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CHAPTER I
INTRODUCTION

1.1 Background

Since the single-walled carbon nanotube (SWCNT) which consists hexagonal
rings of carbon atoms, was discovered[1], hydrogen adsorptions on pristine, defect
SWCNTSs and their derivatives as Eu- , Ce- and Na-doped , and Ti- and Pt-decorated
SWCNTSs were studied for their hydrogen storage properties[2-10]. Explorations for
hydrogen storage materials, the adsorption of hydrogen molecule on the boron nitride
nanotubes (BNNTSs)[11-17], defective , C-, Pt-, Al-doped and Ce-doped, Rh-, Ni- and
Pd-functionalized and Pt- and Ti-decorated BNNTs were investigated[18-25]. The
physisorption of hydrogen molecule on BNNT was found to be favorable
energetically than on the SWCNTJ[17]. The dissociative adsorption of the hydrogen
molecule on the perfect and the Stone-Wales defects BNNTs were found[18]. The
hydrogen adsorbed on the top of the C atom of the C-doped BNNT was found[19].
One and two hydrogen molecules were found to be chemically adsorbed on the Pt-
doped BNNT and the single Pt decorated BNNT, respectively[20]. The hydrogen
adsorption on the Al-doped zigzag and armchair BNNTs was investigated and their
potential capacity to adsorb hydrogen was found[21]. The seven hydrogen molecules
per Ce atom of the Ce-doped BNNT and 5.68 wt% H, stored in the Ce3/BNNT
system were indicated[22]. The hydrogen capacities for Rh-, Ni- and Pd-
functionalized BNNTs as efficient hydrogen storage were predicted[23]. The
hydrogen molecule physisorption occurring near the Ti atom of the Ti-decorated
BNNTs was observed, and their storage capacity for hydrogen molecules was
suggested[24]. The seven H> molecules physisorbed at the vicinity of the Ti atom of
the Ti-decorated BNNTs were revealed by MD simulation[25], and Ti-decorated
(10,0) BNNTSs with B—N defects were examined by the DFT and molecular dynamics
(MD) simulation[26].

As the BNNT, well-known non-carbon nanotube (inorganic carbon nanotube),

and its derivatives have been attended as hydrogen storage materials, the adsorption



of hydrogen molecule on the beryllium oxide nanotube (BeONT) and its derivatives
should, therefore, be fascinatingly explored. Lead to the BeONTSs are isoelectronic to
SWCNTs and BNNTs and exhibit the increased polarity of the bond, the structures
and electronic properties of BeONTs as new non-carbon nanotube were theoretically
predicted[27]. The structural, elastic, and electronic properties of various sizes of
zigzag and armchair BeONTSs were studied by DFT compared with the BNNTs[28].
The electronic structure and magnetism in pristine (6,6) and (10,0) BeONTs were
studied using DFT computations compared with the B-, C-, and N-doped (6,6) and
(10,0) BeONTSs[29]. The electronic structures, optical absorption spectra, the
modulation of uniaxial strain along tube axis to electronic structures and optical
absorption spectra[30], electronic and linear optical properties[31] of BeONTs were
investigated by the DFT method. The structural, electronic, and magnetic properties
of BeONTs and 3d transition metal-doped BeONTSs and the structural, electrical, and
optical properties of pristine and B-, Al-, Ga-doped BeONTs were studied[32, 33].
Dilute magnetic semiconductor and half-metal behaviors in C-co doped BeONTSs
were studied[34]. The electronic and field emission characteristics of (5, 5) capped
BeONTs were studied[35]. The adsorption H2S molecule on the pristine and Si-doped
BeONT/[36], aniline electrical sensing of BeONT[37], nitrous oxide on pristine and
defective BeONTSs[38], CO2 molecule on BeONT[39], and adenine on BeONT[40]
were investigated using DFT methods. It was shown that BeONTs are
thermodynamically stable and have binding energy close to the binding energy
observed for beryllium oxide with a wurtzite structure. The structural, elastic, and
electronic properties of the BeONT were studied compared with BNNT[41]. The
zigzag BeONTSs of the (n,0), where n = 8 to 64, were simulated and the properties
were studied by periodic DFT method. The electronic and the linear optical properties
of the BeONTs were investigated[31]. The electronic structures and absorption
spectra of the BeONTSs were studied and the armchair BeONTSs were suggested to be
used as the sensor of photoelectron and anisotropic device[42]. The optical absorption
frequency behavior of the BeONT was studied and compared with BNNT[43]. The
structural, electrical, linear, and nonlinear optical (NLO) properties of the pristine and
B, Al, and Ga doped BeONTSs were studied by DFT method[44].



Electronic structure and magnetism of the pristine, B-, C-, and N-doped
BeONTs were studied[45-47]. Effects of the 3d transition metal doping on the
structural, electronic, and magnetic properties of BeONTs were studied and the V-,
Co-, and Ni-doped (5,5) and (8,0) BeONTs with half-metal ferromagnetism and 100%
spin polarization character were suggested as good candidates for spintronic
applications[48]. Nevertheless, research for exploration of hydrogen adsorption on
BeONTs and their doping derivatives for hydrogen storage and/or sensing materials
has hardly been found. The beryllium oxide nano-cage (BeONC), the small size
(Be12012), was studied on its hydrogen adsorption and the average adsorption energy
of —0.11¢V was obtained[49].



1.2 Beryllium oxide nanotube

Beryllium oxide (BeO) is a transitional material between ionic compound and
semiconductive material for example BN and ZnO[50, 51]. On the contrary alkaline
earth oxides, crystalline BeO which is a compact wurtzite structure, is an insulator in
electronics (band gap ~10 eV) with very high thermal conductivity, high melting
point and elastic[52]. Moreover, Beryllium oxide nanotubes (BeONTS) which are
constructed by rolled up a BeO sheet, can be divided into 3 types : armchair
nanotubes (n=m), zigzag nanotubes (n#0, m=0) and chiral nanotubes (n#m) were
found that band gap have 7.3-8.8 eV which depend on chirality and diameter[27, 41,
53].

Figure 1.1 The structures of (a) the 3D wurzite-like BeO, (b) the h-BeO monolayer
and (c) the (10,0) BeO nanotube [41].



Figure 1.2 Top and side views of atomic structures of single-walled: 1.- zigzag (10,0)
and 2- armchair (6,6) nanotubes of graphite-like hexagonal BeO [47].

1.3 Objective

In this work, we employed periodic DFT-D calculations to investigate the
(5,5) and (10,0) BeONTSs, and their surfaces doped by selected elements of periods 2
(B, C, and N), 3 (Mg, Al, Si, P, and S) and 4 (Ca, Ga, Ge, As and Se), and doping
processes of all the element doped BeONTSs. In addition, the adsorption of hydrogen
molecules on all the studied surfaces was explored to discover new hydrogen storage

and hydrogen sensing materials.



CHAPTER II
THEORETICAL BACKGROUND

There are three tools used to investigate the chemical properties of atoms,
molecules and solids consisting of semi-empirical, Hartree-Fock (HF) and density
functional theory (DFT) methods. DFT is a most popular method that was

continuously developed to be used for calculations in this Thesis.

2.1 Density functional theory (DFT) method

Density functional theory (DFT) is a Quantum Mechanic (QM) method in the
study the electronic structure of atoms, molecules and solids. DFT is based on the
total electronic charge density p(r), which is more directly related to observable
quantities than is the N-electron wave function w(rs,r2...rn). The density function

determine from the wave function using

p(x) = N[ - [lw(r,r,. . xy)|* dsdx, . . .dxy (2.1)

where ry has been singled out for replacement by the unlabeled three-dimensional
variable r. Note that integration runs over space and spin coordinates of electrons
2,3...N, but only over the spin of the first electron [54].

2.1.1 Density functional theory

The fundamental quantity is the energy considered as a functional of the

electron density: E[p]. This is conveniently divided into four contributions:

Elp] = Ex[p] + Evlp] + Eilp] + Exclp] (2.2)



An exact form for the kinetic energy functional is not known but, as a first

approximation,

Exlpl = S6m [ p(ry &'r 23)

which is suggested by the local density approximation used in the Thomas-Fermi
atomic model. A correction to Ek[p] which considers also the gradient of the density

is the Weizsacker correction:

VoI
AE[p] = ¢ [EEdr (2.4)

where A is an empirical constant. The potential energy of nuclear-electronic and

internuclear interactions in a molecule is given by

p(r ) ZyZg
_l’_
Eylpl= ZZA = RAI 2, R (2.5)

where the electron-electron potential energy is
E p(r1)p(rz) &Er d3 26
Jlp] = 5 | A (2.6)

This has to be corrected by subtracting out electron self-interactions, which is done by
the exchange potential. Both potential-energy parts have analogs in classical
electromagnetic theory. The exchange-correlation functional is the most challenging.
It is entirely of quantum-mechanical origin the Pauli exclusion principle and electron
correlation. An early approximation to the exchange part of this contribution,

introduced by Slater to be discussed in the following section.
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30 (3)3 4
Exlpl = -3 () [ p(ryid'r (2.7)
where o is another empirical constant.

The Lieb-Oxford bound provides an upper limit to the exact exchange-correlation

energy, namely

Exclp] > -1.68 [ p(r)§ dr (2.8)

By further manipulation of both functional forms and empirical parameters, which we

will not describe in detail, a very successful formulation of DFT has been realized.

2.1.2 The Kohn-Sham equations

Kohn and Sham (1965) developed an alternative computational scheme which
is a hybrid between DFT and the Hartree-Fock method. In particular, the complicated
many-electron potential in the Hartree-Fock equation for a spin orbital is replaced by
an effective potential Vks(r) incorporating Coulomb, exchange and correlation effects.
The actual many-electron system is thereby represented by an equivalent system with
independent particles, such that a single Slater determinant gives the exact solution. A
major advantage of the KS method is that it is no longer necessary to approximate the

kinetic energy by local density type approximations. The Kkinetic energy of a spin

2
orbital is now represented by the correct quantum mechanical operator -;’—mvz. The

Hartree-Fock-Kohn-Sham equation for a spin orbital ¢n(r) (in atomic units) can be

written

{572+ Vs 6,00 = 68, 0) (2.9)



where

Fics(r) = Z oy Vel Vaclp) (210)

The last functional includes correlation (absent in HF) as well as exchange.

A quite successful empirical approximation to the exchange-correlation

potential was found by Gunnarsson and Lundqvist (1976)

0.458 rs
Viclpl = - == - 0.0666G( 1) (2.12)

where
G =5 [+ 20 log(i+ x7) -x7+ 2 ] (2.12)

Here, rs is the Wigner-Seitz radius,

1

rSZ( 3 )5 (2.13)

ar|p(r)|

the radius of a spherical volume containing an average of one electron.

At each stage of an iterative computation, the density is calculated using

0= |y, ol (2.14)
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The exchange-correlation potential is formally related to the exchange-correlation
energy in by a functional derivative

GETp] _ . EX[p+Ap] - EXp]
= lim
5[) Ap—0 Ap

VXClp] = (2.15)

2.1.3 Basis set

Basis set is a set of mathematical basis functions representing the molecular
orbitals. Linear combination of functions including the weights or coefficients
describes molecular orbitals. It is composed of finite number of atomic orbitals within
the system. This approximated molecular orbital is called LCAO approach. Moreover,
the basis functions are described by the electron distribution around atom in the

system.

CRYSTAL performs ab initio calculations on periodic systems within the
linear combination of atomic orbitals (LCAO) approximation. The crystalline orbitals

(CO) are treated as linear combinations of Bloch functions (BF) [55],

vi(rk) = Z 4, (k) (r;k) (2.16)
i
bR = D (- Aot (2.17)
g

This is defined in terms of local functions, hereafter indicated as atomic
orbitals (AO). Those local functions are expressed as linear combination of a certain

number of Gaussian type functions (GTF).

ng
v, 00~ A= ) dGlagr-A,-g) (2.18)
J
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where r is coordinate of an electron. g is direct lattice vector the sum over g is
extended to the all-lattice vector(infinite) of direct lattice. k is lattice vector defining a
point in the reciprocal lattice. A is coordinated of an atom in the reference cell. a is
variational coefficients. d is coefficients of the primitive gaussians in the contraction,
fixed for a given basis set; the sum over j is limited to the number of functions in the

contraction.

The AOs belonging to a given atom are grouped into shells. The shell can
contain either all AOs with the same quantum numbers, n and | (for instance 3s, 2p,
3d shells), or all the AOs with the same principal quantum number n and different |
(sp shells; exponent of s and p gaussians are the same). A single, normalized, s-type
GTF, the adjoined gaussian, is associated with each shell. The exponent of the
adjoined gaussian is the smallest exponent of the gaussians in the contraction. The
adjoined gaussian is used to estimate the AO overlap and select the level of

approximation to be adopted for the evaluation of the integrals.

The basis set definition is the first step to uniquely define the level of
calculation. The molecular and crystalline basis set must be balanced, that means each
center must have the same variational freedom in describing the electrons formally
attributed to the center. Basis sets of different quality on different atoms (minimal
basis sets on some atoms and split valence + polarization on others) may give
spurious effects, exploited during the SCF iterations, and driving to solution not

converging.

2.1.4 Effective core pseudopotential (ECP)

The use of ECP has been the important success in the molecular orbital
calculations involving large atoms or transition metals. ECP is simply a group of
potential functions that substitute the inner shell electrons and orbitals that are
normally implicit to have minor effects on the formation of chemical bonds.

Investigation of the valence electrons using ECP can be carried out at a fraction of the
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computational cost that is required for an all-electron calculation, whereas the overall

quality of computation does not differ much from the all-electron calculations [55].

2.2 Dispersion-corrected density functional theory (D-DFT) method

The proper description of noncovalent interactions requires the inclusion of long-
range electron correlation effects that are missing in both HF and DFT methods. In particular,
the treatment of the weak London forces is crucial because of their attractive and ubiquitous
nature. They play a critical role in many phenomena such as the crystal packing of molecular
solids and the physisorption of molecules on surfaces or in microporous materials. A way to
account for the missing dispersion energy in DFT is to augment the total energy as computed
for a given density functional approximated method with a dispersion term [55]:

EDFT—D = EDFT + EDiSp (219)

An efficient and cost-effective approach is to use a simple pairwise (i.e. 2-body)

correction that includes the long-range dispersion energy through the asymptotic series: (i.e. -

5 56

where C2 are the n-order dispersion coefficients for a given atom pairs AB.



CHAPTER 111
MODELS AND METHODS

3.1 Computational method

Structures of (5,5) BeONT, (10,0) BeONT, their surfaces doped by selected
elements of periods 2 (B, C, and N), 3 (Mg, Al, Si, P, and S), and 4 (Ca, Ga, Ge, As
and Se), and structures of their hydrogen molecule adsorption, have been optimized
by periodic density functional theory (DFT) method including London-type empirical
correction for dispersion interactions[56] which is called as the D2 version of
Grimme's dispersion method. The empirical parameters of the D2 method of Grimme

for the elements used in this work are shown in Table S1 in Appendices.

The PBE GGA functionals, Perdew-Becke-Ernzerhof (PBE) exchange, and
correlation[57] , based on the expansion of the crystalline orbitals, have been
employed using the CRYSTAL14 software package[58]. The 6-211d1G basis set was
used for Be and O atoms. The m-6-311G(d) basis set was used for B, C, N, Mg, Al,
Si, P, and S dopant atoms, m-S-RSC for Ca and m-pVVDZ-PP basis set for Ga, Ge, As,
and Se dopant atoms[59]. The 5-11G* basis set was used for the H atom of molecular
hydrogen gas[60]. All basis sets were taken from the CRYSTAL14 homepage. The
tolerances for geometry optimization convergence, truncation threshold of 108, 108,
108, 10, and 107° for the coulomb exchange were selected, and Fock/Kohn-Sham
matrices mixing was set to 30. The Monkhorst-Pack shrinking factor of 10x10x1 k—

point was used to sample the Brillouin zone.

The BeONTSs were constructed by rolling up the 2D BeO graphene-like sheet

using the hexagonal lattice parameters, a = b = 2.662 A and a = 60°, and fractional
coordinates (% , % , 0.000) for Be atom and (-% , % , 0.000) for O atom using the SLAB

and NANOTUBE keywords. The (5,5) and (10,0) BeONTSs were obtained by setting
the roll-up-vectors to [5 5] and [10 0] using the NANOTUBE keyword, respectively.
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The (4x0x0) and (2x0x0) supercells were set for the (5,5) and (10,0) BeONTSs, which

consist of 80 atoms (Be4oOao), respectively.

All studied structures were fully optimized at room temperature (298.15) and 1
atm using the CRYSTAL14 software package. The partial charges of atoms in
molecules were obtained from the Mulliken population analysis as implemented in the
CRYSTAL14 software package. Finally, all the molecular images were plotted by
using the VESTA 3.4.0 software[61].

Doping of the B, Mg, Al, Ca, and Ga atoms which are designated as metal
elements, on the BeONT, was modeled by replacing the Be atom with a dopant atom
and doping of the N, P, S, Se, and As atoms which are selected as non-metal
elements, was modeled by replacing a dopant atom to the O atom. The C, Si, and Ge
can behave like the electron donor and acceptor atoms that are situated in between the
electron-deficient (B, Al, and Ga) and electron-rich (N, P, and As) atoms, as shown in
Figure S1, in Appendix. For doping of the C, Si, and Ge atoms, two doping structures

of which a dopant atom was substituted for the Be atom and O atom were modeled.

The doping energies, AEqoping Of the M dopant (M= B, C, N, Mg, Al, Si, P, S,
Ca, Ga, Ge, As and Se) on the BeONT to synthesize M-BeONT is defined as shown
in equation (3.1).

AEdoping: EM(X)-BeONT - (EM+E[BeONT+ VX]) (31)

where the Ey and Ejgeonts 1, are the total energies of M atom and Be- or O-vacancy

BeONT (denoted by [BeONT+ Fy]), respectively. E

M®-geont 1S the total energy of

the MY-BeONT of which M™ is the M replacing to the x-vacancy of the [BeONT+
Vxl.

The adsorption energy of the Hz on the M-BeONT surface is defined as shown
in equation (3.2).
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AE 4= Er,m-eont = (Er, PE[M-BeONT]) (3.2)

where Ey,-peont IS the total energy of the Ho/M-BeONT. Ey and Eyp.geont) are the

total energies of hydrogen gas and clean M-BeONT surface, respectively

The charge-change ( Aq) is defined as a charge difference between the
observed atom of the M-BeONT surface after adsorbing H> and the clean surface, as
shown in equation (3.3).

AQ = gi—qi (3.3)

where gf and qi are charges of the observed atom of the M-BeONT surface after

adsorbing Hz and the clean M-BeONT surface, respectively.

The change of energy gap in percent ( AEy) is defined as a difference between

H> adsorbed M-BeONT surface and the clean surface, as shown in equation (3.4).

AE - [E4(H/M-BeONT) — Ey(M-BeONT)| x 100
g Eg(M-BeONT)

(3.4)

where E,(H,/M-BeONT) and E,(M-BeONT) are the energy gaps of the Hao/M-
BeONT and M-BeONT, respectively.

The recovery time (1), which is defined as the time taken by the sensor to
achieve 90% of the total response change[62], of hydrogen adsorption sensing can be

evaluated using equation (3.5)

AEqgs
T=10g e(k_Td) (3.5)



16

where T is the absolute temperature, k is Boltzmann's constant, and is the attempt
frequency vo which value of ~ 1.0x10'? s for a gas molecule. Equation (3.5) shows
that low adsorption energy (strong adsorption) of hydrogen on the material surfaces
leads to a long recovery time, resulting in poor sensing material. On the other hand,
the high adsorption energy of hydrogen on the material surface results in good sensing
material.



CHAPTER IV
RESULTS AND DISCUSSIONS

4.1 Adsorption on (5,5) BeONT and its doping derivatives

4.1.1 The structures of the pristine (5,5) BeONT and periods 2—4 elements
doped (5,5) BeONT surfaces

The optimized parameters of the pristine (5,5) BeONT (a=b =2.682 A, and a
= 60° ) were obtained, and the optimized structure is shown in Figure 4.1. The
diameter of the pristine (5,5) BeONT of 7.41 A, Be-O bond lengths of 1.55 A, O-Be-
0O =119.2°, and Be-O-Be= 120.3° were found. The optimized structures of (5,5)
BeONT doped by period 2 (B, C, and N), period 3 (Mg, Al, Si, P, and S), period 4
(Ca, Ga, Ge, As, and Se) elements are shown in Figures 4.2, 4.3, and 4.4,
respectively. The B—, C®9— C©— and N—doped (5,5) BeONTs (Figure 4.2), Mg—,
Al-, Si®_ Si©_ p_and S—doped (5,5) BeONTs (Figure 4.3) and Ca—, Ga—, Ge(®®—,
Ge©)—, As— and Se—doped (5,5) BeONTs (Figure 4.4) were found. The bond lengths
of B-O (1.50, 1.50, 1.49 A), C-O (1.54, 1.54, 1.54 A), C-Be (1.68, 1.68, 1.79 A), and
N-Be (1.61, 1.61, 1.62 A) of the B—, C®— C©- and N—doped (5,5) BeONTs,
respectively, were found. The bond lengths of Mg-O (1.86, 1.86, 1.89 A), AI-O (1.82,
1.82,1.84 A), Si-O (1.81, 1.81, 1.84 A), Si-Be (2.16, 2.16, 2.74 A), P-Be (2.18, 2.18,
2.13 A) and S-Be (2.01, 2.01, 2.06 A) of the Mg—, Al-, Si®—, Si©— P—and S—doped
(5,5) BeONTs, respectively, were obtained. The bond lengths of Ca-O (2.11, 2.11,
2.15 A), Ga-O (1.93, 1.93, 1.96 A), Ge-O (1.96, 1.96, 1.99 A), Ge-Be (2.40, 2.40,
2.29 A), As-Be (2.28, 2.28, 2.24 A) and Se-Be (2.15, 2.15, 2.21 A) of the Ca—, Ga—,
Ge®_ Ge©— As—and Se—doped (5,5) BeONTs, respectively, were obtained. Bonds
of all the element-doped (5,5) BeONTs of which an atom was connected to the dopant
atom are categorized into two types, two symmetrical bonds, and one unsymmetrical

bond, as shown in Figures 4.2, 4.3 and 4.4.
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Plots of doping energy of period 2, period 3, and period 4 elements on the Be-
or O-vacancies in the (5,5) BeONT are shown in Figure 4.5. The curves were
categorized into the series of doping on the Be- and O-vacancy in the (5,5) BeONT,
respectively. The doping energies of all the doping on the Be-vacancy are much lower
than on the O-vacancy. The lowest doping energies for the dopants of period 2, period
3, and period 4 elements are respectively the B, Si, and Ca on the Be vacancy in the
(5,5) BeONT, of which the values are -12.47, -12.46, and -12.99 eV (see Table 4.1),

respectively.

Bcl-O1 = 1.55A
Bel-02=1.55A
O1-Bel-02 = 119.21°
Bel-02-Be2 = 120.31°

Figure 4.1 Optimized structure of the pristine (5,5) BeONT. Left and right are two
different side views and front views, respectively.
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1.49 A 1.54 A

68 A 1.79 A L6 A 1614 1.62 A

(d)

Figure 4.2 Optimized structures of the (a) B—, (b) C®® — (c) C© — and (d) N—doped
(5,5) BeONTSs. Left and right images are side and front views, respectively.
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1.89 A 1.84 A

1.84 A

2134

Figure 4.3 Optimized structures of the (a) Mg—, (b) Al—, (c) Si®® —, (d) Si©—, (e) P—
and (f) S—doped (5,5) BeONTSs. Left and right images are side and front views,

respectively.
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215 A 1.96 A

229 A
1.99 A

224 A 221 A

Figure 4.4 Optimized structures of the (a) Ca—, (b) Ga—, (c) Ge®® —, (d) Ge©—, (e)
As—and (f) Se—doped (5,5) BeONTs. Left and right images are side and front views,
respectively.
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Figure 4.5 Plots of doping energy of the (5,5) BeONT doped by the (a) period 2, (b)
period 3 and (c) period 4 element. Their upper and lower curves are of the doping on
the O and Be vacancies in the (5,5) BeONT, respectively.
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4.1.2 Adsorption of the hydrogen molecule on the pristine (5,5) BeONT and
periods 2—4 elements—doped (5,5) BeONT surfaces

The adsorption structure of hydrogen molecule on the pristine (5,5) BeONT is
shown in Figure 4.6. The shortest bond distances between hydrogen molecule and
atoms of the pristine (5,5) BeONT are H---O = 2.70 A and H---Be = 2.99 A. The
hydrogen adsorption on the pristine (5,5) BeONT, of which adsorption energy of
—0.10 eV (see Table 4.2) was the physisorption.

(i) 2.87A
(i) 2.99 A &
(i) 2.70 A . b 1

Figure 4.6 Adsorption structure of H, adsorbed on the pristine (5,5) BeONT. Left
and right are two different side views and front views, respectively.
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4.1.2.1 Period 2 elements

The adsorption structure of hydrogen molecule on the period 2 (B, C®®), Cc©)
and N), period 3 (Mg, Al, Si®®, Si©, P and S), and period 4 (Ca, Ga, Ge®®, Ge©), As
and Se) clement—doped (5,5) BeONTs are shown in Figures 4.7, 4.8, and 4.9,
respectively. The physical adsorptions of hydrogen molecule on the B—, C®®— and
N- doped (5,5) BeONT, of which adsorption energies, respectively, are —0.36, —0.22,
and —0.11 eV, are shown in Figures 4.7 (a), (b) and (d), respectively. The adsorption
of hydrogen molecule on the C©—doped (5,5) BeONT (Figure 4.7 (c)) of which
adsorption energy is AEadgs = —4.73 ¢V, was the dissociative chemisorption and their
H1-C and H2-C bond lengths are 2.11 and 2.15 A, respectively. The dissociative
chemisorption of hydrogen molecule on the C©—(55) BeONT was found as
carbohydride structure. It was found that atomic charges of B (gr = 0.722 ¢) of the B—
(5,5) BeONT and C (qr = 0.387 e) of the C®®—(5,5) BeONT are more positive after
adsorbing hydrogen molecule, but of N (gr = -0.960 e) of the N—(5,5) BeONT and C
(gr =-0.696 e) of the C(©—(5,5) BeONT are more negative after hydrogen adsorption,
as shown in Table 4.3. The largest charge-change (Aq = -0.401 e) of C adsorption
center of the C©©—(5,5) BeONT of which hydrogen adsorption (AEags= —4.73 eV) is
the strongest, was found; the large charge-change (Agq =+0.198 e, of which
H1=+0.103 e and H2=0.095 e) of hydrogen molecule also confirmed its dissociative

chemisorption.
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(b)

(i) 2.62A P
(i) 2.76 A %
(i) 3.12 A E

211 A
s (iv) 3.47 A

(d)

Figure 4.7 Adsorption structures of Hz adsorbed on the (a) B—, (b) C®® — (c) C©—
and (d) N—doped (5,5) BeONTs. Left and right images are side and front views,
respectively.
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4.1.2.2 Period 3 elements

Doping with period 3 elements, adsorptions of hydrogen molecule on the Mg—
, Al-, Si®— P— and S—doped (5,5) BeONTs are physisorption of which adsorption
energies, respectively, are —0.22, —0.35, —0.10, —0.12 and —0.10 eV, but on the SiO-
doped (5,5) BeONT s dissociative chemisorption (AEadss = -2.92 eV) to form the
silicon hydride structure.

Hydrogen-bond distances between hydrogen molecular atom and dopant atom
of M—doped (5,5) BeONTs are in order: H---Mg (2.31 A) <H---Al1 (2.62 A) <H---P
(299 A) < H---Si® (3.03 A) < H---S (3.11 A) (see Figure 4.8). The adsorption
structure of Hz/Si©—doped (5,5) BeONT, of which two H-Si bonds are 1.55 and 1.57
A, is shown in Figure 4.8 (d).

All the M-doped (5,5) BeONTs (Mg—, Al-, Si(Be)—, Si(O)- P— and S—doped
(5,5) BeONTs) were found with positive charge-change after adsorbing hydrogen
molecule. The magnitudes of charge-change of M adsorption center of all M-doped
(5,5) BeONTSs are in order: Si® (gr = 0.225 €) > Al (gr = 0.127 €) > Mg (gr = 0.022 €)
> S (gf = 0.020 €) ~ Si®® (g¢ = 0.020 €) > P (gr = 0.006 €). It was found that the
largest charge-change of Si‘ adsorption center of the Si‘©—(5,5) BeONT of which
hydrogen adsorption (AEadgs= —2.92 eV) is the strongest, agrees with the large charge-
change (Aq = -0.397 e, of which H1=-0.196 e and H2=-0.201 e) of hydrogen molecule

of which bond is dissociated and adsorbed on the Si atom.
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Figure 4.8 Adsorption structures of H, adsorbed on the (a) Mg—, (b) Al—, (c) Si®®) —,
(d) Si© —, (e) P— and (f) S—doped (5,5) BeONTs. Left and right images are side and
front views, respectively.
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4.1.2.3 Period 4 elements

Doping with period 4 elements, adsorptions of hydrogen molecule on the Ca—,
Ga—, Ge®® — As— and Se-doped (5,5) BeONTs are physisorption of which
adsorption energies, respectively, are —0.13, —0.13, —0.08, -0.15 and —0.10 eV, but on
the Ge®© —doped (5,5) BeONT is dissociative chemisorption (AEags= —1.96 eV).
Hydrogen-bond distances between the molecular hydrogen atom and dopant atom of
M-doped (5,5) BeONTSs are in order: H---Ca (2.69 A) <H:---Ga (2.78 A) < H---Ge(®®)
(3.03 A) ~ H---As (3.03 A) < H---Se (3.19 A) (see Figure 4.9). The adsorption
structure of Hz on the Ge©—-doped (5,5) BeONT shows that each hydrogen atom
forms two single-bonds with Si and Be atoms (-Ge-H-Be-) as the hydrogen-bridged
bonds, of which two pairs of bond lengths are (Gel-H=1.64 A, H-Bel=1.65 A) and
(Ge2-H=1.63 A, H-B2=1.66 A), shown in Figure 4.9 (d). Since atomic charges of
adsorption site atoms including Ge atom and H, adsorbate of the H, on Ge©—(5,5)
BeONT which the hydrogen-bridged structure is formed, the negative atomic charges
of two bridging hydrogen atoms (qH1=-0.158 e, qH2=-0.128 ¢) were found, as shown
in Figure S2, in Appendix.

The charge-changes of the Ca— and Se—doped (5,5) BeONT are negative
values but of the Ga—, Ge® — Ge© —, As—doped (5,5) BeONTs are positive value of
which magnitudes are in order: Ge© (gr = 0.110 €) > Ga (g = 0.053 e) > Ge®® (qgr =
0.032 e) > As (gr = 0.000 e). It showed that the charge-change of Ge(© adsorption
center of the Ge® —(5,5) BeONT of which hydrogen adsorption (AEags= —1.96 eV) is
the strongest interaction, was the largest quantity which agree with the largest charge-
change (Aq = -0.306 e, of which H1=-0.158 e and H2=-0.148 e) of hydrogen molecule
of which bond is dissociated and adsorbed on the Ge atom.

Plots of adsorption energy of hydrogen molecule on the (5,5) BeONT doped
by periods 2, 3, and 4 elements are shown in Figure 4.10. The strongest adsorption of
the periods 2, 3 and 4 element-doped (5,5) BeONTSs are the hydrogen adsorption on
the C© (AEags = —4.73 eV), Si© (AEadss = —2.92 ¢V) and Ge© (AEags= —1.96 eV),

respectively.
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Figure 4.9 Adsorption structures of Hz adsorbed on the (a) Ca—, (b) Ga—, (c) Ge®® —,

(d) Ge© —, (e) As— and (f) Se—doped (5,5) BeONTSs. Left and right images are side
and front views, respectively.



30

0 0.0 i
o © 0 o
N 0.5
— — L0 =
ENSE =g =
< = s <
Z g ]
I S 5
= 5 20l 5
-4 2,54
s 3.0 -2
r d T T v T T T T T v v
B S N Mg Al Si 3 5 Ca Ga Ge AS S
(a) (b) (c)

Figure 4.10 Plots of adsorption energy of hydrogen molecule on the (5,5) BeONT
doped by elements of the (a) period 2, (b) period 3, and (c) period 4. The adsorptions
of hydrogen molecules on the C®®, Si®®) and Ge®® are by the red circle.
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4.1.3 Energy gaps of pristine and periods 2—4 elements—doped (5,5) BeONTs,

and their hydrogen adsorption complexes

Energy gaps of clean surfaces of the pristine and periods 2—4 elements—doped (5,5)
BeONTSs, their Hy adsorption structures, energy—gap changes after adsorption, and doping
energies of the periods 2—4 elements—doped (5,5) BeONTSs are shown in Table 4.1.

Table 4.1 shows that the energy—gap changes of adsorption structures of hydrogen
molecules on the C©—doped (5,5) and Ge©—doped (5,5) BeONTs are dominantly high as
575.89% and 293.31%, respectively. As the adsorption of hydrogen molecule on the C©—
doped (5,5) and Ge©—doped (5,5) BeONTs is the dissociative chemisorption, C©—doped
(5,5) and Ge©—doped (5,5) BeONTSs can, thus, be used as the hydrogen gas sensor with the
short recovery time because of their high adsorption abilities, see equation (3.5). All the
adsorption energies, adsorption types, and corresponding bond distances of M dopant and
molecular hydrogen atom (M---H) on the M—(5,5) BeONTs, are simultaneously shown in
Table 4.2.
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Table 4.1 Energy gaps ( Eg) and energy—gap changes of H> adsorption on the pristine
and M—doped (5,5) BeONTs and their doping energies

Eg, eV
Material - AEdoping, €V
Clean surface H> adsorption AEg, %
BeONT 7.11 7.011 -1.39 -
7.75
Period 2:

B-BeONT b b - -12.47
C(B9_BeONT 3.824 3.851 0.71 -11.38
CO_BeONT 0.871 5.885 575.89 -6.71

N-BeONT b b - -9.55

Period 3:
Mg—BeONT 6.259 6.524 4.23 -10.86
Al-BeONT = b - -11.89
Si(B9_BeONT 4,625 4,624 -0.03 -12.46
Si©-BeONT 0.858 0.861 0.33 -3.03
P-BeONT = " - -5.41
S-BeONT 6.684 6.701 0.25 -7.88

Period 4:
Ca—BeONT 5.725 5.147 -10.10 -12.99
Ga—BeONT - b - -9.09
Ge®B9_BeONT 5.462 5.471 0.16 -11.49
Ge©-BeONT 0.939 3.693 293.31 -3.47
As—BeONT L _b - -4.88
Se—BeONT 6.796 6.082 -10.49 -6.76

& Taken from ref.[28].

b Detected as the conductive state.
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Table 4.2 Adsorption energies (AEads) of Hz adsorption on the pristine and M—doped

(5,5) BeONTs

M-H bond length or

AEags, €V Adsorption type M.-.-H bond distance, A
H2/BeONT -0.10 Physisorption 2.70 ¢
—0.112
-0.12°
Period 2:

Hz/B-BeONT -0.36 Physisorption 2.12°¢
Ho/C(®9)_BeONT -0.22 Physisorption 2.48 ¢
H,/CO-BeONT ~473  Chemisorption ¢ 2.11,2.15°

Hz/N-BeONT -0.11 Physisorption 3.12°¢

Period 3:
Hz/Mg-BeONT -0.22 Physisorption 2.31°¢
H2/Al-BeONT -0.35 Physisorption 2.62°¢
H2/Si®9-BeONT -0.10 Physisorption 3.03°¢
H2/Si©-BeONT —2.92  Chemisorption ¢ 1.55,1.57°¢
H2/P-BeONT -0.12 Physisorption 2.99°¢
H2/S-BeONT -0.10 Physisorption 3.11°¢

Period 4:
H2/Ca-BeONT -0.13 Physisorption 2.69°¢
H2/Ga—BeONT -0.13 Physisorption 2.78 ¢
H2/Ge®)-BeONT -0.08 Physisorption 3.03¢
H,/Ge©—-BeONT ~1.96  Chemisorption 1.64,1.66°¢
Ho/As-BeONT -0.15 Physisorption 3.03°¢
H2/Se-BeONT -0.10 Physisorption 3.19°¢

& The beryllium oxide nano—cage (BeONC) as (Be12012), taken from ref.[63].

b The beryllium oxide clusters (BeOCs), namely (BeO), (n = 2-8), taken from

ref.[64].

¢ The shortest bond distance.
d Shown in Figure 7(c).

¢ Shown in Figure 8(d).

F Shown in Figure 9(d) which is the dissociative chemisorption and formed as

hydrogen—bridged structure.
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Table 4.3 Miulliken—charges (in e) of selected atoms on the M—doped (5,5) BeONTs,
their H, adsorption complexes and changes of their charges (AqQ).

Surfaces Selected atom @ Clean m—BeONT HZ/'\gf_BeONT AQP
Period 2:
B-BeONT B 0.548 0.722 0.174
01 -0.702 -0.716 -0.014
02 -0.697 -0.714 -0.017
03 -0.697 -0.714 -0.017
H1 0.000 -0.060 -0.060
H2 0.000 -0.155 -0.155
C(B9_BeONT C 0.336 0.387 0.051
o1 -0.662 -0.663 -0.001
02 -0.661 -0.661 0.000
03 -0.661 -0.661 0.000
H1 0.000 -0.013 -0.013
H2 0.000 -0.084 -0.084
CO_BeONT C -0.295 -0.696 -0.401
Bel 0.569 0.665 0.096
Be2 0.602 0.691 0.089
Be3 0.569 0.656 0.087
H1 0.000 0.103 0.103
H2 0.000 0.095 0.095
N-BeONT N -0.949 -0.960 -0.011
Bel 0.805 0.814 0.009
Be2 0.810 0.814 0.004
Be3 0.805 0.835 0.030
H1 0.000 -0.029 -0.029
H2 0.000 0.011 0.011
Period 3:
Mg-BeONT Mg 1.202 1.224 0.022
01 -0.850 -0.858 -0.008
02 -0.853 -0.853 0.000
03 -0.853 -0.853 0.000
H1 0.000 -0.010 -0.010
H2 0.000 -0.002 -0.002
Al-BeONT Al 1.099 1.226 0.127
01 -0.863 -0.866 -0.003
02 -0.858 -0.863 -0.005
03 -0.858 -0.863 -0.005
H1 0.000 -0.105 -0.105
H2 0.000 -0.073 -0.073
Si(BY_BeONT Si 0.783 0.803 0.020
01 -0.801 -0.799 0.002
02 -0.792 -0.790 0.002
03 -0.792 -0.790 0.002
H1 0.000 -0.006 -0.006
H2 0.000 -0.044 -0.044
Si©_BeONT Si 0.010 0.235 0.225
Bel 0.391 0.428 0.037
Be2 0.549 0.561 0.012
Be3 0.390 0.524 0.134
H1 0.000 -0.196 -0.196
H2 0.000 -0.201 -0.201
P-BeONT P -0.426 -0.420 0.006
Bel 0.575 0.548 -0.027
Be2 0.835 0.585 -0.250
Be3 0.575 0.593 0.018
H1 0.000 -0.002 -0.002
H2 0.000 -0.013 -0.013
S-BeONT S -0.532 -0.512 0.020
Bel 0.634 0.618 -0.016
Be2 0.641 0.644 0.003
Be3 0.634 0.632 -0.002
H1 0.000 -0.009 -0.009
H2 0.000 -0.001 -0.001
Period 4:
Ca-BeONT Ca 1.142 1.127 -0.015
01 -0.800 -0.800 0.000



Ga-BeONT

Ge®e)-_BeONT

Ge©-BeONT

As—BeONT

Se-BeONT

02
03
H1
H2
Ga
01
02
03
H1
H2
Ge
o1
02
03
H1
H2
Ge
Bel
Be2
Be3

-0.801
-0.801
0.000
0.000
0.669
-0.719
-0.726
-0.726
0.000
0.000
0.680
-0.733
-0.728
-0.728
0.000
0.000
-1.054
0.480
0.486
0.480
0.000
0.000
-0.322
0.563
0.528
0.549
0.000
0.000
-0.458
0.605
0.614
0.605
0.000
0.000

-0.799
-0.800
0.011
0.011
0.722
-0.721
-0.729
-0.729
-0.037
-0.027
0.712
-0.735
-0.730
-0.730
-0.023
-0.018
1.056
0.479
0.582
0.574
-0.158
-0.148
-0.322
0.606
0.500
0.527
-0.010
-0.007
-0.462
0.606
0.618
0.607
0.001
-0.006

0.002
0.001
0.011
0.011
0.053
-0.002
-0.003
-0.003
-0.037
-0.027
0.032
-0.002
-0.002
-0.002
-0.023
-0.018
0.110
-0.001
0.096
0.094
-0.158
-0.148
0.000
0.043
-0.028
-0.022
-0.010
-0.007
-0.004
0.001
0.004
0.002
0.001
-0.006
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& Atomic labels are shown in Figure 4.1; four atoms in rows (1-4) and two atoms in

the last two rows possess the surface and hydrogen molecules, respectively.

b Change of Miilliken—charges of selected atom in specific surfaces, in e, compared

with a clean surface.
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4.2 Adsorption on (10,0) BeONT and its doping derivatives

4.2.1 The structures of the pristine (10,0) BeONT and periods 2—4 elements—
doped (10,0) BeONT surfaces

The optimized parameters of the pristine (10,0) BeONT (a=b = 2.608 A, and
a = 60°) were obtained and the optimized structure is shown in Figure 4.11. The
diameter of the pristine (10,0) BeONT of 8.54 A, Be-O bond lengths of 1.55 A,
0-Be-O = 119.38° and Be-O-Be= 119.21° were found. The optimized structures of
(10,0) BeONT doped by period 2 (B, C, and N), period 3 (Mg, Al, Si, P, and S),
period 4 (Ca, Ga, Ge, As, and Se) elements are shown in Figures 4.12, 4.13, and 4.14,
respectively. The B—, C®®— C(©— and N—doped (10,0) BeONTs (Figure 4.12), Mg,
Al-, Si®9_ Si©_ p_and S—doped (10,0) BeONTs (Figure 4.13) and Ca—, Ga—,
Ge®— Ge©—, As— and Se—doped (10,0) BeONTs (Figure 4.14) were found. The
bond lengths of B-O (1.50, 1.50, 1.50 A), C-O (1.55, 1.55, 1.55 A), C-Be (1.73, 1.73,
1.72 A), and N-Be (1.61, 1.61, 1.61 A) of the B—, C®®— CO— and N—doped (10,0)
BeONTs, respectively, were found. The bond lengths of Mg-O (1.86, 1.88, 1.88 A),
Al-O (1.81, 1.83, 1.83 A), Si-O (1.81, 1.83, 1.83 A), Si-Be (2.19, 2.64, 2.12 A), P-Be
(2.09, 2.11, 2.15 A) and S-Be (2.09, 2.19, 2.19 A) of the Mg—, Al-, Si®®— Si©—_ p—
and S—doped (10,0) BeONTs, respectively, were obtained. The bond lengths of Ca-O
(2.11, 2.13, 2.13 A), Ga-O (1.92, 1.95, 1.95 A), Ge-O (1.95, 1.98, 1.98 A), Ge-Be
(2.38, 2.47, 2.47 A), As-Be (2.21, 2.22, 2.37 A) and Se-Be (2.13, 2.19, 2.19 A) of the
Ca—, Ga—, Ge®)— Ge®—, As— and Se—doped (10,0) BeONTs, respectively, were
obtained. Bonds of all the element-doped (10,0) BeONTs of which an atom was
connected to the dopant atom are categorized into two types, two symmetrical bonds,
and one unsymmetrical bond, as shown in Figures 4.12, 4.13, and 4.14.

Plots of doping energy of period 2, period 3, and period 4 elements on the Be-
or O-vacancies in the (10,0) BeONT are shown in Figure 4.15. The curves were
categorized into the series of doping on the Be and O vacancy in the (10,0) BeONT,
respectively. The doping energies of all the doping on the Be-vacancy are much lower
than on the O-vacancy. The lowest doping energies for the dopants of period 2, period

3, and period 4 elements are respectively the B, Si, and Ca on the Be vacancy in the
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(10,0) BeONT, of which the values are -12.49, -12.47, and -13.04 eV (see Table 4.4),

respectively.

Bel-01=1.554
Be2-02 - 1.55A
0O1-Bel-02 = 119.38°
Bel-02-Be2 = 119.21¢

Figure 4.11 Optimized structures of the pristine (10,0) BeONTSs. Left and right
images are two different side and front views, respectively.
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Figure 4.12 Optimized structures of the (a) B—, (b) C®®—, (c) C©- and (d) N-doped
(10,0) BeONTSs. Left and right images are side and front views, respectively.

1.83 A

2.114A
2.25 A

Figure 4.13 Optimized structures of the (a) Mg—, (b) Al—, (c) Si®—, (d) Si©©—, ()
P—and (f) S—doped (10,0) BeONTs. Left and right images are side and front views,
respectively.
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2.13 A 1.95 A
(b)
1.98 A 247 A
222 A
237 A 2.19 A

Figure 4.14 Optimized structures of the (a) Ca—, (b) Ga—, (c) Ge®—, (d) Ge©—, (e)
As—and (f) Se—doped (10,0) BeONTs. Left and right images are side and front views,
respectively.
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Figure 4.15 Plots of doping energy of the (10,0) BeONT doped by elements of the (a)

period 2, (b) period 3, and (c) period 4. Their upper and lower curves are of the
doping on the O and Be vacancies of the (10,0) BeONT, respectively.
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4.2.2 Adsorption of the hydrogen molecule on the pristine (10,0) BeONT and
periods 2—4 elements—doped (10,0) BeONT surfaces

The adsorption structure of hydrogen molecule on the pristine (10,0) BeONT
is shown in Figure 4.16. The shortest bond distances between hydrogen molecule and
adsorption site atom of the pristine (10,0) BeONT are H---O = 2.78 A and H---Be =
2.57 A. The hydrogen adsorption on the pristine (10,0) BeONT, of which adsorption
energy of —0.08 eV (see Table 5) was the physisorption.

(i) 2.78 A

(i) 2.57 A 93
(i) 2.65 A 1 i i

Figure 4.16 Adsorption structures of H> adsorbed on the pristine (10,0) BeONTSs. Left
and right images are side and front views, respectively.
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4.2.2.1 Period 2 elements

The adsorption structure of hydrogen molecule on the period 2 (B, C®®), Cc©©
and N), period 3 (Mg, Al, Si®®, Si©, P and S), and period 4 (Ca, Ga, Ge®®, Ge©), As
and Se) element—-doped (10,0) BeONTSs are shown in Figures 4.17, 4.18, and 4.19,
respectively. The physical adsorptions of hydrogen molecule on the B—, C®®®— and
N-doped (10,0) BeONT, of which adsorption energies, respectively, are —0.40, —0.21,
and —0.16 eV, are shown in Figures 4.17 (a), (b) and (d), respectively. The adsorption
of hydrogen molecule on the C©—doped (10,0) BeONT (Figure 4.17 (c)) of which
adsorption energy is AEadis= —4.75 eV, was the dissociative chemisorption and their
H1-C and H2-C bond lengths are 2.12 A. The dissociative chemisorption of hydrogen
molecule on the C©—-doped (10,0) BeONT was also found as the carbohydride
structure. It was found that atomic charges of B (gr = 0.818 ¢) of the B—(10,0) BeONT
and C (gr = 0.387 e) of the C®9—(10,0) BeONT are more positive after adsorbing
hydrogen molecule, but of N (gf = —1.091 e) of the N—(10,0) BeONT and C
(gr = —0.690 e) of the C©—(10,0) BeONT are more negative after hydrogen
adsorption, as shown in Table 4.6. Furthermore, the largest charge-change
(Aq =—0.412 e) of C adsorption center of the C©— (10,0) BeONT of which hydrogen
adsorption is the strongest, was found; the large charge-change (Aq = +0.194 e, of
which H1 = +0.097 e and H2 = +0.097 e) of hydrogen molecule also confirmed its

dissociative chemisorption.



(d)
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Figure 4.17 Adsorption structures of Hz adsorbed on the (a) B—, (b) C®®)—, (c) C©O-

and (d) N—doped (10,0) BeONTs. Left and right images are side and front views,
respectively.
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4.2.2.2 Period 3 elements

Doping with period 3 elements, adsorptions of hydrogen molecule on the Mg—
, Al-, Si®_ P— and S—doped (10,0) BeONTs are physisorption of which adsorption
energies, respectively, are —0.11, —0.36, —0.11, —0.09 and —0.11 eV, but on the SiO-
doped (10,0) BeONT s dissociative chemisorption (AEags= —2.56 eV) to form the
silicon hydride structure. Hydrogen bond distances between hydrogen molecular atom
and dopant atom of M—doped (10,0) BeONTs are in order: H---Mg (3.79 A) < H---Al
(262 A) <H---P (297 A) < H.--Si® (2,91 A) < H---S (2.93 A) (see Figure 4.18).
The adsorption structure of Hz/Si©©—doped (10,0) BeONT, of which two H-Si bonds
are 1.51 and 1.54 A, as shown in Figure 4.18 (d). All the M-doped (10,0) BeONTSs
(Mg—, Al-, Si®— Si©_ P_ and S—doped (10,0) BeONTs) were found with positive
charge-change after adsorbing hydrogen molecule. The magnitudes of charge-change
of M adsorption center of all M-doped (10,0) BeONTSs are in order: Si© (g¢ = 0.190
e) > Al (gr=0.129 ) > S (qr = 0.034 e) > P (qgr = 0.029 e) > Si®® (gr = 0.016 €) > Mg
(gr = 0.002 €). It was found that the largest charge-change of Si‘® adsorption center of
the Si©©—(10,0) BeONT of which hydrogen adsorption is the strongest, agrees with
the large charge-change (Agq = —0.380 e, of which H1 = -0.202 e and H2 = -0.178 e)

of hydrogen molecule of which bond is dissociated and adsorbed on the Si atom.
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(i) 2.71A
(\3 iii (ii) 2.50 A &
i (i) 3.79 A

(@

(i) 2.64A ©°® .
(ii) 2.86 A 5
o (i) 2.91 A
op. 2934 "

-2 (ﬂ

Figure 4.18 Adsorption structures of Hz adsorbed on the (a) Mg—, (b) Al-, (c) Si®®—,
(d) Si©—, (e) P-and (f) S—doped (10,0) BeONTSs. Left and right images are side and
front views, respectively.
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4.2.2.3 Period 4 elements

Doping with period 4 elements, adsorptions of hydrogen molecule on the Ca—,
Ga—, Ge®9—, Ge(®—, As— and Se—doped (10,0) BeONTs are physisorption of which
adsorption energies are —0.19, —0.13, —0.09, —0.13, —0.12 and —0.10 eV, respectively.
Shortest hydrogen-bond distances between hydrogen molecular atom and dopant atom
of the M—doped (10,0) BeONTs are in order: H---Ga (2.75 A) < H---Ca (2.58 A) <
H---Ge© (2.90 A) ~ H---As (2.90 A) < H---Se (3.01 A) < H---Ge®® (3.05 A) (see
Figure 4.19). Their adsorption abilities on hydrogen molecule are in order:
Ca— (AEags = —0.19 eV), Ga— (AEags = —0.13 eV) ~ Ge©— (AEags = -0.13 eV) >
As— (AEags = —0.12 V) > Se— (AEads = —0.10 eV) > Ge®—doped (10,0) BeONTSs
(AEags = —0.09 eV). It can be concluded that all the period 4 elements—doped (10,0)
BeONTSs were low adsorption ability on hydrogen molecule.

Plots of adsorption energy of hydrogen molecule on the (10,0) BeONT doped
by periods 2, 3, and 4 elements are shown in Figure 4.20. The strongest adsorption of
the period 2, period 3 and period 4 element-doped (10,0) BeONTs are the hydrogen
adsorption on the C© (AEags = —4.75 V), Si© (AEags = —2.56 eV) and Ca (AEags = —
0.19 eV), respectively.
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° 258A o

(b)
(i) 2.614
(i) 2.66 A
(i) 2.90 A

@

(i) 2.58A

(i) 2.57A

(ii) 2.61 A (ii) 2.62A
(iii) 2.90 A (iii) 3.01 A
(e) ®

Figure 4.19 Adsorption structures of H adsorbed on the (a) Ca—, (b) Ga—, (c) Ge®®)—
, (d) Ge©—, (e) As—and (f) Se—doped (10,0) BeONTs. Left and right images are side
and front views, respectively.
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Figure 4.20 Plots of adsorption energy of hydrogen molecule on the (10,0) BeONT
doped by elements of the (a) period 2, (b) period 3, and (c) period 4. The adsorptions
of hydrogen molecules on the C®®, Si®®  and Ge®® are by the red circle.
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4.2.3 Energy gaps of pristine and periods 2—4 elements—doped (10,0) BeONTs,

and their hydrogen adsorption complexes

Energy gaps of clean surfaces of the pristine and periods 2—4 elements—doped
(10,0) BeONTSs, their Hz adsorption structures, energy—gap changes after adsorption,
and doping energies of the periods 2—4 elements—doped (10,0) BeONTs are shown in
Table 4.4.

Table 4.4 shows that the largest values of energy—gap change after adsorbing
hydrogen molecule on the C©—, Si©— and Ge®—doped (10,0) BeONTSs are 714.68%,
227.76%, and 94.53%, respectively. As the adsorption of hydrogen molecule on the
CO— and Si©®—doped (10,0) BeONTSs is the dissociative chemisorption, the C(©— and
Si©—doped (10,0) BeONTSs can, therefore, be used as the hydrogen gas sensor with
short recovery time because of their high adsorption abilities. It can be suggested that
the Ge©—doped (10,0) BeONT could be utilized as the hydrogen gas sensor because
of its intermediate adsorption ability.

All the adsorption energies, adsorption types, and corresponding bond
distances of M dopant and molecular hydrogen atom (M---H) on the M-(10,0)

BeONTs are simultaneously shown in Table 4.5.
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Table 4.4 Energy gaps (Eg) and energy—gap changes of H> adsorption on the pristine
and M—doped (10,0) BeONTs and their doping energies

Eg, eV
Material - AEg, % AEdoping, €V
Clean surface H> adsorption
BeONT 7.167 7.174 0.10368 -
8.03?
9.32°
Period 2:

B-BeONT - ¢ —~ -12.49
C®9_BeONT 3.935 3.956 0.54 -11.35
CO-BeONT 0.722 5.879 714.68 -6.69

N-BeONT - ¢ —~ -9.57

Period 3:
Mg-BeONT 6.355 6.292 -0.98 -10.91
Al-BeONT = ¢ —~ -11.91
Si®9-BeONT 4.745 4.560 -3.90 -12.47
Si©-BeONT 1.315 4311 227.76 -3.43
P-BeONT 5 — —~ -5.32
S-BeONT 6.684 6.833 0.44 -7.89

Period 4:
Ca-BeONT 5.695 5.654 -0.73 -13.04
Ga—BeONT - € - -9.12
Ge9-BeONT 5.579 5.377 -3.62 -11.51
Ge©-BeONT 1.730 3.365 94.53 -3.45
As—BeONT = - - -4.75
Se-BeONT 6.189 6.198 0.16 -6.76

& Taken from ref.[28] .
b Taken from ref.[65] .
¢ Detected as the conductive state.
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Table 4.5 Adsorption energies (AEads) of Hz adsorption on the pristine and M—doped
(10,0) BeONTs

M-H bond length or

Configuration AEags, €V Adsorption type M.---H bond distance, A
H2/BeONT -0.08 Physisorption 2.56 ¢
Period 2:

H2/B-BeONT -0.40 Physisorption 2.46 ¢
H2/CB9-BeONT -0.21 Physisorption 2.45°¢
H2/C©-BeONT —4.75  Chemisorption # 1.12,1.12°

H2/N-BeONT -0.16 Physisorption 3.09°¢

Period 3:
H2/Mg-BeONT -0.11 Physisorption 3.79°¢
Ho/Al-BeONT -0.36 Physisorption 2.62°¢
H2/Si®9-BeONT -0.11 Physisorption 291°¢
H,/Si©-BeONT —2.56  Chemisorption ° 1.51,1.54¢
H2/P-BeONT -0.09 Physisorption 2.97°
H2/S-BeONT -0.11 Physisorption 2.93°¢

Period 4:
H2/Ca-BeONT -0.19 Physisorption 2.58 ¢
H2/Ga-BeONT -0.13 Physisorption 2.75°¢
H2/Ge®9-BeONT -0.09 Physisorption 3.01°¢
Ho/Ge©-BeONT -0.13 Physisorption 2.90°¢
H2/As—BeONT -0.12 Physisorption 290°¢
Hz/Se-BeONT —0.10 Physisorption 3.01L°¢

2 Shown in Figure 17(c).
b Shown in Figure 18(d).

¢ The shortest bond distance.
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Table 4.6 Mulliken—charges (in €) of selected atoms on the M—doped (10,0) BeONTs,
their H, adsorption complexes, and changes of their charges (AQ).

Selected atom 2 Clean I(;/iI—BeONT Hz/l\alf—BeONT AQ®
Period 2:
B-BeONT B 0.541 0.818 0.277
01 -0.699 -0.732 -0.033
02 -0.703 -0.733 -0.030
03 -0.703 -0.733 -0.030
H1 0.000 -0.080 -0.080
H2 0.000 -0.247 -0.247
C(Be)_BeONT C 0.339 0.387 0.048
o1 -0.671 -0.674 -0.003
02 -0.667 -0.666 0.001
03 -0.667 -0.665 0.002
H1 0.000 -0.008 -0.008
H2 0.000 -0.088 -0.088
CO-BeONT C -0.278 -0.690 -0.412
Bel 0.582 0.673 0.091
Be2 0.582 0.673 0.091
Be3 0.559 0.656 0.097
H1 0.000 0.097 0.097
H2 0.000 0.097 0.097
N-BeONT N -0.956 -1.091 -0.135
Bel 0.816 0.844 0.028
Be2 0.816 0.844 0.028
Be3 0.816 0.843 0.027
H1 0.000 0.140 0.140
H2 0.000 -0.042 -0.042
Period 3:
Mg-BeONT Mg 1.204 1.206 0.002
o1 -0.855 -0.860 -0.005
02 -0.855 -0.856 -0.001
03 -0.855 -0.856 -0.001
H1 0.000 -0.048 -0.048
H2 0.000 0.015 0.015
Al-BeONT Al 1.098 1.227 0.129
o1 -0.860 -0.866 -0.006
02 -0.865 -0.869 -0.004
03 -0.865 -0.869 -0.004
H1 0.000 -0.106 -0.106
H2 0.000 -0.074 -0.074
Si(BO_BeONT Si 0.782 0.798 0.016
o1 -0.796 -0.804 -0.008
02 -0.801 -0.803 -0.002
03 -0.801 -0.800 0.001
H1 0.000 -0.010 -0.010
H2 0.000 -0.016 -0.016
SiO_BeONT Si 0.018 0.208 0.190
Bel 0.500 0.530 0.030
Be2 0.420 0.428 0.008
Be3 0.413 0.534 0.121
H1 0.000 -0.202 -0.202
H2 0.000 -0.178 -0.178
P-BeONT P -0.419 -0.390 0.029
Bel 0.574 0.584 0.010
Be2 0.576 0.549 -0.027
Be3 0.576 0.577 0.001
H1 0.000 -0.012 -0.012
H2 0.000 -0.009 -0.009
S-BeONT S -0.536 -0.502 0.034
Bel 0.642 0.643 0.001
Be2 0.643 0.643 0.000
Be3 0.631 0.603 -0.028
H1 0.000 0.002 0.002
H2 0.000 -0.019 -0.019
Period 4:
Ca—BeONT Ca 1.142 1.159 0.017
01 -0.806 -0.803 0.003
02 -0.802 -0.802 0.000
03 -0.802 -0.809 -0.007
H1 0.000 0.007 0.007



Ga-BeONT

Ge®)-BeONT

Ge©-BeONT

As—BeONT

Se-BeONT

H2
Ga
01
02
03
H1
H2
Ge
o1
02
03
H1
H2
Ge
Bel
Be2
Be3
H1
H2
As
Bel
Be2
Be3
H1
H2
Se
Bel
Be2
Be3
H1
H2

0.000
0.673
-0.735
-0.725
-0.725
0.000
0.000
0.682
-0.733
-0.734
-0.734
0.000
0.000
-0.109
0.489
0.489
0.483
0.000
0.000
-0.310
0.556
0.554
0.547
0.000
0.000
-0.462
0.612
0.612
0.607
0.000
0.000

-0.029
0.728
-0.735
-0.726
-0.728
-0.042
-0.018
0.707
-0.736
-0.735
-0.735
-0.028
-0.007
-0.076
0.488
0.490
0.472
-0.023
-0.021
-0.284
0.560
0.556
0.530
-0.006
-0.022
-0.464
0.617
0.617
0.604
0.010
-0.022

-0.029
0.055
0.000

-0.001

-0.003

-0.042

-0.018
0.025

-0.003

-0.001

-0.001

-0.028

-0.007
0.033

-0.001
0.001

-0.011

-0.023

-0.021
0.026
0.004
0.002

-0.017

-0.006

-0.022

-0.002
0.005
0.005

-0.003
0.010

-0.022
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& Atomic labels are shown in Figure 4.11; four atoms in rows (1-4) and two atoms in

the last two rows possess the surface and hydrogen molecules, respectively.

b Change of Miilliken—charges of selected atom in specific surfaces, in e, compared

with a clean surface.
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4.3 Hydrogen absorption and sensing abilities of M-BeONTs comparing with

other nanotubes in literature

The hydrogen adsorption abilities of pristine BeONTs is in order:
(5,5) BeONT (AEags= —0.10 eV) > (10,0) BeONT (AEags = —0.08 eV) and their
adsorption energies are quite as same as the BeONC (AEass = —0.11eV)[63] and
BeOCs (BeO cluster) (AEags = —0.12 eV)[64] as shown in Table 4.2. Nevertheless, the
(5,5) BeONT and (10,0) BeONT are opened-end nanotubes, but BeONC and BeOCs
are closed-end nanotubes of which sizes are much smaller. The strongest hydrogen
adsorption abilities of (5,5) BeONTs doped by elements in by elements in 2", 3™ and
4" period are C©©—-BeONT (AEads = —4.73 eV), Si©©—BeONT (AEads = —2.92 V) and
Ge©—_BeONT (AEags = —1.96 eV), respectively. For the strongest hydrogen adsorption
abilities of (10,0) BeONTs doped by elements in 2" 3" and 4" period are
CO_BeONT (AEags = —4.75 eV), Si©-BeONT (AEags = —2.56 eV) and Ca—BeONT
(AEads = —0.19 eV), respectively. Adsorption abilities of hydrogen molecules on the
CO—(5,5) BeONT, Si©©—(5,5) BeONT, Ge©—(5,5) BeONT, C©—(10,0) BeONT and
Si©—(10,0) BeONT are much stronger than on the SWCNTSs, of which adsorption
energies are within the range from —0.034 to —0.035 eV (-0.78 to —0.81
kcal/mol)[66], the Ce/SWCNT (AEagss = —0.16 to —0.33 eV/H2)[5] , Ce/SWCNT
(AEags = —0.22 to —0.49 eV/H2)[4] and —0.33 and the Ce/BNNT (AEadgs = —0.28
eV/H)[22].

The outstanding changes in energy gap after hydrogen molecule adsorption of
(5,5) BeONTs doped by elements in 2" and 4" period are C©-BeONT
(AE4=575.89%) and Ge©-BeONT (AE4=293.31%) and of (10,0) BeONTSs doped by
elements in by elements in 2", 3@ and 4™ period are C©©-BeONT (AE4=714.68%),
Si©-_BeONT (AEG=227.76%) and Ge(©-BeONT (AE4=94.53%). Thus, the C©©)— (5,5)
BeONT, Ge©- (5,5) BeONT, Si©@- (10,0) BeONT, C©)- (10,0) BeONT, and Ge©)-
(10,0) BeONT are sensitive to their hydrogen molecule adsorption. If the recovery
time in equation (3.5) was considered, the material with low adsorption ability with

the enormous energy—gap change must be suggested as the excellent hydrogen
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sensing material. Therefore, the Ge©-BeONT was suggested as the best candidate to

be a sensing material for hydrogen molecules.



CHAPTER V
CONCLUSION

The periodic DFT-D optimized structures of (5,5) and (10,0) BeONTs, and
their surfaces doped by selected elements of periods 2 (B, C and N), 3 (Mg, Al, Si, P
and S) and 4 (Ca, Ga, Ge, As and Se), were obtained. The strongest adsorptions of
hydrogen molecule on the (5,5) BeONTSs and (10,0) BeONTSs, doped by periods 2, 3
and 4 element, are respectively the C©©—, Si©©)— and Ge©—doped (5,5) BeONTSs, and
CO—, Si©— and Ca—doped (10,0) BeONTs. The strengths of hydrogen molecule on
the C©—, Si©— and Ge©-doped (5,5) BeONTs, and C©—, Si©— and Ca—doped
(10,0) BeONTs, are in orders: C© (AEags= —4.73 V) > Si© (AEags= —2.92 eV) >
Ge© (AEags= —1.96 eV), and the C© (AEags= —4.75 V) > Si© (AEags= —2.56 V) >
Ca (AEags= —0.19 eV), respectively. The largest values of energy—gap change after
adsorbing hydrogen molecule of the (5,5) and (10,0) BeONTSs, doped by periods 2, 3
and 4 element, are CO— (AEg= 575.89%), Mg— (AEq= 4.23%) and Ge©)- (AE4=
293.31%), and CO- (AEs= 714.68%), Si©©— (AEg= 227.76%) and Ge©- (AE4=
94.53%), respectively. Therefore, the C©— and Ge©—(5,5) BeONTs, C©—, Si©— and
Ge©)—(10,0) BeONTSs can to be new sensing materials for hydrogen molecule and the
Ge©—(10,0) BeONT was suggested to be utilized as excellent hydrogen molecule
sensing material based on the electrical resistivity measurement. The C©)—, Si©— and
Ge©—doped (5,5) BeONTs, and CO- and Si©-doped (10,0) BeONTs were

suggested to be utilized as hydrogen storage materials.
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Table S1 The GRIMME, D2 parameters of the London-type empirical correction for

dispersion interactions of all the elements used in this work

Elements Cs? Rudw®
$6=0.75¢ d=20.09 Rcy = 25.0¢

Nanotubes:

Be 1.61 1.408
0] 0.70 1.342
Dopants:

Period 2

B 3.13 1.485
C 1.75 1.452
N 1.23 1.397
Period 3

Mg 5.71 1.364
Al 10.79 1.716
Si 9.23 1.716
P 7.84 1.705
S 5.57 1.683
Period 4

Ca 10.80 1.474
Ga 16.99 1.650
Ge 17.10 1.727
As 16.37 1.760
Se 12.64 1.771
Adsorbate:

H 0.14 1.001

2 dispersion coefficient for atom in J nm® mol .

b \/an der Waals radius for atom, in A.
¢ Scaling factor.

d Steepness.

€ Cutoff distance to truncate direct lattice summation.
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He
Li Ne
Na Ar
K Sc | Ti V | Cr |Mn| Fe | Co| Ni | Cu Kr

Figure S1 The elements used in this work are on the black-ground colors, shown as
the periodic-based TABLE. Blue, pink, and red colors are non-metal, metalloid and
metal elements, respectively. The atoms highlighted in red were positioned as the
middle atoms within electron-deficient (B, Al, and Ga) and electron-rich (N, P and

As) atoms. The P1, P2, P3, and P4 are the periods 1, 2, 3, and 4, respectively

Bel (0.479 ¢)
Be2 (0.582 ¢)
Be3 (0.574 ¢)
Ge (0.056 ¢)

HI (-0.158 ¢)
H2 (-0.148 ¢)

Figure S2 Adsorption structures of Hz adsorbed on the Ge(®—(5,5) BeONTSs to form
hydrogen-bridged structure. Left, middle and right images are front, side, and top

views, respectively. The atomic charges are shown in parentheses
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