICNT with hydrogen molecules placed inside the nanotube in T2SISIBOCSIB site
configuration. The two hydrogen molecules are approaching the nanotube from the inner wall.
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Figure 4.13 HOMO plots for (a) bare type 2 optimized (5, 5) SICNT (b) optimized type 2 (5, 5)
SICNT with hydrogen molecules placed inside the nanotube in T2H2S0SISIB site configuration.
The two hydrogen molecules are approaching the nanotube from the inner wall.
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Figure 4.14 Electron charge density plot for (a) co-adsorption of two hydrogen molecules from
inside the nanotube in type 2 (4, 4) T2SISIBOCSIB site configuration (b) co-adsorption of two
hydrogen molecules from inside the nanotube in type 2 (5, 5) T2H2S0SISIB site configuration.
All plots have been plotted under similar conditions using an isovalue of 0.002.
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Figure 4.15 Mulliken charge plot of optimized type 2 (4, 4) SICNT with two hydrogen molecules
placed inside the nanotube in T2SISIBOCSIB site configuration. The carbon atoms are yellow,
silicon atoms are green and the hydrogen atoms are white.
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Figure 4.16 Mulliken charge plot of optimized type 2 (5, 5) SICNT with two hydrogen molecules
placed inside the nanotube in T2H2S0SISIB site configuration. The carbon atoms are yellow,
silicon atoms are green and the hydrogen atoms are white.
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Figure 4.17 HOMO plots for (a) bare type 3 optimized (4, 4) SICNT (b) optimized type 3 (4, 4)
SICNT with hydrogen molecules placed inside the nanotube in T3SISIBOSIT site configuration.
The two hydrogen molecules are approaching the nanotube from the outer wall.
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Figure 4.18 HOMO plots for (a) bare type 3 optimized (6, 6) SICNT (b) optimized type 3 (6, 6)
SICNT with hydrogen molecules placed inside the nanotube in T3CTOCSIZB site configuration.
The two hydrogen molecules are approaching the nanotube from the outer wall.
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Figure 4.19 Electron charge density plot for (a) co-adsorption of two hydrogen molecules from
outside the nanotube in type 3 (4, 4) T3SISIBOSIT site configuration (b) co-adsorption of two
hydrogen molecules from outside the nanotube in type 3 (6, 6) T3CTOCSIZB site configuration.
All plots have been plotted under similar conditions using an isovalue of 0.002.
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Figure 4.20 Mulliken charge plot of optimized type 3 (4, 4) SICNT with two hydrogen molecules
placed outside the nanotube in T3SISIBOSIT site configuration. The carbon atoms are yellow,
silicon atoms are green and the hydrogen atoms are white.

120



Figure 4.21 Mulliken charge plot of optimized type 3 (6, 6) SICNT with two hydrogen molecules
placed outside the nanotube in T3CTOCSIZB site configuration. The carbon atoms are yellow,
silicon atoms are green and the hydrogen atoms are white.
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Figure 4.22 HOMO plots for (a) bare type 3 optimized (6, 6) SICNT (b) optimized type 3 (6, 6)
SICNT with hydrogen molecules placed inside the nanotube in T3HSOSISIB site configuration.
The two hydrogen molecules are approaching the nanotube from the inner wall.
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Figure 4.23 HOMO plots for (a) bare type 3 optimized (6, 6) SICNT (b) optimized type 3 (6, 6)
SICNT with hydrogen molecules placed inside the nanotube in T3SISIBOCSIZB site
configuration. The two hydrogen molecules are approaching the nanotube from the inner wall.
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Figure 4.24 Electron charge density plot for co-adsorption of two hydrogen molecules from
inside the nanotube in type 3 (6, 6) T3HSOSISIB site configuration. All plots have been plotted
under similar conditions using an isovalue of 0.002.
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Figure 4.25 Mulliken charge plot of optimized type 3 (6, 6) SICNT with two hydrogen molecules
placed inside the nanotube in T3HSOSISIB site configuration. The carbon atoms are yellow,
silicon atoms are green and the hydrogen atoms are white.
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Figure 4.26 Mulliken charge plot of optimized type 3 (6, 6) SICNT with two hydrogen molecules
placed inside the nanotube in T3SISIBOCSIZB site configuration. The carbon atoms are yellow,
silicon atoms are green and the hydrogen atoms are white.
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CHAPTER 5
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

In the first part of our study, we have studied molecular hydrogen adsorption on three
different types of single walled (9, 9) SiC nanotubes in armchair configurations. Our studies
indicate that SICNT can be a good media for hydrogen storage, with types 2 and 3 nanotubes
being possibly better storage medium as compared to type 1. Studies involving optimization of
single molecule hydrogen adsorption have revealed that carbon top and the carbon-carbon
bridge sites have a higher adsorption binding energy compared to silicon top sites. The above
results suggest that higher adsorption binding energy can be achieved for sp2 like bonding
nanostructures. In all cases the adsorption binding energy obtained for PW91 method has been
found to be higher than B3LYP method. This is on expected lines as B3LYP is a hybrid density
functional compared to the pure density functional PW91. Most importantly, the first part of our
study revealed that better binding sites are available in type 1 armchair structures as compared
to sites studied by Mpourmpakis et al. [34].

In the next part of our study, optimization of various armchair nanotube structures
ranging from (3, 3) to (6, 6), belonging to all three types and co-adsorption of two hydrogen
molecules have been carried out. These structures include all three nanotube types. Results
from our studies have confirmed that type 2 structures have better binding with the adsorbed
hydrogen molecule as compared to type 1 and type 3. Furthermore, in this study we find that for
the adsorption taking place inside the nanotube, optimized configuration is obtained when the
hydrogen molecule is at the center of the nanotube as in T2CCB site in type 2 (4, 4) structure.
This leads to both charge and geometric symmetry resulting in high binding energy of the order

of 1eV. The adsorption in this case is chemisorption, unlike most sites in other structures where
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the adsorption is predominantly physisorption. The average binding energy obtained is
maximum in type 2 followed by type 3 and type 1 nanotubes, for inside adsorption. For
hydrogen adsorption from outside the nanotube, the most preferred structure is once again type
2 (4, 4). Additionally, most sites in this structure show an adsorption binding energy of more
than 1eV when the hydrogen molecule is adsorbed from outside. For outer wall adsorption, the
maximum average binding energy of the hydrogen molecule is in type 2 structures followed by
type 1 and then closely followed by type 3. Therefore, by changing the atomic configuration as
well as diameter of the nanotube we can obtain the desired adsorption binding energy. Also,
from the Mulliken charge analysis plots, it is quite evident that for the hydrogen molecular
adsorption taking place inside the nanotube, excellent binding occurs when the final optimized
structure is charge symmetric in nature. This can lead to other similar structures and sites in
other polar nanotubes, displaying similar symmetric behavior, hence higher binding energy.
However, for outer wall adsorption of the hydrogen molecule it is the local structure which as a
whole determines the adsorption binding energy of the hydrogen molecule. The electronic
charge density plots clearly illustrate that the charge overlap between the hydrogen molecule
and the nanotube is most prominent in case of the more preferred binding sites. On the whole,
except for one structure in type 2 and type 3, the adsorption in most sites which have been
studied is predominantly physisorption in nature. The partial density of state plots also indicates
that the nature of adsorption is predominantly physisorption. While addressing the storage
capacity issue, we considered the number of sites where binding takes place and found that the
storage capacity of up to 7.45% can be achieved for type 2 (5, 5) structures. Hence, it is an
excellent candidate for hydrogen storage. The above trend in the binding energy values have
been confirmed in the co-adsorption study of hydrogen molecules in nanotubes ranging from (3,
3) to (4, 4) and for all three types. The binding energies are on the whole extremely site
dependant. For certain type 2 (4, 4) site configuration it has been found to exceed binding

energy obtained during single molecular hydrogen adsorption. Most site arrangement which
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show binding in type 2 (4, 4), both inside as well as outer wall co-adsorption, display binding
energy of more than leV. Hence, these adsorptions can be classified as chemisorption in
nature. Through the co-adsorption study, we also find that in case of type 3 nanotubes only (6,
6) nanotubes show binding for inner wall co-adsorption and for outer wall co-adsorption. The
binding in type 3 (6, 6) nanotubes is sometimes better or equivalent to smaller diameter
nanotube structures belonging to the same type. The co-adsorption study shows better binding
as compared to single molecular adsorption in particular cases. It thus raises the possibility of
getting excellent binding results when real time experiments are conducted. The binding energy
can be further tailor made to suit our needs by modifying the nanotube diameter and using
different atomic configuration. Even though types 2 and type 3 have slightly lower stability
compared to type 1 as reported by our group [33], the binding energy properties we get in type
2 and type 3 are encouraging. In a similar way, zigzag nanotubes have lower stability as
compared to armchair nanotubes and work on them has already been carried out previously in
our group [33]. Hence studies on zigzag nanotubes can be worthwhile. Studies involving

interaction of hydrogen molecules on transition metal coated SICNTs can also be explored.
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