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Abstract

With recent growth and advances within the science and technology
fields, the demand for energy and rare earth metal has dramatically
increased. Energy consumption of fossils fuel has exponentially in-
creased despite that fossil fuel such as petroleum are limited and are
not being replenished at an equal rate. However, potential alternative
energies such as biofuel and hydrogen economies have shown to be sci-
entifically challenging. Alongside the increasing demand for energy,
the growth in advanced technologies such as high capacity hard disks,
electronic motors, and electronic devices also results in an increased
demand for rare earth metals such as neodymium for applications
that require strong magnetism. Because the amount of neodymium is
limited, alternative solutions are a first priority as magnets support
a large part of modern society. Solutions to problems presented by

energy and rare earth metal are still unclear and unknown.

Atomic clusters are potential candidates for solving both issues simul-
taneously as the physical and chemical properties of atomic clusters
are different from the bulk state, thereby broadening options for en-
ergy and magnet alternatives. In particular, magnetism and hydro-
genation of atomic clusters are investigated using the density func-
tional theory. Atomic clusters are expected to have higher magnetic
moments than their bulk states due to larger interatomic distance.
Additionally, atomic clusters are much more reactive than bulk states
due to a high surface to volume ratio. In particular, Hy dissociation,
which is a crucial step for the hydrogenation process, over atomic
clusters is investigated where the hydrogenation process is the most

important catalytic process for energy related processes, particularly



for oil refining and food industries. Thus, atomic clusters should be
able to demonstrate potential solutions for replacing as well as further

optimizing magnet and energy related technologies.

Group VIII clusters, Fe, Ru, and Os clusters as well as bimetallic Fe
clusters with Ti are investigated as such clusters are expected to have
high magnetic moments and reactivities. The ground state structures
of Fe, Ru, and Os clusters are explored using the basin-hopping algo-
rithm. In particular, Fe clusters shows high magnetic moments that
could potentially replace current neodymium magnets. Hy dissocia-
tion, which is considered to be first step of hydrogenation, without
activation barriers is seen in all of the Fe, Ru, and Os clusters upon
the adsorption of Hy. In particular, Os clusters are predicted to be
potential catalysts for hydrogenation process as Os clusters show the
highest stability within the system upon Hy adsorption. Furthermore,
the stability change point changes upon Hs adsorption is also revealed
for all Group VIII clusters. Bimetallic TiFe clusters shows higher hy-
drogen absorption capacities than bulk TiFe but the bonding between
TiFe clusters and hydrogens are stronger than bulk TiFe, making it
difficult to dehydrogenate.

Further hydrogenation of gas-phase Fe clusters is investigated where
the Fe clusters shows high reactivity against hydrogen. In fact, Fe
clusters form chemical bonding with hydrogen despite that bulk iron
and hydrogen do not combine with each other. In order to use gas-
phase hydrogenated Fe clusters for commercial applications, clus-
ters must be deposited on a substrate. Deposition of Fe clusters on
substrates such as Al;O3, SiOs, and graphene are evaluated where
graphene is calculated to preserve the structure and properties of hy-
drogenated Fe clusters. Because graphene is a single atomic layer
material, Cu is used as a substrate for supporting graphene. Thus,
the structure and properties of Fe clusters on graphene/Cu(111) are

investigated.

Hydrogenation of Fe clusters was then experimentally performed in or-



der to confirm the theoretical calculations. Iron clusters are deposited
on graphene/Cu substrates using vacuum deposition techniques where
transmission electron microscopy was used to confirm the deposit on
of Fe clusters. Hydrogenation is carried out under liquid nitrogen.
Mass spectrometry confirms the existence of hydrogenated Fe clus-

ters on graphene/Cu.

Hydrogenation of Mg and dehydrogenation of MgH, clusters were ex-
plored using the aids of atomic clusters in order to simulate the size
and structural effect. The kinetics of MgHs are slow where Hy dis-
sociation plays an important role. In both of the hydrogenation and
dehydrogenation processes, NbO (111) particularly shows a strong
catalytic effect for MgH, where NbO(111) consists of alternating Nb
and O atomic layers. Hy dissociation and dehydrogenation of MgHy
clusters on NbO(111) occurred without encountering activation en-
ergy. Dissociated H atoms are stabilized by the long range effect of
oxygen without oxidation. In the case of dehydrogenation, dehydro-
genated Mg is weakly bonded with NbO(111), predicting potential

re-hydrogenation.

This dissertation shows that the atomic clusters theoretically demon-
strate outstanding physical and chemical properties in terms of mag-
netism and hydrogenation. Fe clusters show high magnetism which
could potentially replace neodymium magnets. Os clusters show high
catalytic activities towards hydrogenation in comparison to Fe and
Ru clusters. Hydrogenation of Fe clusters are stabilized on graphene
where the phenomena was experimentally confirmed. As a direct ap-
plication of atomic clusters, NbO(111) shows outstanding catalytic
activities for hydrogenation and dehydrogenation of MgH,. Thus, the
theoretical modeling of atomic clusters and hydrogen shows remark-

able properties for the energy and rare earth metal crises.



Contents

Contents ix
List of Figures Xvi
Nomenclature XX
1 Introduction 1
1.1 Emergy . . . . . . . 2
1.1.1 Use of Fossil Fuel . . . . ... ... ... ... ....... 2
1.1.2  Alternative Energies . . . . . . .. .. ... ... ... .. 3
1.1.2.1 Biofuel . . . . . . ... ... 3
1.1.2.2 Hydrogen fuel . . . . . .. ... ... ... ... . 4
1.1.2.3  ElectricCell . . . . . . .. .. ... L. 4
1.1.3 What now? . . . .. . ... ... 5
1.2 Magnet . . . . .. )
1.3 Theory and Computer . . . . . . .. .. ... ... ... ... 8
2 Atomic Clusters

2.1 What is Atomic Cluster . . . . . ... ... ... ... ......
2.2 History of Clusters in Science . . . . . . .. .. ... ... .... 11
2.3 Structural Energy Landscapes . . . . . . . . . ... ... ... .. 13
2.4 Group VIII Clusters . . . . .. .. ... ... ... .... 14
2.5 Experimental Approach . . . ... .. ... .. ... .. ..... 15
2.5.1 Synthesis . . . .. ... 15
2.5.1.1 Vaporization of Metal Sources . . . . . . ... .. 15

1X



CONTENTS

25.1.2 Colloid . ... ... ... ... 16

2.5.1.3 Thermolysis . . . . . ... ... L. 16

2.5.1.4 lon Implantation . . . . ... ... ... .. ... 16

2.5.1.5  Electrochemistry . . . .. ... ... ... .... 17

2.5.2  Characterization . . . . . . ... .. ... 17
2.5.2.1 Mass Spectrometry . . . .. .. ... 17

2.5.2.2 Infrared (IR) Spectroscopy . . . . . . .. .. ... 18

2.5.2.3 Microscopy . . . . ... 18

2.5.24 Diffraction . . . .. ..o 19

2.6 Theoretical Approach . . . . . . . ... ... .. ... ... .... 19
2.6.1 Global Optimization . . . .. .. ... ... .. ...... 20
2.6.2 Potentials . . . .. ... 20
2.7 Properties . . . . ..o 21
2.7.1 Electronic Properties . . . . . . ... ... ... ... ... 21
2.7.2 Magnetic Properties . . . .. ... ... 22
2.7.3 Optical Properties . . . . . .. ... .. ... ... ..., 24
2.7.4 Reactive Properties . . . . . . . . .. ... ... ... .. 24
2.7.5 Melting Properties . . . . . .. ... ... L. 25
2.8 Applications . . . . . ... 26
281 Catalyst . . . .. ... 26
2.82 Magnetism . . . . ... Lo 26
2.83 Optics . . . . . 26
Hydrogen Discipline 27
3.1 Hydrogen Economy . . . . .. ... .. ... ... ... ... .. 28
3.1.1 Hydrogen Production . . . . . . . ... ... ... ... 29
3.1.2 Hydrogen Storage . . . . . . . ... ... .. 30
3.1.2.1 Liquid Hydrogen Storage . . . ... ... .. .. 31

3.1.2.2 Compressed Hydrogen Storage . . .. ... ... 31

3.1.2.3 Hydrogen Storage Materials . . . . . .. .. ... 32

3.1.3 Hydrogen Combustion . . .. .. ... ... .. ...... 34
3.2 Hydrogenation . . . . . . . .. ... 34
3.2.1 Hydrogenation Mechanism . . . . .. ... ... ... ... 34



CONTENTS

3.2.2 Hydrogenation in Applications . . . . . . . ... ... ... 35

4 Computational Method 37
4.1 Density Functional Theory . . . . . . .. ... ... ... .. ... 37
4.1.1 The Schrodinger Equation . . . . . . ... ... ... ... 38
4.1.1.1 Born-Oppenheimer Approximation . . . . . . .. 40

4.1.2 Kohn-Sham Equation . . . . . ... ... ... ... .... 40
4.1.3 Exchange-Correlation . . . . . . ... ... ... ... ... 42

4.2 GPAW . . . 43
421 Overview . . . . . . . 44

422 PAW . . . 46
423 Gridspacing . . . . . ... 46
424 K-point . . . ... o 47
425 Relaxation . . . . .. ..o 49
4.2.6 Surface Energy Calculation . . ... .. ... ... . ... 49
4.2.7 Equation of State . . . . . .. ..o 49
4.2.8 Transition State Energy Analysis . . . . ... .. ... .. 52
4.2.9 Elastic Band Method . . . . . . ... ... ... ... 53
4.2.10 Nudged Elastic Band Method . . . . . . . ... ... ... 53
4.2.11 Vibrational Analysis . . . . . ... ... ... ... .... 54
4.2.12 Bader Analysis . . . . ... ... L 55

4.3 Global Optimization of Atomic Clusters . . . . . ... ... ... 56
4.3.1 Genetic Algorithm . . . . . ... ... ... 57
4.3.2 Basin-Hopping Algorithm . . . . . . ... ... ... ... 58
4.3.2.1 Monte Carlo Method . . . . . . . ... ... ... 58

4.3.2.2 Metropolis-Hastings Algorithm . . . . . ... .. 58

4.3.2.3 Steps in Basin-Hopping . . . ... ... ... .. 59

5 Building Computational Enviroment 63
5.1 Supercomputer . . . . ... ... 64
5.2 Operating System (OS) . . . . . . .. ... ... . ... 64
5.3 Linux . ... 66
0.4 Unix . . . . ..o 67

x1



CONTENTS

5.4.1 Basic Unix Command . . .. .. ... ... .. ...... 67

5.5 Installation of Linux . . . . . ... .. .. ... ... ....... 68
5.6 Programming Languages . . . . . . .. . ... ... ... 69
5.7 Installation of Modules . . . . . . ... .. ... ... ... ... 70
5.7.1 Installation of BLAS and LAPACK . . . ... ... .. .. 71
5.7.2 Installation of OpenMPIT . . . . . . . ... ... ... ... 72

5.8 [Installation of GPAW . . . . . . . ... ..o 72
Reference Systems 74
6.1 Basic Molecules . . . . . . . . . ... 74
6.2 Bulk Calculations . . . . . . .. ... ... ... 74
6.3 Graphene . . . . . . ... 75
6.4 Basin-Hopping Algorithm . . . . . .. ... ... ... ... ... 7
6.4.1 Lennard-Jones potential . . . . . . .. .. ... ... ... 7
6.4.2 Binary Lennard-Jones Potential . . . . . . . ... ... .. 79

6.5 Charge Density Difference . . . . . . . ... .. ... ... ... 79
The Structure of Group VIII cluster: Fe,Ru, Os 88
7.1 Computational Details . . . . .. .. .. ... ... ... ..... 88
7.2 Bare Fe Clusters . . . . .. ... .. ... .. ... .. ..., 89
7.2.1 Geometry: Fe Clusters . . . . .. ... ... ... ... ... 89
7211 Fey . ..o 89

7212 Fey. . . . 91

7213 Fes. .. . 92

7214 Feqy. . o oo 93

7215 Fes. ... 93

7216 Feg. . . ..o 93

7217 Fer-Feg . . . . . .o 94

7.2.2 Properties . . . . ... 94

7.3 Bare RuClusters . . . . .. ... ... .. .. ... ........ 98
7.3.1 Geometry: Ru. . .. ... ... ... ... .. ... ... . 98
7311 Ruy ... 98

7312 Ruy .. ..o 100

xii



CONTENTS

7313 Rus ... ... . 100

7314 Rug ... ... 100

7315 Rus .. ... .. ... 101

7316 Rug-Rug . ... ... ... ... .. ... ..... 101

7.3.2 Properties . . . .. .. 101

74 Bare Os Clusters . . . . . . .. . ... ... ... .. ....... 104
7.4.1 Geometry: Os . . . . . . .. oo 105
7411 Osp .. 105

7412 Osy .o o 105

7413 083 . .. e 108

T4.1.4 Osy ... 108

7415 Oss . . . 108

7416 OSg . . v o 109

7417 Osy .o o 109

T4.1.8 OSg . . . o 109

7419 Osg . . .. 110

74110 OS10 - v v v v v o 110

74111 OSyp - o o o o 111

T4.1.12 OS1a . v o v o 111

74113 Os13-0814 . . . o o o o o oo 111

7.4.2 Properties . . . . ... 112
7.4.2.1 Electronic Structures . . . . . . .. .. ... ... 113

8 Interaction of Group VIII clusters (Fe, Ru, Os) and H, 119
8.1 Computational Details . . . . . . ... .. ... ... ... .... 119
8.2 Structure of Hy and Fe Clusters . . . . . . . . ... ... ..... 121
8.2.1 Geometry: Hy and Fe Clusters . . . . .. .. .. ... ... 121

8.3 Structure of Hy and Ru Clusters . . . . . . . . . . ... ... ... 123
8.3.1 Geometry: Hy and Ru Clusters . . . . .. ... ...... 124

8.4 Structure of Hy and Os Clusters . . . . . . . . . ... ... .... 126
8.4.1 Geometry: Hy and Os Clusters . . . . . ... ... . ... 126
8.4.2 Property Analysis . . . . . . .. ... 128
8.4.2.1 Stability and Reactivity . . . . . .. .. ... .. 128

Xlil



8.4.2.2 Magnetic Properties. . . . . . .. ..

9 Bimetallic Cluster: TiFe

9.1 TiClusters . . . . . . . . . .
9.2 TiFe Clusters . . . . . . . . . . . . . .
9.3 Hydrogenation of TiFe Clusters . . . . . .. .. ...

10 Hydrogenation of Fe Clusters

10.1 Computational Details . . . . . . ... ... .. ...
102 Feyand H . . . . . . . .o
10.2.1 Magnetism. . . . . . . .. ... L.
10.2.2 Bonding . . . . . . ... oo
10.3 Hydrogenation of Fe,, H,, . . . . . .. .. ... .. ..

11 Supported Bare and Hydrogenated Clusters

11.1 Computational Methods . . . . . .. ... ... ...
11.2 Potential Surfaces . . . . . . ... ... ... ... ..
11.3 FeH on Al,O3 and SiOy . . . . . . . . . . ... ...
11.4 Graphene . . . . . . . .. ... L.
11.5 Graphene/Cu . . . . . ... .. L
11.6 FeH/Graphene/Cu . . . ... ... ... ... ... ..
11.7 Fe Clusters on Graphene/Cu . . . . . .. ... .. ..
11.8 Hydrogenated Fe Clusters on Graphene/Cu . . . . .

12 Experimental Support for Theoretical Work

12.1 Deposition of Fe Clusters . . . . . . . . . ... .. ..
122 TEM Analysis . . . . . . . .. ... ... ... ....
12.3 Sample Preparation . . . . . . .. ... ...
12.4 Dehydrogenation Characterization . . . . . . . . . ..

13 H; Dissociation towards Hydrogenation of MgH,

13.1 Computational Methods . . . . . ... ... ... ..
13.2 Hy and H on Mg Surface . . . . ... .. ... .. ..
13.3 Model . . . . . . .. .. ...

13.3.1 Nb, NbO and NbyO5 Surfaces . . . .. .. ..

X1v

CONTENTS



CONTENTS

13.3.2 Nb-Based Oxide Clusters . . . . . . . . .. .. ... .... 169

13.4 Hy Adsorptionon Nb . . . . . .. .o 172
13.4.1 Hy Adsorption on NbO . . . . . . ... ... ... ... .. 172

13.4.2 Hy Adsorption on NboOs . . . . . . . . . . ... ... ... 176

13.4.3 Hy on NbO Clusters . . . . . . . . . .. ... .. ..... 177

13.4.4 Electronic Structure . . . . . ... .. ... ... ... .. 180

13.4.4.1 The Density of States . . . . .. ... ... ... 180

13.4.4.2 Charge Density Difference . . . . . . .. .. ... 182

14 Dehydrogenation of MgH, Cluster 185
14.1 Computational Details. . . . . . . . . .. .. ... .. ... .. .. 186
14.2 MgHy . . . . o 187
14.3 MgHy Adsorption on Each Plane Nb, NbO, Nb,O5 . . . . . . .. 189
14.3.1 Electronic Structure Analysis . . . . . . .. .. ... ... 192

15 Conclusions 196
List of Publication 198
Bibliography 235

XV



List of Figures

1.1
1.2

2.1
2.2

3.1
3.2
3.3

4.1
4.2
4.3
4.4
4.5

6.1

6.2

History of development of permanent magnets [1, 2]. . . . . . ..
The atomic model of neodymium magnet. Atomic color codes: Fe,
Blue; B, Pink; Nd, .. . . . . ... ... oo

Change of properties from bulk to cluster. . . . . . ... ... ..
Left: the ground state structure and right: the local minima struc-

ture of Liy clusters. Arrows indicate the direction of spins.

The ideal hydrogen economy scheme. . . . . . ... ... ... ..
Types of hydrogen storage materials. . . . . . ... .. ... ...
Hydrogenation step, Ho+CoHy=C5Hg on Ru (0001).Color code: H;
White, C;Gray, Ru;Blue. . . . . . . . ... ... ... ... ....

Representation of grid spacing where ’h’ represent the grid spacing.

Energy convergence test of Hy with different grid spacing,h (A) . .
Energy convergence test of FCC aluminum with different k-point.
Genetic algorithm scheme. . . . . . . . .. .. ... ... ...

Energy landscape of basin-hopping algorithm [3]. . . . ... . ..

Calculated common molecules, Hy, Oy, CO, CO,, NH3, and CHy.
The bond length is in A. Atomic color codes: H, white; O,Red;
C,Gray; NBlue. . . ... ... .. ... ...
Bulk crystal models of Fe, Ru, Os, Nb, Mg, NbO, MgH,, MgO,
and TiFe. Dash line represents a unit cell. Atomic color codes:
Fe,Orange; Ru,Cyan; Os,Dark blue; Nb,Light Blue; Mg, Light
green; H, wWhite; O,Red; Ti,Gray. . . . .. ... ... ... ...

Xvi

24

28
31

35



6.3
6.4
6.5
6.6
6.7

7.1
7.2

7.3

7.4

7.5

7.6
7.7

7.8

7.9

7.10

7.11

LIST OF FIGURES

A single layer graphene. . . . . .. ..o 78
Lennard-Jones potential plot [3]. . . . .. ... ... ... .... 78
The ground state Lennard-Jones Clusters, 1-14[3]. . . . . . . .. 80
The binary Lennard-Jones clusters based on equation (6.2)[3]. . . 81
The charge density differences of CHy, LiH, and HO. Red (Blue)

contour represents charge gain (depletion). . . . .. ... .. .. 87
The ground state structures of Fe clusters up to 9 atoms. . . . . 90
The charge density difference of Fes. Red (blue) represents elec-

trons gain (depletion). . . . . . ... L 92
Properties of ground state Fe clusters. (a) Average magnetic mo-

ment (up) per atom. (b) Average neighbor distance in A. (c)
HOMO-LUMO gapineV. . .. .. ... ... ... ... ..... 95
Evolution of binding energy per atoms of the ground state Fe clus-

ters as a function of inverse cluster size toward fe bulk value. . . 96
The density of states of the selected Fe clusters. (a) The even-
numbered Fe clusters (4,6,8).(b)The even-numbered Fe clusters
(5,7.9). o o 97
The lowest energy and a few local minima structures of Rus - Rug. 99
Properties of the ground state Ru clusters. (a) Average magnetic
moment (up) per atom. (b) Average neighbor distance in A. (c)
HOMO-LUMO gapineV. . .. ... ... ... .. ... ..... 102
Evolution of binding energy per atoms of the ground state Ru
clusters as a function of inverse cluster size toward Ru bulk value. 103
The density of states of selected Ru clusters. (a) The even-numbered

Ru clusters (4,6,8).(b)The even-numbered Ru clusters (5,7,9). . . 114
The lowest energy and a few local minima structures of Oss - Osy4.

n _ m denotes n is the number of Os atom and m is the cardinal
number from global minima 0. . . . . . ... ... ... ... .. 115
Properties of ground state Os clusters. (a) Average magnetic mo-

ment (up) per atom. (b) Average neighbor distance in A. (c)
HOMO-LUMO gapineV. . .. .. ... ... ... ... ..... 116

XVvil



LIST OF FIGURES

7.12 Evolution of binding energy per atoms of the ground state Os clus-
ters as a function of inverse cluster size toward Os bulk value.

7.13 The density of states of the selected Os clusters. (a) The even-
numbered Os clusters (4,6,8,10).(b)The odd-numbered Os clusters
(BTOAL). o o

8.1 Ground state structures of Fe,Hy clusters, n=1-9. Atomic color
codes: Fe, orange; H, white. . . . . . . ... ... ... ......
8.2 Ground state structures of Ru,,Hs clusters, i=1-9. Atomic color
codes: Ru, green; H, white. . . . . . . ... .. ... ... .....
8.3 Ground state structures of Os,,Hy clusters, i=1-9 Atomic color
codes: Os, blue; H, white. . . . . .. ... .. ... ... .....
8.4 The average binding energy of Fe, Ru, Os, FeHs, RuH; and OsHs.
8.5 The projector density of states (PDOS) of the s-state of H and the
d-state of Fe, Ru, and Os in FeoHs, FegHs, RusHs, RugHs, OsoHa,
and OsgHs. . . . . . . 0
8.6 Hy adsorption energy of FeHs, RuHs and OsHs. . . . . . . . . ..
8.7 The average magnetic moment (up) per atom of Fe, Ru, Os, FeH,,
RuHy; and OsH,. . . . . . . . . . . .

9.1 The ground state structures of a) bare Ti and Fe clusters and b)

TiFe clusters with binding energy. Atomic color codes: Fe, Blue;

9.2 The density of states of Tiy, TisFey, and Fey. Atomic color codes:
Fe, Blue; Ti, Gray. . . . . . . . . .. . .. ... . ... ...
9.3 The ground state structures of hydrogenated TiFe clusters. Atomic
color codes: Fe, Blue; Ti, Gray, H, White. . . . .. ... ... ..

10.1 Ground state structures of Fe;H; clusters and corresponding mag-
netic moment, i=1-10. Atomic color codes: Fe, Orange; H, White.
10.2 The charge density difference of (a) Fe;H; and (b) Fe;Hy. . . . ..
10.3 PDOS of s,p, and d-state of Fe and s-state of H(B) in Fe;Hs. . . .
10.4 Ground state structures of Fe,,H,, clusters, (m=2-9) (n=maximum
adsorbed H atoms). Atomic color codes: Fe, Orange; H, White.

Xviil

117

149



11.1

11.2

11.3

11.4

11.5

11.6

11.7

12.1

12.2

13.1

13.2

13.3

13.4

LIST OF FIGURES

a) Al,O3 (110), b) SiO, (100) and c¢) Graphene. Atomic color

codes: Al, Purple; Si, Orange; C, Gray. . . . . . .. .. ... ... 153
FeH; on (a) Al,O3 (110) and b) SiO, (100). Atomic color codes:
Al, Purple; O, Red; Fe, Blue; H, White. . . . . . . ... ... ... 154
FeH,(x=0-10) on graphene. Atomic color codes: Fe, Blue; H,
White; C, Carbon. . . . . . . ... ... ... 156
FeH cluster on graphene on Cu (111). Atomic color codes: Cu,
Pink; C, Carbon. . . . . . . .. .. ... 157
Fe clusters on graphene on Cu (111). Atomic color codes: Cu,
Pink; C, Gray. . . . . . . . . 158
Graphene on Cu (111). Atomic color codes: Fe, Blue; Cu, Pink;
C,Carbon. . . . . . .. .. 159
Hydrogenated Fe clusters on graphene on Cu (111). Atomic color
codes: Fe, Blue; H, White; Cu, Pink; C, Gray. . . . . .. .. ... 161

(a) TEM images of Fe nanoparticles on graphene/Cu and (b) cor-
responding EDS analysis. . . . . . . .. ... 163
Dehydrogenation as characterized by mass spectrometry where it
is set to detect only hydrogen gas. Dehydrogenation was per-
formed at 400°C. i) Hydrogenated Fe on graphene/Cu and ii) hy-
drogenated graphene/Cu.. . . . . . . . .. ... ... L. 165

(a) H adsorption on Mg (0001) (b) Hy adsorption on Mg (0001)
.Atomic color codes: Mg, Green; H, White. . . . . . . . .. .. .. 169
Top view of stick and ball models of NbO; a)100-1,b)100-2, ¢)110-
1, d)110-2,e)111-1,£)111-2, and NbyOs; g)100, h)110, i)111. Atomic

color codes: Nb, Blue; O, Red. . . . . . .. .. ... ... ..... 170
The ground state structure of Nby, NbO, NbOs, NbyO, NbyO, and
NbyOs).Atomic color codes: Nb, Blue; O, Red. . . . . . . ... .. 171

The ground state structure of Hy adsorption on Nby, NbO, NbOs,
NbyO, NbyOy, and NbyO5. The bond lengths (A) are indicated.
Atomic color codes: Nb, Blue; O, Red; H, White. . . . . .. ... 178

Xix



13.5

13.6

14.1

14.2

14.3

LIST OF FIGURES

Selected PDOS of s-state H, d-state Nb and p-state O on NbO
(111-1), NbO (111-2) and NbyOs cluster. Each PDOS refers, Top:
Initial step, Middle: Approaching to surface, Bottom: Final step.
The bond lengths (A) are indicated. Atomic color codes: Nb, Blue;
O, Red; H, White. . . . . . . . ... ... ... ... ... 181
Charge density difference of Hy on the selected surfaces and clus-
ters. Hy on a) Nb (100), b) NbO (110-1), ¢) NbO (110-2), d) NbO
(111-1), and e) NbyOy. The charge density difference contour is
shown where red (blue) corresponds to gain (depletion). Atomic
color codes: Nb, Blue; O, Red; H, White. . . . . . . ... ... .. 184

The optimized gas-phase MgH, cluster. Atomic color codes: Mg,
Green; H, White. Top represent atomic model where bottom rep-
resent the charge density difference of MgH, cluster . . . . . . .. 188
The selected structural models of MgH, on (a)Nb(100), (b)NbO(100),
(c)NbO(110), (d)NbO(111) and (f)Nb2O5(100).Atomic color codes:

Mg, Green; H, White; Nb, Blue; O, Red. . . . . . . ... .. ... 189
The selected PDOS of Mg, H, Nb and O on Nb(100), NbO(111)
and NbyO5(100) for (a)initial state(IS), (b)final state(FS). . . . . 195

XX



Chapter 1
Introduction

Due to the rapid progress made within the fields of science and technology, the
consumption of natural resources has dramatically increased. There are two ma-
jor issues in modern society regarding natural resources: energy consumption and
scarcity of rare metals. The amount of fossils required to keep the society func-
tioning at its current rate is exponentially increasing everyday, while the amount
of fossil energy available is reaching its limits. Rare metal is also commonly used
to create strong magnets, which are vital to current technologies. The demand of
strong magnets has been increasing as technology continues to advance, with new
applications always requiring the use of strong magnets. Due to the increased
scarcity of fuel and rare metals, it is increasingly becoming an issue of whether
modern society can continue its current speed and lifestyle.

With the recent development of high speed central processing units, computa-
tional and theoretical science is becoming more realistic to be able to predict and
screen for alternative permanent magnets as well as find the alternative solutions
for energy related problems. In particular, the usage and prediction of atomic
clusters have been always challenging within the contexts of experiments and
theory as the atomic clusters consist of few of ten atoms resulting the difficulty
of experiment. However, developments in both high speed CPU and theoretical
methodologies such as density functional theory and global optimization method
have enabled the prediction and investigation of structures and properties of
atomic clusters. Atomic clusters are one of the few options available in the field

of alternatives to current strong magnets and are key for energy related materi-



als because of a unique physical and chemical properties. Physical and chemical
properties of atomic clusters along the geometry of clusters are theoretically and

computationally investigated in this dissertation.

1.1 Energy

The energy crisis has always been the center of discussion since the start of the
fossil fuel economy where the amount of fossil fuel is considered to be limited
[4, 5, 6]. The question ’how much oil does the earth hold?” appears very simple,
but it is burdened with many difficult subquestions and conjectures. Because of
limitation of fossil oil,simply drilling for more oil sources are not suitable ultimate
solutions. The fossil fuel consumption matter can be explained by the energy
consumption of the United States of America. The United States of America
is responsible for a quarter of the world’s fossil fuel consumption[7]. However,
large amount of the fossil fuel in the United States of America are imported from
outside sources[8]. It is thus reasonable to focus on the fossil fuel problem within
the United State of America, as solving the energy crisis in the United States can

essentially solve the world energy problems|9].

1.1.1 Use of Fossil Fuel

The use of fossil fuel, particularly petroleum, is primary done by transportation
and agriculture [10, 11, 12]. Note that beside these two primary usages, the pro-
duction of plastics is also another large consumer of petroleum. Transportation
in the United States is centered around cars. Cars are an essential transportation
tool for any of American citizen as the cities in US are too far spread apart from
each other[11, 13]. Hybrid cars, in particular the electric motor, are not suitable
for replacing current used cars in the United States [14]. As there would almost
be no stops between big cities throughout the country, it would be financially
near-impossible to construct the amount of charging stations needed to cover
those long distances. For that reason, gasoline is still the only option for car
transportation.

Another primary usage of fossil fuel is industrial farming related applications



such as the usage of harvesters, fertilizers, and transportations [15, 16, 17]. In
particular, 17% of oil usage in the United States are for agricultural purposes.
The oil is mainly used in agriculture for synthesizing fertilizers (ammonia, NH3),
transportation, and machine operation. Thus, simply getting rid of privately
held vehicles is not the solution because agriculture, which is the food source for
society, is also heavily involved in the usage of oil.

Approximately 400 gallons of oil is consumed for per American, annually [18].
Therefore, the true question of the energy crisis boils down to "how can such

heavy usage of fossil fuel be reduced or replaced’?.

1.1.2 Alternative Energies

Several proposals for alternative energies have been addressed within the past
few decades; biofuel, hydrogen, solar energy, and electric cell. However, any of

alternative energies have technological and environmental barriers.

1.1.2.1 Biofuel

The fundamental idea of biofuel is to synthesize the form of liquid fuel such as
diesel, ethanol, or even vegetable oil from crops such as corn and sea weed[19, 20,
21, 22]. However, such biofuel contains only two-thirds of the energy provided by
petroleum|[23]. The cost of the production of biofuel also costs more than twice
than petroleum. Furthermore, the production of crops requires large amounts
of energy consumption which are required by fertilizers, operation of machines,
and transportation[24, 25]. As a result, it can be roughly said that it take one
gallon of petroleum to produce 1 gallon of biofuel. In order to apply biofuel
as an alternative fuel, the cost of production of biofuel must be decreased by
developing of better enzymes[26]. Crop production also results in large amount
of land [24, 25]. If biofuel is going to be an alternative energy for petroleum, then
a serious amount of land for growing crops is then required. There is much work
involved for decreasing costs as well as addressing land issues and efficiency in crop
growth. Without solving these issues, biofuel will be difficult to be considered as

an alternative energy source.



1.1.2.2 Hydrogen fuel

Hydrogen fuel is one of the main focuses of the dissertation. The fundamental
idea of hydrogen is that it’s friendly for the environment as H reacts with O and
creates HoO [27, 28, 29]. However, the hydrogen fuel cell is not a simple technol-
ogy that society can easily acquire. Firstly, hydrogen is extremely inefficient for
usage [30, 31]. Only 40% of energy can be extracted from hydrogen fuel cells due
to large energy loss during the production, storage, and combustion processes
[31]. In term of hydrogen storage, liquid hydrogen and compressed hydrogen gas
tanks are technically workable but such processes are extremely expensive. Cur-
rently, hydrogen is produced by using steam reforming method but such process
requires methane (CHy), fossil fuel [32]. Therefore, hydrogen production using
steam reforming method is not completely independent from fossil fuel economy.
The production of hydrogen is also expensive process with current electrochem-
ical and photo catalytic method [33, 34]. Thus, current technology requires a
large amount of petroleum to produce and store hydrogen. Considering the steps
needed utilizing hydrogen as a fuel source, hydrogen fuel is unlikely to be the

candidate for alternative fuel cell.

1.1.2.3 Electric Cell

The electric cell is possibly a more realistic in term of an immediate solution for
energy problems. The energy conversion from electricity to power in electric cell
vehicle is currently 80+ % which is much higher than other fuel cell [35] The elec-
tric cars and hybrid cars are more realistic solutions if such technologies worked
as systems utilizing petroleum do, however, generating the electricities require
external energies. There are many types of electricities production. Natural gas
and coal are commonly used for producing the electricity. Nuclear energy is also
used for producing the electricities despite the risks of dangerous waste products
and of running operations. Clean energy such as wind, hydroelectricity, and solar
energies are good candidates but are not efficient alternatives to coal and natural

gas.



1.1.3 What now?

The energy crisis can not be solved by simply discovering alternative energies.
If unlimited environmentally friendly energies sources are discovered, society will
most likely continue consuming even more energies and cause more environmen-
tal damages. Therefore, the regulation of life standards as well as research for
more efficient use of energies are the first priorities. In both cases, science plays
a key role for optimizing the efficiencies of life standards. In particular, the hy-
drogenation process, which is the one of the most important chemical process
for any of energies related materials, can dramatically improve. Although hydro-
gen and biofuel economies are focused and pushed, the fundamental issues for
them are not solved yet. Thus, further research is required for breaking through

technological barriers.

1.2 Magnet

The rare earth metal crisis quickly has become a primary problem in various
industries to national defense [36]. In particular, rare earth materials in the field
of permanent magnets are the center of this particular discussion. The magnet
is the simplest form of a material that produces an invisible magnetic field. The
use of magnets go back to when the magnet was used as a navigational tool, in
devices such as the compass. Because the Earth produces a giant magnetic field,
the introduction of the compass opened up how people explored the world.

The use of magnet is now more sophisticated than ever. The magnet is a fun-
damental part of high technological society. Uses for magnets include turbines
for producing electricity, data storage devices such as hard disk, motors for auto-
mobile industries, and medical equipment such as magnetic resonance imaging.
Furthermore, permanent magnet plays an important role in national defense such
as antimissile defense and engine of jet fighters [36].

Since the discovery of magnetic materials, magnets have been constantly
evolved with scientists. The development of permanent magnet is shown in Figure
1.1 Ferrite, Alnico, and Samarium cobalt are commonly used permanent magnet.

Advantages of those magnetic are relatively abundant materials so that imports
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Figure 1.1: History of development of permanent magnets [1, 2].



Figure 1.2: The atomic model of neodymium magnet. Atomic color codes: Fe,
Blue; B, Pink; Nd, .

of such materials are not generally required. Neodymium magnet (NdyFe 4B),
where the structural model of Neodymium magnet is shown in Figure 1.2, is,
so far, the strongest material in history [1, 2]. However, the rare earth metal
neodymium has serious disadvantages. One is that Nd is a rare earth metal
meaning that it involves high costs as well as little amount of production. An-
other is that due to nearly all rare earth metals being clumped together within
only one portion of the planet, it is very difficult to gain access to.

As the technologies develop, the need for even stronger magnets are required.
Atomic clusters as well as super atoms are possible options for solving the crisis.
For instance, a common transition metal cluster, Fe cluster, has strong magnetic
properties that could potentially be used. Thus, screening for various possibilities
of atomic clusters as well as tailoring the atomic clusters potentially replace the

current permanent magnet with common elements.



1.3 Theory and Computer

The word, science, can be described as 'the form knowledge’ which is organized
from the reasonable explanation in the phenomena of the universe. Experiment
and theory have been classically the two way to approach science. Experiment
is the process to discover the pattern and phenomena. Theory can be developed
based on the experimental fact as well as hypothesis is developed for experiment.
The two scientific approach has been walked together for development of the sci-
ence. However, the need of bridge between theory and experiment are needed
where the importance of the computational science rises. The basic idea of com-
putational science is to show experimental phenomena using the theory or even
prediction of experiment. Such process dramatically rises with the development
of high speed computer.

In particular, physical and chemical properties of various materials are the-
oretically and computationally now possible to predict and create the database
without experiment [37]. This open up the new era of science and dramati-
cally changes the approach to the science. For examples, it could experimentally
take years to screen and synthesize the new materials. However, such a process
can be dramatically decreased by theory and computations. Therefore, material
database so called big data can be easily filled up.

In this work, computational approach is taken in order to understand the
phenomena involving with atomic clusters and hydrogen. Furthermore, material
screening was carried out using computations and the outcome was then verified

by conducting the experiment.



Chapter 2
Atomic Clusters

The word ’cluster’ is defined by the Oxford dictionary as ’a group of similar
things’ and as "A number of things of the same kind growing together’ by the
Webster dictionary. Within a scientific context, 'cluster’ has several definitions,
each dependent on the field that uses the term. Here is a list of scientific words
that include ’clusters’: atomic clusters, consonant clusters, star clusters, globular
cluster, open clusters, genetic clusters, computer clusters, and data clusters. In
the fields of physics and chemistry, 'cluster’ can be commonly defined as an
"aggregate of atoms’ which is commonly called an "atomic cluster’ or 'superatom’.
Atomic clusters are distinguishably different from molecules or nanoparticles.
Due to their unique physical and chemical states, clusters have been shown much

attention in science.

2.1 What is Atomic Cluster

While atomic clusters are defined as aggregates of atoms, the definition is still
broad and brings to mind the fundamental question: "How do clusters differ from
molecules or nanoparticles?’. The differences between clusters and molecules are
rather clear and can be seen in Table 2.1. From the point of view of the definition
‘aggregate of clusters’, clusters and molecules are practically the same.

For instance, common molecules such as CO,, CH4, and N, are considered

to be aggregates of atoms. In that sense, those molecules can be also called



Clusters Molecules
Existance Vacuum/inert enviroment | ambient enviroment
Isomers Many Few
Number of atoms Varied Fixed
Bonding Varied Ionic or Covelent
Compositions Various Fixed

Table 2.1: Differences between atomic clusters and molecules

‘clusters’. How, then, are those common molecules different from atomic clusters?
One difference is the environmental conditions under which clusters exist.

Common molecules such as CO,y, CHy, and Ny naturally exist under ordi-
nary conditions. However, atomic clusters are not able to exist under ordinary
conditions. Atomic clusters are able to exist only within vacuum or inert envi-
ronments which are generally created at a laboratory or in space. For instance,
compositions such as C190O7 are not able to be synthesized at ordinary conditions;
therefore, they are considered atomic clusters. Atomic clusters are generally sta-
ble under vacuum or inert environments but are generally much more reactive
than molecules under ordinary conditions. This reactivity within clusters do not
allow them to keep their form under ordinary conditions. On the other hand,
clusters have different bonding type depending on the compositions and sizes of
atoms.

Another difference is the number of isomers that clusters and molecules have.
The definition of an isomer is that isomers are different atomic configurations
that molecules and clusters have while retaining the same composition and size.
Molecules generally have few to no isomers. For example, CO, and N, have no
isomers. Butane(C4H;0) and pentane(C;H;2) have two and three isomers, respec-
tively. These are examples of chain isomers. Thus, molecules hardly have isomers.
On the other hand, atomic clusters have numerous isomers. For example, an Nag
cluster could possibly have more than 10 isomers. The number of isomers of
atomic clusters should exponentially increase as the cluster grows. In fact, ex-
perimentalist reports numerous isomers from atomic clusters [38]. Those isomers
within same composition have different properties as the geometry of clusters
play a key role for cluster properties. Therefore, it is important for theoretical

scientists to find as many isomer as possible.
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The number of atoms and compositions are fixed in molecules while are varied
in atomic clusters. This is particularly important as clusters can be synthesized
by different compositions and numbers of atoms, allowing for new and more
desirable material properties.

A more difficult question is: 'what are the differences between clusters and
nanoparticles?’. Figure 2.1 demonstrates how general properties such as mag-
netic, optical, reactivity, and electronic properties change depending on the size
of clusters.

When the size of bulk material becomes larger, the material shows a constant
smooth size effect. This range is often where 'nanoparticles’ fall under. However,
once the size of nanoparticles reach a certain size, the properties of materials
start to have specific properties dependent on the size; this area is often where
"atomic clusters” fall under. The threshold from nanoparticles to atomic clusters
are still of great interest to researchers as the transition point of many elements
are still undiscovered. Essentially, atomic clusters can be considered as "ultimate

nanoparticles’.

2.2 History of Clusters in Science

Cluster studies originally began within the field of astrophysics. The fundamental
question of the creation of the universe has been explored from the cluster point
of view. A famous cluster in astrophysics, Cg, is considered to be responsible
for the early creation of the universe [39]. Furthermore, the universe is created
from star dust where the formation of atomic clusters such as silicate nanoclusters
may be responsible for creation of planets [40]. Another notable example is that
the structure of water, HyO, is a great mystery of science for long time. The
geometries and properties HoO cluster broke through the atomic configuration of
water [41, 42, 43].

Clusters are also a great atomic model for simulating the defected crystal
such as ball-milled crystals. Some catalytic reactions involve ball-milling where
defected nanoparticles are generally formed. In such a case, it is challenging
to understand the atomic configuration of the defective crystal or nanoparticle.

Even if the atomic configuration of defected crystal is known, such a model is not

11
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realistic in periodic boundary condition calculations as the defected part of the
surface is repeated infinitively. Instead. atomic clusters are often used to simulate
and understand the properties of defective crystals in finite systems [44, 45, 46].

The first experiment of atomic clusters is believed to have been conducted
in 1956 [47]. The cluster was created by using supersonic expansion and then
analyzed by using mass spectrometer ion sources where molecule and noble gas
clusters were mainly investigated. Experimental work toward cluster synthesis
was dramatically improved by the development of laser ablation in during the
1980’s [48]. The laser ablation technique enabled the creation of all of the ele-
ments in the periodic table. However, while any cluster can be created by using
laser ablation, some elements are still difficult to analyze such as Os clusters,
where Os has many isomers during the mass spectrometry analysis. Further-

more, controlling the size and number of atoms by using laser ablation is still
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under development.

Recent dramatic development of density functional theory and supercomputer,
it theoretically became possible to predict the structure and properties of atomic
clusters along the implementation of global optimization such as basin-hopping
algorithm and genetic algorithm [49, 50]. By combining the DFT and global
optimization method, it is now possible to determine the ground state structures
and properties of any atomic cluster. Perhaps one can say that theoretical work
is 5-10 years ahead of experiments in the field of atomic cluster science. Major
screening can be done computationally followed by implementing experiments in
order confirm calculations and to tailor desired materials. This process has the
potential to open up a brand new field of science.

Here are some the current problems concerning atomic clusters: The ground
state structures of few thousand atoms, which include polymers and proteins;

The threshold between nanoparticles and atomic clusters.

2.3 Structural Energy Landscapes

The structure of atomic clusters are of great interest because the properties of
atomic clusters are strongly dependent on atomic configurations. This is the fun-
damental difference between atomic clusters and crystal. In crystallography, 14
Bravais lattice and 7 crystal systems are possible [51]. Compared to crystal, an
atomic cluster could possibly have an almost infinite number of atomic configura-
tions. The properties of atomic clusters differ by their atomic configurations and
compositions. In that sense, finding the atomic configurations of atomic clusters
is the first step towards understanding the properties of atomic clusters. However,
atomic configurations of atomic clusters are very complicated due their complex
energy landscapes, especially when a large number of atoms or multiple composi-
tions are involved. It is challenging to determine the structure of atomic clusters
with current technology. Recent development of aberration corrected transmis-
sion electron microscopy such as Titan by FEI enable to observe the structural
shape of atomic clusters in atomistic scale. For instance, the structure of Ausgg
was clearly seen by aberration corrected TEM while density functional theory

calculation also predicted same structure [52]. Thus, the appearance of aber-
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ration corrected TEM enabled to the development of the atomic scale images.
However, most clusters are still challenging to observe in aberration corrected
TEM as it is difficult to control the size of the supported clusters. Moreover,
spectrometry and diffraction techniques are not able to analyze those clusters
due to clusters being either too large or too small. For these reasons, theoretical
and computational approaches are still very effective. In particular, recent de-
velopment of the supercomputer and well-written density functional codes such
as GPAW,  VASP, and CASTEP enable the computer to analyze a few to hun-
dreds of atomic clusters. Furthermore, the methodological development of global
optimization method makes it possible to find stable and meta-stable atomic con-
figurations of atomic clusters. It must be noted that meta-stable atomic clusters
are generally produced alongside the ground state structures of atomic cluster
within experiments. Therefore, it is important to know the local minima energy

structure of atomic clusters in theoretical calculations.

2.4 Group VIII Clusters

Group 8 clusters, Fe, Ru, and Os, are well discussed in this work. Iron clusters
have shown to have high magnetic moment which can be potential candidate for
alternating the neodymium magnet [53, 54]. Furthermore, experiment suggests
that small Fe clusters are shown to be reactive against hydrogen [55]. Thus, small
Fe clusters have the potential to show properties opposite to the bulk iron. This
could expand the usage of iron in the field of catalysts and magnetism.

Ru clusters have proven to be the effective catalysts for hydrogenation of var-
ious compounds [56, 57, 58|. Furthermore, bulk Ru has paramagnetic properties
while small Ru clusters shows high magnetic moment [59, 60]. In the case of Os
clusters, there is little experimental and theoretical data available. Because Os
has numerous isotopes, it is difficult to measure IR analysis. Furthermore, Os is
reactive with oxygen. Os oxides are very toxic element making it very challenging

to control the experiment.
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2.5 Experimental Approach

Experimental sections of atomic clusters can be classified into two parts: synthe-
sis and characterization. There are various methods available to synthesize and
characterize atomic clusters. Because the atomic clusters consist of few to hun-
dred atoms, it is experimentally challenging to handle and observe them. Here,
common experimental techniques in cluster synthesis and characterizations are

discussed.

2.5.1 Synthesis

There are five major experimental techniques for generation of atomic clusters:
laser aberration (vaporization), chemical reduction (colloid), thermal decomposi-

tion, ion implantation, and electrochemical synthesis.

2.5.1.1 Vaporization of Metal Sources

There are four types of major vaporization methods [61, 62, 63, 64, 65, 66]: laser
abelation, ion/magntron sputtering, vacuum deposition, and pulsed arc clusters
ion source. The Laser aberration technique is perhaps the most common method
to create atomic clusters as it was the first experimental technique to produce
atomic clusters [47]. The fundamental idea of laser aberration technique is quite
simple. The desired metal source is prepared, followed by a laser being released
towards the metal source. The laser vaporizes the metal atoms into gas-phase
atomic clusters. Ton/magnetron sputtering and vacuum deposition are two other
popular techniques. For ion sputtering, an ideal gas ion such as Kr™ and Xe™
bombards metal sources with bombardment energies of 10-30 keV. In the case
of magnetron sputtering, an argon ion is bombarded into metal sources, result-
ing in sputtering. Vacuum deposition is slightly different from sputtering. A
metal source is heated within a vacuum environment until the metal sources
are evaporated. This method is particularly useful for depositing clusters onto
surfaces. Pulsed arc clusters ion source is a less-commonly-used method where
atomic clusters can be vaporized by applying an electrical discharge through the

metal sources. Except in the case of vacuum deposition, these methods enable
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the generation of free atomic clusters within a gas-phase environment. Further-
more, these gas-phase atomic clusters can be confined into a molecular beam,

also known as cluster beam, for further analysis.

2.5.1.2 Colloid

Synthesis of atomic clusters from colloid is another major way of generating
mono- and bi-atomic clusters. Colloidal synthesis of atomic clusters are par-
ticularly important as generated clusters are generally located on the substrate.
Moreover, the size control of atomic clusters can be accomplished relatively easy
when compared to the above vaporization methods . The fundamental idea of
colloidal synthesis is achieved by the chemical reduction of dissolved metal salt
[67]. Metal salts are generally dissolved into passive ligand such as alkylthiols
and PVP [68, 69].

By controlling the ligand, core shell atomic clusters are also possible to syn-
thesize [70, 71, 72]. In such core shell clusters, outer shell and core shell have
different physical and chemical properties. Therefore, stabilization of clusters or

new properties of cluster by core shell.

2.5.1.3 Thermolysis

Mono and bi metallic clusters can be synthesized by heating the organometallic
clusters with carbonyl ligand [73, 74, 75]. During the heating, metal clusters
are obtained as a result of thermal decomposition. With thermal decomposition,
various bi-metallic clusters have been synthesized. For example, RuSn clusters
were generated by thermal decomposition of the organometallic clusters where

RuSn clusters are predicted be a good catalysts for hydrogenation [76].

2.5.1.4 Ion Implantation

The general idea of ion implantation is to accelerate the ion by electrical field
and cause the ion to impact into the material. Ion implantation is commonly
used in fabrication of semiconductors and in the material science field in general.
By doing so, the properties as well as structure of materials can be greatly al-

tered. An ion is essentially one ionized atom, making ion implantation a possible
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method for atomic clusters. In fact, ion implantation has been implemented for
generating atomic clusters. As the example of ion implantation, Cu and Pd ions
are implanted into bulk silica, resulting the Cu-Pd atomic clusters within the
silica [77].

2.5.1.5 Electrochemistry

Clusters are able to be synthesized within the electrolysis cell. This method is
particularly useful for synthesis of bi-metallic clusters [78]. Metal source is used
in cathode and anode. With the help of electricity, mono or bimetallic clusters are
produced in the solution. In this way, small modification can potentially produce

the core shell atomic clusters [79].

2.5.2 Characterization

Experimental characterization of atomic clusters is quite challenging with current
experimental methods. Currently, there are no experimental techniques to de-
termine the atomic structure of gas-phase atomic clusters. Therefore, combining
experiments with density functional theory calculations is a crucial step. Exper-
iments can generally reveal the vibrational intensity, the size and possibly the
shape of atomic clusters, complementing results generated by density functional

theory calculations.

2.5.2.1 Mass Spectrometry

Mass spectrometry is a simple yet effective method to detect the size and com-
position of atomic clusters [80, 81, 82, 83, 84]. Clusters produced by vaporization
method are generally confined within a molecular beam. An electric field is ap-
plied to those clusters resulting in the ionization of atomic clusters. As a result, a
mass abundance of those ionized atomic clusters are detected by mass spectrom-
etry. Furthermore, theoretically mass spectrometry peaks can be integrated into
the amount of clusters in gas phase in order to guess the approximate amount of

clusters.
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2.5.2.2 Infrared (IR) Spectroscopy

Infrared spectroscopy is widely used in order to determine the structure of the
atomic cluster by combining with the density functional theory and vibrational
frequency analysis [85, 86, 87]. Atomic clusters are generated by laser aberration.
Vaporized gas-phase atomic clusters are confined within the molecular beam and
then IR spectroscopy is applied. However, density functional theory calculations
are the only way to confirm the structural information where the vibrational
spectrum be calculated within DFT. Generally, experimental IR spectrum has
very good agreement with calculated vibrational spectra. However, it is important
to note that experiments cannot always generate the ground state structure of
atomic clusters. Because of that, local minima structures are also needed as
reference values in DF'T calculations.

Recent IR spectroscopy data question theoretical data concerning cubic-like
atomic clusters such as Rh8 and Rug [88, 89]. Experimental IR provide that the
ground state structure of Rh8 and Rug have a non-cubic structure. Furthermore,
experimental IR peaks match with the ground state structure by hybrid function
calculations where PBE exchange-correlation data have demonstrated cubic-like
structure. However, PBE function provides good agreement with experimental
work in cases such as like gold clusters. Thus, there is some uncertainty concern-
ing how different exchange correlations affect the ground state structures as well
as which ground state structures are actually correct between PBE and hybrid

function.

2.5.2.3 Microscopy

Electron microscopy is particularly powerful in order to see the size and shape
of supported atomic clusters. Recent development of aberration corrected trans-
mission electron microscopy by Titan, FEI, has changed how the field can utilize
electron microscopy. Aberration corrected TEM is able to conduct angstrom
level observations. The shape of atomic clusters are clearly seen by this type of
TEM. However, atomic clusters must be deposited on surfaces, more specifically
a TEM grid. The structure of gas phase clusters and supported clusters generally

have different atomic configurations. Therefore, it is still challenging to see the
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structure of gas phase clusters by microscopy.

Scanning electron microscopy (SEM) is a rather macroscale observation com-
pared to TEM. SEM is not able to produce a the angstrom level observation and
is therefore not suitable for atomic cluster analysis. However, SEM can be used
in order to see the topology of samples as it has good three dimensional analysis
of samples.

Scanning probe microscopy is another useful microscopic method. Atomic
force microscopy (AFM) and scanning tunneling microscopy (STM) are two major
techniques. Both techniques are similar as both use a fine tip to scan the surface
of samples. AFM scans are based on the atomic force between the tip and atom
while STM scans are based on the interaction of the current from tip and atoms,
known as the tunneling effect. In both cases, atomistic topographies are obtained.

However, the sample surfaces have to be completely flat in order to be scanned.

2.5.2.4 Diffraction

Atomic clusters are too small for x-ray or electron diffraction analysis. Further-
more, samples must be deposited on the surface in order to use a diffraction
technique. Because of these constraints, a diffraction system is not suitable for
atomic clusters. Supported larger size atomic clusters, known as nanoparticles,
can be analyzed by using diffraction techniques. The information from diffraction
patterns are generally very complex. However, overall average composition, size,

and structural information can be obtained [90].

2.6 Theoretical Approach

Atomic clusters consist of few number of atoms and often exist as gas-phase. Be-
cause of those reasons, experiment is often challenging to determine the structure
of atomic clusters. Therefore, theoretical approach plays a important role in the
field of atomic clusters.

The recent development of super computer, the use of the density functional
theory rapidly expanded. One could perhaps say that density functional theory

open the doors for future of atomic cluster science. Density functional theory
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calculations are the most powerful computational tools so far, but one of the
disadvantages is its time-consuming process. With current supercomputers, few
hundreds of atoms can be calculated but these amounts are not even the equiv-
alent of one drop of water. Therefore, the current density functional theory
calculations are limited when it comes to the number of atoms that can calcu-
lated. Because atomic clusters are generally less than a few hundred of atoms,

DFT can be very useful tool for structure and property analysis.

2.6.1 Global Optimization

As mentioned earlier, atomic clusters have numerous numbers of isomers. That
is problematic in the computational cluster science field. As the size of clusters
increase, the number of isomers increase exponentially. For that reason, it is
challenging to find the ground state structures from local minima. Global opti-
mization methods are generally implemented in order to find the ground state
structure as it is almost impossible to manually test every single possible atomic
configuration, especially when the size of the clusters is more than 10 atoms.
There are two major global optimization methods: basin-hopping algorithm and
genetic algorithm [49, 50]. By implementing a rough potential such as LCAO
methods(SIESTA and GPAW) with those global optimization methods also help
as a first screening process. The local minima structures are also needed to ac-
quire in these processes also act as references for experimental work.

Once the atomic configurations of atomic clusters are known, the density func-
tional theory can reveal almost every chemical and physical properties. Bonding
type can be clearly revealed from density of state and charge transfer where
Bader analysis is commonly implemented for charge analysis. The link between

experiment and theory is shape and vibrational spectrum.

2.6.2 Potentials

Density functional theory is not the only interatomic potential in cluster science.
Because density functional theory require the heavy computational times, lighter
interatomic potential such as the Lennard-Jones (LJ) potential is used to develop

and test the global optimization method. The LJ potential is represented by
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a simple equation but this gives a good understanding of how atoms interact
with each other. In particular, LJ potential has good approximation for ideal
gas clusters. Furthermore, LJ potential is a great potential for testing global
optimization method. As a matter of fact, basin-hopping algorithm was first
implemented using basin-hopping algorithm.

Another commonly used interatomic potential for metal clusters is the Gupta
potential [91, 92, 93]. Gupta potential is rather complicated compared to the LJ
potential. However, Gupta potential does not generally require the supercom-
puter for computation. For that reason, Gupta potential is often use for large
scale atomic clusters.

Global optimization of the atomic clusters require large amount of structural
sampling. Therefore, it is better to use light potential for first screening process.
GPAW software package comes with linear combination as atomic-like orbitals
(LCAO). LCAO calculation decrease the large amount of computational time
while the accuracy of calculation is not the best. Major screening of clusters are
generally done by LCAO and few local minima from LCAO calculations are taken

and then calculated in strict calculation such as finite element mode.

2.7 Properties

Figure 2.1 shows that atomic clusters have unique physical and chemical proper-
ties depending on the size of clusters. In this section, various unique properties

of atomic clusters are discussed.

2.7.1 Electronic Properties

Electronic structures- in particular, the energy gap between the highest occupied
and lowest unoccupied orbital known as the HOMO-LUMO gap- determines the
general trend of material properties such as the stability of clusters. In fact,the
magic number structure is generally determined by the high HOMO-LUMO gap
within the clusters where a magic number structure indicates that it is one of
the most stable structures. It is particularly interesting that the role of HOMO-
LUMO gap is different between bulk crystals and atomic clusters. In crystal,
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the HOMO-LUMO gap is often used to determine if the material is a conductor,
semiconductor, or insulator. In this context, a large HOMO-LUMO gap indicates
the material is a semiconductor or insulator. However, the HOMO-LOMO gap
is small within metal crystal. It is considered a conductor and utilizes metallic
bonding where electrons are able to freely move in that bonding state. However,
the HOMO-LUMO gap always exists in atomic clusters, even in metallic clusters.
This is one of the unique phenomena of atomic clusters as metallic clusters do
not behave as metal crystal. In another words, metallic clusters generally do not
have metallic bonding although they are metal.

Exploring the magic clusters are extensively studied.

2.7.2 Magnetic Properties

Magnetic materials are perhaps one of the most important materials for cur-
rent advanced society. Modern society heavily depends on magnetic materials,
and are used in a myriad of applications, including: electric generator, Magnetic
resonance imaging (MIR), computer harddisk, and electric motors. Thus, mag-
netics materials are widely used in nearly all aspects of modern society. The
neodymium magnet (NdFeB) is currently the most widely used permanent mag-
net as it is currently the strongest permanent magnet where Nd atoms have 3.1
pp and Fe have 2.1-2.9 pup depending on the site in NdFeB [94, 95, 96]. However,
neodymium is a rare-earth metal, making it difficult to access readily as all rare-
earth metals are concentrated in one area of the planet. Furthermore, modern
society consumes more neodymium magnets than it produces, making it crucial
to find alternative magnets to replace neodymium magnets. Small atomic clusters
generally have much higher magnetic moments than their bulk states [97]. For
instance, experimentally, bulk Fe has an average of 2.18 magnetic moment (up)
while one gas-phase Fe atom has 4up [98]. This can be simply explained by the
number of unpaired spins. Fe has 3d° orbital where there are 4 unpaired electron
spins,meaning the Fe atom has 4upg. On the other hand, bulk Fe has an average
of 2.18 pp. This can be explained by the bonding state of bulk Fe where each un-
paired electron in the d orbital are bonding through a metallic bond. As a result,

the number of unpaired spins decreases and results in 2.18 pp. Thus, magnetism
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occurs due to the presence of unpaired spins. In atomic clusters, magnetism can
be easily altered by the number of atoms and compositions. Therefore, exploring
and tailoring the desirable magnetic atomic clusters could potentially discover
replacements.

The magnetic moment of clusters strongly depends on the interatomic distance
and atomic configurations [99]. This demonstrates that the structural information
of atomic clusters is still a crucial component to understanding properties such
as magnetism. Therefore, determining the structure of atomic clusters must be
done before further analysis. Magnetism can increase when the overlap between
neighbor atoms are less. In other words, large interatomic distance preserves the
number of unpaired spins and results in a high magnetic moment. This fact is
proven by nickel clusters as an example where the large interatomic distance and
low coordination results in a large magnetic moment[100]. Furthermore, dimen-
sional factors play a key role. One dimensional refers to when one atom always
has a larger magnetic moment than its bulk state, which is three dimensional.
Linear atomic clusters, which generally exist as local minima structure for some
clusters, also have higher magnetic moments than bulk. These examples show
how a large interatomic distance prevents the overlap of electron pairing and
results in a large magnetic moment.

Another interesting trait about magnetism in atomic clusters is the type of
magnetisms in existence: paramagnetism, ferromagnetism, and anti-ferromagnetism.
Paramagnets generally behave as non-magnets until an external magnetic field
is applied. Ferromagnets are permanent magnets where all unpaired spins align
towards one direction. Antiferromagnets behave as a non-magnet as the total
number of spins are canceled out and causes a zero magnetic moment. Magnetism
of atomic clusters, however, behaves differently. For instance, paramagnetic bulk
material behaves as a ferromagnet in clusters, with Rh and V being examples
[101, 102]. This is particularly important as some bulk magnetic materials are
expensive. Clusters can potentially replace these bulk materials with cheaper
materials by musing them in their clusters form.

A previous section discusses how atomic clusters generally have numerous
isomers. Liy clusters are commonly used as examples of how geometrical factor

of clusters affect the magnetism [103]. Both possibly isomers are shown in Figure
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+0.13 eV

Figure 2.2: Left: the ground state structure and right: the local minima structure
of Liy clusters. Arrows indicate the direction of spins.

(2.2) . It shows that Lis has planer and tetrahedron structures. In particular,
the ground state structure of Liy has tetrahedron structure which has magnetism
while planer structure of Liy is non-magnet material due to the spin cancellation.
Tuhs, geometrical and the direction of spin play an important role of determining

the properties of atomic clusters.

2.7.3 Optical Properties

The HOMO-LUMO gap is the major factor for determining the optical properties.
As previously mentioned, HOMO-LUMO gap strongly depends on the size and
composition. As a result, screening clusters could lead to the discovery of desir-
able HOMO-LUMO gaps. Early studies of optical effects of atomic clusters began
around 1857 where gold clusters in colloid emitted multiple colors.[104] At that
time, the origin of these different colors in gold colloid was a mystery. Later on,
it was discovered that gold clusters have different HOMO-LUMO gaps depending
on the size of the Au clusters. Another example is in the field of photolumines-
cence where silica clusters has been proven to be effected on photoluminescence
[105].

2.7.4 Reactive Properties

Atomic clusters show unique reactivities. Reactivity of gold clusters is probably

the most common example. Bulk gold is an inert material while small gold clus-
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ters are extremely reactive[106]. Thus, reactivity properties can be completely
opposite between bulk and cluster. Numerous possibilities have been considered.
One could be due to the high surface to volume ratio. Another is the low coor-
dination. In either case, the interatomic distance in clusters are larger. For this
reason, more electrons are available for chemical reactions.

Bimetallic atomic clusters bring even more interesting catalytic effects. For
instance, small Ru clusters are known to be good catalysts for hydrogenation.
Adding Sn in Ru cluster dramatically decreases the activation barrier [58, 107,
108, 109]. Thus, reactivity of mono clusters can be dramatically alerted by adding
second component. This change is considered to be due to the change of electronic
structure of clusters. Thus, atomic clusters have important role in the field of
catalysis. In particular, catalytic reaction generally involves with little amount

of catalyst.

2.7.5 Melting Properties

The melting point of atomic clusters are very unique compared to their bulk
and nanoparticles. In general, nanoparticles has lower melting point than their
bulk due to the low coordination in nanoparticles [110]. However, the melting
temperature of atomic clusters are varied depending on the size and compositions
compared to their bulk. For instance, small Na clusters have lower melting point
than their bulk state [111]. On the other hand, small Ga clusters have much higher
melting point than their bulk state.[112] This implies that low coordination of
atomic clusters do not simply explain the melting properties of atomic clusters.
Thus, the melting point of atomic clusters are not predictable.

If the melting and mechanical properties of atomic clusters are able to be
controlled, it may be possible to tailor and synthesize high strength and melting

point materials.
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2.8 Applications

2.8.1 Catalyst

Atomic cluster have a high surface to volume ratio. For this reason, atomic
clusters tend to very reactive. One of the notable example is the reactivity of
gold clusters. Bulk gold is considered to be an inert material. However, gold
clusters are very reactive [113, 106]. Thus, atomic cluster shows unsual chemical

reactivities.

2.8.2 Magnetism

Magnetism plays an important role in modern society. In particular, neodymium
magnet is used in various field. For instance, magnetic resonance imaging (MRI)
require neodymium to operate. Electric motor as well as electric generator for
renewable energies require neodymium magnet in order to generate electricities
as much as it can. Moreover, higher magnetic moments are able to store more
memories meaning that the storage space of harddisk can be dramatically in-
creased.

The atomic clusters have larger interatomic distances. It means that there

are less electron pairing. As a result, larger magnetic moment is expected.

2.8.3 Optics

The optical properties of atomic clusters can be evaluated by understanding the
HOMO-LUMO gap. Most atomic clusters have some degree of a HOMO-LUMO
gap. Tailoring atomic clusters with other elements can potentially control the
degree of the HOMO-LUMO gap. One of the potential applications of optical
properties of atomic clusters are the detection of noninvasive healing of tumors.
This can be done by the adsorbing the infrared radiation in the HOMO-LUMO
gap [114].
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Chapter 3
Hydrogen Discipline

Hydrogen is the first atomic element in periodic table, yet most abundant element
in the universe [115]. In fact, numerous physical and chemical matters in the
universe are involved with hydrogen in some sense such as water and nuclear
fusion of the Sun. However, hydrogen are not exist as itself within the earth
atmosphere. For that reason, hydrogen are generally produced from CH, and
H,0.

Hydrogen has caught some attention as alternative energy as the reaction
between hydrogen and oxygen causes the heat. The heat from the combustion
process is considered to be used as energy. The society based on hydrogen en-
ergy called hydrogen economy has been proposed over the decades. However,
progress towards the hydrogen economy has stagnated due to technological bar-
riers. Hydrogen economy generally involves hydrogen production, storage, and
combustion. Each process has serious technological barriers. Without breaking
through these barriers, the hydrogen economy will not be a realistic economy.

Unusual physical and chemical properties of atomic cluster have the potential
to improve the hydrogen related technologies. In particular, the relation of atomic
clusters and hydrogenation are explored throughout this dissertation. In this
section, a basic background of hydrogen related science is discussed along with

the relation with atomic clusters.
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3.1 Hydrogen Economy

The term 'Hydrogen economy’ was originally introduced during the 1970’s by
General Motors (GM) [116]. The idea of a hydrogen economy shown in Figure
(3.1) consists of three stages: hydrogen production, storage, and combustion. The
model in Figure (3.1) indicates ultimate energy circle in term of environmental
effect and unlimited energy. However, hydrogen economy is hardly realistic under
current technological condition. As a matter of fact, current usage of hydrogen
is restricted to two applications. One is the production of ammonia(Ny + 3Hy
— 2NH3) for food and agriculture industries. Another is the conversion of heavy
oil to lighter oil as known as hydrocracking where various catalytic reactions are
involved. Because of technological barriers in all of three stages in Figure (3.1),
the usage of hydrogen is limited to two applications. The issues and future of

each stages are discussed here.

Sunlight
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Figure 3.1: The ideal hydrogen economy scheme.
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3.1.1 Hydrogen Production

Hydrogen is generally produced from fossil fuel, particularly, hydrocarbon (CHy)
[117, 118]. The steam reforming technique is the most common method used
to extract the hydrogen from hydrocarbon. The process is quite simple as ex-
pressed in Equation (3.1). Water (HyO) and CH, are heated up to 1000 °C where
H50O becomes steam. The reaction of HoO and CHy give CO and Hy,. CO as a
byproduct then reacts with HoO at 100 °C. The reaction creates COs and Hs.
However, this process has a serious issue due to the production of CO,. If the
ideal hydrogen economy shown in Figure (3.1) are possible, CO, emission are not
involved. CO5 is not generally wanted byproduct despite the fact that there are
discussion whether CO, may perhaps responsible for global warming [119]. The
discussion regarding to the effect of CO5y are controversial topics as the effect
of CO, towards global warming is not scientifically proven yet. If hydrogen is
produced from hydrocarbon and COs is released, it cannot say that hydrogen
is environment friendly. For that reason, alternative methods are required for
hydrogen economy. It must be noted that CO and CO, problem could be possi-
bly solved by discovering the catalyst that can dissociate C and O where atomic

cluster may play a key role for that step.

CH4+H20—>CO+H2

(3.1)
CO + H,0 — COs + H,

Water (Hy) splitting is considered to be a potential candidate for producing
hydrogen without producing CO, or CO. A simple way to conduct water splitting
is electrolysis where the anode and cathode mechanism is expressed in Equation
(3.1). The process seems almost ideal for the hydrogen economy. However the
process require high temperature of 800 °C. This means a large amount of ex-
ternal energy is required in order to make the reaction occur. The electrolysis
process itself does not produce COs but external energy generation (generally
electricity) produces a large amount of CO,. Furthermore, the cost of producing
H, is expensive. Considering these aspects, electrolysis is not a preferable method

for the hydrogen economy unless break-through research.
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Anode : HyO — %OQ +2HT +2e”

3.2
Cathode : 2H,0 +2e~ — Hy +20H™ (3.2)

Water splitting with photocatalysts is currently the best idea if the process
worked as predicted. Theoretically, only water, catalyst, and sunlight are needed
where TiOs has been known as only effective photocatalyst [120]. However, even
with an effective photocatalyst such as TiOg, only 2-3% of solar energy is con-
verted for hydrogen production. The amount of hydrogen extracted from water
via sunlight is not enough for industrial level. Moreover, the decay of photocat-
alysts is another issues as photocatalysts generally decay after one year of use.
Therefore, finding the longer lasting photocatalyst is a crucial. Atomic clusters
are recognized as potential candidate for photocatalysts as atomic clusters have
unique bandgaps depending on their composition and size [121, 122].

Current issues of hydrogen production are classified into two problems. One is
that hydrogen productions consume more energy to produce hydrogen than what
is generated. Another is that those energies comes from external resources (fossil
energies) that mostly produce CO and CO, Thus, there are plenty of issues within

the production of hydrogen that must be before becoming a realistic alternative.

3.1.2 Hydrogen Storage

Hydrogen storage is a serious challenge for the hydrogen economy. Hydrogen has
high density, meaning that it requires a large amount of volume to store hydro-
gen. Currently three methods are proposed for hydrogen storage; compressed
hydrogen, liquid hydrogen, and hydrogen storage materials. However, hydrogen
embrittlement where hydrogen weaken the material restrict the further storage
of hydrogen even if the above methods are successful.

Within the hydrogen storage materials, there are two way to classify the
materials. One is by chemical and physical storage. Another is by the type of
materials as shown in Figure (3.2). At this point, every possible major materials
have been tried over the last 40 years of research, yet, there have been no break
through results within the field of hydrogen storage materials. Atomic clusters,

however, could lead to usable materials for hydrogen storage, which is further
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explored throughout the dissertation.
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Figure 3.2: Types of hydrogen storage materials.

3.1.2.1 Liquid Hydrogen Storage

Liquid hydrogen is commonly used in energy sources for rocket propellants with
oxidizing agents due to its highest specific impulse. However, hydrogen has a very
low boiling point of 20K. Therefore, hydrogen must be under cryogenic temper-
atures which require an additional 30% of extra energy during the liquefaction
process [123]. From an energy consumption point of view, it is not ideal to spend
external energy in order to storage hydrogen. Furthermore, significant energy loss
must be considered during storage where approximately 0.5% of total hydrogen
is lost every 24 hours [124, 125]. In this sense, a liquid hydrogen filled tank will
theoretically be empty after roughly 200 days. This is one of the reasons why
space rockets or military missiles must be launched within a few days of after

filling the tank with liquid hydrogen.

3.1.2.2 Compressed Hydrogen Storage

Compressed hydrogen storage is currently the most reliable technology for appli-

cations. Hydrogen is compressed with roughly 70 MPa of pressure. Even with
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high pressure, it still requires a rather large tank to store enough hydrogen for
on-board applications. The ideal pressure is calculated to be approximately 255
MPa [126]. However, such a large pressure is unlikely to be accepted for industrial
applications as such high pressures have safety issues where the effect of hydrogen
embrittlement must also be considered. Furthermore, high pressure storage is not

cheap techniques.

3.1.2.3 Hydrogen Storage Materials

The first hydrogen storage material was observed back in 1866 where hydrogen
was absorbed in palladium [127]. Since then, various metal hydride has been
explored. The motivation of researching the hydrogen storage material is due
to the high storage density over the liquid and compressed hydrogen storage is
storage density.. If hydrogen storage material works, hydrogen can be stored
much smaller tanks than liquid and compressed hydrogen storage [128]. How-
ever, hydrogen storage materials has serious technological barriers for practical
applications. Some of hydrogen storage materials have great hydrogen capacity.
However, those materials have serious drawbacks such as poor kinetics, reversibil-
ity, and recyclability. Some of hydrogen storage materials have great kinetics,
reversibility, and recyclability but hydrogen capacity is not realistic. Thus, ideal
hydrogen materials have not discovered yet.

In early stages of hydrogen storage materials, simple metal hydrides were well
explored such as LaNi; and TiFe [129, 130, 131, 132]. Operating temperature of
LaNi5 and TiFe are at ambient temperature but gravimetric capacity of hydrogen
is very low and poor recyclability due to hydrogen embrittlement. Light metal
and complex metal hydrogen storage materials such as MgH,, LiH, AlH3, NaAlH,,
LiNH;BH3; and NaNH;BHj3 were explored later stage of hydrogen storage research
[133, 134, 135, 136, 137].

Those materials show high gravimetric capacity of hydrogen. However, the
kinetics of hydrogenation and dehydrogenation process are very poor. Such ma-
terials generally require the high temperature for dehydrogenation process. In
order to improve the kinetics of those light weight hydrides, various approaches

have been investigated such as the introduction of catalysts and decrease the size

32



of materials. However, any of metal and light weight metal hydrides have not yet
reached the point for practical applications.

Carbon based materials including carbon nanotube, graphite, carbon nanofi-
bres, and graphene are reported to absorb hydrogen [138, 139, 140, 141, 142,
143, 144]. Hydrogen is generally physisorbed into carbon materials as the inter-
action of hydrogen and carbon materials are generally bonded through van der
waaals force. For the reason, hydrogenation process generally take low tempera-
ture. Moreover, the amount of hydrogen absorption is poor. Those factors make
carbon materials difficult to use for practical applications.

Several organic polymer materials have explored such as polymers with intrin-
sic microporosity, metal organic frameworks, and hypercrosslinked polymers[145].
In particular, metal organic frameworks have caught much attention as a poten-
tial candidate for hydrogen storage materials. Metal-organic frameworks is a
hybrid materials of organic and inorganic materials where metal clusters or ions
are used as inorganic metals. Metal organic frameworks particularly caught at-
tention in the field of hydrogen storage materials due to high surface ratio and
flexibility of chemical structures. In particular, the development of '"MOF-177’
shows exceptional hydrogen absorption properties that could potentially fulfill as
the requirement of practical hydrogen storage materials [146].

Atomic clusters are future possible materials for hydrogen storage materials.
Hydrogen absorption of atomic clusters are theoretically predicted [147, 148, 149].
Because atomic clusters behave differently from their bulk state, materials which
dont absorb hydrogen could absorb hydrogen in atomic clusters. In this disser-
tation, hydrogen storage in atomic clusters experimentally and theoretically are
investigated. The issue of atomic clusters is computationally predictable but not
experimentally due to the difficulty of handling atomic clusters. However, the
recent development of ablation corrected TEM and better sample preparation,
the testing atomic clusters are getting realistic.

In this dissertation, atomic clusters are evaluated as the potential hydrogen
storage materials. Atomic clusters theoretically show outstanding hydrogen stor-
age properties [150, 151, 152, 153]. The hydrogenation of atomic clusters are
computationally predictable but it is experimentally challenging to control the

atomic clusters.
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3.1.3 Hydrogen Combustion

There is actually misunderstanding when it comes to hydrogen as energy source.
Flaming the hydrogen gas quickly react with the oxygen and form water. The re-
action releases heat. This combustion heat is a so called energy source. However,
this combustion process has a serious drawback. In particular, the energy loss
from hydrogen combustion is over 60%. This makes hydrogen inefficient unless
dramatic improvement are proposed.

Hydrogen is considered to be a promising energy source replacing fossil energy
such as natural gas and oil. However, there is much work needed to be done for
practical applications. Producing hydrogen, storage hydrogen, convert to energy
source are three main technological challenges. In this thesis, hydrogenation of

Mg and Fe clusters, are discussed from computational point of view.

3.2 Hydrogenation

Hydrogen storage is not the only use for of atomic clusters. Hydrogen plays a key
role in hydrogenation process. Hydrogenation is the one of the most important
process in modern society. Hydrogenation is commonly used in food industries
and oil refining. For example. hydrogenation of vegetable oil results in the solid
fat margarine. In the field of oil refining, hydrogenation of petroleum increase
the production and quality of gasoline.

Hydrogenation process always involves with catalytic reactions. Hydrogena-
tion process generally has two major steps. One is Hy dissociation and second
is hydrogenation. When catalysts which are generally transition metal are in-
troduced, H, dissociations are performed. The dissociated H atoms are then
adsorbed on the surface of catalysts and then hydrogenation takes over. Thus,

H, dissociation is the first step reaction of hydrogenation.

3.2.1 Hydrogenation Mechanism

Hydrogenation mechanism in atomic scale reaction involve few steps. The het-
erogeneous hydrogenation of ethylene (CoHy) to ethane (CoHg) on Ru (0001) is

shown in Figure 3.3 as an example. Hydrogenation of ethylene involves 3 steps.
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Figure 3.3: Hydrogenation step, Ho+CyH4=CsHg on Ru (0001).Color code: H;
White, C;Gray, Ru;Blue.

First step is the dissociation of Hy and adsorption of H atoms on Ru (0001)
shown in step 1, Figure 3.3. In this step, the d-state electrons in Ru atoms enter
the anti-bonding state of the s-state of Hy. As a result, Hy dissociate due to a
Pauli repulsion. The dissociated H atoms are then enter the electron holes of the
d-state of Ru atoms. The Hy dissociation and dissociated H adsorption on metal
is first step towards hydrogenation and plays a crucial step. In this dissertation,
H, dissociation and dissociated H adsorption on metal clusters are well discussed
as the first of hydrogenation,

The second step is the transfer of adsorbed hydrogen from metal surface to
an ethylene molecule. H+CyH,=CsHj is seen in step 2, Figure 3.3. The third
step is basically repeating the second step shown in step 3, Figure 3.3. Adsorbed
hydrogen transfers from metal surface to CoHs resulting CoHg.

In general, hydrogenation process involves with an activation barriers. There-

fore, each of above step often encounter the activation barriers.

3.2.2 Hydrogenation in Applications

Hydrogenation is perhaps one of the most important catalytic reactions in indus-
tries and researches. However, the kinetics of hydrogenation process is generally
poor. Therefore, catalysts are generally involved in order to improve the kinetics.

Hydrogenation plays an important role in petroleum chemistry. Various hy-
drogenation of petroleum is seen for improvement and conversion of petroleum.
The hydrogenation of alkane from petroleum produce the naphthenes which is

less toxic. Thus, the quality of oil can be dramatically modified by hydrogena-
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tion. Hydrogenation of petroleum also expand the usage of petroleum from other
applications.

Hydrogenation is also involved in the field of agriculture and food industries.
Ammonia is a main ingredient of fertilizers. The synthesis of ammonia involve
with the hydrogenation of nitrogen. In the applications of food industries, the
hydrogenation of liquid vegetable oil solidifies to the solid fat called margarine.
Thus, the hydrogenation is a essential process for supporting agriculture and food
industries.

The conversion of CO and COy to energy source is investigated using the
hydrogenation. The synthesis of methanol involves the hydrogenation the carbon
monoxide (CO) in industrial level. In fundamental research level, the conversion
of CO; to methane and methanol are an active topic [154, 155].

Besides above applications, numerous research using hydrogenation have been
on going. Hydrogen storage materials are another main research involving with
hydrogenation. Hydrogen adsorption process often require hydrogenation with
catalysts. For instance, magnesium is a good example of hydrogenation with
catalysts. Hydrogenation of magnesium require high temperature and it takes few
hours to finish the hydrogenation. However, transitional metal catalysts improves
the kinetics of hydrogenation magnesium. Other than magnesium hydrides case,
seeking of catalysts for hydrogen storage materials are an active topic.

Hydrogenation is a important process in order to increase the quality of cur-
rent technologies as well as development of future technologies. Because hydro-
genation generally require the catalysts, it is important to seek better and cost
effective catalysts. Hy dissociation over the atomic clusters are well investigated

in the dissertation.
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Chapter 4

Computational Method

In this section, numerous computational methods that are used in this dissertation
are discussed. In particular, computational method relating to density functional

theory are focused.

4.1 Density Functional Theory

Density functional theory (DFT) is perhaps the most widely used computational
method within science. The development of supercomputer also helps the usage
of DFT as DFT require heavy computational time. The fundamental idea of
DFT is that the energy of system can be calculated by the electron densities.
In that sense, DFT is also known as first principle calculations as the electron
densities of materials are unchanging and everlasting truths. Thus, in principle,
DFT can calculate the chemical and physical phenomena without running any
experiments.

DF'T was developed by the physicist, Walter Kohn, who was award the Nobel
prize in chemistry[156]. Despite its origins in physics, DFT is heavily used within
the chemistry field as DFT is able to solve various chemical problems without
the execution of experiments. This is the reason why Nobel prize was awarded in
chemistry instead of physics. THe usage of DF'T is dramatically expanding along
the further development of computational method and supercomputers.

Here is the some direct DFT applications in science.
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Reveal the chemical and physical properties of materials.

Material and catalyst screening

Reactivities of materials

Bandgap analysis
e Predict and propose the new materials

Above list shows that DFT opens the new era of how science is approached
It takes years to search new materials or catalysts with experiment. However,
DFT can computationally predict and screen those materials without any ex-
periments. Essentially, large material properties database could be possible to

construct without experiment.

4.1.1 The Schrodinger Equation

The fundamental understanding of density functional theory (DFT) narrows
down to the question. 'How does energy change when atoms move and inter-
act with other atoms?’. This simple question involves two factors, namely; the
nucleus of an atom and negatively-charged electrons which atoms consist of. The
nucleus has 1800 times more mass than electrons have. Electron can move much
quicker than nucleus due to their lack of mass. The nucleus, therefore, can be
assumed to be stationary and be approximated in calculations. This approxima-
tion is called the "Born-Oppenheimer approximation’ where the nucleus is frozen
and the wavefunction of the nucleus is not considered. Furthermore, the lowest
energy known as ground state energy, is needed to determine the equilibrium
state. The ground state energy of the system with the number of nucleus, x,
can be expressed as a function of E(R4,..,R;). The function E(Ry,..,R,) is called
"Potential energy surface’.

From this, another question arises 'How can the energy of the system be
calculated based on the electron?’. The equation developed by Erwin Schrodinger
is able to solve a problem [157]. Time-independent Schrédinger equation is shown

in Equation (4.1):
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EV = HU (4.1)

where W is the wave function (eigenstate), E is the energy, H is the Hamiltonian
operator.

Equation (4.1) expands to Schrodinger equation(4.2). Equation(4.2) repre-
sents the Schrodinger equation with Born-Oppenheimer approximation. Born-
Oppenheimer approximation only consider the electron motions. Therefore, the
attractive electrostatic interaction between the electrons and the nucleus, and

nucleus and nucleus interactions have removed from the equation(4.2).

[;—mvaJrZV(ﬁ)+ZZU(%%‘)1‘I’_E‘I’ (42)

il j<i
where h is Planck’s constant, m is the electron mass, and N is the number of

electron,
h2

First expression, - ﬁ represents the kinetic energy of each electron. V
refers to the interaction energy between electrons and nucleus. U represents the
interaction energy between electrons. VU is a electron wave function and r is the
corresponding spatial coordinates of each electron.

Approximation of the electron wavefunction ¥ can be calculated by Equation

(4.3) called a Hartree product.

U = Uy (r)Uy(r)Ws(r)...¥ (1) (4.3)

A single H atom has 1 electrons. The full wavefunction is a one dimensional
function so it is simple to calculate. However, the number of functions exponen-
tially grows by increase of electrons. Hy molecule has 2 electrons. Three dimen-
sion have to be considered, resulting in a total six dimensional function. It is
possible to solve six dimensional function with computers. However, for instance,
100 Fe atoms consist of 2600 (One Fe atom contains 26 electrons)electrons. Three
dimensional system must be considered where a total 7800 dimensional functions
must be considered. This can require years to solve even a simple system.

Wavefunction ¥ is complex number which is not directly measured. Therefore,

the location of electron is determined by probability which is calculated by |¥|?.
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Based on probability of wavefunction, the location n of the one electron at n can

be represented by Equation (4.4). p(r) is also known as the electron density.

n(r) = QZ @[ (r)Wi(r) (4.4)

where the equation was times by 2 in order to account for the up and down spin
of electrons.

The schrodinger equation suggests that all physical and chemical phenomena
can be mathematically solved. However, it is almost impossible to solve them

with current modern technologies.

4.1.1.1 Born-Oppenheimer Approximation

Born-Oppenheimer approximation was mentioned in single body problem section
for reduce computational time. The concept of Born-Oppenheimer approxima-
tion is very simple. Single atom consists of electrons and one nuclei where nuclei
consist of proton and neutron. Here, the mass of proton is 1800 times heavier
than electron mass. This suggests that it is reasonable to assume that nuclei
move much slower than electron motions. Therefore, only electron motions are
considered in Born-Oppenheimer approximation. With Born-Oppenheimer ap-

proximation, the motion of electrons and nuclei are separated.

4.1.2 Kohn-Sham Equation

The electron density at the ground state determines the properties of the system
by Hohenberg and Kohn [158].

E[\Ijl] = Eknown[\pi] + EXCI:\IJZ] (45)

Exc¢ is the exchange-correlation functional where all unknown quantum me-
chanical effects are included. The details of the exchange-correlation functional
are discussed in next sections.

Eknown in Equation (4.5) is shown in Equation (4.6).
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52

B8] = = 5 [ WP 0rt [ VOntr)dre / / QLI PRI,
Z (4.6)

where 2 =5 [ 1972 WdPr represents kinetic energies of electrons, f V(r)n(r )d3

refers coulomb interactions between the electrons and the nucleus, < f [ n(nlr) g3y g3y

represents the coulomb interactions between the electrons and the electrons

Equation (4.7) is the well known equation called Kohn-Sham equation [159].

2

[Qh—m 2 Vo (1) + Vi (1) + Vi (W] 3(r) = e04(r) (47)

Vinown (r) Vi (r) describe the Hartree energy described the self-interaction
which is represented in Equation (4.8).

Via(r) = 2 / %d%/ (4.8)

Vxc(r) represent the exchange-correlation for a single electron system in
Equation (4.9).

(SExc(T)
on(r)

It can be seen that the Kohn-Sham equation is based on Schrodinger equation

ch(T) = (49)

where the summations are removed from Schrodinger equation. This is due to
the ground state factor. The ground state energy can be calculated by the wave-
function of a single electron. A single electron wavefunction consists of 3 spatial
variables. This is the great computational time reduction as 100 of Fe atom have
7800 dimensional function but it reduces to only 3.

Solving the Kohn-Sham equation (4.7) is a tricky process. Electron density
must be calculated in order to solve Vg (r) where a single electron wavefunction
is needed. A typical algorithm used to solve the Kohn-Sham equation efficiently
generally takes the following steps;

1. Approximate the electron density.

2. Solve Kohn-Sham equations with approximated electron density.
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3. Calculate the single electron wavefuncton.

4. Calculate the electron density based on single electron wavefunction and

equation (4.4).

5. Compare the approximated electron density from step 1 and the calculated

electron density based on the Kohn-Sham equation from step 4.

6. If the two electron densities are equal, then the ground state electron density

is determined.

7. If the two electron densities are different, then repeat the steps 1-6 until

both densities are equal.

The above method is called self-consistent. Any current DFT softwares imple-
ments this algorithm. Self-consistent iteration can be easily seen as an output file

for most of DFT softwares where energy convergence is also able to be checked.

4.1.3 Exchange-Correlation

The exchange-correlation represent all unknown quantum mechanical effects. It
has been challenging to determine an exact exchange correlation which can apply
to any systems except in cases of homogeneous gas systems where the electron
density is constant. A homogeneous gas system is unlikely to happen. However,
the assumption of a homogeneous gas system gives a rough estimation in order
to solve Kohn-Sham equation as the electron density is constant. In that case,

exchange -correlation potential can be simply expressed by Equation (4.10).

VXC’(T) = VXC’—Homogeneousgas(r)[/nJ(T)] (410)

This is a famous exchange-correlation called the local density approxima-
tion(LDA). This approximation works well in case of ideal gases such as He, Ar,
and Kr but this is not the exact exchange-correlation for non-ideal gas systems.

Until now, the exact exchange-correlation that can mathematically represent

the physical phenomena still has not been discovered. However, much effort has
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been put towards the development of a better exchange-correlation. The general-
ized gradient approximation (GGA) based exchange-correlation is probably most
widely used exchange correlation nowadays. GGA method takes the gradient of
density while LDA method does not. GGA does not give an exchange-exchange
correlation such as the case of Van Der Waals force but the GGA approximation
generally works in various systems. There are two major GGA based exchange-
correlations; Perdew-Wang functional (PW91) and Perfew-Burke-Ernzerhof func-
tional (PBE) [160].

Although GGA functional gives great accuracy for many physical phenomena,
it has a major drawback. GGA is not able to consider the effect of Van Der
Waals force. This is problematic in cases of materials for which the effect of Van
Der Waals force is relatively large. In particular, carbon based materials such
as graphene and graphite have a large degree of Van Der waals force. In such
materials, neither of LDA nor GGA are able to represent accurate calculations.
Recently, the introduction of the exchange-correlation called vdW-DF and vdW-
DF2 exchange-correlation have, thus far, successfully to considered the effect of
Van der Waals force [161, 162]. The vdW-DF exchange correlation is represented
in Equation (4.11). Essentially, the effect of Van Der Waals force is calculated by
GGA as exchange and vdW as correlation. In the dissertation, vd W-DF exchange

correlation is implemented for the case of graphene calculations.

Exc(vdW) = ESC4 4+ ELWY (4.11)

4.2 GPAW

Numerous density functional theory calculation softwares have been introduced
since 2000. Popular commercial softwares such as CASTEP and VASP rapidly
grown in popularity over past few years. Those softwares are outstanding for
making DFT user-friendly and well-sophisticated DFT softwares. However, those
softwares have a few disadvantages. One is the cost of licenses. CASTEP is free
for academic usage within the United Kingdom but CASTEP costs license fee
for outside UK users. VASP also requires license fee. Another issue is that they

are black box softwares which means that source code can not be accessed or
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modified by users. Black box softwares sometimes causes serious drawbacks as in
some special cases, where the source code needs to be modified.

In this dissertation, the grid-based projector-augmented wave (GPAW) soft-
ware is implemented. GPAW is an open-source software, meaning that it is free
of use for both academic and non-academic purpose. Moreover, modification of
GPAW is allowed. Thus, GPAW is opposite to CASTEP and VASP. However,
due to its nature of flexibility, GPAW is used as a main DFT method in this

work.

4.2.1 Overview

GPAW is a open source density functional theory software. In particular, GPAW
is registered under the GNU public license. GPAW is written in the python pro-
gramming language which is distinctly different from rest of the DF'T softwares,
which are written in fortran or in C. Note that the detail of python programming
languages are explained in latter section. Because GPAW is written in python,
source code can be easily read and modified.

GPAW is a mature version of the previous DFT software, Dacapo. Dacapo
was a good DFT software but it needs further improvement for parallelization in
order to calculate much larger system. Projector augmented wave method was
implemented in a uniform real space grid for better parallelization [163].

GPAW uses real space grids as previously mentioned. More specifically, wave-
functions, all potentials and electron densities are divided into 3 dimensional grid

as it can be seen Equation (4.7).

U = (r) = U(ih, jh, kh) (4.12)

where h is grid spacing and i,h,k are grid point in x,y,z, respectively.

Figure (4.1) represents the 2 dimensional grid space for ease of visibility where
3 dimensional space is considered in actual GPAW calculation. It can be noticed
from Figure (4.1) that reducing the number of grids create more grid points. On
the other hand, increasing the grid spacing reduces the number of grid points.
More grid points increase the accuracy of the calculation while increasing com-

putational time. This is one of the advantages of GPAW as the accuracy of the
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calculations can be easily and accurately controlled. Another advantage of the
implementation of grid spacing is better parallelization. Calculations are simply

divided by grid, meaning, large scale calculations very systematical and efficient.

Figure 4.1: Representation of grid spacing where 'h’ represent the grid spacing.

GPAW can calculate within and without periodic boundary conditions. In
cases of single molecular calculations such as gas phase H,, a finite system calcu-
lation is taken. Periodic boundary calculations can be done for bulk calculations.
By creating a vacuum condition in the z-axis, 2 dimensional periodic conditions
can be created. Thus, GPAW can control boundaries depending on the type of
materials or molecules.

GPAW has three different basis set mode. One is the real space grid method
as mentioned. Another is one linear combination of atomic orbitals as known as
LCAO. LCAO mode is based on the software, SIESTA. The accuracy of calcula-
tion using LCAQ is still questionable for small system. LCAO mode is primarily
powerful for huge systems which contain 1004 atoms. In such cases, LCAO gives
good accuracy. Another mode is plane wave mode.

Beside time independent DF'T calculations, GPAW can calculate time-dependent
DFT for real time propagation and linear response. Such a calculation is useful for
optical absorption analysis. Furthermore, GPAW has numerous useful features

for expanding the results such as STM simulations, XAS spectra, vibrational
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analysis, and non-equilibrium Green functions.

The atomics simulation environment (ASE) provides a good interface and
modeling tool for Gpaw. ASE is also as open source softwares. Therefore, GPAW
and ASE bring complete packages for DF'T calculation with open source license.

There are concerns about the accuracy and performance of GPAW compared
to commercial software such VASP. GPAW provides same accuracy and perfor-

mance compared to commercial softwares such as VASP.

4.2.2 PAW

Projector augmented-wave method (PAW) was developed for reducing the compu-
tational time of DFT calculation [164] PAW is implemented in GPAW software.
PAW is based on the pseudopotential and linear augmented-plane-wave meth-
ods. In all electron calculations, wavefunction is generally oscillated with ion
cores. Because of oscillation, computational time rapidly increase as many grid
spacing must be considered for accounts the oscillation. However, PAW method
approximates the oscillation and smoothen the wavefunction. In this way, the

accuracy of calculation is comparable to all electron calculations.

4.2.3 Grid spacing

Grid spacing, h(A), determines the accuracy of calculations in GPAW. For this
reason, energy convergence tests with different grid spacing must be tested before
further calculations. Energy convergence with different grid spacing is tested us-
ing simple gas phase Hy shown in Figure (4.2). Energy starts to become constant
around 0.18Ato 0.12A. This is so called good energy convergence. In the case
of Hy, 0.16 A is a good choice. It must be remembered that smaller grid points
give better accuracy; however, the computational time is exponentially increased.
Therefore, a trade-off point concerning the computational expense and the ac-
curacy of the energy convergence must be carefully evaluated. In general, grid
spacing between 0.16-0.20 A have good convergence. Of course, the gird spacing

must be be carefully tested.
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Figure 4.2: Energy convergence test of Hy with different grid spacing,h (A)

4.2.4 K-point

Periodic boundary conditions are applied to bulk and surface calculations. In
such conditions, the number of k points must be specified within a reciprocal
space. Bloch’s theorem shown in Equation (4.13) is applied in order to solve
the Schrodinger equation within the periodic boundary condition. The equation
(4.13) shows that Schrodinger equation as well as electron densities can be solved
independently for each k point. Currently, the k-point method done by Monkhorst

has been widely used in most of DFT softwares [165].

O (r) = exp(ik - r)ug(r + nia; + ngag + ngas) (4.13)

where py, is periodic boundary conditions, exp(ik - r) is plane wave, r is real space
and k is the space vector of reciprocal space. .
The real space vector,a;+as+as can be represented in a reciprocal space

namely b shown in Equation (4.14).

X X X
7% e AL (4.14)

b1:2ﬂ' —, 03
ag - a3 X ap as - ap X ay

e Rl By N
aj - ag X as

It is noticed that a larger real space vector is actually shorter in a reciprocal
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space vector. Thus, a large number of k-points give more accurate results but,
the computational time increases as well. Therefore, the energy convergence test
for the number of k-points must be tested just like the number of grid spacing.
The energy convergence test of FCC aluminum with different k-points is shown in
Figure (4.3). Energy starts to converge from (8,8,8). In this case, (8,8,8) k-point

gives good accuracy.
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Figure 4.3: Energy convergence test of FCC aluminum with different k-point.

Primitive cell, known as a Wigner-Seitz cell, in reciprocal space contains nu-
merous information which leads to materials properties. The cell is named Bril-
louin zone (BZ). It is important to note that k=0 is referred to as the I' point. The
BZ volume in reciprocal cell can be converted by using Equation (4.15) where the
volume of the cell is a real space vector. Thus, Equation (4.15) is a link between

real and reciprocal space vectors.

_ (2n)?
Voz = (4.15)
‘/cell
g= Pk /Bzg(k)dk (4.16)
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4.2.5 Relaxation

DFT calculation can calculate the physical and chemical properties of the ground
state structures. However, it is difficult to create the ground state atomic model.
Therefore, relaxation method has be implemented with DFT calculation in order
to find the equilibrium state of the system. In the dissertation, BroydenFletcher-
GoldfarbShanno (BFGS) optimization method is implemented [166]. BFGS cal-
culate the energy of the system where the energy is calculated by using DFT.
If there are lower energy atomic configuration, BFGS let DFT calculations re-
peat until the lowest energy structures are found. Thus, BFGS helps to find the

equilibrium state of atomic configurations.

4.2.6 Surface Energy Calculation

Surface energy plays a key role for constructing the surface model for surface
calculations. The number of surface layers can be determined by the surface
energy calculation. Because of computational expenses, the number of layers is
preferred to be minimized as much as possible. However, the effect of the number
of layers strongly depends on the the composition of materials. For instance, the
effect of O atoms are relatively large, therefore, oxides require more atomic layers.
The benchmark of surface layers is calculated by Equation (4.17)[167, 168]. N
stands for the number of surface slab layer. Epg, is the corresponding total
bulk energy. A is the area of surface. Finally o is the surface tension so called
surface energy. In this dissertation, the number of atomic layers for the surface

was determined by the based on Equation (4.17).

EN = 2A0 + NEBulk (417)

4.2.7 Equation of State

The first step for any DFT calculation is to test if the computational method
generates results that are in good agreement with experimental results. Bulk
optimization is one of the simplest way to test the computational method. In

particular, lattice constants of bulk crystals are calculated and compare with ex-
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perimental lattice constant. The equation of state is an effective way to find the
equilibrium energy, volume and even bulk modulus where those values are easy to
compare with experimental results [169, 170, 171, 172]. Finding the equilibrium
lattice constant is a simple process. If the lattice constant of crystal is experimen-
tally known, then the experimental lattice constant can be used for constructing
the initial model. Lattice constant is expand/shrink around the approximated
initial lattice constant. In general, lattice constant an be expand/shrink +/- 0.5
A. Generally 10-20 samples are taken within the range. Each samples are relaxed
and energies are plot. If the lattice constant of materials are experimentally not
known, all possible lattice constant is needed to be tested and the lowest energy
lattice constant is determined as the lattice constant of materials.

For instance, the bulk optimization of BCC Fe crystal can be done as follow
steps. The experimental lattice constant of BCC Fe is 2.86 A. Based on the
experimental lattice constant, the initial model of BCC Fe is created using exper-
imental lattice constant. 20 samples are taken between the 0.95 to 1.05 A. The
energy of each samples are then taken. Because the low energy is equilibrium
state, the lowest energy lattice constant is used as a calculated lattice constant.

Here, bulk optimization via GPAW is mentioned. The lattice constance can
be easily calculated by using the primitive cell for the case of simple crystals.
Primitive cell of common crystal structure can be constructed by following python

code.

#a is lattice constant
#element is the atomic symbol (H,He, Li..... )

#pbc stands for periodic boundary conditions
from ase import x

#Simple cubic (SC)

sc=Atoms(element , cell=(a, a, a), pbc=True

#CC
b= a/2
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fcec=Atoms (
hep=Atoms(element ,

cell=[(0, b, b), (b, 0, b), (b, b, 0)], pbe=True)

#BCC
b=a /2
bcece=Atoms

hcp=Atoms (element ,

cell=[(=b, b, b), (b, =b, b), (b, b, =b)], pbc=True)

#ICP

hep=Atoms(element , element ,

scaled_positions=[(0, 0, 0),(1.0 / 3.0, 2.0 / 3.0, 0.5)],
cell=[(a, 0, 0),(—a / 2, a % sqrt(3) / 2, 0),

(0, 0, covera * a)],pbc=True)

The initial model of BCC Fe using python ASE is created by the below code.

from ase import x

a = 2.87 # Approximate lattice constant

b=a/ 2

bulk = Atoms(’'Fe’ magmoms=[2.20],

cell=[[-b,b,b],
[b,—b,b],
[bvba_b“ >

pbc=True)

The code for calculating the lattice constant of BCC Fe using GPAW is shown
in below. The code below also calculates the bulk modulus of BCC Fe.

from gpaw import =

calc=GPAW() #Choose GPAW as calculator
bulk.set_calculator (calc)

#Set calculator
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cell = bulk.get_cell ()

traj = io.PickleTrajectory (name+".traj ’,

b

w’)
for x in np.linspace(0.95, 1.05, 5):

bulk.set_cell (cell * x, scale_atoms=True)
traj.write (bulk)

from ase.utils.eos import x

# read 5 configurations

configs = io.read(name+’.traj@0:5")

# Extract volumes

volumes = [bulk.get_volume () for bulk in configs]
# Extract energies

energies =

[bulk.get_potential_energy () for bulk in configs]

#Equation of state to get optimzied volume
eos = EquationOfState (volumes, energies)
v0, e0, B = eos. fit ()

print (vO*2)*x(1./3), #a=V"(1/3)x2,
print ’Angstrom’, B / kJ x 1.0e24, #Bulk modulus”

4.2.8 Transition State Energy Analysis

Transition state energy calculations search the activation energy barriers of the

system. The calculated energy barriers estimate chemical reactions such as dif-

fusion, catalytic reaction, or even dislocation modeling due to migration energies

of vacancies. However, finding the transition state energy is a challenging process

within computational science. Numerous method such as nudged elastic band

method and drag method has been considered for years [173]. Nudged elastic

band method is used in the dissertation.
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4.2.9 Elastic Band Method

The idea of the elastic band method is that finding the minimum energy path
by moving the atom from two local minima. The mathematical form of the
elastic band method can be written by Equation (4.18). From the starting local
minimum (1;) to the final local minima (ry), the number of images are taken. The
number of images depends on the length of transition state path but ten images
generally gives good accuracy. By doing so, energy plots by each point shows

mountain like curve where the highest energy point is a transition state point.

P

M = (ry,.1p) = ZE(?}) + Z g(rﬂ“ﬂ)Z (4.18)

il

However, the elastic band method cannot always find the true transition state
as most chemical processes involve very complicated energy landscapes. In order
to solve the transition state in such complex systems, the nudged elastic band

method is introduced.

4.2.10 Nudged Elastic Band Method

The nudged elastic band method is perhaps the one of the most commonly used
method to find the transition state [173]. The elastic band method simply con-
nect the starting and final local minima. Because energy landscape is generally
complex, elastic band method does not always find the true transition state. The
nudged elastic band method is an improved version of the elastic band method.
The minimum energy point is searched by applying the force to each image point.

Mathematical form of force applying to each points is listed in Equation (4.19).

E,update = F’Z‘J_ + K(|Ti+1|’riri1‘) (419)

where F; is v E (1;),
‘Fi‘,lspring = (Fi,sprmg ' 7A_Z)7A—z (420)
Fi,update = El + Fi|,|sp7“ing (421)
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Equation (4.19, 4.20,4.21) are the fundamental principles of NEB method.
The first step of NEB is to find the two local minima to act as starting and final
points. The number of images are determined based off the distance of these
two points. More images give a more accurate energy path but requires more
computational expenses. Force based on Equation (4.19, 4.20,4.21) are applied
to each image, eventually finding the minimum point for each image. These
minimized images at each point are plotted and transition states are revealed

visually.

4.2.11 Vibrational Analysis

Vibrational frequencies of molecules and clusters are one of the few ways to link
the experiment and computational results. Atomic clusters are generally exists
as gas-phase. For this reason, vibrational frequencies are generally measure by
IR-spectroscopy. Within the density functional theory calculations, vibrational
frequencies of gas-phase molecules and atomic clusters and supported clusters.
Those result are able to compare with experimental vibrational frequencies.

The below python code can calculate the vibrational frequencies of the system

where the ’input.traj’ is the structure for vibrational analysis.

from ase import =
from gpaw import x

from ase.vibrations import Vibrations

#Read the structure file

cluster=io.read (’input.traj’)

# Set calculator , Fe example
calec = GPAW(txt="input.txt ',
h=0.18,
mixer=MixerSum (0.05,5, weight=100.0),
maxiter=2000,
occupations=FermiDirac (0.00),

spinpol=True,
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eigensolver="cg’,
xc="PBE’ ,
mode="fd ’

cluster.center (vacuum=10.0)

cluster.set_calculator (calc)

dyn = optimize .BFGS(cluster ,
trajectory="out.traj ’,logfile="bfgs.log’)
dyn.run(fmax=0.05)

calc.write (’out.gpw’)

vib = Vibrations (cluster)
vib.run ()

vib . summary (method="frederiksen ")

In the case of supported molecule and clusters, vibrational analysis of selected
atoms can be analyzed by using ’Vibrations(cluster, indices=[0,1])’. ’indices’

command select the atoms that aim to be calculated by vibrational analysis.

4.2.12 Bader Analysis

Charge transfer between atoms are an important factor to understand the bond
type of materials. However, charge states are not able to be defined by the
quantum mechanics. In order to understand the charge state within the den-
sity functional theory, various method are proposed such as Mulliken population
analysis based on electronic orbitals and Bader analysis based on the charge
density.[174, 175] In the dissertation, Bader analysis is implemented for charge
analysis.

Bader analysis is based on analyzing the electron densities where the elec-
tron densities are calculated from the density functional theory.[175, 176, 177].
Calculated 3 dimensional electron densities are then analyzed and search the crit-
ical point that determines the boarder of electron belonging [178]. In order to

find the critical point, 3 dimensional electron densities are classified into subsys-
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tem groups where the subsystem groups are determined by the zero flux surface.
Critical point then determine that electron belonging each atoms.
The below python code extracts the calculated electron densities to cube file

where the cube file is used for Bader analysis.

from ase import x

from gpaw import x

#lmport gpaw outout

calc=GPAW( " out .gpw’)

structure=io.read (’out.traj )
r=calc.get_all_electron_density (gridrefinement=2)xBohr**3
#Extract to cube file

write (’density.cube’, structure, data=r)

Bader analysis software is freely available via online. The created 'den-
sity.cube’ file is then analyzed by the Bader analysis software with the below

code in command line.

./bader —p all_atom —p atom_index density.cube

Output file from Bader analysis shows that charge states of every atom. Thus,
Bader analysis estimates the charge state of calculated systems. In this way,
various physical and chemical phenomena including the bond type of system can

be revealed.

4.3 Global Optimization of Atomic Clusters

The structures of atomic clusters determine the fundamental chemical and phys-
ical properties, However, atomic clusters have numerous isomers. Finding the
ground state structures of atomic clusters is challenging due to the possibility
of numerous isomers. In particular, as the number of cluster sizes increases,
the number of possible atomic configurations exponentially increases. Therefore,
finding an automatic way to find the lowest energy structure as well as every

possible local minima structures is a crucial step in atomic cluster science.
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Three methods are currently considered to be effective for finding the ground

state structure of atomic clusters:

1. Manually Seek
2. Genetic Algorithm
3. Basin-Hopping Algorithm

First option is to search for ground state structures manually. Possible atomic
configurations are created by the user, which are then relaxed. In some cases,
programs need to generate a massive amount of random structure in order to de-
termine the lowest energy structures [179]. While the ground state structure can
be manually found, the method has a serious drawback. As mentioned previously,
the number of possible isomers exponentially increases as the size of clusters in-
creases. Therefore, it is not efficient to test every random structure. For a large
cluster with 100+ atoms, it will take practically a life time to find ground state
structures. Even on a small scale clusters such as 50 atoms, finding the ground
state structure of atomic clusters is difficult. For example, the ground state
structure of Aug clusters on MgO has been constantly updated from 1999 to 2007
because of complicated energy landscape of MgO and Aug [180, 181, 182]. Thus,
the manual method is not recommended for finding the ground state structures

of clusters.

4.3.1 Genetic Algorithm

Methods 2 and 3 are considered global optimization methods. The genetic algo-
rithm follows the idea of a Darwinian evolution scheme [50] Basic idea of genetic
algorithm is shown in Figure (4.4). First, a number of random atomic config-
urations must be generated. This group of random atomic structures is called
the starting population. Two structures are selected from this population. The
selected structures are commonly called parents. The parents are mutated where
each structure is randomly cut in half. Mutated structures are then relaxed by
DFT. These relaxed structures are called the local minimum. Relaxed structures

are then added into the population. This process is repeated depending on the
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size of the clusters. Because each relaxation step is a time consuming step for
DFT calculations, it is better to use LCAO mode instead of fd mode for saving
computational time where LCAO mode use lighter interatomic potentials.

The genetic algorithm has been proven to be a successful method for a variety
of clusters systems and crystal structures from small scales to large scale including
the structures of proteins [183, 184, 185, 186, 187, 188, 189, 190, 191, 192, 193,
194, 195, 196, 197, 198]. Furthermore, it has been discussed that the structure
of Aug on MgO has been constantly updated. The genetic algorithm revealed
many more stable structure of Aug on MgO was discovered [199]. Thus, genetic

algorithm is one of the most efficient method to predict the structures of clusters.

4.3.2 Basin-Hopping Algorithm

The basin-hopping algorithm is the main method for global optimization in this
dissertation. The basin-hopping algorithm is fundamentally different from the
genetic algorithm where the basin-hopping algorithm consists of the Monte Carlo

and the Metropolis methods.

4.3.2.1 Monte Carlo Method

The Monte Carlo method is used in various fields ranging from science to business
modeling [200, 201, 202, 203]. The Monte Carlo method uses probability in order
to determine the correct value by sampling as many random values as possible.
However, it does not guarantee correct values. For that reason, Monte Carlo
method can be called as probability method. The probability of finding the
correct value should theoretically increase by increasing the number of samplings.
Moreover, Metropolis algorithm which mentioned in next section is generally
implemented along the Monte Carlo method in order to increase the probability

of finding correct values.

4.3.2.2 Metropolis-Hastings Algorithm

Monte Carlo method can be a time consuming method if the number of vari-
ations is large. The MetropolisHastings algorithm was developed in order to

sample more efficiently [204, 205]. The Metropolis method is to give two choices
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for sampling which is represented in Equation (4.22). In this way, probability
to accept the sample can be controlled by the energy. For instance, when the
energy is less than 0, the system is automatically accepted. Here negative en-
ergy is wanted as the lower energies is more stable in DF'T. When the energy
difference is positive, probability to accept the system depending on the e_’“AzTET
where temperature T can be changed. Increasing the temperature can increase

the probability to accept the system for positive energy case.

P=1if AE < 0

e (4.22)
P=e¢ *T;if AE > 0

where T and kp are the absolute temperature and the Boltzmann constant
AB
(8.61x107° e k8T, respectively.

4.3.2.3 Steps in Basin-Hopping

Basin-hopping algorithm is strongly based on the Monte Carlo method and Metropolis-
Hastings algorithm. The basic scheme and step of basin-hopping algorithm is list
as below and shown in Figure (4.5). The name 'Basin-hopping’ comes from energy
landscape of the sampling as seen in Figure (4.5), where the shape of that each
local minimum looks like a basin. The overall scheme of basin-hopping algorithm

is shown in below:
1. Generate the random structure
2. Relax the structure
3. Break the structure by shake or swap methodogy
4. Relaxed the new structure

5. If Enew < Eprevious, accept the system. If E,., > Eprevious, accept the

_AB
system if e *s7 > (Random number (0-1))
6. Repeat the step 2-5. Number of iteration depends on the size of the system.

One of the tricky matter is how to break the structure at step 3. Two major

methods are considered to be effective. One is called the shake method, where
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all atoms are displaced at the same time. The degree of displacement depends
on the elements as some elements are larger or have shorter interatomic distances
than others. Another method is called swap method. The swap method is not
useful for mono atomic systems. However, swap method is effective for more than
two elements are involved as energy is sensitive to the position elements. In cases
where more than two elements are involved, it is effective to use a hybrid method
that used both the shake and swap methods.

Application of basin-hopping algorithm rapidly increased over the few years
[206, 172, 207, 208, 209]. Basin-hopping algorithm can be less time consuming
than the genetic algorithm because the sampling follows the previous local minima
along some large change by the Metropolis method. In the case of supported
atomic clusters, finding the lowest energy structure of atomic clusters are very
complicated because of complicated energy landscape. Therefore, basin-hopping

algorithm is implemented in the dissertation.
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Chapter 5

Building Computational

Enviroment

Building computational environments, hardwares and softwares, are an essential
step for computational science. Simple atomic potentials such as the Lennard-
Jones (LJ) potential, the effective-medium theory (EMT) potential, and Gupta
potentials are able to be calculated by using average home computers to simulate
[210, 211, 212]. These atomic potentials are suitable for systems such as ideal
gases or noble metals. However, because real physical and chemical phenomena
involve with complex energy landscape, such simple interatomic potentials are not
able to simulate most of physical and chemical phenomena. Thus, first principles
calculations, density functional theory calculations, are commonly implemented
for such cases. Density functional theory calculations require a large amount
of central processing unit (CPU) where typical home personal computers are
not able to handle such massive computation. Therefore, the implementation of
supercomputers is an essential tool in the computational field.

Even though high specifications (spec) are available, that does not mean to
calculate computational problems immediately. Supercomputers are hardwares
and not softwares. Softwares must be installed and modified according to the
hardware in order for the hardware to be usable. Thus, the configurations of
both of the hardwares and softwares are important before starting further com-

putational researches.
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5.1 Supercomputer

A supercomputer is defined as a cluster of computers. The supercomputer was
initially designed to connect series of computers together and aim to computer
as quickly as possible. Supercomputers were originally introduced during the
1960’s at control data corporation (CDC) [213]. Since the first appearance of the
supercomputer, the development of supercomputers has grown rapidly. Current
fast supercomputers hold over 60,000 processors as the beginning of the 21st
centuries.

In this work, supercomputers are heavily used for the calculations of density
functional theory. In particular, supercomputers at High performance computing
system at Hokkaido University are implemented. Specs of the supercomputer in
this work are collected in Table 5.1.

Value
CPU Intel E7-8870 (2.4Ghz, 10 cores) x 4
RAM(Memory) 128GB
OS CentOS 5.5 (Final) 64bit
Harddisk 21474 GB
NIS 1G NIC x 4 (cth0-cth3)

Table 5.1: Spec of supercomputer in this work. Supercomputer is hosted at High
performance computing system at Hokkaido University

5.2 Operating System (OS)

Three main operating systems are widely used: Microsoft Windows, Apple Mac-
intosh, and Linux. OS shares are broken-down as follows: Windows-90.8%, Mac-
7.54%, Linux-1.65%. It becomes obvious that Microsoft Windows dominates the
majority of market share while the Linux share is only 1.65 %. Despite the
small market share, many of computer programmers use Linux. Here are some

advantages and disadvantages of each OS.

Windows
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Advantage

e Largest market share
e User friendly and well supported

e Large collection of available applications and softwares

Disadvantage

e Expensive
e Very unstable and weak against computer virus

e Slow compiling and execution in programming languages
Mac

Advantage

Extremely stable with great design

Sophisticated hardwares

e Few computer viruses

Great amount of commercial applications available

Disadvantage

e Expensive to maintain
e Unix based OS but still restricted access to some core processes

e Not easy to fix software/hardware issues: It has to send to Apple store
Linux

Advantage
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e Open source OS and softwares, therefore, free to use

Great programming environment
e Excellent Linux community
e Most secure and stable OS

e No virus

Disadvantage

e Lack of high quality softwares such as Adobe suits
e Knowledge required to maintain

e Software compatibility with Windows/Mac software

While each OS has advantages and disadvantages. Mac and Linux operating
systems are commonly used within computational science as UNIX based OS
have strong programming environment. In the dissertation, Linux OS is used as

the main operating system.

5.3 Linux

Linux is a Unix-like operating system where the main component of Linux is called
the Linux kernel. Kernel is defined as a computer program that links between
softwares and hardwares. Linux was originally developed by Linus Torvalds in
1991. Linux has over 600 distributions, where some of them are inactive compared
to windows and mac. Therefore, it is important to choose the distribution most-
suitable for purpose.

Ubuntu is one of the most popular Linux distributions by 2010 because of its
user-friendly interface. Until the introduction of Ubuntu, Linux was considered
user unfriendly as the command line was the main environment. In this work,
Ubuntu is mainly used for desktop environment.

CentOS is an upstream distribution of Red Hat Linux Enterprise Linux. Any

Linux distributions are generally stable. However, CentOS has less major up-
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dates, and, is considered to be the most stable Linux distribution. For this

reason, CentOS quickly became a major OS for modern supercomputers.

5.4 Unix

UNIX is a widely used operating system for applications ranging from personal
computers to cell phone. UNIX was originally developed by AT and T’s Bell
Labs research center during the 1960’s [214] Since the development of the UNIX
system, UNIX quickly becomes a popular OS among the programmers. One of
the reasons behind this is that a user can directly communicate with UNIX via the
command line. Furthermore, UNIX is easily adopted in various type of hardwares
such as an embedded devices. Some of major UNIX based operating systems are
Linux, Mac OS X including iOS, Android, and Chrome OS. In particular, Linux

is mainly used within a UNIX system.

5.4.1 Basic Unix Command

Recent Linux OS provide user friendly desktop environments such as KDE, GNOME,
and MATE desktop environments. However, UNIX commands still provide pow-
erful control, especially with server Linux. Here is a list of essential UNIX com-

mands;

e pwd

Print the path of current working directory.

e Is

List all files in the current directory.

e cd
The ’cd’ stands for change directory. The cd command without object takes

back to home directory.

e cat

This is the simple text viewer.
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e tail
Print the last few lines of the file. 'tail -f” can timely print the line whenever
file get updated. This is particularly useful as the output files of DFT

calculations are constantly updated.

e top
The top command shows every single active process of the system every 2

seconds.

e ps -ef
Show all active process, this command, however, does not update like top’

command.

e kill -KILL

Manualy stop a process.

e mkdir

Create a new directory which is the equivalent to a folder in Windows.

e rmdir

Delete the specified directory.

® Iman

The man command shows manual of the command.

o wget

'wget” command directly download the file from the web.
Recent Linux provides a great graphic user interface. However, the UNIX
command is still powerful tool for controlling.
5.5 Installation of Linux

Installations of Linux OS in desktop/laptop computers and servers such as su-
percomputers are little different from each other. Installation of Linux in desk-

top/laptop computers can be done by acquiring the ISO file from each Linux
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distribution website. The ISO file is either burned onto a blank CD/DVD as
an image file or installed in a USB drive. Once the CD/DVD or USB drive is
ready, insert the media into the computers that need Linux installed. When the
computer is booted with these media, the F12 key should be pressed before the
existing operating system starts. Then either the boot from 'CD/DVD’ or 'USB’
is selected and loaded. After that, follow the instruction. When installing Linux,
there are two options available. One is to erase everything including the existing
operating system while the other option is dual boot, which means having two
different OS on one computer.

Installing Linux is more complicated in cases of servers such as supercom-
puters. Fundamental idea of Linux installation in server is essentially same as
one in desktop/laptop environment. Only difference is that Linux ISO file is not
able to directly inserted into the hosted server. A common way to install an ISO
file in a server is by uploading the ISO file into the storage space of the hosted
supercomputer. From there, the ISO file can be installed via remote command
line or by a virtual desktop environment. The rest of the Linux configuration is

the same as the desktop/laptop cases.

5.6 Programming Languages

Programming languages are the fundamental tools for visualizing the scientific
phenomena ranging from equations to visualization. There are 3 major computer
programming languages used throughout computational science: Fortran, C, and
python.

In the field of computational science, Fortran has been the most popular
scientific programming language. In fact, most of commercially available compu-
tational softwares are written in Fortran. Some DFT softwares written in Fortran
are VASP, Gaussian,Quantum ESPRESSO, SIESTA, and TURBOMOLE. Thus,
major DFT softwares are written in Fortran. However, Fortran was originally
built back in 1957 and require some knowledge in order to use.

The python programming language was introduced in 1980s. Since its first ap-
pearance, python has quickly attracted the attention of computational scientists.

One of the major attractions of python is its simpleness compared to fortran and
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C. Furthermore, it comes with various useful scientific modules such as numpy,
scipy, and matplotlib. In this dissertation, python programming language is used
as a main tool. In particular, data manipulation, scientific visualization, and

calculations were all done by python.

5.7 Installation of Modules

Various useful modules for python are available such as numpy, scipy, and mat-
plotlib. Installing of these modules are varied depending on the computational
environment.

The company Enthought, Inc. offers full python packages including numpy;,
scipy, and matplotlib. For Windows users, full packages are downloadable via the
Enthought website where academic use is free. Pre-made packages are available
for Ubuntu where most python modules can be installed by using the ’Synaptic
package manager’. It can also be simplified installed by typing the command

below:

sudo apt—get install sk

FAHHHX 45 the name of python modules such as scipy and matplotlib.

where
In particular, the installation of numpy, scipy, ipython, and matplotlibare

listed as below.

sudo apt—get install python—mumpy python—scipy
python—matplotlib ipython

However, some softwares such as GPAW require an older version of numpy. In
these cases, related modules have to be manually installed. In this work, python
2.6, numpy 1.5.0, python ase 3.5.1, and GPAW 0.8.0 are used. Matplotlib was
not installed here as it was unnecessary to install plot programs within server
Linux.

CentOS 5.9 is used in the supercomputer which comes with python 2.4. There-
fore the installation of python 2.6 was done manually by using the commands be-
low. It is important to use command ’altinstall’ instead of ’install’ as ’altinstall’

command allows the computer keep both python 2.4 and 2.6. Note that either
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installing python 2.6 over python 2.4 or installing python 2.6 after removing 2.4

causes system errors.

wget http://www.python.org/ftp/python/2.6/Python—2.6.tgz
tar fxz Python—2.6.tgz

./ configure
make

make altinstall

Numpy 1.5.0 is installed by using the follows command. Note that python 2.6
is typed instead of python as 'python’ command refers python 2.4.

wget http://sourceforge.net/projects/numpy/files /NumPy/
1.5.0/numpy—1.5.0. tar . gz/download
tar fxz numpy—1.5.0.tar.gz

cd numpy—1.5.0
python2.6 setup.py install

python ASE 3.5.1 was manually installed using the following code:

wget https://wiki.fysik.dtu.dk/ase—files/
python—ase —3.5.1.2175.tar . gz

tar zxf python—ase —3.5.1.2175.tar.gz

In —s python—ase —3.5.1.2175 ase

cd ase

python2.6 setup.py install

5.7.1 Installation of BLAS and LAPACK

GPAW also requires ”Basic Linear Algebra Subprograms (BLAS)“ and ”Linear
Algebra Package (LAPACK)“. BLAS and LAPACK are program packages for
vector scaling, matrix multiplications and numerical linear algebra. Those two

packages are essential for commonly used DFT sofwares including VASP. Any
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Linux distribution offers these packages from their software centers. Installation
of BLAS and LAPACK in CentOS can be easily done by using the YUM command

as below.

yum install blas—devel lapack—devel

5.7.2 Installation of OpenMPI

Supercomputer consist of multiple clusters. Therefore, the program that connect
clusters is needed. In general, message passing interface (MPI) is used for com-
municating within the clusters. In the dissertation, the software, OpenMPI, is
implemented as MPI library. OpenMPI can be installed using the following YUM
code in CentOS:

yum install openmpi

5.8 Installation of GPAW

After all modules and software packages are installed, GPAW can then be in-
stalled onto the supercomputers. The installation of GPAW starts from the below

command:

wget https://wiki.fysik.dtu.dk/gpaw—files/
gpaw —0.8.0.8092. tar . gz
tar zxf gpaw—0.8.0.e8092.tar.gz

In —s gpaw—0.8.0.8092.tar.gz gpaw
cd gpaw —0.8.0.8092
python2.6 setup.py install

Although the core component of GPAW is installed with the above commands,
atomic PAW must also be set up. Atomic PAW for GPAW can be set by using

the following command:

mkdir /home/installation /paw
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cd paw

wget http://wiki.fysik.dtu.dk/gpaw—files/
gpaw—setups —0.8.7929. tar . gz

tar zxf gpaw—setups —0.8.7929.tar.gz

export GPAW.SETUP PATH=/home/installation /paw

Once atomic PAW is set, the atomic PAW path has to be written at bashrc
so the path can be loaded every time the server start. Adding a path to bashrc

can be done by the following command:

emacs ~/.bashrc
export GPAW.SETUP PATH=/home/installation /paw/
gpaw—setups —0.8.7929

Parallelization of GPAW can be done by using the test command as below.

gpaw—python ‘which gpaw—test * 2>&1 | tee test.log

Once these steps are taken, GPAW should be ready to use.
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Chapter 6
Reference Systems

The accuracy of computational method is tested in this chaper. In particular,

GPAW, basin-hopping algorithm, and charge analysis are tested.

6.1 Basic Molecules

Common molecules were calculated in order to test the accuracy of GPAW
method. Common molecules Hy, Oy, CO, COs, NHj3, and CHy were calculated
and shown in Figure (6.1). The computational method is described as followed.
Grid spacing, h, is set to 0.16 A. PBE of exchange-correlation is used with -y
point calculation which is non-periodic calculation. Theoretical and experimen-
tal bond length comparisons of each molecule are collected in Table (6.1). The
calculated bond lengths of the molecules have good agreement with experimental
bond length. In the case of Oy molecules, calculated bond lengths are slightly
larger than their experimental values. The slight difference is considered to be

due to the PBE exchange-correlation.

6.2 Bulk Calculations

Bulk optimization was performed for bulk crystal in order to calculate the lat-
tice constant. Computational parameter of GPAW is determine by comparing to

experimental lattice constants. Calculated and experimental lattice constant for
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Figure 6.1: Calculated common molecules, Hy, Oy, CO, CO,, NH3, and CHy.
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each crystal and corresponding atomic model generated by calculations are shown
in Table (6.2) and Figure (6.2). In general, it is desirable to have less than 3% of
a lattice mismatch between calculated and experimental values. Table (6.2) indi-
cates that lattice mismatch is approximately 1%. Therefore, the computational

method is accurate enough for further calculations such as surface calculations.

6.3 Graphene

Atomic clusters was deposited on the single layer graphene shown in Figure (6.3).
Graphene is a two dimensional material which has been showing the outstanding
physical and chemical properties in various field[219, 220]. However, graphene

consist of one atomic layer of carbon atoms. For this reason, it is difficult to use
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This work | Experiment
Hy 0.75 0.74
Oq 1.23 1.21
CcO 1.14 1.13
COq 1.17 1.16
NH; 1.02 1.02
CH4 1.09 1.09

Table 6.1: Theoretical (GPAW) and experimental bond lengths of Hy, Oy, CO,
CO,, NH;, and CH, molecules in A.

This work Experiment Mismatch
Fe (BCC) 2.84 2.87 1.0%
Ru (HCP) 2.74 2.70 1.5%
Os (HCP) 2.76 2.74 0.7%
Nb (BCC) 3.27 3.30 0.9%
Mg (HCP) | a=3.18 ¢=5.24 a=3.21 c=5.21 0.9%
NbO 4.27 4.21 [215] 1.4%
MgH, a=3.02 ¢c=4.51 | a=3.03 c=4.52 [216] 0.3%
MgO 4.26 4.21 [217] 1.2%
TiFe 2.96 2.97 [218] 0.3%

Table 6.2: Theoretical (GPAW) and experimental bond length of Hy, Oq, CO,
CO,, NH;, and CH, molecules in A.

a single layer graphene itself. Graphene is generally supported on Cu substrate
[221, 222]. Graphene can be synthesized on Cu substrates using a chemical va-
por deposition method with CH, and H. In the dissertation, atomic clusters on
graphene and graphene/CU system are investigated as the graphene is reported
to be a good substrate for supporting the nanoparticles [223, 224].

Bond length of carbon-carbon in graphene is calculated to be 1.42 Awhere
the experimental value is also 1.42 A. vdW-DF exchange-correlation function is
implemented in this calculation instead of PBE as the weak Van Der Waals force

is applied with Cu substrate and clusters.
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Figure 6.2: Bulk crystal models of Fe, Ru, Os, Nb, Mg, NbO, MgH,, MgO, and
TiFe. Dash line represents a unit cell. Atomic color codes: Fe,Orange; Ru,Cyan;
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6.4 Basin-Hopping Algorithm

The accuracy of basin-hopping algorithm is tested by using the Lennard-Jones
potential [3]. The Lennard-Jones potential is the simplest mathematical form to
represent the interatomic potential.

6.4.1 Lennard-Jones potential

The Lennard-Jones potential is a simple mathematical form which represents the

interaction of two atoms shown in Equation (6.1). The Lennard-Jones potential

7



Energy
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Figure 6.4: Lennard-Jones potential plot [3].
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is plotted in Figure (6.4). When two atoms are separated, the energy is 0. If
the two atoms attract each other and get closer, then the energy value begins
to decrease. When the energy reaches the lowest energy value, that energy is
called the ground state energy where two atoms are in equilibrium state. The
ground state structures, equilibrium state, are sought for by using basin-hopping
algorithm.

o

E=4e((7)2 - (2)%) (6.1)

The Lennard-Jone potential is often use for development and test for compu-

o
T r

tational method due to its simplicity. The accuracy of the basin-hopping code
was tested in previous work by exploring the Lennard-Jones clusters [3]. The
ground state Lennard-Jones clusters, (N=1-14), are shown in Figure (6.5) which

has good agreement with previous work [225, 226].

6.4.2 Binary Lennard-Jones Potential

Bimetallic atomic clusters are investigated in the dissertation. Therefore, the per-
formance check of binary basin-hopping code using the Lennard-Jones potential.

The binary Lennard-Jone potential is represented in Equation (6.2) [227, 228|.

E = deap((Z22)12 — ((Z20)0) (6.2)

ij T'ij

where 0 = 74272 and €43 = €aa = €45
Figure (6.6) shows the ground state structure of binary Lennard-Jones clusters

up to 14 atoms.

6.5 Charge Density Difference

The charge density difference can show the bonding mechanism of the system.
The charge density difference Ap can be calculated based on Equation (6.2).
Mayavi, a three dimensional data visualizer, is used for visualizing the result.
Here, the charge density different of CH4 and LiH is calculated in order to verify

the accuracy of the method and result.
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Figure 6.5: The ground state Lennard-Jones Clusters, 1-14[3].

30



Figure 6.6: The binary Lennard-Jones clusters based on equation (6.2)[3].
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Ap = P(Surface(Cluster)+Ha) — P(Surface(Cluster)) — P(Hz) (63)

The following code generates the charge density difference of HyO as an ex-
ample. This code generate a HoO model and relaxes the HoO molecule. Output

data is stored in h2o.gpw.

from ase import x
from gpaw import x

molecule=data.molecules. molecule ("H20")

calec = GPAW(txt="1.txt ", # The name of the outputfile
h=0.20,
mixer=Mixer (0.05,5,weight=100.0),
maxiter=1000,
occupations=FermiDirac (0.00),
spinpol=False ,
xc="PBE’ , #Flavor of the xc—functional
mode="fd "’

molecule. center (vacuum=5.0)

molecule.set_calculator (calc)

dyn = optimize .BFGS(molecule ,
trajectory="rusnout.traj’,logfile="bfgs.log ")
dyn.run(fmax=0.05)

calc.write ( h2o0.gpw’)

The next code calculates each of the H, H, and O atoms separately. It has
to be careful that the coordinate of each atom is important for making charge
density difference. For this reason, the coordinate information is read from the

output file, h2o.gpw, which was generated by the previous code.

from ase import =
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from gpaw import x
from ase.lattice.surface import x

from gpaw import GPAW | restart

molecule ,calc = restart (’h2o.gpw’)
cell=molecule. get_cell ()

n = calc. get_pseudo_density ( gridrefinement =2)
print n

del molecule [[1 ,2]]

calc = GPAW(txt="1.txt ", # The name of the outputfile
h=0.20,
mixer=Mixer (0.05,5,weight=100.0),
maxiter=1000,
occupations=FermiDirac (0.05),
spinpol=False ,
xc="PBE’ , #Flavor of the xc—functional
mode="1d ’

molecule. set_calculator (calc)
molecule. get_potential_energy ()

calc. write ('lo.gpw 7)

molecule ,calc = restart (’methane.gpw’)
del molecule [[0 ,2 ]]
calc = GPAW(txt="1.txt ",
h=0.20,
mixer=Mixer (0.05,5,weight=100.0),
maxiter=1000,
occupations=FermiDirac (0.05),
spinpol=False ,
xc="PBE’ | #Flavor of the xc—functional
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mode="{d "’

molecule. set_calculator (calc)
molecule. get_potential_energy ()

calc.write ('1H.gpw 7)

molecule ,calc = restart (’methane.gpw’)

del molecule [[0 ,1]]

calec = GPAW(txt="1.txt ", # The name of the outputfile
h=0.20,
mixer=Mixer (0.05,5,weight=100.0),
maxiter=1000,
occupations=FermiDirac (0.05),
spinpol=False ,
xc="PBE’ , #Flavor of the xc—functional
mode="fd ’

mol. set_calculator (calc)
mol. get_potential_energy ()
calc.write (’2H.gpw 7)

One the data for HyO, H, H, and O is collected, the charge density difference
of HyO can then be calculated by Equation (6.4).

Ap = pr,0 — po — pu — Pu (6.4)

The change density difference is then calculated and visualized on a contour

map.

from ase import x
from gpaw import =

from gpaw import GPAW | restart
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from pylab import x
from enthought . mayavi .mlab import =

from ase.data.colors import cpk_colors

mol ,calc = restart (’methane.gpw’)

cell=mol. get_cell ()

n = calc. get_pseudo_density ( gridrefinement =2)
atoms ,calc= restart (’lo.gpw’
n0) = calc. get_pseudo_density gridrefinement =2)
atoms ,calc= restart (’'1H.gpw’
nl = calc. get_pseudo_density gridrefinement =2)

atoms ,calc= restart (’'2H.gpw’

—~ — o~ — — —

n2 = calc. get_pseudo_density gridrefinement =2)
rho=n-—n0 —nl-n2

figure (’Charge density difference between CH4 and atoms ’)
contour3d (rho , contours =24 | transparent =True |,
opacity =0.3 , extent =[0 |,

cell [0 ,0] ,0 , cell [1 ,1] ,0 , cell [2 ,2]])

colorbar ()

show ()

The charge density map of three major molecules: CH,, LiH, and HyO are
shown in Figure (6.7). The CH, contour map shows that there is charge con-
centration (Red area) located between the C and H atoms for all cases. This
indicates that electrons of C and H are shared between each other as there is no
charge gain or depletion from C and H themselves. Thus, the bond type of CHy
is considered to be a covalent bond.

The case of Li-H is different than CH, as liH has a strong charge interaction.
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The charge contour shows that the H atom gains an electron while the Li atom
loses an electron. This can be seen as Li shows blue (depletion) while H atom
shows red (gain). Thus, the bond type of Li-H is considered to be an ionic bond.
This can be confirmed by Bader charge analysis where H gains 0.9 electrons from
the Li atom.

The H50O molecule shows similarity to CHy as the electron concentrations are
seen between the O and H atoms. However, the O atom also shows a slight charge
gain as the O atom shows a yellow color. This implies that the bond between O
and H is based on a covalent bond but a slight charge transfer also occurs. The

bond type of Hy can therefore be classified as a polar covalent bond.
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Figure 6.7: The charge density differences of CHy, LiH, and HyO. Red (Blue)
contour represents charge gain (depletion).
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Chapter 7

The Structure of Group VIII
cluster: Fe,Ru, Os

The group VIII metal clusters of Fe, Ru, and Os, have been extensively investi-
gated due to their strong magnetism and reactivity [55, 98, 102, 229, 230, 231].
However, one must know the structure of these clusters in order to understand
the mechanisms of theose unique properties. The structure of small group VIII
clusters (Fe, Ru, and Os) are explored by using density functional theory and
the basin-hopping algorithm. The physical and chemical properties of the each
structures are also discussed.

The GPAW method was applied for all calculations. LCAO mode was used
for basin-hopping algorithm for the first major screening process. Once the initial
screening with LCAO was done, 10-20 local minima were taken and relaxed using
the finite difference mode for confirmation. The ground state structures was then
relaxed by testing all possible spin states including the anti-ferromagnetic cases

in order to get the lowest energy spin states.

7.1 Computational Details
Here is the computational parameter in this calculations:

e Method
GPAW
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e Grid Spacing
h=0.18

e Periodic boundary condition

~ point calculation meaning non-periodic bounday condition

e Smearing

0.00 eV of smearing was applied

e Spin polarization

Spin polarization was considered

¢ Exchange-correlation
PBE

e Mode

Finite Difference for final screening and LCAO for initial screening

e Optimization method
BFGS with 0.05 of force

7.2 Bare Fe Clusters

The ground state structures of Fe clusters of up to 9 atoms are explored by using a
basin hopping algorithm. The structure of Fe clusters are extensively studied due
to its unique physical properties [97, 232, 233, 234, 235, 236, 237]. The structural
data of Fe clusters are shown in Figure (7.1) and Table (7.1).

7.2.1 Geometry: Fe Clusters
7.2.1.1 Fe;

The gas-phase Fe, firstly is calculated. The electronic state of Fe atom is 3d° with
4 unpaired spins. Therefore, it is reasonable that the gas-phase Fe; has 4.00 up.
The fact that Fe has 4.00 pp is quite important for future development of better

magnetic materials. The neodymium magnet (NdyFe;4B) is the currently most
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Figure 7.1: The ground state structures of Fe clusters up to 9 atoms.

Size | E, M G D

1 N/A | 4.00| Rz | N/A
2 1.09 | 3.00 | Dooh | 1.99
3 1.44 | 2.67 | D3, | 2.16
4 2.00 | 3.50 | Doy | 2.25
5 2.31 | 3.60 | Cq, | 2.38
6 2.58 1333 | Dy, | 231
7 2.75 | 3.14 | Ds, | 2.38
8 2.83 | 3.00 | Cq, | 2.32
9 2.89 1289 | Cy, | 2.38

Table 7.1: The ground states structures of Fe,, (n=1-9). E;: The average binding
energy per Fe atom in eV, M: The average magnetic moment per atom in pug, S:
Symmetry Group, D: The average bond length in A.

90



strongest magnet where Fe atoms have average of 2.9 ug. If the Fe can keep
its 4.00 pp, it will be theoretically the stronger magnet than the neodymium

magnet.

7.2.1.2 Fe,

Dimers of transition state atoms have always brought controversy depending on
the methodology. In particular, magnetic moment and bond length of Fe dimers
varies depending on the exchange correlation and interatomic potentials. The
first dimer calculation using density functional theory with LDA was performed
back in 1979 [238]. The bond length of the Fe dimer was calculated to be 2.09
A with 3.00 up per atom. The experimental bond length of Fe dimer is found to
be 2.02 A by using the extended x-ray absorption fine structure[239]. Since then,
numerous approaches by DFT have been taken including different potentials and
exchange-correlations [240, 241]. In this work, the bond length of Fe dimer is
calculated to be 1.99 A while the magnetic moment per Fe atom is calculated
to be 3.00 pup demonstrating a good agreement with previous theoretical work
[237, 235, 234, 236]. However, the vibrational frequency of the Fe dimer between
theory and experiment have a large gap which brings forward the discussion of
what is the real structure of Fe dimer. The vibrational frequency of the Fe
dimer is experimentally measured to be 299 cm™' [242]. On the other hand,
density functional theory result shows around 400 cm ™! where the value is slightly
different depending on the method [243, 244, 245, 246]. In fact, the vibrational
frequency in this work is calculated to be 407 cm™!. Thus, the true structure of
Fe dimer still remains unclear.

The bonding type of calculated Fe, in this work is evaluated using the charge
density difference shown in Figure (7.2). It is seen that the electrons are concen-
trated between the Fe atoms where there are no charge gain or depletion at Fe
atoms. It can then be concluded that the bond type of Fes is a covalent bond. In
particular, the d-state of unpaired electrons makes a pair resulting in 3 unpaired

electrons for each Fe atom.
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Figure 7.2: The charge density difference of Fey. Red (blue) represents electrons
gain (depletion).

7.2.1.3 Fe,

The structure of Fes also bring complication depending on the computational
method. The magnetic moment of Fes per atom in this work is calculated to
be 1.44 which has good agreement with previous works [237, 235, 236]. The
average bond length of Fes is calculated to be 2.16 A. The magnetic moment per
atom is calculated to be 2.67 pup. The experiment by using laser photoionization
spectra demonstrates that the bond length and magnetic moment per atom are
found to be 2.00 Aand 2.67 g, respectively [247]. Thus, the Fes in this work
has good agreement with experimental work as well. However, the recent studies
indicate that The vibrational frequency of Fes in this work is calculated to be
238 cm~! while the experimental vibrational frequency by the Resonance Raman
spectroscopy is found to be 249 cm~![248] The slight difference indicates the
geometrical structure of Fes in experiment and theory might be slightly different.
This suggests that the energy landscape of Fes is complex. In fact, Fesz could
have isosceles triangle rather than a perfect triangle [249, 245]. Further detailed
analysis of the Fes energy lanscape is still required in order to understand the

correct geometry of Fes clusters.
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7.2.1.4 Fey

The ground state structures of Fey, Fes, and Fes form two dimensional structures.
In the case of Fey, the ground state structure starts to form three dimensional
structures, namely a tetrahedron shown in Figure 7.1. Previously, the magnetic
moment of Fey per atom was calculated to be 3.00up with both the LDA and
PBE exchange-correlation [243, 235]. However,the average bond length and mag-
netic moment of Fey in this work is calculated to be 2.25 A and 3.50u5 per atom,
respectively. In fact, the magnetic moment of Fe, in this work was originally cal-
culated to be 3.00 pup per atom. In that calculation, the DFT software (GPAW
in this case) automatically optimized and found 3.00 up as the lowest structure.
However, the ground state magnetic moment dramatically changed by fixing the
magnetic moment during the optimization steps. Therefore, every possible mag-
netic moment (spin multiplicity) were tested. As a result, the ground state the
magnetic moment is found to be 3.50 pup in this work, showing a good agreement
with previous work [234, 232]. Furthermore, upon the change of magnetic mo-
ment, the bond length was elongated compared to the case of 3.00 up per atom.
Thus, it is important to test every possible spin multiplicity for small transition

metal clusters, especially for a cluster size of 2-4 atoms.

7.2.1.5 Fe;

The ground state structure of Fes in this work has a trigonal bipyramid atomic
configuration shown in Figure 7.1. The magnetic momenet of Fej; is calculated to
be 3.60up which has proven to be the maximum magnetic moment within Fey_g.
The results have good agreement with previous work [232]. The all possible spin
multiplicity were considered in order to find the ground state magnetic moment.
However, the structure and magnetic moment of Fes are reported to be varied

depending on the method.

7.2.1.6 Feq

Two possible ground state structures have been proposed for Feg. Early calcula-
tions based on LDA shows that a capped trigonal pyramid was found to be the

lowest energy structure. However, recent studies with PBE shows that a octahe-
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dron is found to be the lowest energy structure which is also found in this work
where the magnetic moment is calculated to be 3.33up per atom in both cases
[232, 236, 237].

7.2.1.7 Fe7-Fe9

The ground state atomic configuration of Fe; in this work is found to be the pen-
tagonal pyramid with having the bond length and magnetic moment of 2.38A,
and 3.14up, respectively. That results have good agreement with previous work
[237, 232, 236]. The calculated Feg and Feg clusters in this work also have good
agreement with previous work [232, 233, 233, 236]. As a trend, the calculation of
the ground state structure and magnetic moment of large Fe clusters seems con-
sistent within various computational approach while the structure and magnetism
of small clusters such as Fe, and 3 varies depending on the exchange correlation

and interatomic potentials.

7.2.2 Properties

The physical and geometrical properties of the ground state Fe clusters are shown
in Figure 7.3. The average magnetic moment of Fe cluster generally higher within
the Fe clusters than bulk Fe. In particular, Fe, and Fe; show high magnetic
moment of 3.50 pp and 3.60 up per atoms, respectively. Fe in neodymium magnet
which is currently considered the strongest magnet which has an average of 2.90
pup. If those small clusters are able to be used for further applications, it is
possible to create a stronger magnet than neodymium magnet. Additionally, the
magnetic moment decreases as the size increases. This is considered to be due
to the shorting of interatomic distance by increasing the size of clusters. This
can be seen by comparing the Figure 7.3 (a) and (b). When the average bond
length increase, the magnetic moment decrease. This shows that magnetism
and interatomic distance are strongly related to each other. The stability of Fe
clusters is evaluated by the mean of HOMO-LUMO gap shown in Figure 7.3. It is
clearly seen that even-numbered clusters, with the exception of Fes show higher
HOMO-LUMO gap. In another words, odd-even oscillation is seen.

Figure 7.4 shows how clusters grow towards a bulk state. The clusters grow
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Figure 7.3: Properties of ground state Fe clusters. (a) Average magnetic moment
(1p) per atom. (b) Average neighbor distance in A. (¢) HOMO-LUMO gap in
eV.
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Figure 7.5: The density of states of the selected Fe clusters. (a) The even-
numbered Fe clusters (4,6,8).(b)The even-numbered Fe clusters (5,7,9).
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linearly without any large energy drop. In order to understand the electronic
structure of Fe clusters, the density of state of the ground state Fe clusters are
investigated shown in Figure 7.5. It is surprising that, there is no significant
difference between even-numbered clusters and odd-numbered clusters. The elec-
tronic structures of both of even-numbered and odd-numbered clusters are well-
balanced. This could be due to the structural reasons. In particular, the ground
state structure of Fe clusters have very high symmetry. The high symmetrical
structures have the high symmetry electronic structures. Thus, the structures of
atomic cluster reflect to the electronic structures. This proves that the structure

of clusters are strongly corelated with the electronic structure of clusters.

7.3 Bare Ru Clusters

Small Ru clusters have been experimentally and theoretically shown outstanding
catalytic activities in regards to the hydrogenation process in various fields [56,
109, 250, 251, 252]. The Ru cluster plays an important role for hydrogenation
process. However, the structure of the Ru cluster brings controversy between

theoretical and experimental results [88].

7.3.1 Geometry: Ru

The structure of small Ru clusters are predicted to grow towards cubic-like struc-
tures [253, 254, 255, 256]. In fact, the structures of Ruy (N=2-9) clusters in this
work also demonstrate growth towards cubic structures. This structural data is
collected in Figure 7.6 and Table 7.2.

7.3.1.1 Ruy

The gas-phase Ru; is firstly calculated as a reference value. The magnetic moment
of Ru; is calculated to be 4 up. The electronic structure of Ru atom has 4d75s?
which has 3 unpaired electrons in the d-state and 1 unpaired electron in the s-
state. The total unpaired in Ru; is 4. Therefore, it is reasonable that Ru; has 4

pp. Thus, the calculated Ruy in this work has a reasonable data.
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Rue RU7 RU8 Rug

Figure 7.6: The lowest energy and a few local minima structures of Rus - Rug.

Size| B, | M | G D
N/A [4.00] Rs; | N/A
1.72 | 2.00 | Dooh | 2.15
2.21 [ 2.67| D, | 241
2.97 10.00 | Dy, | 2.27
3.27 1 0.00 | Cyu | 2.40
3.53 1033 Dy | 237
3.66 | 0.86 | D, | 2.46
4.08 1050 | C, | 234
4.03 [0.89 | C4 | 242

© 00 1O UL W N

Table 7.2: The ground states structures of Ru,, (n=1-9). E;: The average binding
energy per Fe atom in eV, M: The average magnetic moment per atom in ug, S:
Symmetry Group, D: The average bond length in A.
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7.3.1.2 Ru,

The bond length and magnetic moment of the Ru dimer is different depending
on the computational method used [241, 257, 258, 259]. The calculated bond
length and magnetic moment of Ru dimer in this work is found to be 2.15A and 2
up per atom, respectively, and demonstrate good agreement with previous PBE
calculations [241]. With hybrid functions, the bond length is calculated to be
longer with a range of 2.25-2.35 A. The calculated vibrational frequency in this
work is 405.3 cm~! while the experiment vibrational frequency is found to be
347 cm™! [260]. Vibrational frequency shows that there are still gap between
experimental and theoretical work where the various reason can be considered in

both of experiment and theoretical work.

7.3.1.3 Ruy

Previous theoretical result shows that Rus is calculated to be an isosceles triangle
with the magnetic moment of 2.00 g per atom [261]. However, Rus in this work
has the perfect triangle structure with the bond length of 2.41 A. The magnetic
moment is calculated to be 2.67 up per atom. Thus, the different magnetic
moment creates the slight difference in geometry of Rus. Both of calculations in
this work and previous work implemented the PAW and PBE. The only difference
is that wavefunction in this work is expanded to real space grid while the previous
calculation used plane waves as a basis set. Thus, the computational method

brings the different results in Rus.

7.3.1.4 Ruy

The lowest energy structure of Ruy is found to be the shape of a square. The
total magnetic moment of Ruy is 0. However, each Ru atom has a magnetic
moment. In particular, two of them have 1.34 pup and 0.45 pp while other two
have +1.34 pup and -0.45 pp. The total spins are canceled out. The phenomena
is so called anti-ferromagnetism. Thus, the ground state structure of Ruy has a

square configuration with anti-ferromagnetic properties.
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7.3.1.5 Ru;

Rus has a perfect tetrahedron configuration. The total magnetic moment of Rus
is zero as can seen in Ruy. However, each atom in Rus have 0 pup, making in a non-
magnetic material. This can be considered to be due to the bonding mechanism
where all unpaired electrons are paired. Further bonding analysis is done by the

charge density different analysis.

7.3.1.6 Ru6-Ru9

Rug has a triangular prism with average of 0.33 up. However, the bond lengths of
the triangles are not same. In particular. only one out of two Ru atoms in each
triangle have the magnetic moment. For that reason, bonding type is slightly
different within each triangle resulting in different bond length.

Adding an extra Ru atom to the Rug structure creates the Ruy structure. The
7th adsorbed atom particularly has a high magnetic moment of 2.46 pp while the
rest of the atoms have less than 1 ug.

Rug has a perfect cubic structure. It is interesting that each of Ru atom in
Rug has 0.50 pp, totaling to a value of 4.00 ug. This suggests that Rug has
ferro-magnetism as each spins aims towards one direction with same degree of
magnetic moment..

Adding an extra Ru atom to Rug creates the Rug which is an extra atom on a
cubic configuration. The magnetic moment of the adsorbed 9th atom particularly
shows a high magnetic moment of 3.00 pp where a similar effect is also seen in
the case of Ru;. The reason for this can be considered to be due to the bonding
type of extra Ru atom and Rug where the extra atom is adsorbed with weak ionic

bonding.

7.3.2 Properties

Figure 7.7 shows how the magnetic moment, interatomic distance, and HOMO-
LUMO gap contribute to the Ru clusters. An overall trend has emerged where
even-numbered clusters have a lower magnetic moment than odd-numbered clus-

ters. When it comes to interatomic distance, odd-even oscillation is seen where the
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Figure 7.7: Properties of the ground state Ru clusters. (a) Average magnetic
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even-numbered clusters have lower interatomic distances than the odd-numbered
cases. This is considered to be due to how Ru cluster grows. In particular, Ru
clusters grow towards a cubic like structure. When the shape of the clusters
have higher symmetry, the interatomic distance is shorter than in low symmetry
cases. It is interesting that the HOMO-LUMO gap is Ru clusters are generally
low compared to Fe clusters. Ru, shows the highest stability within the system
but the rest of Ru clusters show low stability, especially, after size 6. This lower
stability may be reason why experiment work has not been able to detect the
cubic structure. The Ru cluster evolution towards the bulk state is shown in
Figure 7.8. The cluster grows linearly but there is large energy drop from Ruy; to
Rus.

The density of state of the ground state Ru clusters is shown in Figure 7.9.
The even-numbered clusters show a rather balanced electron distribution while
the odd-numbered clusters show broad asymmetrical electron distributions. This
reason can be considered to be due to the symmetry of atomic configurations.
The even-numbered clusters grow towards cubic like structures which have high
symmetry while odd-numbered clusters have low symmetry. Thus, the symmetry

of structure is strongly related with the electronic states of atomic clusters.

7.4 Bare Os Clusters

There are no structural data of Os clusters in either experiment and theory until
today. However, Os clusters have shown unique physical and chemical properties
in the dissertation. In particular, Os clusters are used in various chemical process
as Os cluster have shown unusual catalytic activities [56, 262, 263, 264]. One
of the progressive catalytic activities of Os clusters are Osz. Os3 encourages
carbon-carbon bond cleavage and leads to a ring opening reaction during the
cyclic carbon compound reactions[262]. Os clusters are also found to be effective
for methane dissociation [263]. It has also been found out that Os clusters are
very reactive against single-walled carbon nanotube compared to other transition
metal clusters [264]. Moreover, the small Os cluster shows much higher magnetic
moments than Os’s bulk state [265]. Despite its effective catalytic activities as well

as high magnetic moment, the mechanism of how Os clusters contribute to these
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properties still remain unknown. The structure of Os clusters are experimentally
much more challenging than other transition metals. There are two main issues;
which are high toxicity and number of isotopes. Osmium can easily oxidize and
form osmium tetroxide (OsOy4). OsOy is an extremely toxic material [266, 267].
Because of its high toxicity, it is experimentally difficult to handle Os. Another
issue is the number of isotopes. Osmium has six naturally existing stable isotopes:
1840s,'860s ,'880s ,'890s ,1900s, and 1920s. Furthermore, twenty nine isotopes
can also be formed depending on the enviroment. The number of isotopes bring
issues for mass spectrometry analysis. Thus, there has been a lack experimental
and theoretical data about Os clusters. The ground state structure of Os cluster

up to 14 atoms with few isomers are explored with PBE exchange-correlation.

7.4.1 Geometry: Os
7.4.1.1 Os;

The gas-phase Os; is calculated as a reference value. The electronic structure
of Os atom has a 5d°6s%4f'4 configuration which has 4 unpaired spins in the d-
state. For that reason, it is reasonable that the magnetic moment of Os atom is

calculated to be 4 up.

7.4.1.2 Os,

The bond length of transition metal dimer has been always center of discussion
because the structure of dimer is theoretically and experimentally not revealed
due to the complication of energy landscape and experimental difficulties. Be-
cause Os cluster have unstable spin state, it is assumed that energy landscape
is expected to be complex. The possibility of different spin multiplicity of Os
dimers bring further complications. For these reasons, all possible spin multiplic-
ities were therefore investigated with the PBE exchange correlation. The bond
lengths and energy changes by different spin multiplicities of the Os dimer in this
work was calculated and collected in Table 7.4. Os dimer has the ground state
energy with the spin multiplicity of 5 having the bond length of 2.134 A. Bond
length of Os dimer has been experimentally reported to be 2.31 A and 2.27 A by
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Size | E, M G Symmetry | D

2.0 | 2.427 | 2.000 | 0.026 Deoon 2.135
3.0 |2.927 | 0.887 | 0.487 Dgy, 2.327
4.0 |3.970 | 0.000 | 0.432 Dy, 2.282

5.0 |4.179 | 1.200 | 0.213 Cy 2.449
5.1 |3.924 | 2.000 | 0.290 Cs 2.525
5.2 | 4.151 | 0.400 | 0.551 Cs 2.336

6.0 | 4.654 | 0.000 | 0.301 Day, 2.376
6-1 | 4.561 | 1.333 | 0.165 Oy, 2.469
70 |4.943 | 0.857 | 0.292 Csyp 2.440
7.1 | 4.725 | 0.857 | 0.156 Cay 2.493
80 |5.234 | 0.000 | 0.177 Oy, 2.365
8.1 |5.056 | 0.250 | 0.245 Doy, 2.423
82 |4.832 | 0.500 | 0.202 Dog 2.515
9.0 |5.228 | 0.667 | 0.210 Cyp 2.428
9.1 |5.081 1 0.222 | 0.220 Dgy, 2.506
92 |5.064 | 0.666 | 0.221 Cay 2.461
10_0 | 5.319 | 0.000 | 0.270 D5y, 2.368
101 | 5.312 | 0.600 | 0.133 Cayp 2.418
10-2 | 5.307 | 0.000 | 0.182 Cayp 2.446
10_3 | 5.149 | 0.800 | 0.234 Doy, 2.529
11.0 | 5.371 | 0.545 | 0.166 Cs 2.459
11.1 | 5.230 | 0.363 | 0.157 Cay 2.456
11.2 1 5.239 | 0.181 | 0.199 Csy 2.509
120 | 5.528 | 0.166 | 0.210 Cay 2.403
121 | 5.254 | 0.166 | 0.252 Dgy, 2.464
122 ] 5.254 | 0.666 | 0.142 Cay 2.579
13-0 | 5.307 | 0.307 | 0.136 Cs 2.467
13-1 | 5.465 | 0.307 | 0.218 Cs 2.438
132 | 5.430 | 0.307 | 0.244 Csy 2.553
14.0 | 5.745 | 0.285 | 0.173 Dep, 2.496
141 | 5.650 | 0.000 | 0.254 Cay 2.457
142 1 5.392 | 0.571 | 0.274 Cay 2.461

Table 7.3: The ground states and several local minima structures of Os, (n=2-
14). Ey: The average binding energy per atom, M: The average magnetic moment
per atom, G: HOMO-LUMO gap in eV, D: The average bond length in A.
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S D AE
112113 0.40
212112 | 0.46
312113 0.26
412120 | 0.21
5| 2.135 | 0.00
6 | 2.190 | 0.21
712247 1 0.20
812314 | 0.76

Table 7.4: Calculated bond distance D in A and relative energies AE in eV with
a various spin multiplicity, S for Oss

vibrational and mass spectra characterization [268, 269]. The experimental bond
lengths are slightly longer than those in this work. The slight difference between
experiment and theory could be attributed to the experimental methodology. In
particular, the direct measurement of Os dimer has not been reported yet. The
bond length of the Os dimer was indirectly measured where Os, is attached to
complex compounds. In general, when the dimer is attached to a compound, the
bond length of the dimer slightly elongates. Thus, the slight difference between
experiment and theory can be considered to be due to the experimental method.

There are few computational works for Os dimers. It appears that the ground
state structure of the Os dimer varies depending on the exchange-correlation.
With the PBE exchange-correlation, the bond length is found to be around 2.15
A where the ground state spin multiplicity is five [241]. Thus, the calculated Os
dimer in this work has good agreement with previous PBE based calculations.
However, it suggested that the hybrid function has different results. The bond
length of the Os dimer is found to be around 2.23 A with having a ground state
spin multiplicity of seven [265, 241]. The bond length of the Os dimer with hybrid
function seems to have good agreement with experimental work but again, the
experimental observations were indirect. Therefore, the further discussion might
be difficult without further accurate measurements via experiments. After all, the
calculated bond length and spin multiplicity has good agreement with previous

work which has same computational method was this work.
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7.4.1.3 OS3

Oss has an isosceles triangle structure where the bond lengths between each atom
are calculated to be 2.36 A, 2.36 A, and 2.28 A. Two Os atoms have 1.4 13 while
the other has -0.21 pg. The different spin state is generally caused by the bonding
mechanism. For that reason, Osz formed an isosceles triangle structure instead

of forming a perfect trangle structure.

7.4.1.4 Os,

The lowest energy structure for Os; was calculated to be a square atomic con-
figuration. The square configuration of Os, was suggested previously [270]. The
square configuration is rather surprising as the 4 atoms clusters generally form a
tetrahedron or rhombus structures [271, 272]. In fact, tetrahedron Osy is energet-
ically 1,86 eV higher in energy. Thus, it is unlikely to form tetrahedron structure.
The square configuration has been predicted in platinum group clusters including
Ru and Ir [270]. The magnetic state of Osy is also interesting where the two
Os atoms have +0.71 up while other two have -0.71 ug. As a result, the total
magnetic moment is 0. Thus, anti-ferromagnetism has been found for the ground

state structure of Os,.

7.4.1.5 Os;

Absorbing the extra Os atom onto the hollow location of Os, forms Os; which
has a pyramidal configuration. Adding an extra Os atom on Os, elongates the
bond length of square by 0.02 A. It is interesting that the extra Os atom is not
absorbed in the center of Osy. It absorbed one particular atom having a bond
length of 2.39 A while the bond length of the other three atoms and extra atoms
are approximately 2.60 A. Os, has anti-ferromagnetic properties. Adding an extra
atom completely changed the magnetic state of Osy. Each bottom square of Os
has + 0.70up and the top atom has 3.00 pg. Thus, Os; is very strong magnet.
The second lowest (Os;_1) configuration of Oss has a trigonal bipyramid con-
figuration which is seen in the ground state structure of Fes. It is interesting
that the atoms in the triangle configuration has higher magnetic moments while

those of each vertex of the bipyramid configuration has lower magnetic moment.
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Adding an extra Os atom on the edge of the square creates the third lowest en-
ergy structure, Oss_». The extra atom does not stay perpendicular or parallel to
the square. The extra atom stays at a 45° angle from the square. The magnetic
moment of the fifth atom is 2.14 pp while the other Os atoms have 1.00 up.
Thus, fifth atom weakly bond with that square.

7.4.1.6 Osg

The ground state structure of Osg is found to have a triangular prism configura-
tion. It is particular interesting that the Os atom at the top triangles have +0.67
pp while the bottom trangles have -0.67 pp. Thus, the total magnetic moment
is zero. The same phenomena was seen in the ground state structure of Osy. In
this case, Osg has anti-ferromagnetic properties.

The second lowest structure of Osg has a square bipyramid configuration.
Energetically, the structure is 0.55 eV higher than Osg_o. The bond length of
the triangle and length between the triangles are 2.44 A and 2.27 A, respectively.
Osg_1 is 0.55 eV more unstable than Osg_g. The magnetic moment of each Os
atom indicates ferro-magnetism where all atoms have +1.33up. Thus, atomic

cluster could have completely opposite physical properties within the same size.

7.4.1.7 OS7

Absorbing an Os atom on the hollow site of Osg creates a ground state struc-
ture of Os;. Osg shows anti-ferromagnetic properties but adding the extra atom
changed the bonding state of Osg and create magnetic moment. The second low-
est structure of Os;_; can be created by adding an an atom to Osg_;. Os;7_q is

energetically 1.52 eV higher than Os;_j.

7.4.1.8 Osg

It has been suggested that the ground state structure of platinum group cluster
grow toward cubic-like structure[270]. In fact, the ground state structure of the
Oss cluster also has a cubic configuration having the bond length of 2.36 A each.
Another interesting is that magnetism of Osg. Up to now, highly symmetrical

structure, Osy and Osg show anti-ferromagnetism. Osg is not a exception. Four
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of Is atom have +0.30 up while other four have -0.30 ug, thus, the total magnetic
moment is zero resulting in anti-ferromagnetism. The second lowest structure,
Osg_1, is 1.54 energetically high than the ground state where it has a rhombohedral
atomic configuration. The structure of Osg_ 5 is typical configuration of 8 atom

clusters for common metal clusters[273, 274].

7.4.1.9 Osy

The ground state structure of Osg can be acquired by absorbing an Os atom at
the hollow site of one of the square. The magnetic properties of Osy is different
from anti-ferromagnetic properties in Osg. Each atom in Osg now has a mag-
netic moment in one direction. In particular, the absorbed atom has a magnetic
moment of 2.00 up and the rest of atoms have 0.60 pp each. It is also noticed
that single adsorbed atoms on cubic structures have a higher magnetic moment
as can be seen in the cases of Oss g and Osg . The isomers, Osg ;1 and ¢ », have
a square pyramid configuration on top of a rhombus configuration and trapezoid
like structures, respectively. Energetically, they are 1.31 eV and 1.47 eV higher

than the ground state structure.

7.4.1.10 OSlo

By seeing Os4,0s¢, and Osg grow towards a cubic structure, the ground state
structure of Osyg could be predicted to form Os;g_;. However, Osyg_; is energet-
ically 0.08 eV higher than Osjq_o where Osjg_o has a pentagonal prism configu-
ration. Thus, the evolution of atomic clusters are unusual and unexpected. As
seen in Osy,0s4,0s8, Osyp has perfect symmetry structure and they show anti-
ferromagnetic state. The magnetic moment of top pentagon have +0.56 up and
bottom pentagon have -0.56 pup. Thus, the total magnetic moment canceled out
and zero resulting the anti-ferromagnetism.

The third lowest energy structure Osjo_» has a trapezoid prism configuration.
The magnetic moment of each atom shows that each atom has spin state but
the number of up and top spins are equal. Thus, anti-ferromagnetism is seen
in Osjg_2. Osyg_3 has the configuration where the square part Osyg o is rotated

by 90 degrees. However, these unique structures are energetically 1.71 eV more
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unstable than ground state structure.

7.4.1.11 OSH

The ground state structure of Osy; was expected to be extended structures such
as Osy1_o of Osyg_g, a pentagonal prism configuration. However, the ground state
structure of Osy; goes back to follow cubic-like structures where the adding an
atom into Osyg_; form the Os;; o. Osy1 o was originally expected to be a ground
state structure of Osy;. However, Osq;_o, which has a hexagonal prism configura-
tion, is energetically 1.45 eV higher than the ground state structure. In the case
of Osyy_1, it still follows a cubic like structure but the position absorbed atoms
are different. This is interesting that just moving the absorbed atom to opposite

side of cubic make Osy;_; energetically 1.55 eV higher.

7.4.1.12 0812

The ground state structure of Osjy was predicted to form a two cube coupled
configuration which can be seen in the case of Rujs and Irjs [270]. The structure
of Osyy g is almost look like a two cube couple structure but one of cube is 18°
bent. The structure implies that Os;5_o may form a hexagonal prism configuration
for Osy4. Because the structure of Osyo_g is not a perfect cubic-like structure, anti-
ferromagnetic properties are not found.

The second lowest energy structure Os9_; is energetically 0.10 eV higher than
the ground state where the structure of Os;5_; has a triangular prism configura-
tion. It is possible to form Osjo_; structure in the experiment as the relative
energy is very closed to the ground state structure. Osjs o has a perfect pyramid
like shape but it is the energetically 3.29 eV higher than ground state. Thus, it

is unlikely to form such a pyramid like structure in experiment.

7.4.1.13 0513-0514

The ground state structure of Os;3 follows a cubic like structure. Adding an atom
to Osyo_o form Osy3_o. Originally, it was expected that adding an atom to Osia_g

create Osy3_1 but Osi3_; was energetically 1.13 eV higher than Os;3 9. On the
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other hand, it was suggested for Osis_o case, the structure may follow hexagonal
prism configuration. However, Os13 o was 1.58 eV unstable in energy.

As was suggested, the hexagonal prism configuration was found to be the
ground state structure in the case of Osy4. Thus, the structure of Os clusters not
only follow cubic like structure but also hexagonal configuration depending on
the cluster size. The two isomers follow the cubic like structures in the case of
Osy14.1 and Osyy o. However, they are energetically 1.35 eV and 4.95 eV higher

than ground state.

7.4.2 Properties

The ground state structure, average magnetic moment (ug) per atom, average
neighbor distance in A, and HOMO-LUMO gap in €V are shown in Figure 7.11.
Oss has the highest magnetic moment within the system. This is due to less bond-
ing state compared to larger clusters. In the case of Os,, only one unpaired spin
in the d-state contributes to the covalent bond [99]. A zero magnetic moment is
found in Osy, Osg, and Osg clusters which all show anti-ferromagnetic properties.
As a trend, even-numbered clusters tend to have lower magnetic moments com-
pared to odd-numbered clusters. This is due to high symmetry in even-numbered
atomic configuration which create more electron overlaps. Another interesting
thing is that structural transformation from 2 dimension to 3 dimension. Os
clusters up of to 4 atoms form 2 dimensional atomic configuration. 3 dimensional
configurations appear after the size of 5. In general, when the dimensional trans-
formation happens, the magnetic moment is believed to decrease due to the the
shorten of interatomic distance which can be seen in Figure 7.11. Os clusters then
transform to a three-dimensional configuration after Oss. It has been suggested
that dimensions change from two to three dimensions as the magnetic moment
gradually decreases and the interatomic distance increases.[100] There is also a
correlation between the average neighbor distance and magnetic moment Figure
7.11 (a) and (b). Thus, magnetic moment decrease when the interatomic distance
is shorten. When interatomic distance is shorten, more electron overlapping are
expected within the unpaired spin state resulting the reduction of magnetic mo-

ments. Furthermore, odd-even oscillation can seen in Figure 7.11 (a) and (b).
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This is caused by symmetry of atomic configurations.

HOMO-LUMO gap of the ground state Os clusters is shown in Figure 7.11(c).
It is clearly seen that Osg particular has the highest HOMO-LUMO gap. From
a HOMO-LUMO gap aspect, even-numbered clusters have higher stability than
odd-numbered except the case of Osy and Osg.

The binding energy of clusters towards to bulk state energy is shown in Figure
7.12. The binding energies per atom of the ground state Os clusters are plotted in
Figure 7.12 as a function of inverse cluster. The bulk value is calculated by (1x1)
unit cell where it contains 2 atoms. The calculated energy is then divided by 2
and found to be -10.87 eV. It can be clearly seen that the cluster grows towards
bulk state with relatively straight line. In particular, a large drop of energy is
seen from Osz to Os,. Such cases have been also observed in transition from Aus
to Auy [272]. One of the reason for the large drop is due to the stability. In both
cases, the size 3 clusters have large HOMO-LUMO gaps while the size 4 clusters
have low HOMO-LUMO gaps. This large stability caused a large drop of binding

energy.

7.4.2.1 Electronic Structures

The density of state (DOS) for the ground state Os clusters are investigated
in order to understand the electronic structures. The even-numbered Os clus-
ters (4,6,8,10) and the Odd-numbered Os clusters (5,7,9,11) is shown in Figure
7.13. Figure 7.13 shows that the structure of the cluster affects how electronic
structures are located. In particular, even-numbered Os clusters (4,6,8,10) show
very balanced density of state peaks compared to odd-numbered cases. Even-
numbered clusters have highly symmetrical atomic configurations. On the other
hand, the odd-numbered DOS shows unbalanced electron distributions. In the
case of odd-numbered structures, the structures are asymmetrical. This concludes
that the cluster structure has a large contribution to how electronic structures be-
have. Furthermore, because even-numbered clusters show well balanced electronic
structures, they form anti-ferromagnetic states as highly symmetrical electronic
structures create an overlap of electrons, causing 0 magnetic moment. Thus, there

is a strong correlation within structure, size, magnetism and electronic structures.
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Figure 7.9: The density of states of selected Ru clusters. (a) The even-numbered
Ru clusters (4,6,8).(b)The even-numbered Ru clusters (5,7,9).
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Figure 7.10: The lowest energy and a few local minima structures of Osy - Osyy.

12 2
n _ m denotes n is the number of Os atom and m is the cardinal number from
global minima 0.

115



2.0r 1
o lor .

g'9ra) |

2051 1

°§ 2.6 T T T T T T T

o
% 2.1 1 1 1 1 1 1

Figure 7.11: Properties of ground state Os clusters. (a) Average magnetic mo-
ment (up) per atom. (b) Average neighbor distance in A. (¢) HOMO-LUMO gap
in eV.
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Figure 7.12: Evolution of binding energy per atoms of the ground state Os clusters
as a function of inverse cluster size toward Os bulk value.
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Figure 7.13: The density of states of the selected Os clusters. (a) The even-
numbered Os clusters (4,6,8,10).(b)The odd-numbered Os clusters (5,7,9,11).
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Chapter 8

Interaction of Group VIII
clusters (Fe, Ru, Os) and Hy

Metal clusters are generally much more reactive than their bulk states and the
interaction with hydrogen and metal clusters is not a exception [147, 275, 276,
277, 278, 279, 280]. Hydrogen plays a key role for modern technology such as
synthesis of ammonia. Group VIII metal clusters, particularly small Ru and
Os clusters, show important role in various fields ranging from energy related
reactions to biomedical field [263, 281, 282, 283]. However, the reactivity of the
reactions strongly depends on the structure of the clusters. In this section, the
interaction of hydrogen and group VIII clusters are investigated.

The interaction of small Fe, Ru, and Os clusters with H, are investigated
using the density functional theory in this study. The ground state structures
of bare and hydrogenated Fe, Ru, and Os clusters are explored using a basin-
hopping algorithm. The reactivity and magnetic state upon adsorption of Hy are

analyzed from the electronic structures.

8.1 Computational Details
Computational detailed are listed below:

e Method
GPAW
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e Grid Spacing
h=0.18

e Periodic boundary condition

~ point calculation meaning non-periodic bounday condition

e Smearing

0.00 eV of smearing was applied

e Spin polarization

Spin polarization was considered

¢ Exchange-correlation
PBE

e Mode

Finite Difference for final screening and LCAO for initial screening

e Optimization method
BFGS with 0.05 of force

The average binding energy of bare A(Fe,Ru and Os) clusters (Ey[A4,]) on
Equation (8.1) and Hy adsorbed A(Fe,Ru and Os) clusters (Ey[A,,Hs]) on Equa-

tion (8.2):

gya] - ElA) ;nE[A] 1)

E[A,] — (nE[A]) — 2E[H| — E[H(ZPVE)]
n—+2

where n is the size of the clusters, E is the total energy of the clusters, and

Ey[A,Hy] = (8.2)

atom is the single Fe atom.

The adsorption of energy (E,q) was calculated based on Equation (8.3):
Boq = E[A,Hy] — E[A,] — 2E[H] — E[H(ZPVE)| (8.3)

where ZPVE is zero point vibrational energy of hydrogen. The effect of the zero

point vibrational energy of hydrogen was considered in all calculations.
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8.2 Structure of H, and Fe Clusters

The interaction of small Fe clusters and hydrogen have been extensively studied
as heterogeneous catalysts such as an activation of Hy [55, 98, 284, 285, 286, 287].
However, the fact that Fe behaves as a catalyst is rather surprising as bulk state
Fe is not reactive with H. In fact, the hydrogen causes hydrogen embrittlement
within bulk Fe. Thus, the Fe clusters behaves completely differently compared to
bulk state Fe. Therefore, Fe clusters must be treated differently.

There have been numerous theoretical work towards the interaction of hydro-
gen and Fe clusters. It was experimentally detected that small Fe clusters form
FeH molecules as gas phase [55]. In those cases, the interaction of Fe clusters are
treated in the gas phase. The FeH molecules were later synthesized by using the
laser ablation technique where the characterization was done by the blue green
solar spectrum as well as infrared spectrum [288, 289]. Furthermore, Fe, was syn-
thesized through the photochemical reaction (Fe+Hs =) within in the Ar and
solid Xe [285, 286]. Infrared spectrum has detected FeHs molecules as gas-phase
[284, 290]. Thus, it has been suggested that there have been chemical bond be-
tween Fe clusters and H but the bonding mechanisms and properties still remain
unknown. The interaction of the ground state Fe clusters and H, molecules are

therefore explored.

8.2.1 Geometry: Hy; and Fe Clusters

The Hy molecules are adsorbed into the ground state structure of Fe,, (n=1-9)
clusters (Figure (7.1)). Hy molecules are absorbed within every possible adsorp-
tion site of Fe clusters and the lowest adsorption site structures were taken. The
structural data of the lowest energy Fe,Hs (n=1-9) is collected in Table 8.1 and
Figure 8.1. Figure 8.1 shows that Hy dissociated without having any activation
barriers. This means that Fe clusters can be used as catalysts for dissociating the
Hs molecules.

Major structural change upon the adsorption of Hy was not seen in all cases.
Upon the Hy adsorption, structural elongation for all cases are smaller than 0.1
A. The adsorption site of Hy on Fe clusters are varied depending on the size and

structure of atomic clusters. The dissociated H atoms are located on bridge and
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Fe7H> FesH2 FeoH>

Figure 8.1: Ground state structures of Fe,,Hy clusters, n=1-9. Atomic color codes:
Fe, orange; H, white.
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Hy | Ey | Esa | M G D DH
Fe; | 1.73 1 0.65 | 4.00 | Rz | N/A | 2.99
Feo | 1.94 | 1.07 | 3.00 | Dooy, | 2.07 | 3.37
Fes | 2.25 | 243 | 3.33 | D3, | 2.25 | 341
Fey | 241 | 2.00 | 3.50 | Doy | 2.34 | 2.96
Fey | 252 | 1.64 | 3.50 | Cq, | 2.35 | 3.40
Feg | 2.59 | 0.75 | 3.20 | Dy, | 2.42 | 2.57
Fe; | 2731095 | 2.86 | Ds, | 2.40 | 3.42
Feg | 279 | 0.88 | 3.25 | Cq, | 2.48 | 2.73
Feg | 287 | 1.27 | 3.11 | Cq, | 2.45 | 2.67

Table 8.1: The ground states structures of Hy adsorbed Fe, (n=1-9). E,[A, H,]:
The average binding energy per atom, E,;: The Hy adsorption energy on clusters,
M: The average magnetic moment (up) per atom, S: Symmetry Group, D: The
average bond length in A. DH: H-H distance bond length in A.

top site for the case of Fey and Feg. Both dissociated atoms are adsorbed in the
case of Fes, Fey, and Feg. The dissociated atoms are absorbed in the 3 fold hollow
site in Fes, Fe;, and Feg.

The bond type of Fe-H within each clusters are analyzed by using the Bader
analysis. In all of cases, hydrogen gained within the range of 0.30 to 0.40 of
electrons from Fe clusters. The bond type between Fe clusters and hydrogens are
considered to be ionic-like bonding where such bonding is not seen in bulk Fe and

hydrogen.

8.3 Structure of Hy, and Ru Clusters

The interaction of Ru clusters and hydrogen attract much attention in the field
of catalysts as Ru clusters have shown great catalytic activities in the field of
hydrogenation reaction, polymerization of methyl methacrylate, carbon-carbon
bonding activation[291, 292, 293]. The hydrogenation of small Ru clusters was
previously explored within density functional theory [294]. However, hydrogena-
tion of small Ru clusters have not been experimentally performed although Ru
based complex such as RuHy(CO),, (n=2-4) and RuHy(PPhs), have experimen-
tally studied[291, 292]. Furthermore, synthesizing the Ru based bimetallic alloy is

proven to increase the catalytic activities [107, 293]. Note that catalytic activities

123



Hy Ey | Eag | M G D | DH
Ru; | 2.02 | 1.51 | 2.00 | Rs | N/A | 1.92
Ruy | 2.33 | 1.32 | 2.00 | Dooy, | 2.23 | 2.42
Rus | 2.65 | 2.04 | 1.33 | D3, | 2.36 | 2.50
Ruy | 298 | 1.46 | 0.50 | Dy, | 2.29 | 2.82
Rus | 3.18 | 1.35 ] 0.00 | Cy | 2.41 | 1.91
Rug | 3.39 | 1.41 | 0.00 | C; | 2.38 | 2.66
Ru; | 355 | 1.76 | 0.00 | C; | 2.46 | 3.89
Rug | 3.83 | 1.23 | 0.50 | Cg | 2.35 | 2.29
Rug | 3.83 | 1.35 | 0.67 | C4, | 2.38 | 3.28

Table 8.2: The ground states structures of Hy adsorbed Ru,, (n=1-9). E,[A, H,]:
The average binding energy per atom, E,;: The Hy adsorption energy on clusters,
M: The average magnetic moment (up) per atom, S: Symmetry Group, D: The
average bond length in A. DH: H-H distance bond length in A.

here indicates the lowering the activation energy barriers. It is suspected that
unique electronic structures of Ru clusters are considered to be a reason for high
catalytic activities. However, electronic structures of hydrogenated Ru clusters

still remain a mystery. Here, Hy adsorption on small Ru clusters is performed.

8.3.1 Geometry: Hy; and Ru Clusters

H, adsorption on Ru, (n=1-9) clusters was investigated. The ground state ad-
sorption site of Hy on Ru,, (n=1-9) clusters is shown in Figure 8.2 and the struc-
tural data is collected in Table 8.2. The structural data is shown in Table 8.2 and
Figure 8.2. Slightly elongated H, molecules are absorbed onto the Ru atoms in
Ru; and Rus. In both cases, the H-H distance is calculated to be 1.92 A and 1.91
A, respectively. However, H, adsorption energy on Ruy is 0.16 eV higher than
Rus. Although the H-H distance between Ru; and Rus have similar values, actual
reactivities are slightly different. The dissociated H atoms are adsorbed on the
top of Ru atoms in the case of Ruy, Ruy, and Ru;. The bond length of H and the
nearest Ru atoms in RuH, is found to be 1.59 A. This has good agreement with
previous theoretical value [147]. However, the ground state Hy adsorption site in
Ruy is the top site of Ru without dissociation [294]. This work has energetically
1.14 eV lower than previous work [147]. Within the Ruy, Ruy, and Ruy, Ru; has
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Figure 8.2: Ground state structures of Ru,,Hs clusters, i=1-9. Atomic color
codes: Ru, green; H, white.
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the highest Hy adsorption energy although the Ru-H distance is very smiliar each
other. The dissociated H atoms are adsorbed at each of the bridge and top sites
in Rus, Rug, and Rug. In particular, Hy adsorption energy in Ruj is the highest
within the system. Thus, Rus has the highest reactivity against Hs.

Bader charge analysis shows an interesting trend for the size and charge trans-
fers. Absorbed H atoms on Ru,, (n<4) are negatively charged by 0.1 electrons. On
the other hand, absorbed H atoms on Ru,, (n=5,6,7,9) are negatively charged by
0.2 electrons. Thus, the large size clusters show slightly larger electron transfers.
In the case of RugH,, no charge transfers were seen. Considering that adsorption
energy of Hy on Rug is of an endothermic reaction, the bond type of H and Rug

is considered to have covalent-like bonding.

8.4 Structure of H, and Os Clusters

Although Os clusters shows great catalytic activities [295, 295], Os clusters are
not commonly used as a major catalyst. One of the reasons is due to experimental
difficulties such as the number of isotopes and high toxicity[262, 264]. For that
reason, Os clusters have been indirectly studied using the Os-based complexes
such as OsH(n 2-SoCH)(CO)(PiPr3)s which is known to be a good catalysts for
hydrogenation and carbon-carbon bond activation [295]. Another reason is due to
the lack of theoretical data for Os clusters. Because of experimental difficulties,
theoretical work must be done in order to provide better insight into Os clusters.

Here, the interaction of hydrogen and Os clusters are investigated.

8.4.1 Geometry: Hy; and Os Clusters

The ground state structure of Os, Hy (n=1-9) is collected and shown in Table 8.3
and Figure 8.3. It is surprising that the ground state Hy adsorption site on Os and
Ru clusters are different despite the ground state structures of Os and Ru clusters
being identical. The ground state Hy adsorption site on Os,, (n=1,2,3) is similar
as the Ru,, (n=1,2,3) Hy is absorbed on the top of Os atom in Os; where similar
H, adsorption is seen in Os;. H-H distance in Os; and Os, is calculated to be

2.27Aand 2.17A. Both cases, the adsorption energy is also similar values. Thus,
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Figure 8.3: Ground state structures of Os,,Hy clusters, i=1-9 Atomic color codes:
Os, blue; H, white.
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Hy Ey | By | M G D | DH
Os; [ 2151190 |2.00| Ry | N/A | 227
Osg | 2.74 | 1.57 | 2.00 | Do, | 2.24 | 2.65
Oss | 3.11 | 2.24 | 289 | C; | 245 | 2.56
Osy | 3.71 | 1.83 | 0.00 | Dyp, | 2.29 | 2.17
Oss | 3.98 [ 243 | 0.00 | C; | 242 | 6.44
Osg | 4.34 | 2.28 | 0.00 | Dgp, | 2.39 | 3.97
Os7 | 4.53 | 1.65 | 0.86 | D3, | 2.45 | 3.26
Osg | 4.88 [ 2.35 | 0.00 | Op | 2.37 | 6.10
Osg | 4.90 | 229 | 0.44 | Cy, | 243 | 4.58

Table 8.3: The ground states structures of Hy adsorbed Os,, (n=1-9). E,[A, H,]:
The average binding energy per atom, E,;: The Hy adsorption energy on clusters,
M: The average magnetic moment (up) per atom, S: Symmetry Group, D: The
average bond length in A. DH: H-H distance bond length in A.

the reactivity of Os; and Os, against Hj is relatively the same. The dissociated H
atom is located at the top of Os atoms in Oss, Osg, Osg, and Osg. H7 is adsorbed
on the 3 fold hollow site and the top of Os atoms. It can be seen that the H-H
distance of absorbed H atoms are much larger than in Ru cases. This implies
that there are less activation barriers for Hy dissociation. Thus, Os clusters are
potentially better catalysts than Ru clusters.

Bader analysis was performed in order to see if there is a trend as cluster
size increases. H atoms are negatively charged by 0.1 electron in the case of
Os, (n<3). Similar effect is also seen in Ru, (n<3). Adsorbed H atoms are
negatively charged by an average of 0.25 electrons in Os, (n>4). Thus, the
interaction between hydrogen and Os clusters become more ionic-like bonding as

the size of clusters grows

8.4.2 Property Analysis
8.4.2.1 Stability and Reactivity

The relative stability of bare and Hy adsorbed Fe, Ru, and Os clusters based on
Equation (8.1) and (8.2) is shown in Figure 8.4. It is clearly seen that Os clusters
have the highest binding energy for both bare and Hy adsorbed cases while the Fe

clusters have the lowest binding energies. The high stability of Os clusters is also
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Figure 8.4: The average binding energy of Fe, Ru, Os, FeH,, RuH; and OsHs.

seen by comparing the average bond length of Os clusters before and after Hy
adsorption. In particular, elongation of Os clusters upon Hy adsorption is almost
zero. This is especially important for catalysts. During the catalytic reaction,
the structure of cluster often changes by the chemical reaction. If the cluster’s
structure stay same after the chemical reaction, the clusters are able to re-use for
next catalytic reactions.

The threshold of the stability change upon the Hy adsorption is seen in Figure
8.4. Bare Fe clusters of up to 6 atoms are energetically more stable than Hs
adsorbed Fe clusters. Once the size of Fe cluster hits 6, the stability of both
of bare and hydrogenated Fe clusters are relatively the same. The situation is
different in Ru and Os cases. Until the size of Ru is 4, bare Ru clusters are less
stable than Hy, adsorbed Ru clusters. However, Hy adsorbed Ru clusters are less
stable after the size 4. Bare Os clusters of up to 3 atoms are less stable than H,
adsorbed Os clusters. After size 3, Hy adsorbed Os clusters are less stable than
bare Os clusters. Thus, the stability change point is seen in group VIII clusters

upon the adsorption of Hs.
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Figure 8.5: The projector density of states (PDOS) of the s-state of H and the
d-state of Fe, Ru, and Os in FesH,, FegHy, RusHs, RugHs, OsoHs, and OsgHo.

For both Os and Ru, hydrogenation increases the stability of Ru and Os
clusters. This fact is particularly surprising because hydrogen generally causes
the hydrogen embrittlement in bulk metals. However, the opposite effect is seen
in small Ru and Os clusters. Thus, hydrogen can potentially improve the stability
of Ru and Os clusters. Furthermore, increasing the stability of clusters can also
improve the recyclability of Ru and Os clusters as a catalyst.

The selected projector density of states (PDOS) shown in Figure 8.5. of FeoHo,
FegHs, RusHs, RugHs, OsoHs, and OsgHy are investigated where the s-state of H
and the d-state of each of Fe, Ru, and Os are taken. The s-state of H and the
d-state of Fe is strongly overlapped below the fermi level. This indicates that
the Fe-H bonding mechanism in FeoHs and FegH, is essentially the same. This
explains why stability change upon Hy adsorption are not seen in Fe cluster cases.
This also explains that the stability of Fe clusters of up to 5 atoms dramatically
increased due to the strong overlapping of H and Fe. The situation is different
in the cases of Ru and Os. In particular, the strong overlapping of the s-state
of H and the d-state of Ru and Os are seen in RugHs and OsgHy/ On the other
hand, there is a weaker overlapping below the fermi level in RugHs and OsgHs.

This is why RugHs and OsgHs has weaker binding energy than Rug and Osg. Hy
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Figure 8.6: Hy adsorption energy of FeHy, RuHs and OsHs.

adsorption energy can gives the relative reactivities of the clusters. Hy adsorption
energy on Fe, Ru, and Os clusters is calculated based on Equation (??) and shown
in Figure 8.6. Within the system, Os; shows the highest Hy adsorption energy of
2.43 eV. Thus, Os cluster shows generally shows the higher reactivities. Another
interesting is that cluster size of 3 for Fe, Ru, and Os shows high H, adsorption
energy. This suggests that triangle shape structure in group VIII create stronger
bond with H atoms.

8.4.2.2 Magnetic Properties.

The magnetic moment of bare and Hy adsorbed Fe, Ru, and Os clusters per atom
was evaluated and shown in Figure 8.7. The magnetic moment of Fe clusters
remain high with Hy adsorption but Ru and Os behaves differently. The magnetic
moment of Ru and Os clusters decrease upon Hy adsorption. In general, bonding
with hydrogen reduces the magnetic moment as hydrogen makes a pair with
unpaired spins. However, in some cases, increment of magnetic moment upon H,

adsorption is seen.
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The average magnetic moment (up) per atom of Fe, Ru, Os, FeHs, RuH,
and OsHj is shown in Figure 8.7. It can be seen that the magnetic moments of
both bare and hydrogenated Ru and Os clusters decrease when increasing the
cluster size while both bare and hydrogenated Fe clusters keep high magnetic
moments. In general, the change of magnetic moment is considered to be due
to the spin cancellation that occurs by filling the electron hole in the d-state.
A large decrement of magnetic moment upon H, adsorption on Ru, and Os,
(n=1,2) occurs when hydrogen atoms are introduced to the Os and Ru systems.
However, spin cancellation does not explain the change of magnetic moment
upon Hy adsorption in some cases. Another interesting is the change of LUMO
gap by the change of magnetic moment. When the magnetic moment increases,
the LUMO value increased. When the magnetic moment decrease, the LUMO
value decreased. Thus, there may be a correlation between LUMO value and the
magnetic moment. However, the change of magnetic moment upon Hy adsorption

depends on the size and the structure of atomic clusters.
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Chapter 9

Bimetallic Cluster: TiFe

TiFe alloy caught attentions as a hydrogen storage material in early 1970’s [296].
In particular, the operation temperature of TiFe alloys is around the ambient
temperature [297]. Because of the good kinetics of TiFe alloys, catalysts are
unnecessary during the hydrogenation and dehydrogenation processes. However,
the TiFe alloy can have only a maximum of 1.86 wt% of hydrogen where the
reversible capacity is 1.5wt% where the hydrogens are absorbed in interstitial
site of TiFe alloys. This is very low hydrogen capacities for further practical use.

Various experimental approaches have been taken towards improving the hy-
drogen capacities of TiFe alloys. One approach is the partial substitution of TiFe
[297]. Another is mechanical milling [298]. In either case, some properties of
TiFe alloys are improved such as the long term cycling stabilities. However, the
hydrogen capacities of TiFe alloys have not been improved yet.

Atomic clusters can be a potential solution of improving the hydrogen ca-
pacity of TiFe alloys as the atomic clusters shows unique physical and chemical
properties against hydrogen. In this chapter, the interaction of hydrogen and
TiFe clusters up to ten atoms are discussed.

Computational details using GPAW are listed below:

e Method
GPAW

e Grid Spacing
h=0.18 A
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e Periodic boundary condition

v point calculation

e Smearing

0.00 eV of smearing

e Spin polarization

Spin polarization was considered

e Exchange-correlation

PBE

e Mode

Finite Difference for final screening and LCAO for initial screening

e Optimization method
BFGS with 0.05 of force

¢ Global optimization method

Basin-hopping algorithm

9.1 Ti Clusters

The ground state structure of Ti clusters up to five atoms are explored using the
basin-hopping algorithm. The ground state structure and structural data of Ti
clusters are shown and collected in Figure 9.1 (a) and Table 9.1. The ground state
structure of Ti clusters in this work has good agreement with previous theoretical
and experimental works [299, 300].

It can be seen that the ground state structure of Ti and Fe clusters are almost
identical whereas the binding energy of Ti clusters are larger. However, the
magnetic moments of Ti clusters are lower than Fe clusters. This can be explained
by the bond type of those two clusters. Ti; has four unpaired electrons in the
d-state resulting in 4.0 up while the magnetic moment of Ti in Ti, is calculated to
be 1.00 pp. This indicates that three unpaired electrons of Ti in Tiy make pairs

with another Ti in Tiy resulting in 1 up each. Based on the magnetic moment of
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Size| E, | M | G | D
N/A [400| Rs | N/A
1.39 | 1.00 | Doy | 1.94
1.86 | 1.33 | Dg, | 2.34
2.38 | 1.00 | Dyg | 2.49
2.73 | 0.40 | Dy, | 2.52

Ol > W N+~

Table 9.1: The ground states structures of Ti,, (n=1-5). E;: The average binding
energy per Fe atom in eV, M: The average magnetic moment per atom in pg, S:
Symmetry Group, D: The average bond length in A.

Tisy, the bond type of Ti, is considered to be a triple bond. Thus, strong bonding

in Ti clusters results in higher binding energies than Fe clusters.

9.2 TiFe Clusters

Bimetallic clusters based on Fe and Ti clusters are explored using the basin-
hopping algorithm. The global optimization of bimetallic clusters are tricky as
the position element plays a important role for determining the energy of clusters.
Therefore, basin-hopping algorithm for bimetallic clusters are implemented. In
particular, swap method was implemented along with the shake method within

the basin-hopping algorithm.

Ey M G | Dri—re | Dri | Dpe
N/A [ 0.00 | Cow | 170 | N/A | N/A
2.06 | 0.00 | Csq, 2.25 2.81 | 2.93
2.50 |1 0.33 | C; 2.56 2.95 | 2.70
3.22 1 0.75 | Cy 2.50 2.79 | 3.10
3.34 | 0.60 | C, 2.56 2.99 | 3.22

QU= W N =B

Table 9.2: The ground states structures of Ti,Fe, (n=1-5). E,: The average
binding energy per Ti/Fe atom in eV, M: The average magnetic moment per

atom in ppg, S: Symmetry Group, D: The average bond length Dp;_ e, Dr;, and
Dpe in A

The ground state structure and structural data of TiFe clusters are shown and
collected in Figure 9.1 (b) and Table 9.2. As the TiFe clusters grow, Ti atoms

tend to bond together while Fe atoms are bonded around Ti atoms. The average

136



28

2.6

3.4

3.2r

3.0

281

E.{eV)

2.6

241

22

2.0

Size (N)

Figure 9.1: The ground state structures of a) bare Ti and Fe clusters and b) TiFe
clusters with binding energy. Atomic color codes: Fe, Blue; Ti, Gray.
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Figure 9.2: The density of states of Tiy, TisFey, and Fey. Atomic color codes: Fe,
Blue; Ti, Gray.

bonding distance seen in Table 9.2 shows that the Fe-Fe and Ti-Ti distances are
similar in value until Ti,Fe, (n=3) where Figure 9.1 (b) shows that Fe and Ti are
evenly distributed. However, when the Ti,Fe, (n = 4 and 5), Ti atoms occupied
the center of the TiFe clusters while the Fe atoms are located around Ti atoms as
shown in Figure 9.1 (b). From these calculations, Ti atoms is predicted to form
a core shell within TiFe clusters as the size of clusters grow.

Ti; Fe; shows a shorter distance of 1.7 A and higher binding energy than bare
Tis and Fey. Magnetic moments of Ti and Fe are calculated to be 0 pp for both
atoms where both Ti and Fe atoms have four unpaired spins in the d-state. This
implies that the bonding type between Ti and Fe atoms are quadruple bonding
as the 4 unpaired spins are shared. Thus, TiFe clusters shows much stronger
bonding than bare Ti and Fe clusters.

The electronic structures of Tiy, TisFey, and Fey were investigated to see how

the electronic structure changes by being bimetallic clusters as shown in Figure
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9.2. The density of state shows that TiyFe, has very similar electronic structure
to Tis. This implies that TisFe,; behaves more like Tiy than Fey. This can be
explained by the structure of TisFey. Ti atoms are located in the center of TisFey

and this could be a reason why electronic structure follow Ti clusters.

9.3 Hydrogenation of TiFe Clusters

Hydrogenation of TiFe clusters is performed. Hydrogenated TiFe clusters are
shown in Figure 9.3. It can be seen that TiFe clusters are able to absorb large
amounts of hydrogen. Bader analysis was performed in order to see the bond
type of hydrogen and TiFe clusters. Bader analysis shows that H atoms adsorbed
on Ti atoms is negatively charged by 0.5 electrons while H atoms adsorbed on
the Fe atom is negatively charged by 0.2 electrons. This indicates that the bond
type of TiFe clusters are ionic-like bonding while the hydrogen is located at the
interstitial site of bulk TiFe. Moreover, adsorption on one H atoms on Ti;Fe;
cluster was performed. In such case, H atom is stable with Ti atoms. Thus, the
bond type of TiFe and hydrogen is different in bulk and clusters.

Hydrogen capacities of TiFe clusters are large as seen in Figure 9.3. However,
it has a major drawback which is strong bonding of TiFe clusters and hydrogen
atoms. Hydrogen stepwise desorption of TisFes clusters are investigated in order
to see the hydrogen desorption energies of TiFe clusters. The average desorption
energy of hydrogen from TisFe, clusters is calculated to be 3.31 eV which can
be converted to 318 kJ/mol. That suggests that hydrogen desorption in TisFe,
requires the high temperatures. Thus, TiFe clusters are able to contain large
amount of hydrogen atoms. However, it require high temperature for dehydro-
genation due to the strong bonding between TiFe and hydrogen atoms. Because
the bond type of hydrogen and small TiFe clusters are considered to be chemical
bonding due to the strong binding energy, the introduction of catalysts might
be possible solution to improve the kinetic of hydrogenated TiFe clusters. Fur-
thermore, supported TiFe clusters are needed to be investigated for experimental

work.

139



TiiFeiHe

TisFesH2> TisFesHz6

Figure 9.3: The ground state structures of hydrogenated TiFe clusters. Atomic
color codes: Fe, Blue; Ti, Gray, H, White.
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Chapter 10
Hydrogenation of Fe Clusters

In general, bulk state Fe and H do not combine with each other under ordinary
conditions [301]. In fact, hydrogen causes hydrogen embrittlement in bulk iron
[302, 303, 304, 305]. However, it is suggested that discussion over the existence of
iron hydrides in the field of astrophysics and planetary science[306, 307, 308, 309,
310, 311, 312]. In particular, iron hydride is believed to be found within the earth
core where bulk HCP structure FeH exists [313, 314, 315, 316, 317]. However,
it require more than 20 Gpa of ultra high pressure in order to form bulk iron
hydride [306, 307, 308, 309]. Such FeH is extremely unstable. Once pressure is
released, the structure of FeH is destroyed, meaning that the bonding of the bulk
FeH in high pressure does not form any sort of chemical bonding. Thus, bulk
FeH under high pressure make it difficult to use as practical applications such as
hydrogen storage because of its extreme environment.

In the field of atomic clusters, it has been suggestions of strong interaction
between clusters and hydrogen [318, 151, 319, 149]. Gas-phase Fe cluster ex-
periments suggests that Fe clusters are extremely reactive against hydrogen and
that the Fe-H bond occurred by some sort of chemical bondings[55]. Further-
more, several research provide the existence of FeH molecules. FeH molecules
are confirmed by the the blue-green solar spectrum as well as the near-infrared
spectrum[288, 289]. Later on, infrared spectra even discovered the formations of
FeH, and FeHs [284].

Experimentally synthesizing FeH clusters are performed in chapter 12. FeH

molecules are now known to be able to be synthesized by using the decay of °"Co
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embedded in solid hydrogen and by the interaction of iron pentacarbonyl vapor
and atomic hydrogen in a microwave discharge [320, 321]. FeH clusters can be
also produced by using laser ablation into metal source within the argon and H
gas environment. However, the details of the interaction of Fe and H have yet to
be understood. In this study, the interaction of gas phase Fe clusters and H are

investigated using the density functional theory and basin-hopping algorithm.

10.1 Computational Details

The computational details of GPAW is listed below:

e Grid Spacing
h=0.18

e Periodic boundary condition

~ point calculation meaning non-periodic boundary condition

e Smearing

0.00 eV of smearing was applied

e Spin polarization

Spin polarization was considered

¢ Exchange-correlation
PBE

e Mode

Finite Difference for final screening and LCAO for initial screening

e Optimization method
BFGS with 0.05 of force

The binding energy of Fe clusters (E,) was calculated based on Equation
(10.3):
Eb:E(Fen) —E(F@l) xn—EZpVEFe (101)

where n is the size of the clusters, E is the total energy of the clusters, and

ZPVEFe is zero point vibrational energy of Fe atoms.
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The binding energy (Ey,) of H to each Fe clusters was calculated based on
Equation (13.2):

H.
Ey, = E(FeyHy,) — E(Feqom) — 72 Xy —FEzpven — EzpvEFe (10.2)

where x is the size of the Fe atoms, y is the number of H, and ZPVEH is zero
point vibrational energy of H atoms. The effect of the zero point vibrational
energy of hydrogen and Fe clusters was included for increased accuracy in the

calculations.

10.2 Fe; and H

The interaction of hydrogen and one gas-phase Fe atom are investigated. Exper-
imental studies have confirmed the existence of FeH, FeH,, and FeHs [288, 289,
284]. Therefore, FeH, is explored using the density functional theory. Compu-
tational methodology is quite simple. A single hydrogen atom is adsorbed into
single Fe atom and relaxation is performed. Once relaxation is done, next hydro-
gen atom is adsorbed. The basin-hopping algorithm was implemented in order
to find the ground state configurations for each H adsorption. The structural
data are shown in Figure 10.1 and Table 10.1. The structure of FeH, FeHs, and
FeH3 which were experimentally confirmed are also calculated . The vibrational
frequency calculation was done in order to compare theoretical and experimental
infrared spectrum value. The calculated vibrational frequency of FeH, FeH,, and
FeHj; is found to be 1768.0cm ™, 1700.4cm ™!, and 1815.3cm ™, respectively. This
has good agreement with experimental frequencies [284, 290, 147]. Figure 10.1
shows that one gas-phase Fe atom can absorb up to 10 hydrogen atoms. This is
2.5 times more than methane (CH,) have.

The geometrical evolution of FeH clusters is interesting as the hydrogenated
Fe atom grow two dimensionally up to FeHg. However, the adsorption of a seventh

hydrogen creates the three-dimensional atomic configurations.

143



FeHx Ebh M S D Q

0.03 ] 3.00 | Cx, | 1.56 | 0.28
0.64 | 4.00 | Cq, | 1.60 | 0.39
1.13 | 3.00 | Cy, | 1.67 | 0.18
1.46 | 2.00 | C; | 1.60 | 0.16
2121 1.00 | C; |1.68]0.12
2.90 | 2.00 | Dgp | 1.56 | 0.11
3.45 [ 1.00 | Cy | 1.59 | 0.06
3.84 12.00| Cy | 1.65| 0.06
470 | 1.00 | C; | 1.60 | 0.05
0 5.80 | 0.00 | Cy | 1.57 | 0.04

= O 00 3O Ol Wi -

Table 10.1: The ground states structures of Fe;H; (i=1-10). Eg;: The total
binding energy in eV, M: The magnetic moment of Fe; in pp, S: Symmetry
Group, D: The average Fe-H bond length in A Q: Average charge transfer of
Fe-H in electrons.

10

WLV

Number of H

Figure 10.1: Ground state structures of Fe;H; clusters and corresponding mag-
netic moment, i=1-10. Atomic color codes: Fe, Orange; H, White.
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10.2.1 Magnetism

The magnetic moment of the FeH,, cluster shows an interesting change by adsorp-
tion of H atoms as shown in Figure 10.1. The electronic structure of gas-phase
Fe atom has 3d%4s? which has 4 unpaired spins in the 4d state. Therefore, one
Fe atom has 4 up. Adsorbing one H atom into an Fe atom drops the magnetic
moment to 3 pup. This can be explained by the electron pairing of the d-state of
Fe and the s-state of H. One unpaired electron in 4d makes a pair with the 1s
electron of H resulting in the 3 up.

It is interesting that the magnetic moment of FeHs jumps backs to 4 ugp.
This is due to the unique electronic structure of the d-state of Fe. Two unpaired
electrons from 3d contributes to make a pair with each of 1s electron of H atoms.
As a result, there are 4 unpaired electrons in the 3d state of Fe. In particular,
it is expected that Fe should form Fe?*. Further analysis of bonding as well as
charge state are discussed in the bonding section.

In the case of FeHs, the bonding mechanism should be slightly different. The
magnetic moment drops down to 1 up. A possible explanation is that one un-
paired electron contributes to one electron of H. Two unpaired electrons make a
pair with two of H. Thus, the total unpaired electron in 3d state is 1, resulting
inal ug.

The magnetic moment of FeHy is even more interesting. The magnetic mo-
ment jumps back from 1 ug to 2 pug. In this case, two electrons from the d-state
transfer to two H. After the transfer, the 3d now has 4 unpaired electrons. Then,
two unpaired spins make an electron pairing with the rest of two H atoms resulting
2 up. This suggests that there are two different bonding states.

The magnetic moment of FeHs is calculated to be 1 pp. One of the 3d
electron transfers to H and then 4 of 3d unpaired electrons share the electron
with 4 of H atom. Thus, the magnetic moment becomes 1 pg. The similar
physical phenomena is seen in the FeHg. Two of the 3d electrons transfer to two
H atoms and 4 of 3d unpaired electron share the 4 of H atoms electrons. Thus,
the magnetic moment is calculated to be Opp.

Once the structure of FeH becomes a three dimensional configuration, the

electronic structure between Fe and H slightly changed. FeH; has 1 up.
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10.2.2 Bonding

The charge density difference and density of state analysis was done. The charge

density difference of Fe atom and H atom are calculated by Equation (10.3).

Ap = P(rery) = P(Fe) = P(H,) (10.3)
The charge density difference of FeH and FeHy is shown in Figure (10.2). The

charge density difference of FeH shows that electron concentration is seen around
H atoms. This suggest that a unpaired electron in 3d transfers to an H atom.
However, the Bader analysis shows that 0.2 electrons are transfered from Fe to
H. The magnetic moment of Fe in FeH is calculated to be 3 pp. This means that
one of unpaired electrons in the d-state of Fe should make a pair with the s-state
electron of hydrogen.. The density of state of FeH shown in Figure (10.3) shows
that there is overlapping of H and Fe. Thus, the d-state of Fe and Fe-H bonding
is based on a mix of covalent bonds as well as some ionic bonds.

The charge density difference of FeHy shown in Figure (10.2) (b) shows slight
electron transfer from Fe to H as charge density difference around Fe atoms has
bluish green color.. The magnetic moment of Fe in FeHs is calculated to be 4 pp.
This suggests that two electrons in the d-state of Fe should be transfered to H,
resulting four unpaired electrons in the d-state of Fe. Bader analysis also shows
that each H atom is negatively charged by 1.4 electrons. PDOS of FeH, shows
an overlapping of Fe and H but the intensity does not match as FeH case. Thus,
FeH, forms Fe™2H™.

10.3 Hydrogenation of Fe, H,

The hydrogenation of Fe,, (m-2-9) is performed using density functional theory
and basin-hopping algorithm. The structural data is shown in Table 10.2 and
Figure 10.4. Hydrogenation of Fe clusters have been experimentally tested by
numerous researchers[55, 148]. It is suggested that the ratio of the number of
hydrogen and the size of Fe clusters is 1[148]. However, it is still experimentally
difficult to pin point the exact number of hydrogen. In fact, this study shows

that Fe clusters are able to absorb more hydrogen than the previously reported
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Figure 10.2: The charge density difference of (a) Fe;H; and (b) Fe,Ho.
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Figure 10.3: PDOS of s,p, and d-state of Fe and s-state of H(B) in Fe;Hs.
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FeeHs> Fe 7H39 FegHs;

Figure 10.4: Ground state structures of Fe,,H, clusters, (m=2-9) (n=maximum
adsorbed H atoms). Atomic color codes: Fe, Orange; H, White.

the ratio of one.

Fe, clusters can absorb up to 18 hydrogen atoms. It is surprising that the Fes
atom can absorb such a large amount of hydrogen. As the size of Fe cluster grows,
the number of hydrogen atoms which can be adsorbed decreases. This is due the
decrease of the surface to volume ratio. Fe clusters are reactive with hydrogen
due to the high surface to volume ratio so that the d-state electon can interact
with hydrogen in clusters. Because of that reason, it is reasonable phenomena
that the number of adsorbed hydrogen decreases by increasing the Fe cluster size.

Upon hydrogenation, the structural elongation was seen in all cases. The elon-
gation mechanism should be due to the-d electron bond with hydrogen resulting
in a weakening bond between Fe-Fe atoms. For instance, the Fe-Fe distance in
hydrogenated Fe, elongated from 2.00 Ato 2.79A.

This section opens up the idea of hydrogenation of gas-phase Fe clusters.
However, it is hard to use hydrogenated Fe clusters in commercial applications.
In order to use commercially, the hydrogenated Fe clusters must be deposited
on to a surface. In the next section, supported hydrogenated Fe clusters are

investigated.
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Size | B, | M | G | D |H| Mh] I
1 |NJA[4.00| Ry | NJA[10]0.00 10
2 | 1.09 | 3.00 | Dok | 1.99 | 18 | 0.00 | 9
3 | 144 |2.67| Dy, | 2.16 | 25 | 0.36 | 8
4 200|350 Dog | 225 |25|0.26| 6
5 231 [360| Cy | 23828162/ 6
6 |258 333 Dy | 231 32]098] 5
7 | 275|3.14| Ds, | 238 |39 | 044 | 6
8 283300 Co |232|51]012] 6
9 | 289|289 Co | 238 |56|0.00]| 6

Table 10.2: The ground states structures of Fe,, (n=1-9). E;: The average binding
energy per atom, M: The average magnetic moment per atom, S: Symmetry
Group, D: The average bond length in A H: Maximum number of hydrogen that
can be adsorbed. Mh: Magnetic moment of hydrogenated Fe clusters per Fe
atoms. I:Number of absorbed H atoms by the number of Fe size.
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Chapter 11

Supported Bare and
Hydrogenated Clusters

Gas-phase atomic clusters have proven to have powerful physical and chemical
properties. However, it is challenging to use such gas-phase clusters as applica-
tions. Therefore, gas-phase clusters must be deposited onto surfaces [322, 323,
324]. In this chapter, the deposition of Fe clusters as well as hydrogenated Fe
clusters are investigated. In particular, it is important to preserve the structure
and properties of gas-phase clusters when the clusters are deposited on s sur-
face. Therefore, several different surfaces are tested to see which surface plane

preserves the structure and properties of clusters.

11.1 Computational Methods

Computational detailed of supported Fe clusters:

o Method
GPAW

e Grid Spacing
h=0.18

e Periodic boundary condition

K-point (4x4x1) calculation for periodic boundary condition.
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e Smearing

0.1 eV of smearing was applied

e Spin polarization

Spin polarization was considered

e Exchange-correlation
VAdW-DF

e Mode
LCAO mode was implemented as graphene/Cu system require large amount

of atoms.

e Optimization method
BFGS with 0.05 of force

11.2 Potential Surfaces

Two substrates, silicon dioxides (SiO3) [68, 325] and aluminum oxides (Al;Os3)
[326, 327, 328], are commonly used for supporting the atomic clusters [329, 330,
331, 332, 333]. The structure of SiOs and Al,O3 are shown in Figures 11.1 (a) and
(b). Figures 11.1 (a) and (b) show that both SiOs and AlyOj are fully oxidized.
In both cases, they are considered to be inert enough to keep the structure and
properties of atomic clusters. In this work, graphene was also considered as a po-
tential substrate for supporting Fe clusters shown in Figure 11.1 (¢). Graphene
is a two dimensional carbon layer with having outstanding electronic and me-
chanical properties [219, 220]. It has been suggested that graphene can be used
as substrate for supporting atomic cluster [223, 224]. Therefore, graphene is also

investigated for supporting Fe clusters.

11.3 FeH on Al,O3; and SiO,

The interaction of FeH clusters and Al,O3 (110) and SiOy (100) is explored. In
particular, FeH, adsorption is investigated. The geometrical models are shown

in Figure 11.2.
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Figure 11.1: a) Al,O3 (110), b) SiO (100) and ¢) Graphene. Atomic color codes:
Al, Purple; Si, Orange; C, Gray.

It is seen that oxidation of Fe as well as H atoms are seen. Fe atom on
AlyO3 (110) bonds with surrounding with three O atoms. The structure of FeH
is preserved but the Fe atom in FeH is bonded with the surrounding with 4 O
atoms.

The case of FeHy on Al,O3 (110) shown in Figure 11.2 (a), one of the H creates
the O-H bond while another H atom bond with Fe atoms. Furthermore, Fe atom
in FeHs bonded with the surrounding four O atoms. The adsorption energy of
FeH, on Al,O3 (110) is calculated to be -5.96 eV. This indicates that FeH, is
strongly binding with the surface. Thus, Al,O3 (110) is not able to preserve the
structure and properties of FeHs.

The FeH, adsorption of SiOy (100) is shown in Figure 11.2 (b). Similar to
FeH; on Al,O3 (110), one H atom is dissociated and form O-H bond. Fe atom in
FeH, is bond with one O atom. The adsorption energy of FeHs on SiO, (100) is
also calculated to be -4.62 eV. Thus, SiO, surface also show oxidation and strong
binding with surface upon adsorption of FeHs,.

Fe clusters and hydrogenated Fe clusters react with AloO3 and SiO4 due to the
strong binding with surface and oxidation. As a result, Al,O3 and SiO, promotes

the oxidation of Fe clusters and is not suitable for this work.
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Al,O, (110) $i0, (100)

Figure 11.2: FeHy on (a) Al,O3 (110) and b) SiO4 (100). Atomic color codes: Al
Purple; O, Red; Fe, Blue; H, White.

11.4 Graphene

The deposition of Fe as well as hydrogenated Fe atoms on a single layer graphene
is investigated. The structure of FeH,(x=0-10) on graphene is shown in Figure
11.3. The graphene has three adsorption site; hollow, bridge, and top site. The
Fe atom was adsorbed on hollow, bridge and top of C atom. The Fe atom is
energetically stable on the hollow site. One hydrogen atom is then adsorbed on
Fe atom on graphene. This is particularly interesting compared to FeH in the
cases of Al,O3 and SiOs. In both cases, the Fe atom forms an oxide. However,
the Fe atom does not form any oxides on graphene. In particular, the structure of
FeH is well preserved from the gas-phase FeH. The bond length of gas-phase Fe-H
is calculated to be 1.61 A where the magnetic moment of Fe in FeH is calculated
to be 3.00 pp. The bond length of Fe-H in supported FeH on graphene shown in
Figure 11.3 is calculated to be 1.57 A where the magnetic moment is calculated
to be 3.00 pp. The bond length of Fe-H in the supported case is 0.03 A shorter
than FeH on graphene. Thus, the structure of FeH is almost not affected by the
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graphene surface. In fact, FeH is adsorbed on graphene with -1.21 eV of weak
binding energy. Therefore, graphene can be a perfect substrate for supporting
atomic clusters.

Further hydrogenation of Fe atom was also explored in order to see how many
hydrogen Fe atoms on graphene can adsorb. Previous section shows that one Fe
atom can absorb the maximum of 10 hydrogen atom. Therefore, 10 H atoms are
attempted to adsorb on one Fe atom on graphene shown in Figure 11.3. The
Fe atom on graphene is able to adsorbed 10 H atoms but the binding situation
between FeH, and graphene changes by the number of H atoms present. In
particular, there is no binding between FeHg-FeH o and graphene surface. This
shows that Fe atom on graphene can adsorb a maximum 5 hydrogen atoms which
is half of the amount compared to what gas-phase Fe atom can potentially adsorb.
Additionally, the structure of FeH, is slightly different from the gas-phase FeH,.
However, the effect of graphene is small enough to preserve the structure and

properties of atomic clusters.

11.5 Graphene/Cu

Graphene is proven to be a very effective substrate for supporting atomic clusters,
especially FeH clusters. However, the graphene substrate has a serious drawbacks
for experimental work. A single layer graphene consists of one atomic layer of
carbon so that graphene must be supported on a substrate. Numerous substrates
have been tested. Au and Ni have been commonly tested for early studies of
graphene and metal surface system experimentally [334, 335]. However, the Cu
substrate has caught much attention due to its scalability which means that Cu
substrate has the low cost as well as stability for supporting the graphene. For
this reason, a Cu substrate was used for supporting graphene.

The interaction of graphene and Cu substrate was theoretically modeled. Dur-
ing the modeling process, it is challenging to match two different elements due to
a large mismatch of lattice constant. Fortunately, the lattice of graphene and the
Cu (111) plane has minimum lattice mismatch. Therefore, a single layer graphene
and Cu (111) plane are constructed.

The interaction of graphene and Cu resulting in serious issues within the
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Figure 11.3: FeH, (x=0-10) on graphene. Atomic color codes: Fe, Blue; H, White;
C, Carbon.

| XC | Graphene-Cu distance |
LDA 2.19 A
PBE 3.80 A
VAW-DF 3.60 A

Table 11.1: The distance of graphene and Cu with different exchange correlation.
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Figure 11.4: FeH cluster on graphene on Cu (111). Atomic color codes: Cu, Pink;
C, Carbon.

density functional theory calculations. In particular, the different exchange cor-
relations created various interactions between graphene and Cu. Table 11.1 shows
that the graphene-Cu distance by different exchange-correlation. Note that ex-
perimental distance between Cu and graphene has not been revealed yet. PBE
exchange correlation shows a 3.80 A of distance between graphene and Cu. This
shows that there is no binding between graphene and Cu. On the other hand,
LDA shows a distance of 2.19 A which implies overbinding. Thus, the common
exchange-correlation is therefore not able to simulate the distance between Cu
and graphene accurately. Graphene is a carbon material, meaning that there must
be Van Der waal force. Therefore, the VAW-DF exchange-correlation is applied
for the graphene/Cu case. VAW-DF calculates the distance between graphene
and Cu to be 3.60 A. This indicates that graphene and Cu is bonded through
weak physisorption by Van der waals force. In the dissertation, the VAW-DF

exchange-correlation is used for the graphene/Cu shown in Figure 11.4.

11.6 FeH/Graphene/Cu

The structure of FeH clusters on graphene/Cu (111) is investigated in order to

see how the structure is different between the gas phase and on the single layer
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| | Fe-H bond length | Fe (up) |

Gas 1.61 A 3.00
Graphene 1.57 A 3.00
VAW-DF 1.61 A 3.00

Table 11.2: The bond length of Fe and H in FeH in gas phase, on graphene, and
on graphene/Cu(111).

Figure 11.5: Fe clusters on graphene on Cu (111). Atomic color codes: Cu, Pink;
C, Gray.

graphene. Table 11.2 shows the bond length of Fe and H and magnetic moment of
Fe in FeH cluster on different surfaces. Figure 11.5 also shows FeH is adsorbed at
the hollow site of graphene on Cu(111). Table ?? indicates that the bond length
of Fe-H in FeH is identical to the bond length of gas phase Fe-H while the bond
length of Fe and H is slightly shorten on single layer graphene. Additionally, the
magnetic moment of Fe in FeH cluster remains 3.00 pp in all cases. Thus, the

graphene/Cu (111) preserves the structure of Fe clusters.

11.7 Fe Clusters on Graphene/Cu

Bare Fe clusters on graphene/Cu(111) is investigated before the hydrogenated Fe

clusters. The basin-hopping algorithm is implemented for finding the ground state
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Figure 11.6: Graphene on Cu (111). Atomic color codes: Fe, Blue; Cu, Pink; C,
Carbon.

Fe clusters up to 9 atoms on graphene/Cu (111). In particular, the basin-hopping
algorithm was modified for this case. Surface, graphene/Cu(111), was fixed dur-
ing the basin-hopping calculation. Only the structure of Fe clusters are changed.
In this way, the lowest energy structure of Fe clusters on graphene/Cu(111) is
determined.

The ground state structure of Fe clusters up to 9 atoms on graphene/Cu(111)
is shown in Figure 11.6. The structure of bare Fe clusters on graphene/Cu(111)
are different from the gas phase structure shown in Figure 7.1. Fe atom is ad-
sorbed onto the hollow site of graphene. Fey has lays on parallel to the graphene.
Fes has perfect triangle shape. Fe, has a tetrahedron configuration. The struc-
ture of supported Fe, (x=2-4) has the same structure as their gas-phase structure.

However, the structure of supported Fe clusters start to differ beginning from the
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size b clusters.

The structure of Fes has an elongated square pyramid configuration. Feg then
has a pentagonal configuration and Fe; has a hexagonal pyramid configuration.
Adsorbing an Fe atom on a hexagonal pyramid configuration create the Feg. From
sizes b to 8, the ground state structures have a two dimensional like configuration
compared to gas phase Fe clusters.Feg has a large pyramid -like structure without

top atoms. Thus, the Fe clusters grow differently compared to the gas phase.

11.8 Hydrogenated Fe Clusters on Graphene/Cu

The hydrogenation of Fe clusters up to 9 atoms on graphene/Cu is explored.
Because the ground state structure of supported Fe clusters are different from gas-
phase, it is expected that Fe clusters have different properties. As it is mentioned
in previous section, there is no bonding between FeHg and graphene/Cu(111). It
is clearly seen that Fe clusters on graphene/Cu(111) is able to be hydrogenated.
However, the number of adsorbed hydrogen atoms is less than the gas-phase cases.
Furthermore, the structural elongation upon hydrogenation is seen all cases.
Thus, the calculations indicate that Fe clusters on graphene/Cu substrate
are able to be hydrogenated. It must be noted that oxidation of Fe clusters are

necessary to consider for experimental work.
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Figure 11.7: Hydrogenated Fe clusters on graphene on Cu (111). Atomic color
codes: Fe, Blue; H, White; Cu, Pink; C, Gray.
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Chapter 12

Experimental Support for
Theoretical Work

In this chapter, supplemental experiments were performed in order to confirm and
support the theoretical work. Previous chapters, the hydrogenation of Fe clusters
are considered and predicted. In particular, the hydrogenation of Fe clusters over

the graphene/Cu substrate.

12.1 Deposition of Fe Clusters

Graphene is a single atomic layer of carbon. Because of that reason, graphene
must be placed on the substrate. In this work, it was revealed that graphene is
well stabilized on the Cu substrate where graphene and Cu weakly interact by
Van der Waals force. The graphene is synthesized on a Cu substrate by chemical
vapor deposition. Methane, CHy, is used as a carbon source where hydrogen gas
is inserted as a catalyst. Graphene is synthesized at 1000°C. The confirmation
of graphene on Cu is done by Raman spectroscopy which is able to confirm the
number of graphene layers as well as defects.

Deposition of Fe clusters on graphene/Cu substrate was accomplished by us-
ing vacuum deposition technique. It must be noted that controlling the size of Fe
clusters is challenging with vacuum deposition technique. The intention is to de-

posit numerous amounts of Fe nanoparticles as well as Fe clusters on grphene/Cu.
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Figure 12.1: (a) TEM images of Fe nanoparticles on graphene/Cu and (b) cor-
responding EDS analysis.

The goal of the experiment is to synthesized the hydrogenated Fe clusters.

12.2 TEM Analysis

The deposited Fe clusters on graphene/Cu was observed by using transmission
electron microscopy TEM. The TEM image is shown in Figure 12.1 (a). TEM
images show that there are large size nanoparticles. However, there are also
very tiny pices of nanoparticles whiere the size are approximately the range of
1-3nm. Energy-dispersive X-ray spectroscopy (EDS) analysis confirms that the
sample contains the Fe, C, and Cu shown in Figure 12.1 (b). Thus, Fe cluster on

graphene/Cu substrate was successfuly synthesized.

12.3 Sample Preparation

Hydrogenation of Fe clusters on graphene/Cu substrate is performed. Two sam-
ples were prepared for hydrogenation: i) Fe clusters on graphene/Cu, and ii)
graphene/Cu. By testing two samples, it can be confirmed whether Fe clusters
are responsible for hydrogenation or not. Each sample is placed inside a sample
holder. Hydrogen gas was inserted into each of sample holders with 1 atm of pres-

sure. Both sample holders are then inserted into liquid nitrogen. FeH has been
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detected in extreme environment either ultra high temperatures or ultra low tem-
peratures. Therefore, liquid nitrogen is used for hydrogenation process in order
to create low temperature environment. Hydrogenation process was performed
under liquid hydrogen for at least 4 hours.

After 4 hours, sample holders are extracted from the liquid nitrogen. Because
hydrogen may be physisorbed inside the wall of the sample holder, hydrogenated
samples are taken out from the sample holder within a argon filled glove box.

The samples are then inserted into new sample holders.

12.4 Dehydrogenation Characterization

Dehydrogenation of samples are then performed by using mass spectrometry and
furnace. Samples are inserted into a furnace which is pre-heated to 400°C. Mass
spectrometry is set to detect only hydrogen gas. Mass spectrometry analysis is
shown in Figure 12.2. Figure 12.2 shows that a peak is detected in the case of Fe
clusters on graphene/Cu case. On the other hand, peak has not been seen in the
case of just graphene/Cu case. The results indirectly indicates that hydrogen gas
is released from the Fe/graphene/Cu sample. Additionally, the temperature of the
sample holder was measured in order to determine the desorption temperature.
The thermometer indicated that hydrogen gas was released at 190°C after the
110 second.

The experiment indirectly confirmed that Fe clusters or nanoparticles are able
to be hydrogenated. However, further analysis is required to confirm the existence
of iron hydrides by using Raman spectroscopy or using an aberration corrected
TEM in order to compare to DFT result.
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Figure 12.2: Dehydrogenation as characterized by mass spectrometry where it is
set to detect only hydrogen gas. Dehydrogenation was performed at 400°C. i)
Hydrogenated Fe on graphene/Cu and ii) hydrogenated graphene/Cu.
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Chapter 13

H> Dissociation towards

Hydrogenation of MgH>

Hydrogenation of magnesium is explored in this chapter. Magnesium is consid-
ered to be a potential candidate for hydrogen storage materials due to its light
weight, relative cheap material costs, and the amount of hydrogen adsorption
capacities [336, 337, 338]. However, the kinetics of magnesium is very slow, re-
sulting in taking several hours to be hydrogenated[339, 340]. The reason for slow
hydrogenation is considered to be due to hydrogen molecules not dissociating
rapidly. There are several ways to dissociate hydrogen molecules on magnesium.
One is doping the transition metal on magnesium [341, 342]. Another is the intro-
duction of a third party catalyst which would dissociate the hydrogen molecules
[343, 344, 345]. Group VIII atomic clusters show great catalytic activities toward
Hs dissociation but the synthesis and size control is still experimentally difficult
and relatively expensive. Simple transition metals such as Ti, V, and Nb are also
known as catalysts used for dissociating Hy [346, 347, 348]. Mechanically milled
niobium pentoxide(NbyOs5) has also been proposed as the most effective catalysts
for hydrogenation and dehydrogenation of magnesium hydrides [349, 350]. The
fact that oxides dissociate hydrogen molecules are rather surprising as oxides are
generally not considered as effective for Hy dissociation. The structure of NbyOj
is mechanically destroyed,therefore, the real catalyst might be a structure other

than NbyO5 that may have been created during the milling process. X-ray absorp-
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tion fine structure analysis shows that NbO is responsible for catalytic activities
[351]. The formation NbO is considered to be due to the reduction of NbyOs5 by
hydrogen [351, 352, 353]. This suggests that Nb based oxides are able to disso-
ciate Hy [354, 355, 351, 356]. In this section, Hy dissociation over the different
surface planes of Nb, NbO, and NbyOj5 are investigated. Furthermore, all previ-
ous work was done by mechanical milling where both Mg and Nb based oxides
are mixed by mechanical milling. Therefore, Nb based oxides clusters are used in
order to simulate the complex structures of those milled Nb oxides. Furthermore,
atomic clusters are more reactive than in bulk state. For that reason, the effect
of atomic clusters towards Hy dissociation may bring new insight for the field of
hydrogen storage and catalyst. In particular, the following atomic clusters are
studied for Hy dissociations: Nby, NbO, NbOy, NbyO, NbyOs, and NbyOs.

13.1 Computational Methods

Computational in this chapter is mentioned below:

e Method
GPAW

e Grid Spacing
h=0.18

e Periodic boundary condition
v point calculation meaning non-periodic boundary condition

K-point (4x4x1) calculation for periodic boundary condition

e Smearing

0.00 eV of smearing was applied

e Spin polarization

Spin polarization was considered

¢ Exchange-correlation
PBE
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e Mode

Finite Difference for final screening and LCAO for initial screening

e Optimization method
BFGS with 0.05 of force

e Transition state
Nudged elastic band method

The H, adsorption energies for all surface calculations are calculated by Equa-
tion (13.1):

FEags = E(Su'rface) =+ E(Hg) + Ezpve — E(Surface+H2)- (131)

The binding energy (Ep,) between H and clusters was calculated based on
Equation (13.2):

Ey, = E(Nb,O,) + Emyy + Ezpve — E(Nb, O, Hy) (13.2)

where m and n represent the size of the clusters.

13.2 H, and H on Mg Surface

H, and H adsorption of the Mg (0001) surface was performed in order to prove
how dissociation of Hy plays a key role for hydrogenation of magnesium. H
adsorption and Hy adsorption on Mg (0001) are shown in Figure 13.1. A single
H atom is adsorbed on the hollow site of Mg with the binding energy of -2.40 eV.
On the other hand, Hy molecule on Mg (0001) is weakly adsorbed on hollow site
of Mg with the binding energy of -0,003 eV. This confirms that dissociated of Hs

molecule is a crucial step in order to hydrogenate Mg.
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Figure 13.1: (a) H adsorption on Mg (0001) (b) Hy adsorption on Mg (0001)
.Atomic color codes: Mg, Green; H, White.

13.3 Model

13.3.1 Nb, NbO and NbyO5 Surfaces

Nb, NbO, and NbyOj5 are cleaved into main three surface planes: (100), (110),
and (111). Nb has body centered cubic structure. Cleaving them into three
surfaces create simple BCC structure of each plane. Cleaving the NbO crystal
into three surface planes are tricky as NbO has an unusual rock-salt like crystal
structure. Each surface layer of the NbO surface planes are different as it can
be seen in Figures 13.2 (a) through (f). For this reason, two surface planes for
each NbO surface plane are considered, namely NbO: a)100-1, b)100-2, ¢)110-1,
d)110-2, e)111-1, £)111-2 shown in Figure 13.2 (a)(b)(c)(d)(e)(f). In particular,
NbO (111) plane shows interesting features where NbO(111) alternate between
the Nb-only layer and O-only layers. In the case of NbyOs, each layer has the
same atomic configuration, therefore, only one type of top layer is considered as
shown in Figure 13.2 (g)(h)(i).

13.3.2 Nb-Based Oxide Clusters

Nb based oxides clusters have been extensively studied due to their unique cat-
alytic activities [357, 358, 359]. The ground state structure of Nb based oxides
clusters are explored using the basin-hopping algorithm. The ground state struc-

tures of each Nb based oxides clusters is shown in Figure 13.3 The magnetic state
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Figure 13.2: Top view of stick and ball models of NbO; a)100-1,b)100-2, ¢)110-1,
d)110-2,e)111-1,f)111-2; and NbyOs; g)100, h)110, i)111.Atomic color codes: Nb,
Blue; O, Red.
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Figure 13.3: The ground state structure of Nby, NbO, NbO,, NbyO, NbyO, and
NbyOs5).Atomic color codes: Nb, Blue; O, Red.

of bulk Nb is paramagnetic. However, the small Nb based oxides clusters show
magnetism. In particular, the magnetic moments of Nby, NbO, Nby,O, NbO,,
NbyOy and NbyOj is calculated to be 1.0, 1.5, 0.0, 0.3, 1.0, and 0.0 pp per atom,
respectively. Thus, it is interesting that paramagnetic material can have different
magnetic properties in cluster level.

As was discussed in group VIII cluster section, the bond length of dimer is
always center of discussion. The bond length of the Nb dimer is no exception.
The bond length of the Nb dimer in this work is calculated to be 1.97 A which
has good agreement with the experimental bond length of 2.08A [360].

The bond length of Nb-O in the NbO cluster is calculated to be 1.74 A. The
electronic structure of Nb atom is 4d*5s! where it has five unpaired spins (4
unpaired in 4d and 1 unpaired in 5s). The electronic structure of an O atom is
2p* where it has two unpaired spins in the 2p orbital. The calculation shows that
the Nb atom in the NbO cluster has 3.0 pup. This indicates that the bonding
of Nb and O is a double bonding. The NbyO cluster shows a total magnetic
moment of 0.0 pp. This can be also explained by the electronic structures of O
and Nb. Two Nb atoms have a total of 10 unpaired spins while the O atom has
2 unpaired spins. These unpaired spins make pairs and cause a total of 0 spins.
Geometrically, NbyO is a perfect isosceles triangle structure with the symmetry
group of Cy,. NbyOy forms a rhombus shape with symmetry group of Dyy,.

The ground state structure of NbOy and NbyOj5 clusters have been reported

by density functional theory calculations[357]. The ground state structure found
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in this work of NbO, (Csy,) has good agreement with the previous DFT work
[357]. On the other hand, this work found 1.71 EV lower energy structure of
Nb,Os5 clusters than previous DFT work [357].

13.4 H, Adsorption on Nb

H, adsorption on Nb (100), (110), and (111) planes are explored in order to see
how non-oxide Nb interact with Hy. Hy adsorption data are collected in Table
13.1. H, was placed 2.0A away from the surface plane. All possible adsorption
sites - top, bridge, and hollow site are tested. Furthermore, the different axes of
Hs molecules are also tested in order to find the lowest energy Hy adsorption site.

In all cases, Hy dissociated without encountering activation barriers. The
dissociated H-H distance for each surface plane is calculated to be 2.51 A, 2.21 A,
and 2.37 A for Nb (100), (110), and (111), respectively. Thus, the Hy molecule
is fully dissociated in all Nb cases. Experimental work confirms that there are
no Hy dissociation barriers for Nb [361]. Hy adsorption energy is calculated to
be -1.37 €V, -2.09 eV, and -1.46 ¢V for Nb (100), (110), and (111), respectively.
The Hs adsorption energy was calculated in previous experimental work where
Hy adsorption energy on Nb is estimated to be —1.50£0.35 eV, by a collision-
induced dissociation (CID) [361]. In particular, Hy adsorption energy on Nb
(110) show high adsorption energy within Nb system. Bader analysis reveals
that adsorbed H on Nb (110) is negatively charged by 0.58 electron while the
adsorbed H on NbO(100) and Nb(111) is negatively charged by 0.53 electrons.
The slight enhancement of charge is considered to be the adsorption site of H on
Nb(110) where H is adsorbed on the 3 fold hollow of Nb site. Specifically, H is
interacting with three Nb atoms Nb(110) while H is interacting with 2 Nb atoms.
The extra one Nb atom in Nb(110) is responsible for extra charge transfer from

Nb to H, resulting in the slight enhancement for adsorption energy.

13.4.1 H, Adsorption on NbO

H, adsorption on NbO surface plane is shown in Figure 13.2 (a) through (f).

H, dissociations occurred without any activation barriers except in the case of
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AGadsAEadsAEZPVETASdH—H d -8 pOSitiOH q(H)
b (100) |-1.37[-1.25] 0.28 F0.16] 2.51 [2.18(Nb)/2.15(Nb)| Bridge Nb-Nb | -0.53, -0.53
b (110)  [-2.09|-1.77| 0.35 }0.02 2.21 [2.05(Nb)/2.05(Nb)[3-fold Nb Hollow| -0.58, -0.57
b (111)  [-1.46 |-1.16| 0.30 |0.05| 2.37 [2.06(Nb)/2.00(Nb)| Bridge Nb-Nb | -0.53, -0.52
NbO (100-1)|-0.52 | -0.17 | 0.36 |0.00| 0.77 [2.26(Nb)/2.26(Nb)]  Top Nb  |+0.03, -0.01
NbO (100-2)| -1.08 | -0.72 | 0.27 }0.15 1.94 [2.00(Nb)/2.02(Nb)| Bridge Nb-Nb | -0.43, -0.43
NbO (110-1)-2.02 | -1.92| 0.32 }0.22 4.28 [1.81(Nb)/1.81(Nb)|  Top Nb -0.39, -0.39
NbO (110-2) -2.61 |-2.21| 0.40 [0.12 3.04 [2.00(Nb)/2.00(Nb)| Bridge Nb-Nb | -0.56, -0.47
NbO (111-1)|-2.24 |-1.84| 0.34 0.07| 2.24 [2.13(Nb)/2.07(Nb)[3-fold Nb hollow]| -0.57, -0.59
NbO (111-2)|-1.75 | -1.19 | 0.56 [0.03| 4.74 | 0.99(0)/0.99(0) Top O +0.66, +0.70
NbyOs (100)| -4.58 | -4.01| 0.57 [0.01| 4.79 | 0.99(0)/0.99(0) Side O [+0.62, 40.62
NbyOs5 (110) -1.04 |-0.65| 0.39 ]0.02| 1.75 [1.77(Nb)/1.77(Nb) Top Nb -0.29, -0.27
NbyOs5 (111)[-1.08 [ -0.79 | 0.49 }0.20 4.20 |1.76(Nb)/1.01(O) | Top Nb/Side O |-0.27, 4+0.69

Table 13.1: AGggs:Adsorption energy (eV) with entropic and ZPVE contribu-
tions, AE,qs:Adsorption energy (eV), AEzpy p:The zero point vibrational energy
of Hy (eV), TS: T is temperature (kelvin) and S is entropy (joule per kelvin),
dy_g: H-H bond length (A) and dy_g: H-S (S: Nearest atom Nb or O) distance
(A), and q(H): charge transfer (electrons).

the NbO(100-1) surface where the barrier calculation using nudged elastic band
method was performed.

H, is weakly adsorbed on the top of the Nb atom on NbO(100-1) where the
distance between the metal surface and Hy is calculated to be longer than 2.20A.
The bond length of H-H is calculated to be 0.77A which is 0.02 A elongated
from the gas-phase Hy. Thus, activation barriers for Hy dissociation exist. The
activation barriers calculation was performed by using the nudged elastic band
method. In this method, initial state(IS) and final state (FS) are required. The
ground state adsorption site of Hy on Nb atom is used as IS. FS was determined
by adsorbing the manually dissociated H atoms in possible adsorption site such
as top, bridge, and hollow sites of NbO(100-1) The ground state adsorption sites
of dissociated H atoms are adsorbed with top of Nb and one on top of O atoms.
The bond length of dissociated H and O(Nb) is calculated to be 0.99 A (1.81A).
In the case of the O-H bond, H is positively charged by 0.65 electrons while the
H atom is negatively charged by 0.38 electrons for Nb-B bond. Now IS and FS
are determined; IS: Hy on Nb atom and FS: H on Nb and H on O atoms. 10
The NEB

calculation shows that Hs is located in the bridge site of Nb and O having an H-H

images are taken in order to accurately find the activation barriers.
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distance of 1.01 A. Dissociation barrier calculations were carried out within the
NEB method in order to estimate the activation barriers The activation barrier
is calculated be 1.31 eV which can be converted to 126 kJ/mol.

For the rest of NbO cases, Hs is fully dissociated without encountering any
activation barriers. The dissociated H atoms are adsorbed on the bridge site of
Nb on NbO(100-2) where the H-H distance is found to be 1.94A. The adsorption
site of dissociated H atoms on NbO (100-2) is very similar to the case of Hy on
Nb (100), and Nb (111) where H atoms are absorbed on the bridge site. However,
H, adsorption energy on NbO (100-2) is lower than other case. Bader analysis
reveals that Nb on NbO (100-2) is positively charged by 1.2 electrons while Nb
on Nb (100) and Nb (111) is positively charged by 0.4 electrons. This difference
can be explained by how oxygen is behaving. O atoms are taking electron from
Nb atom in NbO (100-2). Because of this, more electron holes are created on
the NbO(100-2) surface Therefore, there is lack of electron in the d-state of Nb
available for interacting with hydrogen, resulting in the lower adsorption energy.

The atomic configuration of NbO (110-1) shows that the Nb and O atoms are
equally distributed on the top surface. The dissociated H atoms are adsorbed on
the top of Nb atoms where the H-H distance is found to be 1.81 A. H, adsorption
energy and bond length of Nb-H on NbO (110-1) is calculated to be 1.5 eV and
0.46 A, respectively, which are shorter and lower than the case of NbO (100-
1). Similarly, dissociated H atoms are adsorbed on the top of Nb atom in the
case of NbO (100-1). However, it is interesting that adsorption energy and bond
length of H atoms is lower and shorter than in the case of NbO (100-1). This
can be explained by the geometry Nb atoms on top surface on NbO (100-1) are
surrounded by four O atoms while Nb atoms on NbO (110-1) is surrounded by
2 O atoms. This means that O atoms takes more electrons from Nb on NbO
(100-1) than Nb on NbO (110-1). Thus. the number of d-state electrons are used
for Nb-O bonding, resulting in a lack of the s-state electron to dissociate Hy on
NbO (100-1) by the Pauli repulsion. Furthermore, many electron holes should
exist in Nb of NbO (100-1) as the d-state electrons are transfered to the p-state
of O atoms. However, the s-state of Hy are fully occupied and they are not able
to enter the those electron holes. Therefore, Hy adsorption energy is low in the
case of NbO (100-1).
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The dissociated H atoms on NbO (110-2) are located on the bridge site of Nb
atoms where the H-H distance is calculated to be 2.61A. It is interesting that H,
adsorption energy on NbO (110-2) is particularly high compared to other system.
The O atoms under the Nb atom layer are most likely affecting the enhancement
of adsorption energies. The further analysis regarding to the effect of O atoms
are studied in electronic structure analysis section.

The structure of NbO (111) surface planes are quite unique as it can be seen
in Figure 13.2(e)(f). The alternation of the Nb atom layer and O atom layer
are seen. For this reason, two different top surfaces - Nb layer and O layers are
considered. Hy adsorption on NbO (111-1) particularly shows interesting physical
phenomena. H, dissociated without any activation barriers. The dissociated H
atoms are adsorbed on the three fold Nb hollow site. Similar H adsorption is seen
in the case of Nb (110) case. However, the Hy adsorption energy on NbO (111-1)
is 0.15 eV higher than Hy on the the Nb (110) case. The enhancement of Hy
adsorption energy is considered to be due to the presence of the O atoms under
the Nb layers. The electronic structure, projector density of state, shows that
the p-state of O from the second layer and the s-state of the adsorbed H atom
are overlapping. In the adsorbed case, the distance of adsorbed H and second
layer O atoms are calculated to 2.70 A. Tt is unlikely to form any sort of bonding
state with such a bond distance. Hover, PDOS indicates that there is a relatively
long range effect of O atoms are confirmed. Thus, the enhancement of adsorption
energy is considered to due to the presence of second layer O atoms where an
O-H bond is not formed over such a long distance.

NbO (111-2) is a opposite surface structure to NbO (111-1) where the first
layer is completely occupied by O atoms. It is surprising that Hy is dissociated
on O atom layers without encountering activation barriers. This implies that
the second layer of the d-state Nb electrons are somehow reaching to the Hs.
Furthermore, the dissociated H atoms are bonding with O atoms and creating O-
H bond. This O-H bond can be considered to be the first step towards reduction
of NbO to Nb [352]. Electronic structure analysis of the effect of the second layer
Nb atoms are investigated in latter sections.

Overall, O atoms play a key role for dissociation and enhancement of adsorp-

tion energy. In particular, the atomic configuration of how O and Nb atoms are
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arranged is a key feature for the Hy dissociation process.

13.4.2 H, Adsorption on NbyOj

NbyOj5 has been a center of major discussion within the fields, utilizing magnesium
hydride systems because mechanically milled NbyO5 shows the most effective
catalytic activity for improving the kinetics of magnesium hydrides [349, 350]. In
fact, Hy dissociated without having any activation barriers on any of NbyOj5 in
this work. It is also noticed that minor surface relaxation upon Hy adsorption is
seen in all NbyOj5 surfaces. This could be the first step towards to the reduction
of NbyO5 to NbO. The details of the minor relaxation are also discussed.

The dissociated H atoms are adsorbed on the O atom forming an O-H bond.
Similar geometries are seen in Hy on NbO (111-2) cases. Upon H, adsorption,
minor surface relaxations are seen. There are two physical phenomena that par-
ticularly stood out. One is the geometry of the O-H bonding. Upon forming the
O-H bonding, the bond distance of Nb and O in the O-H bond are longer by
0.14 A. Another is the displacement of O atoms within NbyO5 (100). Because
the Nb-O bond is weakened within in the O-H bonding, Nb on the surface has
more d-state electrons, resulting in the strengthening of Nb and O bonding on the
surface. In particular, Bader analysis shows that O atoms are negatively charged
by 0.17 more electrons as well as the Nb-O bond length is shortened to be 0.12 A.
Thus, adsorption of H atoms takes O atoms from the NbyOg surfaces. This can
be considered to be the first step to the reduction of NbyO5 to NbO. In fact, NbO
and Nb are commonly produced by the reduction of NbyOj5 [352]. Therefore, the
physical phenomena of O-H bond on NbyOj5 is reasonable.

The Hy adsorption energy on NbyOjs (110) is very similar to the one on NbO
(100-2). In both cases, Nb atoms are bonded with the surrounding four O atoms.
Because of this, Nb has less electrons for contributing for H-Nb bonding. In
fact, Bader analysis shows that H atoms on NbyOj5 (110) is negatively charged
by 0.30 less electrons than the case of H on Nb and NbO cases. This results in
low adsorption energy.

The dissociated H atoms are located on the top of Nb atom and side of O

atom. Upon H, adsorption, minor surface relaxation is seen where the O-Nb bond
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in Nb-O-H becomes weakened, resulting in the reduction. Because Nb atoms are
strongly bonded with the surrounding O atoms, Nb-H bonding is relatively weaker
than in the cases of Nb and NbO.

Upon H, adsorption on NbyOs, Hy dissociates without encountering any dis-
sociation barriers for any surface planes. In particular, the dissociated H atoms
form either a O-H bond or Nb-H bond. Furthermore, Hy adsorption cause minor
surface relaxation where the O-Nb bond in Nb-O-H gets weakened. Thus, the
first step of the reduction from NbyO5 to NbO is considered. This could be why
experimental data shows a NbO peak which is the result of NbyO5 reduction upon
the introduction of Hy [351].

13.4.3 H, on NbO Clusters

The catalytic reaction of Nb based oxide catalysts and magnesium are done by
mixing the two component and mechanically milling them. This process makes
it difficult to model the atomic configuration. In reality, the structures of those
components after mechanical milling is expected to be very complex. When it
comes such phenomena, atomic clusters are very effective. In particular, atomic
clusters have two uses. One is the ability to simulate the complicated structures of
the nanopartcles. In this case, the structure of mechanically milled nanoparticles.
Another is the size effect of the atomic clusters. Mechanically milled nanoparticles
generally have a size effect resulting in high reactivities. Atomic clusters also
have higher reactivities than bulk state. Thus, Hy adsorption of the ground state
structure of Nb based oxide clusters shown in Figure 13.3 are investigated. The
structural details of Hy, adsorption on clusters are collected in Figure 13.4 and
Table 13.2. Note that there are no activation barriers for Hy dissociation for all
cluster cases. Furthermore, slight minor structural relaxation, which is elongation
and shrinkage of atomic clusters ais seen upon Hs adsorption.

The Hy adsorption on Nb, is investigated upon adsorption change of the
magnetic moment is immediately observed. The total magnetic moment of Nb,
changes from 2.0 pup to 0.0 up upon Hy adsorption. The electronic structure
of Nb atom is 4d* which has 4 unpaired electron spins. The bond type of Nb,

is a triple bond; thus, each Nb atom has 1 unpaired electron spins. Upon Hs
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AGuAE AE 7z pyv e[TASdy_ g dy_s Position S M q(H)
NbeHs [-1.50(-1.18| 0.32 [0.00| 2.79 [1.94(Nb)/1.94(Nb) Bridge Nb-Nb Coy|0]-0.42, -0.41
NbOH, |[-1.48]-1.17| 0.31 |0.00| 2.98 [1.79(Nb)/1.79(Nb) Top Nb Cs[1(-0.40, -0.40
NboOH, |-1.04]-0.71| 0.33 |0.00| 2.46 1.40(Nb)/1.45(Nb)Bridge Nb—Nb/ Top Nb C1|0(-0.56, -0.47
NbOoHs |-1.77|-1.32] 0.45 {0.00| 3.90 1.80(Nb)/0.98(0) Top Nb/TOp 0 Cs[1+0.42, 40.65
NboOoHol-2.78]-2.46| 0.33 |0.00| 3.64 1.80(Nb)/1.81(Nb) Top Nb Co,|01-0.42, -0.42
NboO5Ho[-2.58(-2.19| 0.39 [0.00| 5.10 [1.83(Nb)/0.98(0) Top Nb/Top O Cs[01+0.43, +0.62

Table 13.2: AGyy,:Adsorption energy (eV) with entropic and ZPVE contributions,
AEy,:Adsorption energy (eV), AEzpy g:the zero point vibrational energy of Hy
(eV), TS:T is temperature (kelvin) and S is entropy (joule per kelvin), dgy_5:H-H
bond length (A) and dpy_g:H-S(S: Nearest atom Nb or O) distance (A),Position:
The ground state Hy adsorption site, S: Symmetry group, M: Total magnetic
moment (up), and q(H): Charge transfer (electrons).

NbOH>

Nb202H;

1.80 1.95

NbOH, NbOHz

Figure 13.4: The ground state structure of Hy adsorption on Nby, NbO, NbO,,
Nb,O, NbyO,, and NbyO5. The bond lengths (A) are indicated. Atomic color
codes: Nb, Blue; O, Red; H, White.
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adsorption, the s-state of electrons make a pair with each of Nb is single unpaired
electron spins, resulting in a total magnetic moment of zero.

Hy adsorption on the NbO cluster is rather surprising as the dissociated H
atoms are adsorbed on the Nb atoms instead of O atoms despite O-H bonding
being favored state for surface calculations. The reason for this can be explained
by the electronic structures of NbO clusters where the p-state of O (4p*) is making
a double bond with the Nb atoms. As a result, 4p orbital of the O atom is
completely filled, leaving no space for the O atom to bond with H atoms. Thus,
the dissociated H atoms bond with Nb atoms. It is also surprising that Hy
adsorption energy on Nby and NbO cluster are very similar. In both cases, the
adsorption mechanism is based on the s-state of H entering the electron hole of
the d-state of Nb atom. Thus, the effect of O atoms do not occur within the in
NbO cluster.

The dissociated H atoms on NbyO are located on the bridge site of Nb-Nb
and the top site of the Nb atom. The formation of a O-H bond is not seen in this
case. The O-H bond was not formed because the p state of O atom is completely
filled by bonding with the Nb atom. Bader analysis shows that the H atom on
the bridge is 0.1 electrons more charged compared to the top case.

Compared to Hy adsorption on NbO and NbyO, the dissociated H atoms are
adsorbed on one of the top sites of Nb and one of the top sites of O. Minor struc-
tural relaxation is seen upon the adsorption of Hy where Nb-O bond elongates
by 0.18 A upon the formation of an O-H bond. The bond length of O-H bond
in Nb,O is calculated to be 0.98 A resembles which is the O-H bond in HyO
molecule. This suggests that the reduction of NbyO to Nby could occur upon the
introduction of Hs.

Hy adsorption on NbyOs particularly shows high adsorption energy despite
the fact that the O-H bond is not formed. A similar effect is seen in the case
of Hy adsorption on NbO(111-1) surface planes where the long range effect of
O atoms are considered to be responsible for enhancement of adsorption energy.
The NbO(111-1) case suggests the long range effect of O atom is expected to be
the cause for high adsorption energy in NbyO,. Further analysis is continued in
the electronic structure analysis section.

H, adsorption on NbyOs5 shows the dissociation of Hy. Dissociated H atoms
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are adsorbed on the top site of the Nb and top site of the O atoms. Upon Hs
adsorption, minor structural relaxation is seen where the bond length of O-Nb in
Nb-O-H bond elongated by 0.18 A. In this case, the first step to the reduction of
NbyO5 to NbO is considered.

The results suggest that the reduction of Nb based oxides can be considered
upon the adsorption of Hy. The reduction phenomena is not only applied for
surface cases but also for cluster cases. Furthermore, the Hy adsorption energy in
Nb based oxides clusters are lower than for the surface cases. Thus, the size effect
of clusters was not critical in this case. In reality, the atomic configuration of O

atoms and Nb atoms is a crucial factor for catalytic activities of Hy adsorption.

13.4.4 Electronic Structure

The Hy adsorption of Nb based oxides is still unclear with only geometrical anal-
ysis. In this section, the electronic structures of the selected systems are in-
vestigated. In particular, the density of state (Figure 13.5) and charge density
difference analysis (Figure 13.6) is performed in order to understand the details

of adsorption and bonding mechanism.

13.4.4.1 The Density of States

The dissociation of Hy and the transition metals can be understood from the elec-
tronic structure point of view [348]. When a Hy molecule is near the transition
metal, the d-state electrons enter the anti-bonding state of H, essentially disso-
ciating the Hy molecules. The s-state electrons of the dissociated H atom then
enters the vacancy of the d-state of the transition metal. Thus, the dissociated
H atom are adsorbed on transition metal.

The projected density of state of the selected systems; Hy on NbO (111-1),
NbO (111-2), and NbyO, clusters are investigated. In those cases, Hy dissociated
without encountering any activation barriers. Furthermore, the effect of O atoms
remain unclear, resulting in further PDOS analysis. PDOS of three step for each
case are analyzed, namely: Initial, middle, and final steps. Initial state is created
by placing the Hy molecule 2.00A away from the surface. In this stage, there is

no interaction between Nb and Hy. Middle step is the step between initial and
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DOS

Energy {eV)

(a) NbO(111-1)

DOS

Energy (eV)

(b) NbO(111-2)

DOS

-15 —10 -5 0 5
Energy (eV)

(C) NbQOQ
Figure 13.5: Selected PDOS of s-state H, d-state Nb and p-state O on NbO
(111-1), NbO (111-2) and NbgOs cluster. Each PDOS refers, Top: Initial step,

Middle: Approaching to surface, Bottom: Final step. The bond lengths (A) are
indicated. Atomic color codes: Nb, Blue; O, Red; H, White.
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final step. In this step, the interaction of the d-state of Nb and the s-state of H
should be seen. Final state is the final relaxed structure of Hy on surfaces.

H, on NbO (111-1) shows high adsorption energy where the formation of O-H
bonding is not seen. In previous selection, the effect of second layer O atoms
was suspected. When the Hy reaches the middle step, anti-bonding state is seen
after the Fermi level. At the final step, the overlap of Nb and H is seen. In this
stage, the s-state of H entered into the vacancy of the d-state of Nb. However,
the p-state of O atom is also overlapping with the H and Nb at the final step.
This now confirms that the second layer O atom is interacting with H atom.

The opposite physical phenomena is seen in the NbO(111-2) case. The top
layer of NbO(111-2) is dominated by O atoms. Therefore, it should be impossible
to dissociate Hy. However, the dissociation of Hy was observed. PDOS indicated
the overlapping of H, O, and even Nb. This means that the d-state of the Nb
atom is interacting and responsible for Hy dissociation.

H, adsorption on NbyOs is very similar to the case of on NbO(111-1). In both
cases, the enhancement of adsorption energy is seen. In the case of NbO(111-1),
PDOS reveals that the O atom contributes to the enhancement of adsorption
energy without forming an O-H bond. The same effect is seen in the PDOS of
Hs on NbyO,. The s-state of H, the d-state of Nb, and the p-state of O overlap
at -7.5 eV at the final step. Thus, the O atom contributes to the enhancement of

adsorption energy.

13.4.4.2 Charge Density Difference

Charge density analysis can generally reveal the bonding mechanism. In this
section, the charge density difference analysis of the selected surface and cluster;
Nb (100), NbO (110-1), NbO (110-2), NbO (111-1), and NbyO, is investigated.
The charge density difference, Ap, was calculated based on Equation (13.3). The
charge density difference was analyzed in order to understand further details of

the bonding mechanisms of H and selected surfaces and clusters.

AP = P(Surface(Cluster)+Ha) — P(Surface(Cluster)) — P(Hz) (133)
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where p(sur face(Cluster)+Hs)» P(Surface(Cluster)), and p(ur,) are charge densities for the
NbO systems.

The charge density difference of the selected surface with H, adsorption is
shown in Figure 13.6. Figure 13.6 (a) shows that Hy adsorption on bare Nb
surface. The dissociated H atoms are bond with Nb through charge transfer.
This can be seen by H atoms gain electrons while the surface shows electron
depletion. A similar effect is seen in the case of Hy on NbO(110-1) as shown in
Figure 13.6 (b). However, the electron gain area is not quite at the center of H
atom. Red area is technically located between the H atom and the surface. This
suggests that the bonding involves the charge transfer and the electron pairing.

Hjy on NbO (110-2) shows a distinguishably different charge density difference
compared to the previous two cases. The charge contour shows neutral color.
This means that there is no charge transfer between H and the surface. Instead,
electron concentration is seen between H and the surface. This means that the
bond type H and Nb is electron pairing.

The charge density difference contour of H on NbO (111-1) is clearly different
from the rest of the cases shown in Figure 13.6 (d). The red area, which indicates
electron concentration, is seen near the Nb atom which is located between the H
and O atoms. This indicates that three element, Nb, O, and H are sharing the
electrons with each other. This explains why adsorption energy of Hy on NbO
(111-1) is high.

The charge density difference of Hy on NbyOs cluster shows the strong charge
transfer shown in Figure 13.6 (f). H atoms are negatively charged from Nb
and O atom. In particular, the effect of O atom in NbyOy and NbO(111-1) are
completely different. In the case of NbyO,y, the O atom gives up electrons and
contributes to the charge transfer while a strong electron pairing effect is seen in
NbO(111-1) case. Thus, the charge transfer contribution of O atoms bring the

enhancement of adsorption energy.
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b)

9429

Figure 13.6: Charge density difference of Hy on the selected surfaces and clus-
ters. Hy on a) Nb (100), b) NbO (110-1), ¢) NbO (110-2), d) NbO (111-1), and
e) NbyOy. The charge density difference contour is shown where red (blue) cor-
responds to gain (depletion). Atomic color codes: Nb, Blue; O, Red; H, White.

184



Chapter 14

Dehydrogenation of MgH>»
Cluster

Magnesium hydride, MgH,, has been considered to be a potential hydrogen stor-
age materials.[336, 337, 338, 362, 363]. Magnesium hydride has several advantages
compared to other potential hydrides. One is a relatively higher hydrogen capac-
ity with relatively cheap materials cost. Another is its light weight. However,
magnesium hydride has a serious drawback towards applications which is its slow
hydrogenation and dehydrogenation kinetics [339, 340]. When it comes to slow
kinetics, the introduction of catalysts is a common step taken to improve the
kinetics of Magnesium hydrides. Major screening for finding the optimal cat-
alysts was experimentally performed where transitional metals such as Ti, V,
Nb and their oxides are proven to be effective [343, 344, 345, 346, 347] In par-
ticular, mechanical milled NbyO3 is shown to be the most effective catalyst for
improving the kinetics of magnesium hydrides [349, 350]. However, the effect of
NbyO5 has brought numerous discussion centered around the topic of whether
Nb,Os5 is working as the true catalyst. Some experimental data shows by X-ray
absorption fine structure analysis that NbO is responsible for catalytic activi-
ties instead of NbyO5.[351] In fact, it is possible that NbO may be formed due
to the reduction of NbyOs5 by mechanical milling or by the effect of hydrogen
[351, 352, 353, 354, 355]. In order to understand further catalytic mechanisms
of Nb based oxides, three materials - Nb, NbO, and NbyOj5 are tested for dehy-
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drogenation process of MgH,. In this work, MgH, atomic clusters are used as
magnesium hydrides. Previous studied suggested that small magnesium hydride
clusters can absorb more hydrogen as well as lowering the dehydrogenation tem-
perature from 300°C to 200°C [151, 364]. Thus, magnesium hydrides clusters are
used. Furthermore, the fundamental dehydrogenation process can be revealed by

using the basic MgH, clusters.

14.1 Computational Detalils.

Computational detailed in this chapter is listed below:

o Method
GPAW

¢ Grid Spacing
h=0.18

e Periodic boundary condition
v point calculation meaning non-periodic boundary condition.

K-point (4x4x1) calculation for periodic boundary condition.

e Smearing

0.00 eV of smearing was applied

e Spin polarization

Spin polarization was considered

e Exchange-correlation
PBE

e Mode

Finite Difference for final screening and LCAO for initial screening

e Optimization method
BFGS with 0.05 of force
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Mg-H | q(Mg) | q(H)
Cluster | 1.72 | +1.65 | -0.70
Bulk 1.94 | +1.91 | -0.26

Table 14.1: The comparison of MgH, cluster and bulk. Mg-H: The bond distance
of Mg-H in A. q(Mg): Charge depletion of Mg in electrons. q(H): Charge gain of
H in electrons.

The adsorption energies are calculated by Equation (14.1);

Bads = E(surface) + Evg) + Ety) — E(Sur facet Mglts)- (14.1)

14.2 MgH,

The ground state structure of the MgH, cluster was explored by using basin-
hopping algorithm. The ground state structure of MgHs cluster is shown in
Figure 14.1. The comparison of bulk and cluster MgH, is collected in Table 14.1.
The bond length of Mg-H in cluster is calculated to be 1.71 A where the bond
length of Mg-H in bulk is calculated to be 1.94 A. Thus, the MgH, cluster has
0.2 A shorter bond length than bulk MgH, meaning that MgH, clusters have
stronger bond than bulk MgHs;. The charge transfer between Mg and H are
also compared within bulk and clusters. Mg is positively charged by 1.65 (1.91)
electrons in cluster (bulk) while is H is negatively charged by 0.70 (0.26) electrons
in cluster (bulk). The charge density difference, Ap, analysis was also investigated

based on Equation 14.2 and shown in Figure 14.1.

AP = P(MgH>Cluster) — P(Mg) — P(2H) (142)

Charge density difference shows that bonding between Mg-H occurs by the
charge transfer as electron transfer from Mg to H is clearly seen in Figure 14.1,
where H atoms are surrounded by red which designates charge gains. Thus, Mg-H
bond is stronger in cluster than in bulk state. If the dehydrogenation of MgH,
clusters is occurred, it suggests that such catalysts are also effective in bulk MgH,

as the bonding in MgHs cluster is stronger than bulk MgH,.
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1.72 1.72

Depletion Gain
B Oa R

Figure 14.1: The optimized gas-phase MgH, cluster. Atomic color codes: Mg,
Green; H, White. Top represent atomic model where bottom represent the charge
density difference of MgHs cluster
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14.3 MgH, Adsorption on Each Plane Nb, NbO,
Nb,O5

Figure 14.2: The selected structural models of MgH; on (a)Nb(100),
(b)NbO(100), (c)NbO(110), (d)NbO(111) and (f)NbyO5(100).Atomic color codes:
Mg, Green; H, White; Nb, Blue; O, Red.

The ground state structure of MgH, shown in Figure 14.1 is calculated on
each surface plane of Nb, NbO and NbyO5. The structural details are collected
in Table 14.2. In all Nb cases, MgH, dissociated without any activation barriers.
The adsorption site of MgH, is varied depending on the surface structures. The
selected adsorption site on MgHs is shown in Figure 14.2. H atoms are absorbed
at the bridge, three-fold hollow, and top/bridge site for Nb(100), Nb(110), and
Nb(111), respectively. In particular, MgHs adsorption energy is Nb(110) higher
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than Nb(100) and Nb(111). In the case of Nb(110), MgH, is fully dissociated
compared to other Nb surface cases. Dissociated H atoms are located on three
fold hollow site and Mg is adsorbed on the bridge site on Nb atoms. Bader analysis
reveals that Mg and H atoms have less charge transfers than other Nb surface
cases. Thus, MgHy on Nb(110) shows less charge transfer but high adsorption
energy. This indicates that the bonding of Mg and H and Nb(110) is done by

electron pairing.

Eads darg—m dp_x q(H) q(Mg)
Nb (100) 3.44 | 2.06, 2.06 | 2.05(Nb) | -0.70, -0.70 | +1.08
Nb (110) 3.61 | 3.07, 3.26 | 2.09(Nb) | -0.58, -0.57 | +0.70
Nb (111) 3.08 | 1.90, 2.16 | 2.01(Nb) | -0.67,-0.66 | +1.40
NbO (100) 1.32 | 2.19,2.19 | 1.93(Nb) | -0.55,-0.54 | +1.72
NbO (110) 4.15 | 1.97,1.97 | 1.92(Nb) | -0.64, -0.64 | +1.41
NbO (111) 4.44 | 3.52,3.52 | 2.10(Nb) | -0.58, -0.57 | +0.90
NboO5 (100) | 6.40 | 2.58, 1.75 | 0.98(0) | +0.64, -0.61 | +1.67
NboOs (110) | 4.11 | 3.93, 3.84 | 2.00(Nb) | +0.60, -0.51 | +1.70
NbyOs (111) | 2.02 | 1.83, 1.84 | 1.94(Nb) | -0.50, -0.37 | +1.68

Table 14.2: Adsorption energy,bond length of Mg-H and H-X(where X is near
atom, O or Nb) in A, and charge transfer(q) of H, Mg.

NbO is suspected to be a main catalyst for dehydrogenation of MgH, process
[351, 352, 353, 354, 355]. In fact, the chemical phenomena of MgH,; on NbO
surface planes in this work shows a distinguished difference from the Nb cases.
However, those experimental processes are rather rough as both of MgH, and
Nb based oxides are mechanically mixed using ball-milling. Therefore, it is chal-
lenging to understand the real catalytic activities of catalysts. Here, catalytic
activities of NbO surface places against MgH, clusters are systematically inves-
tigated in order to find the catalytic mechanism as well as to seek the optimal
catalyst.

Dehydrogenation of MgH, was seen in NbO(100) where H atoms are absorbed
at the top site of Nb and Mg is adsorbed on 3 fold hollow site of O atoms. The
Nb(100) is a oxygen-heavy surface. For this reason, some form of oxidation is
expected for MgHs. In fact, dissociated Mg atoms are expected to become oxides.

Bader analysis was performed in the case of gas-phase MgOq, MgO, and MgOs3
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as reference values in order to compare the oxidation state. In each cases, Mg is
positively charged by 1.19, 1.64 and 1.68 electrons for MgO;, MgO, and MgOs,
respectively. Dissociated Mg on NbO(100) is positively charged by 1.72 electrons
which is similar value with Mg in MgO3. This confirms that MgH, on NbO(100)
produces MgO which is not preferable for hydrogen storage process as MgO is
not able to be hydrogenated.

The atomic configuration of NbO(110) shows that O and Nb atoms are equally
distributed. The bond length of Mg-H of the MgH, cluster on NbO(110) is calcu-
lated to be 1.97 A where the original bond length is calculated to be 1.72 A. The
bond length is slightly elongated. The reason can be considered either dehydro-
genation can be occurred or if there is an activation barriers on NbO(110). The
Mg atom is adsorbed at the bridge site of Nb atoms and the H atom is located on
the top of Nb atom as shown in Figure 14.2 (¢). Compared to MgHs on NbO(100),
oxidation is not seen but there is an activation barrier for dehydrogenation. Fur-
thermore, it is interesting that MgH, adsorption energy on NbO(110) is relatively
high compare to Nb cases. Oxygen under the Nb atom is considered to be the
reason for high adsorption energy.

MgHs on NbO (111) particularly shows interesting adsorption and chemical
phenomena. The structure of NbO(111) is unique as the first layer consists of
only Nb and the second layer consists of O atoms as shown in Figure 14.2 (d).
Overall, the alternation of Nb and O layers is seen for the case of NbO(111). MgH,
cluster is fully dehydrogenated on NbO(111) where the Mg atom is adsorbed on
the hollow site of hexagonal Nb structures and H atoms are located on the 3
fold hollow site. Moreover, MgHs on NbO (111) also shows high adsorption
energy without forming any oxides. Bader analysis was performed to see how
the electronic structure of NbO(111) places exist. Bader analysis shows that O
atoms in the second layer is negatively charged by 1.2 electrons. This indicates
that Nb atoms in the first layer is positively charged. In another words, electron
holes are created on the top surface. This could be a reason for enhancement of
adsorption energy.

Mechanically milled NbyO5 has been reported as the most effective catalysts
for dehydrogenation of MgH, system[349, 350] . However, the real catalytic mech-

anism of NbyO5 and MgH, are mystery because of both components are mechani-
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cally destroyed. It has been suggested that ball-milled NbyOj is the most effective
catalyst for MgH,, where MgH, clusters are deposited on each of NbyO5 surfaces.
Mg was fully oxide on NbyOs5 (100) shown in Figure 14.2 (e) where Mg is posi-
tively charged by 1.67 electrons which has similar value to the references value
of Mg (+1.64 electrons) in gas phase MgO,. Dissociated H atom is bonded with
the O atom, creating, an O-H bond. Another H atom is still bonded with Mg.
Thus, NbyO5 (100) show oxidation of MgH, and is not a recommended surface
plane.

MgH, adsorption is very similar to the case of NbO(100). A Mg atom is
adsorbed on the 3 fold hollow site of O atoms while H atoms are adsorbed on the
top site of Nb atoms. Because the number of O atoms on NboOj (110) is double
compared to NbO(100) case, the adsorption energy is large.

MgH; on NbyO5(111) shows an activation barrier for dehydrogenation. Mg-H
bond length is calculated to be 1.84 A which is slightly elongated compared to
gas-phase MgH,. The Mg atom is oxidized with the three neighboring O atoms.
Thus, NboO5(111) is not a preferable surface plane due to an activation barrier
and oxidation.

Overall, NbyO5 shows an activation barrier for dehydrogenation and possible
oxidation of Mg and H atoms. On the other hand, NbO(111) shows ideal atomic
configurations where there are no activation barriers as well as no oxidations.
Thus, NbO(111) is an optimal surface plane for dehydrogenation of MgHs clusters.

NbyOs5 relatively shows higher adsorption energy than Nb and NbO. However,
Mg becomes MgO because of the large presence of O atoms. MgO is not a
preferable phase for rehydrogenation. Therefore, NbO is a better catalyst for
dehydrogenation and rehydrogenation process for MgH, system. Next section,
electronic structures of selected surface planes and MgH, are discussed for further

understanding.

14.3.1 Electronic Structure Analysis

The fundamental idea of dehydrogenation of MgHs is based on the d-state elec-
trons of a transition metals. When the MgH, approaches to transition metal

surface, the d-state electrons enter the anti-bonding state of MgH, where a Pauli

192



repulsion breaks the bond of Mg-H. The projected density of states (PDOS) of
the selected surface planes with MgHs are explored in order to understand how
the electronic structures are responsible for catalytic activities. In particular,
MgH, with three surface planes - Nb(100), NbO(111), and NbyO5(100) are cho-
sen. Two step, initial and final steps, are taken for PDOS analysis. Initial state
(IS) (Figure 14.3(a)) was constructed by placing the MgH, cluster which is 2.50
A away from the surface. Final state (FS) (Figure 14.3(b)) was the structure after
the relaxation. PDOS of the s-state H, d-state Nb, and p-state O of each cases
are shown in Figure 14.3.

An anti-bonding state of H is seen after the Fermi level at IS of Nb(100). This
means that the d-state of Nb is entering the anti-bonding state of Nb. Therefore,
the beginning of dissociation is observed. The overlapping of the s-state H and
d-state Nb is seen below the Fermi level at FS. Within this overlapping, the
dissociated H has an electron hole in the s-state. The d-state electron of Nb
enters the electron hole and creates the bond between H and Nb. As a result,
overlapping of Nb and H is seen. Furthermore, overlapping of Mg and H is seen
below the Fermi level at FS. This suggests that there is still bonding between H
and Mg. Therefore, activation barrier can possibly exist on Nb(100).

The anti-bonding state of the s-state H are seen above the Fermi level at IS.
Furthermore, strong overlap of O atoms with H and Mg are seen below the Fermi
lvel at F'S. This suggests that strong O-H bonding as well as Mg-O bondings are
formed on NbyO5(100). This is a serious drawback for dehydrogenation process
as H is strongly trapped by forming O-H and MgO is also formed. Thus, NbyOs
is not an ideal materials for MgH, system.

NbO(111) was suggested as an optimal surface plane for dehydrogenation
MgH,. In fact, PDOS of MgHs on NbO (111) shows interesting physical phe-
nomena. One is the strong peak of Mg above the Fermi level at FS. This means
that dehydrogenated Mg is unstable on NbO(111). In another words, Mg is easy
to be desorbed from the NbO(111) plane. Therefore, Mg on NbO(111) can be
easily re-hydrogenated. Another thing is that the p-state of O and the s-state
of H are overlapping each other at both of IS and FS. This indicates that the
second layer of O atom is somehow affecting the adsorption of H atoms. This

explains why adsorption of MgHs on NbO(111) is high despite no observed oxi-
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dation. Thus, H atoms can be trapped on NbO(111). After all, NbO(111) shows

to be the most effective surface planes for dehydrogenation of MgH,.
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NbyO5(100) for (a)initial state(IS), (b)HHal state(FS).



Chapter 15

Conclusions

Energy and rare earth metal crises are the center of discussion in science where
the usage of fossil fuel and permanent magnets are the sources of these issues.
Alternative solutions have yet to be discovered despite the fact the numerous
proposals have been introduced. Atomic clusters are proposed in the dissertation
as a potential solution to address such issues. Atomic clusters have the potential
to have high magnetic moments and high reactivities in hydrogenation which
can increase the efficiency of current technologies. Because atomic clusters are
difficult to evaluate through experiments, a theoretical approach was taken. In
particular, the density functional theory was used as a computational tool. The
basin-hopping algorithm was also implemented in order to find the ground state
structure of the atomic clusters.

Group VIII clusters, Fe, Ru, and Os are mainly investigated. The ground
state structure of Fe, Ru, and Os are explored using the basin-hopping algorithm
and density functional theory. In particular, Fe clusters show high magnetic
moment which can potentially replace the neodymium magnet. Os clusters show
the highest binding energy within the Group VIII clusters suggesting that Os has
the potential to be a good catalyst. Hy adsorption on group VIII clusters are
performed. Hy dissociation without any activation barriers are seen in all cases.
Furthermore, stability change point upon Hs adsorption was seen.

Further hydrogenation of Fe clusters are performed where one Fe atom shows
to adsorb up to 10 H atoms. Thus, hydrogenation of Fe clusters shows high

reactivities against hydrogen. Hydrogenated Fe clusters are then investigated on
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several possible substrates where the graphene substrates is predicted to preserve
the structure and properties of hydrogenated Fe clusters most efficiently.

In order to confirm the theoretical results, experiments were performed. Fe
clusters were deposited on a graphene/Cu substrate using vacuum deposition
techniques while transmission electron microscopy was used to see the size of
clusters. Hydrogenation was performed under liquid nitrogen and 1 atm of pres-
sure, Mass spectrometry confirmed the hydrogen desorption of hydrogenated Fe
clusters on graphene/Cu.

Hydrogenation and dehydrogenation of MgH, was investigated with the aids
of the atomic clusters. The results show that NbO(111) surface and NboO, partic-
ularly show high catalytic activities towards hydrogenation and dehydrogenation
of MgHs. In both cases, the long range effect of O atoms are observed.

Atomic clusters show outstanding physical and chemical properties in the
term of magnetism and hydrogenation process which can potentially replace and

increase the efficiency of the current technologies.
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1. Introduction

Atomic clusters have caught much attention over the past few
decades due to the fact that they have different chemical and phys-
ical properties in comparison to their bulk properties [1]. These
small clusters have unique reactivity, magnetic and catalytic prop-
erties that change as the number of atoms increases [2-4]. When it
comes to magnetism, small magnetic clusters tend to have much
larger magnetic moments than their bulk state [5-7]. In particular,
group VIII metal clusters, small Fe and Ru clusters, have been
intensively studied due to their strong magnetism and reactivity
[2,8-11]. In fact, the magnetic moments of Os dimers have been re-
ported to have much larger magnetic moments than Os’s bulk state
[12,5]. Small Os clusters have also been reported to be good cata-
lysts in many applications due to their unusual chemistry [13-
15]. For instance, Os3 helps carbon-carbon bond cleavage and
leads to ring opening reaction during the cyclic carbon compounds
reactions [13]. Other previous studies demonstrate that Os clusters
are effective catalysts for methane dissociation [14]. Recent, it has
also been reported that small Os clusters are extremely reactive
with single-walled carbon nanotube in comparison to other transi-
tion metal clusters [15]. Further research has demonstrated that
small Os clusters can be inserted into single-walled carbon nano-
tubes, which not only stabilize the Os clusters under ambient con-
ditions but also keeps osmium'’s catalytic activity without being
diminished [16]. All of these catalytic activities are strongly depen-
dent on the cluster structure as each small cluster has a different
electronic structure. However, there is a lack of experimental and
theoretical structural information for Os clusters. Thus, the

* Corresponding author.
E-mail address: keisuke.takahashi@eng.hokudai.ac.jp (K. Takahashi).

0009-2614/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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structures of Os clusters must be investigated in order to under-
stand their properties.

In this Letter, the structure and properties of small Os clusters of
up to 14 atoms are investigated. However, it is a very difficult task
to experimentally determine the gas-phase ground state structures
of small atomic clusters. In order to find the global minimum struc-
ture of small atomic clusters, the global optimization scheme using
the density functional theory must be taken. The basin-hopping
algorithm as global optimization method was implemented in or-
der to find the ground state structure of Os clusters as well as their
isomers [17]. At least 500 local minima structures were visited for
each size and the global minima structure was chosen from them.
While the structure of Os clusters have not been previously re-
ported, it has been suggested that Os clusters may have a simple
cubic structure which are also seen in Ru and Ir clusters [18].

The ground state structures and isomers of Os clusters of up to
14 atoms are reported. Binding energies, electronic structures,
HOMO-LUMO gap, geometric analysis and magnetic moments
are also presented.

2. Computational methods

The density functional theory with the grid-based projector-
augmented wave (GPAW) method is used [19]. The exchange-cor-
relation of the generalized gradient approximation (GGA) of Per-
dew-Burke-Ernzerhof (PBE) as well as the spin polarized
approximation are performed [20]. The grid spacing h =0.18 was
applied for all cases. The basin-hopping algorithm was employed
where GPAW was used for the interatomic potential in order to
find the global minima structure [17]. The basin-hopping code con-
structed in previous work was implemented [21]. This code has
successfully found the ground state structures of Au, Ag, Cu, Pt,
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Ru, and Sn, all of which have good agreement with other published
results. Structural relaxation was performed in 15 A edge length of
a simple cubic cell. 0.0 eV of smearing was applied for all cases. Be-
cause Os clusters have unstable spin states, spin multiplicity brings
an additional difficulty in finding the ground state structure. To
solve this issue, different spin states from 1 to 8 are considered
for all cases. Additionally, even-numbered Os clusters may have
different magnetic states than odd-numbered Os clusters. To ac-
count for this, ferromagnetic, antiferromagnetic and paramagnetic
state calculations were performed. The lowest energy structures
are taken from these different states.

The binding energy per atom (E,) of each cluster was calculated
based on Eq. (1):

Ey = E(Osy) — (E(OSqtom) X 1) (1)

where n is the size of the clusters, E is the total energy of the clus-
ters, and atom is the single Os atom.

The zero point energy was excluded because there are large dif-
ferences of binding energies between the clusters size, meaning
the zero point energy will not impact the stability of small Os clus-
ters [18].

The lattice constant of bulk Os was calculated in order to eval-
uate the accuracy of the computational method. The Brillouin zone
sampling coupled with the Monkhorst-Pack scheme and
8 x 8 x 8 k points are used [19]. The lattice constant was calcu-
lated to be 2.77 and 4.38 A, where 2.740 and 4.32 A are the exper-
imental values.

2.1. Results and discussion

The ground states and several local minima structures of Os,
(n=2-14) are shown in Figure 1. The structural details are listed
in Table 1. Overall, Os clusters were found to have very similar
structural configurations in comparison to Ru and Ir clusters [18].
However, Os clusters belong to a different symmetry group and
have different magnetic states. Binding energy of Os clusters are
approximately 1.0 eV higher than Ru clusters as well as Os clusters
have higher stability than Ru clusters [22,23]. This is in good agree-
ment with experimental reports [24]. This implies that Os clusters
can be a better catalyst than Ru clusters.

There is little theoretical and experimental data available for
Os,. Experimentally, bond lengths have been reported to be
2.314 A by Cotton et al. while Tait et al. have reported a value of

Table 1

The ground states and several local minima structures of Os, (n=2-14). E,: The
average binding energy per atom, M: The average magnetic moment per atom, G:
HOMO-LUMO gap in eV, D: The average bond length in A.

Size Ep, M G Symmetry D

2.0 2427 2.000 0.026 D 2.135
3.0 2.927 0.887 0.487 D3 2.327
4.0 3.970 0.000 0.432 Dy 2.282
5.0 4.179 1.200 0.213 C 2.449
5.1 3.924 2.000 0.290 G 2.525
52 4.151 0.400 0.551 G 2.336
6_0 4.654 0.000 0.301 D3y, 2.376
6_1 4.561 1.333 0.165 Op 2.469
7_0 4.943 0.857 0.292 Csy 2.440
71 4,725 0.857 0.156 Csy 2.493
8_0 5234 0.000 0.177 Op, 2.365
8_1 5.056 0.250 0.245 D, 2.423
8.2 4.832 0.500 0.202 Dyy 2.515
9.0 5.228 0.667 0.210 Cap 2.428
9_1 5.081 0.222 0.220 Dsp, 2.506
9.2 5.064 0.666 0.221 Cyy 2.461
10_0 5.319 0.000 0.270 Ds, 2.368
10_1 5312 0.600 0.133 Cyy 2418
10_2 5.307 0.000 0.182 Cyy 2.446
10_3 5.149 0.800 0.234 Doy 2.529
11_0 5371 0.545 0.166 G 2.459
11_1 5.230 0.363 0.157 Cyy 2.456
112 5.239 0.181 0.199 Csy 2.509
12_0 5.528 0.166 0.210 Cyy 2.403
12_1 5.254 0.166 0.252 Dsp, 2.464
122 5.254 0.666 0.142 Cyy 2.579
13.0 5.307 0.307 0.136 G 2.467
13_1 5.465 0.307 0.218 Cs 2.438
132 5.430 0.307 0.244 Csy 2.553
14_0 5.745 0.285 0.173 Degp 2.496
14_1 5.650 0.000 0.254 Cyy 2.457
142 5.392 0.571 0.274 Cay 2.461

2.27 A [25,26]. These values are slightly larger than the results pre-
sented in this Letter. The larger values can be attributed to the
method these experiments extracted the bond lengths. By measur-
ing the bond lengths of Os, indirectly and examining Os, attached
to compounds, the interactions between Os, and the compound
cause the bond length to elongate. Additionally, Du et al. implies
that Os, is also very sensitive to exchange-correlation [27]. Due
to its sensitivity to exchange-correlation, Os; has difficulty deter-
mining an accurate exchange correlation. Table 2 shows the bond
length of Os, with different spin states in this Letter. Energetically,
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Figure 1. The lowest energy and a few local minima structures of Os,-0s14. n_m denotes n is the number of Os atom and m is the cardinal number from global minima 0.
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Table 2
Calculated bond distance D in A and relative energies AE in eV with a various spin
multiplicity, S for Os;

S D AE

1 2.113 0.40
2 2.112 0.46
3 2.113 0.26
4 2.120 0.21
5 2.135 0.00
6 2.190 0.21
7 2.247 0.20
8 2314 0.76

a spin multiplicity of five indicates the most stable state with a
bond length of 2.1354 A with PBE exchange-correlation. The theo-
retical bond length of Os; is reported by Du et al. to be 2.162, 2.186
and 2.168 A with exchange-correlation of G96PW91, BLYP and
mPWPW91, respectively, whereas the spin multiplicity is calcu-
lated to be 5 [27]. The bond length of Os, in this Letter has good
agreement with the Du et al. results. Wu et al. and Du et al. have
theoretically calculated the bond length of Os, to be 2.238 and
2.284 A, respectively, with exchange-correlation of B3LYP and a
spin multiplicity of 7 [12,27]. Despite uncertainties concerning
the validity of Os, values, the theoretical data produced in this Let-
ter still has good correlation with all released results for Os,.

Os3 has an isosceles triangle configuration with bond lengths of
2.36 and 2.28 A. The formation of an isosceles triangle, rather than
an equilateral triangle, is due to different magnetic moments as the
vertex has a —0.12 magnetic moment (u) and the bottom two
atoms have a 1.4 up. The ground state structure of Os, formed a
square configuration with D4, symmetry confirming the sugges-
tions of Zhang et al. [18] Most of the four-atom clusters generally
form rhombus or tetrahedral configurations like those seen in Aly
and Auy [28,29]. Square configurations with four atoms are also
seen in Ruy and Iry4 [18]. Os,4 can also possibly form a tetrahedral
configuration; however, it is 1.86 eV more unstable than the
square configuration. Os, favors an antiferromagnetic state as it
has the lower energy than a ferromagnetic state. Two atoms have
a 0.71 up and the other two have a —0.71 pg. The bond length be-
tween same magnetic moments is 2.254 A while the bond length
of different magnetic moments is 2.291 A.

Clusters then grow toward a simple cubic configuration from
Oss to Osg. The ground state structure of Oss is a pyramidal config-
uration with C; symmetry. The bottom square is expanded by
0.02 A each length compared to Os, o while the bond length is an
average of 2.30 A each. Another Os atom is absorbed on top of
Os,4 to form Oss. However, the position of the new atom favors a
corner as bond lengths from each atom in square to the new atom
are 2.53, 2.39, 2.64 and 2.72 A. Oss_ has a very unique magnetic
moment. The bottom four atoms have 0.70 uz where as the top
atom has a 3.00 pp. Oss_; has a trigonal bipyramid configuration
and is 1.27 eV more unstable than Oss_o. Atoms in triangle at the
center have a 2.75 up and bond length of 2.66 A, where the top
and bottom atoms have an average of 0.9 x5 and an average of
2.40 A from vertex to triangle. Oss_, was based on a square config-
uration and absorbed at the edge of the square with an angle of
45°, This is due to the strong magnetic moment of a fifth atom con-
taining 2.14 ug while the other atoms are 1.0 ug each. The magnetic
moment indicates an antiferromagnetic state in Osg_o as atoms in
the top triangles have +0.67 up and atoms in the bottom have
—0.67 up. The structural shape resembles a triangular prism and
D3, symmetry. The bond length of the triangle and length between
the triangles are 2.44 and 2.27 A, respectively. Osg_; is 0.5534 eV
more unstable than Osg_o. The structure of Osg_; is a square bipyr-
amid and the bond length of square and vertex to square are
2.47 A. The magnetic moment is 1.33 for all atoms. There is a cor-

relation between magnetic moment and bond length in Os clusters
where if the bond length is evenly distributed then magnetic mo-
ments are evenly distributed as well. The structure of Os7_g is sim-
ply Osg_o that has absorbed one atom from the square side. The
isomer Os;_; is 1.52 more unstable than Os;, and resembles
Osg_; that has absorbed an extra atom. Osg_o has a simple cube con-
figuration which is also seen in Rug and Irg despite Osg_o belonging
to the O, symmetry group [18]. Osg_ favors a antiferromagnetic
state as four atoms have +0.30 ugs and the others have a
—0.30 up, making the total magnetic moment zero. The bond
length of Osg o is 2.36 A each creating the perfect cube. Oss ; has
a rhombohedral configuration and is 1.54 eV more unstable than
Osg_g. Osg_» shows the common configuration for eight-atom clus-
ters which can be seen in Sng and Cug [30,31].

Osg_o is based on a simple cubic configuration that can be seen
in Osg with an absorbed atom. The attached atom has a 2.00 ug
while the others are 0.60 up each. As can be seen in Oss_o and
Osg_g, the attached atoms have a much larger magnetic moment
than others. Two isomers of Osg are also represented in Figure 1.
Osg ; and Osg , are 1.31 and 1.47 eV more unstable than Osg .
Osg_; consists of a square pyramid on top of a rhombus configura-
tion. Osgy_ is formed by imposing a trapezoid and a square. 0syg_o
has a pentagonal prism configuration. The bond length in the pen-
tagon is 2.39 A each and the bond length between pentagons is
2.33 A for height. Os;o_o favors an antiferromagnetic state as atoms
on the bottom pentagon have a +0.56 p3 and atoms on top penta-
gon have a —0.56 p. It is surprising that Osqo_; is not the ground
state structure. Until Os;0, the structure predictably followed a cu-
bic and pyramidal formation. Instead, Os;o_ o produced a pentago-
nal prism. In fact, Osjo_; is only 0.083 eV more unstable than
0s19_0. Os10_2 is obtained by adding an atom to Osg_;. It is interest-
ing that Os;o_; is also an antiferromagnetic material because Osjg_;
does not favor antiferromagnetic state yet Osjo does. Overall,
Os19_ has a zero magnetic moment. Os;o_3 has a unique configura-
tion as six atoms create a rectangular shape and four atoms are ab-
sorbed in them. However, it is energetically 1.71 eV more unstable
than Os;g_o.

From the ground state structure of Osjo, the ground state struc-
ture of Osqy; could be predicted to be Os;;_, as an extra atom is
added to Os;g_¢; however, Os;; o went back to form a cubic-like
configuration. Osq;_ is 1.45 eV more unstable than 0s;;_o. An extra
atom in a hexagonal prism causes a magnetic state change. Os1_o
can be obtained by absorbing an atom onto 0syg_;. 0sq1_1 is 1.55 eV
more unstable than 0sq;_o and forms a cubic-like configuration.

Osi;_o has a very surprising structure because it has been sug-
gested that Os;, should have a two-cube coupled configuration,
which is seen in Ruy, and Ir;, [18]. However, Os;; ¢ is 18° bent
and is predicted to form towards a hexagonal prism. As a result,
Os12_o does not favor an antiferromagnetic state, making it, with
the exception of Os,, the first even-numbered cluster to be para-
magnetic. 0sy,_; is 0.10 eV more unstable than Os;,_o. The struc-
ture is based on superimposing the two triangles which consists
of six atoms. It is interesting that six atoms in center of triangles
have zero magnetic moment. Os;,_» is 3.29 eV more unstable be-
cause the structure does not follow a cubic or hexagonal trend.

The magnetic moments for Os;3 and Osq4 are not as strong as
0s;_12. As structures grow toward Os;4, some of the atoms become
trapped inside the clusters. Those clusters have very low magnetic
moments because the spins of the trapped atoms overlap with sur-
rounding atoms. 0s;3_ is obtained by absorbing an atom onto
Os120. Two isomers, Os;3_; and Osj3,, are represented where
1.13 and 1.58 eV are energetically more unstable than the ground
state. It is surprising that Osq4_¢ is a hexagonal prism configuration
because Os;1_o and Osi,_o have cubic-like configurations. Based on
the evolution of Os clusters, Osi4_; which is 1.35 eV more unstable
than the ground state, could be predicted to be the ground state
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structure. 0sq4_ > is 4.95 eV more unstable and can conclude that
0s14 does not favor cubic-like configurations.

2.2. Property analysis

Figure 2 (a) shows the average magnetic moment per atom for
the ground state structures.

Os, have relatively larger magnetic moments than Os;_q4. This
is due to less overlaps of electron spins with neighboring sites. It
is a known effect that there is a correlation between magnetic mo-
ment and electronic structure [32]. The ground state structure of
Os, to Os,4 forms a two-dimensional configuration. Os clusters then
transform to a three-dimensional configuration after Oss. It has
been suggested that the dimensions change from two to three
dimensions as the magnetic moment gradually decreases and the
interatomic distance increases [33]. There is also a correlation be-
tween the average neighbor distance and magnetic moment. As
can be seen in Figure 2a and b, the magnetic moment increases
when the average neighboring atom distance increases. In essence,
larger interatomic distances reduce the number of electron spins
that overlap, thus causing a larger magnetic moment. The ground
state structures of even-sized Os clusters tend to form cubic-like
structures and favor an antiferromagnetic state for clusters up to
Osyp. It is interesting that Os;; and Osqy4 don’t favor an antiferro-
magnetic state because smaller even-numbered Os clusters favor
an antiferromagnetic state. This can be attributed to their geomet-
ric structures as they do not follow cubic-like structures. Smaller
even-numbered Os clusters, meanwhile, are cubic-like and favor
antiferromagnetic states. This odd-even oscillation can be seen in
Figure 2a and b. Figure 2c shows the HOMO-LUMO gap for the
ground state structure. Os; is clearly showing the largest HOMO-
LUMO gap in the system. The HOMO-LUMO gap as a function of
cluster size shows odd-even oscillation after Osg. This is due to
the electron pairing effect. Even-numbered Os clusters are rela-
tively more stable than odd numbered Os clusters as they have lar-
ger HOMO-LUMO gaps. These large gaps are due to structural
configurations which are simple square and cubic, thus resulting
in well-balanced atomic interactions.

The binding energies per atom of the ground state Os clusters
are plotted in Figure 3 as a function of inverse cluster. The bulk va-
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lue is calculated to be —10.87 eV. The evolution of Os clusters to-
ward its bulk value is literally linear with an energy drop in Os3
and Os,. Similar effects can be seen in the binding energy from
Aus to Auy [29]. Both Ausz and Os; have the largest HOMO-LUMO
gaps. Auy and Os, are more unstable than the others, causing a
large drop of binding energy.

Figure 4a and b show the density of states of selected ground
state even/odd-numbered Os clusters. The DOS indicates that the
structural configuration influence electronic properties of Os clus-
ters. Even-numbered Os clusters have cubic, pentagonal, or hexag-
onal-like symmetry configurations. It is clear that those atomic
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configurations have well-balanced electron distribution compared
to odd-numbered configurations in Figure 4a. The structure of odd-
numbered clusters have low symmetry and cause uneven broad
electron distribution in Figure 4b. The magnetic states of Os clus-
ters can also be understood by DOS analysis. Because even-num-
bered Os clusters show high well-balanced electron distribution,
electron spins overlap each other. Therefore, the spins cancel each
other, causing antiferromagnetic states. Thus, there are strong cor-
relations between the structural configuration, magnetic state, and
DOS.

3. Conclusion

The structural and electronic properties of small Os clusters of
up to 14 atoms are explored. The ground state structures of Os
clusters evolve as simple cubic growth up to Os;o, when then they
begin to form pentagonal configurations. It was surprising that
0s; has the two cubes coupled configuration which is 18° bent be-
cause Os;; was expected to be form perfect two cubes coupled
structures. Besides Os;,, small Os clusters have very similar atomic
configurations to small Ru clusters. However, Os clusters have
much higher binding energy and stability, based on HOMO-LUMO
gap, than Ru clusters. Therefore, Os clusters can potentially replace
Ru clusters for catalysts for methane dissociation and hydrogena-
tion. It is also interesting that the ground state structure of Os size
4, 6, 8 and 10 favors antiferromagnetic state but not for 12 and 14.
0Odd-even oscillations as a function of cluster size are observed for
magnetic moments, average neighbor distances and stabilities.
DOS indicates that even-numbered Os clusters have well-balanced
electron distribution due to their symmetric atomic configurations.
The magnetic moments tend to be weaker in condense areas be-
cause of overlapping spins. Similar odd-even oscillations can be
seen in average magnetic moment and average neighbor distances
as a function of cluster size. The correlation between their values
are simply described as large magnetic moment when average
neighbor distance are large. Therefore, the magnetic state of Os
clusters is strongly dependent on atomic configuration. The results
should provide elementary structural analysis of small Os clusters
of up to 14 atoms and act as an aid in further experimental and
theoretical studies done in order to develop further potential appli-
cations of Os clusters.
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The interaction of H and Fe clusters of up to nine atoms were investigated within a density
functional theory. Calculations indicate that one gas-phase Fe atom can absorb ten H atoms, an
amount 2.5 times more than methane (CH4). The magnetic state of Fe atoms non-uniformly
decrease by increasing the number of H. The bonding of Fe-H in FeH clusters consists of charge
transfer and electron pairing. Thus, two types of bondings are involved. The bond mechanism is
general in nature within transition metal clusters, bringing insight for the development of
heterogeneous catalyst and hydrogen storage materials. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4798511]

The interaction of iron and hydrogen is one of the most
attractive subjects due to being fundamental elements of the
universe. Numerous research regarding the existence of iron
hydrides has been discussed over the past few decades within
the field of hydrogen storage materials and planetary
science.'™ One of the progressive methods used to create
bulk FeH is high pressure storage as FeH cannot be synthe-
sized at ambient pressure.® This process requires 10 to 20
gpa of pressure in order to store hydrogen inside bulk Fe
where it forms hexagonal close-packed phase.'” However,
because of its extreme high pressure environment, practical
application is very limited.

On the other hand, significant effort has been made
towards understanding the interaction of atomic clusters and
hydrogen.”'* Fe-H interaction at nanoscale is not an excep-
tion. Whetten et al. suggests that gas phase small Fe clusters
could form chemical bonds with H."' FeH molecules were
detected by the near-infrared spectrum and the blue-green
solar spectrum.lz’13 FeH, and FeH; were also detected by
infrared spectra.'* FeH molecules can be produced by either
the decay of >’Co embedded in solid hydrogen or by the
interaction of iron pentacarbonyl vapour and atomic hydro-
gen in a microwave discharge.'”'® However, the bonding
mechanisms and structural details of H and Fe clusters are
not yet understood.

In this Letter, the interaction of hydrogen and small iron
clusters of up to nine atoms is discussed by means of using
the density functional theory. The ground state structures of
hydrogenated Fe clusters were obtained by using the basin-
hopping algorithm.'” The present results demonstrate hybrid
bond mechanisms between H and Fe clusters and their effect
upon the magnetic state of the clusters.

The density functional theory calculation was performed
by implementing the grid-based projector-augmented wave
(GPAW).'® The generalized gradient approximation (GGA)
of Perdew-Burke-Ernzerhof (PBE) was wused for the
exchange-correlation.' 0.0eV of smearing was applied for

“Present address: Strategic Priority Project Research Division, Creative
Research Institution, Hokkaido University, N-21, W-10, Sapporo 001-
0021, Japan.
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all cluster calculations. The I" point was applied for the sam-
pling of the Brillouin-zone. The basin-hopping algorithm, its
code already constructed for previous work, was imple-
mented in order to obtain the ground state structure of small
Fe clusters.'”?*2" All calculations were performed in 10A
edge length of a simple cubic cell. Because H could bring
complicated magnetic states of Fe, all possible spin states
were tested for all cases in order to obtain the ground state
magnetic state.’>?

The binding energy of Fe clusters (E,) was calculated
based on Eq. (1)

E, = E(Fe,) — E(Fei) x n — Ezpygre, (h

where n is the size of the clusters, E is the total energy of the
clusters, and ZPVEFe is zero point vibrational energy of Fe
atoms.

The binding energy (E,;) of H to each Fe clusters was
calculated based on Eq. (2)

H,
Eyy, = E(FecHy) — E(Feqom) — 5 XY= Ezpven — EzpvEFe,

2)

where X is the size of the Fe atoms, y is the number of H, and
ZPVEH is zero point vibrational energy of H atoms. The
effect of the zero point vibrational energy of hydrogen and
Fe clusters was included for increasing accuracy in the
calculations.

The lattice constant and magnetic moment of bulk Fe
was evaluated to test the accuracy of the computational
method. The Brillouin zone sampling coupled with the
Monkhorst-Pack scheme and 16 x 16 x 16k points and
0.1eV of smearing were applied for bulk calculations.>* The
lattice constant of bulk Fe was calculated to be 2.84 with
2.21 magnetic moment, which has good agreement with the
experimental values.

Previous studies have reported results that detected the
presence of FeH, FeH,, and FeHs.'>™'* Hydrogen adsorption
on a Fe, cluster is, therefore, explored. The hydrogen atom
was adsorbed one by one against Fe;. The basin-hopping
algorithm was then implemented in order to find the ground

© 2013 American Institute of Physics
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FIG. 1. Ground state structures of Fe H; clusters, i=1-10. Atomic color
codes: Fe, orange and H, white. Red dot on H represents bonding by charge
transfer.

state configuration of Fe;H; (i=1-10). The structural data
for FeH; (i=1-10) is collected in Figure 1 and Table I. The
vibrational frequency of FeH, FeH,, and FeH; was calcu-
lated to be 1768.0cm~!, 1700.4cm™', and 1815.3cm™!,
respectively, demonstrating good agreement with experi-
mental infrared spectra and theoretical data.'**>2¢

In particular, the results have demonstrated that Fe; can
absorb up to 10 H atoms, which is 2.5 times more than meth-
ane (CH,). Hydrogenated Fe; has symmetrical configuration
as can be seen in Figure 1. Additionally, the structure of
hydrogenated Fe; forms 2-dimensional configurations until
FeHg, where a 3-dimensional configuration then starts to
form from FeH,.

The physical origin of the Fe-H bonding mechanism
leads to the fundamental understanding of the interaction of
Fe and H. Charge transfer using a bader analysis and the pro-
jector density of state (PDOS) were analyzed in order to
understand the Fe-H bonding mechanism. 0.3 and 0.4 elec-
trons of charge transfer can be seen in FeH; and FeH, in
Figure 1, respectively. Their bonding represents ionic-like
bonding. However, the bonding mechanism is different in
FeHs. H (A in Figure 1) is negatively charged by 0.4 elec-
trons while other H atoms (B and C in Figure 1) are charged

TABLE I. The ground states structures of Fe;H; (i=1-10). E,;: The total
binding energy in eV, M: The magnetic moment of Fe, in g, S: Symmetry
Group, D: The average Fe-H bond length in A and Q: Average charge trans-
fer of Fe-H in electrons.

FeH, Epp M S D Q

1 0.03 3.00 Cinfv 1.56 0.28
2 0.64 4.00 C2v 1.60 0.39
3 1.13 3.00 Cyy 1.67 0.18
4 1.46 2.00 Cy 1.60 0.16
5 2.12 1.00 C, 1.68 0.12
6 2.90 2.00 Doy 1.56 0.11
7 3.45 1.00 C, 1.59 0.06
8 3.84 2.00 C, 1.65 0.06
9 4.70 1.00 G 1.60 0.05
10 5.80 0.00 C, 1.57 0.04

Appl. Phys. Lett. 102, 113108 (2013)
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FIG. 2. PDOS of s, p, and d-state of Fe and s-state of H(B) in Fe,Hj, Figure 1.

by 0.01 electrons. The bond length of H(A) and Fe is calcu-
lated to be 0.11 A shorter than H(B and C)-Fe. Thus, the
bond type of H(A) and Fe is ionic-like bonding while H(B
and C)-Fe is clearly different based on charge transfer.

Further investigation was performed by studying PDOS
of H and Fe. The PDOS of the s-state of H(B) and s, p, and d
state of Fe are shown in Figure 2. The shape of two peaks of
s-state H and p and d state of Fe are very similar, indicating
hybridized orbitals. Thus, those two H atoms are bonded
with Fe as a result of electron pairing. Note that the bond
length of H(B) and H(C) is calculated to be 0.86 A, which is
slightly elongated from the H, molecule. The d-state of Fe is
entering an anti-bonding state of H(B)-H(C) and as a result
elongation occurred. Therefore, weak triangle bonding rela-
tion is formed within H(B)-Fe-H(C) Thus, these two H atoms
are bonded with Fe as a result of electron pairing. It is very
interesting that two different types of bonding exist within a
system. It can be geometrically seen that isolated H bonds
with Fe by utilizing a charge transfer while simultaneously
forming electron pairing bonds if another H atom is near. In
particular, it is interesting that the bonding type of Fe-H in
FeHg only consists of electron pairing and FeH;_, only
forms ionic-like bondings, as seen in Figure 2, while FeH;_ -
and FeHg_jp demonstrate a mix of electron pairing and
charge transferring.

Odd-even oscillation and the reduction of the magnetic
moment by adding H atom to Fe; (in Table I) can also be
explained by the electron pairing. Odd-numbers of H create

Fe, Fe, Fe 4
Feg Fe; Feg

FIG. 3. Ground state structures of Fe, clusters, n=1-9.
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TABLE II. The ground states structures of Fe, (n=1-9). E,: The average
binding energy per Fe atom in eV, M: The average magnetic moment per
atom in pg, S: Symmetry Group, D: The average bond length in A, H:
Maximum number of hydrogen that can be adsorbed, Mh: The average mag-
netic moment of hydrogenated Fe clusters per Fe atom in jiz, and I: Number
of absorbed H atoms by the number of Fe size per Fe atom.

Size E, M G D H Mh I
1 N/A 4.00 R, N/A 10 0.00 10
2 1.09 3.00 D infh 1.99 18 0.00 9
3 1.44 2.67 D3y 2.16 25 0.36 8
4 2.00 3.50 Dy, 225 25 0.26 6
5 231 3.60 Cay 2.38 28 1.62 6
6 2.58 3.33 Day 231 32 0.98 5
7 275 3.14 Ds) 2.38 39 0.44 6
8 2.83 3.00 Cay 2.32 51 0.12 6
9 2.89 2.89 Ca 2.38 56 0.00 6

an extra pair of electron spin. As a result, it lowers the mag-
netic moment. Furthermore, odd-numbers of H atoms tend to
have lower magnetic moments than even-numbered atoms.
Thus, it can be possible to control the magnetic state of Fe
clusters by controlling the number of H atoms.

Additionally, if one considered how the transitional met-
als exhibit similar behaviors, the bond mechanism of H and
Fe clusters can be proposed as being general in nature in the
transition metal clusters.

The ground state structures of Fe clusters of up to nine
atoms were explored by using a basin-hopping method in
order to see the interaction of H and Fe,_o. The structural data
are collected in Figure 3 and Table II. The structures of small
Fe clusters have been previously studied extensively.?’ > The
calculated magnetic moment of small Fe clusters varies from
one to the next depending on the chosen computational
method. The calculated magnetic moments in this Letter cor-
respond to Fep 32 Fey, 032 Fe, 2’ Fes? Fegl ol
Fe7,27’3’1’32 Feg,27’28 and F¢:9,28’3 U thus, demonstrating good
agreement with previously reported results.

Fe clusters of up to nine atoms were fully hydrogenated.
The ground state structure of hydrogenated Fe clusters of up
to nine atoms in Figure 4 were found by using a basin-
hopping algorithm. The number of hydrogenated H on Fe for
each cluster are collected in Table II. It is surprising that
small Fe clusters can absorb more H atoms than previously
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FezHg Fe sHag

FeaHys Fe 4H2s

(S

FeGH32

FeB H51

Fe 7Hzg FegHsg

FIG. 4. Ground state structures of Fe,,H,, clusters, (m =2-9) (n = maximum
adsorbed H atoms). Atomic color codes: Fe, orange and H, white.
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reported experimental data.**~* For instance, Fe, can absorb
18 H atoms. The total magnetic moment decreases from 4 to
0 by hydrogenation while the distance of Fe-Fe elongates
from 2.00 A to 2.79 A. As a trend, H brings elongation of the
Fe-Fe distance and the reduction of the magnetic moment.
The decrease in magnetic moment is considered to be due to
electron pairing as was discussed in the previous paragraph.

The bonding of H and Fe,(m=2-9) is also based on
charge transfer and the electron pairing effect. Therefore, the
hybrid bond mechanism is not only applied for Fe, but also
for small Fe clusters.

In conclusion, the structure and bonding mechanisms of
hydrogenated small Fe clusters were investigated within a
density functional theory in this Letter. One gas-phase Fe
atom can chemically absorb up to 10 atoms through two type
of bonding mechanisms, namely charge transfer and electron
pairing. Hydrogenation of Fe, (n=2-9) is also explored.
Calculations indicate that Fe, (n =2-9) can be hydrogenated
by a large amount of H atoms and more than previous exper-
imental results have shown. Upon the hydrogenation of Fe
clusters, the magnetic moment of Fe atoms also non-
uniformly decreased due to the electron pairing effect. These
phenomenon help provide insight into other hydrogenated
transition metal clusters’ bonding mechanisms as well as aid
development of heterogeneous catalysts and hydrogen stor-
age materials.
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ABSTRACT: Niobium-based oxide nanoparticles have proven
to be catalytically effective toward hydrogenation of Mg where

H, dissociation over the niobium-oxides is considered to be a - :; d
crucial reaction step. However, the role of niobium oxides . 09

toward H, dissociation still remains unclear as to what atomic
configurations are responsible for the catalytic activity. H,
dissociation over different surface planes of Nb, NbO, and
Nb,Os as well as small NbO clusters is performed by using a
density functional theory. The calculations reveal that H,
dissociation, adsorption energy, and the bond type between H
and surfaces (clusters) depend on the atomic configurations of Nb and O. In particular, H, adsorption on NbO(111) is enhanced
by O atoms without forming O—H bond where the bond type of H and surface is found to be an electron pairing. Thus,
NbO(111) could not only be a effective catalyst but also potentially prevent the formation of MgO during the hydrogenation of
Mg. The results should be helpful in developing and tailoring the efficient catalyst toward H, dissociation and hydrogenation of
Mg.

NbO (111) Energy (eV)

B INTRODUCTION difficult to determine what atomic configuration is responsible
Magnesium’s abilities to store 7.66 wt % of hydrogen and to for the increase in cata‘lytlc .acFmty. I‘n partlcula‘r, it is 1m}.)ortar.1t
reverse the storage process has caught the attention of much of to understand H, dissociation with the different sites in
the hydrogen energy field.'™® However, hydrogenation and niobium oxides as H, dissociation is a crucial reaction step to
dehydrogenation on Mg surfaces are very slow because H, does improving the kinetics of hydrogenation of Mg.** A systematic
not dissociate rapidly as the first step reaction of hydrogenation theoretical approach using the density functional theory is
45 e d : . . o . .
of Mg.™ To solve this issue, catalysts are 1ntré)iuced to the taken to clarify the H, dissociation over the different site of
system to dissociate H, and improve kinetics.” = Transition niobium oxides. H, dissociation on Nb, NbO, and Nb,O with

metals such as Nb, V, and Ti are well-known catalysts that can their (100), (110), and (111) surface planes are studied as each
dissociate and adsorb H, due to H, experiencing the Pauli

repulsion and the s-state of H interacting with the electron
holes within the d-band of the transition metals.”™'" However,
recent studies have claimed that ball-milled niobium pentoxide

surface plane has different atomic configurations. The size effect
of ball-milled Nb,Og was considered as a small nanoparticle is
generally more reactive than its bulk state due to its high

(Nb,O5) nanoparticles are highly effective catalysts for surface strain and unusual surface features. H, dissociation on
hydrogenation and dehydrogenation of magnesium systems small NbO based atomic clusters are also studied as the size and
even when oxides are generally considered to lack dissociation unusual surface effects of nanoparticles are concerned. The
abilities.">"> While Nb,Oj is shown to be an effective catalyst, interactions of H, and Nb,, NbO, NbO,, Nb,O, Nb,0,, and
its bulk structure may be destroyed by the ball-milling process, Nb, Oy clusters, therefore, are explored.

and nanoparticles, thus, form. This led researchers to consider As the structure of ball-milled Nb,Os is expected to be

numerous proposals to reveal the catalytic mechanisms of
Nb,O,."*""” The formation of NbO from Nb,Oj is considered
to be due to either the ball-milling process or the reduction of
H,.'4'%1 X-ray absorption near edge structure (XANES)
spectra analysis with ball-milled Nb,Oy indicates that NbO is
responsible for the catalytic activities where NbO has slightly

complex, it is difficult to determine what types of atomic
configurations within the Nb,Og or NbO systems or their size
effect are improving catalytic activity. By studying these
different surface planes and their relevant clusters, one can
better understand the structural configurations and the size

longer bond lengths.'* However, ball-milled NbO nanoparticles effects which have a higher impact upon catalytic activity.
are not as effective as Nb,O; nanoparticles.”’
Thus, the role of Nb,Oj still remains unclear as the ability to Received: July 8, 2013
observe and investigate atomic-level catalytic reactions has yet Revised:  August 27, 2013
to be realized with current experimental methods, making it Published: August 27, 2013
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B COMPUTATIONAL METHODS

The first principle calculations are performed within the density
functional theory (DFT). The grid-based projector-augmented wave
(GPAW) method where the wave functions are expanded on a real
space grid is also used*' The generalized gradient approximation
(GGA) of Perdew—Burke—Ernzerhof (PBE) as the exchange-
correlation and spin polarized approximation are performed.”” The
grid spacing is set to 0.18 A in all calculations. 0.1 eV of smearing is
applied for the bulk and surface calculations.

The lattice constants of Nb (3.30 A) and NbO (4.21 A) in the
experiment are calculated to be 3.30 A and 4.28 A, respectively. An
experimental lattice cell was used for Nb,O; cases.”® The bond length
and vibrational wavenumber of H, is calculated to be 0.75 A and 4322
cm™!, respectively, which has good agreement with previous
computational values.** The Bader volume analysis was implemented
for the charge analysis.>>*® The dissociation barrier of H, is calculated
by using the nudge elastic band (NEB) method, while the largest
element of the gradient is less than 0.05 eV/A.>

The supercell size and the number of layers were carefully evaluated.
The distance of a dissociated hydrogen atom and hydrogen atoms in a
neighboring cell are separated by more than 7.00 A within the periodic
boundary condition. As a result, the (100), (110), and (111) planes of
Nb and NbO in a (3 X 3) surface cell are created. A (1 X 1) cell of
Nb,O; (100), (110), and (111) planes are analyzed. The number of
layers were carefully chosen based on surface energy and energy
convergence. Four atomic layers are selected where the bottom two
layers are fixed in all surface cases. Periodic boundary conditions with
15 A of vacuum toward z-axis are considered for all of surface
calculations. The 4 X 4 X 1 special k-points of the Brillouin zone
sampling which uses the Monkhorst—Pack scheme are used.”®*®
Dipole corrections were also considered; however, the effect was
considered to be no impact on the results.

The ground state structures of Nb,, NbO, NbO,, Nb,0, Nb,0,,
and Nb,Os clusters were explored by using the basin-hopping
algorithm.** 0.0 eV of smearing was applied for all of the cluster
calculations within 10 A edge length of a simple cubic cell. The I point
was used for the sampling of the Brillouin zone for cluster calculations.

The H, adsorption energies AE, with entropic contributions
(AG,g) for all surface calculations are calculated by eqs 1 and 2:

AG:Ads = AEJdS - AEZPVE — TAS (1)

AEads = E(surface+H2) - E(surface) - E(HZ) (2)

where ZPVE is the zero point vibrational energy of H, T is
temperature in kelvin, and S is entropy in joules per kelvin.

The binding energies AE,, with entropic contributions (AGy;)
between H and clusters was calculated based on eqs 3 and 4:

Ath = AEbh - AEZPVE — TAS (3)

AEy, = Eqw, 0,1, — Eaw,0,) ~ Emy (4)

where m and n represent the size of the clusters. Negative signs of
adsorption energy refer to exothermic reactions.

B RESULTS AND DISCUSSION

Models. Nb, NbO, and Nb,Os Surface Planes. Each Nb,
NbO, and Nb,Os crystal is cleaved into three different surface
planes, namely, (100), (110), and (111). Nb is a simple body-
centered cubic crystal, where the Nb(110) plane has a higher
atomic density than Nb(100) and Nb(111). On the other hand,
NbO has an unusual cubic structure which is similar to a rock
salt structure. For this reason, the atomic configuration of each
surface layer of each NbO surface plane is different as can be
seen in Figure la—f. Therefore, two different top surface
models were considered for each surface plane of the NbO
cases: NbO (a) 100—1, (b) 100-2, (c) 110—1, (d) 110-2, (e)
111-1, and (f) 111-2. In particular, the NbO(111) plane

Figure 1. Top view of stick and ball models of NbO: (a) 100-1, (b)
100-2, (c) 110—1, (d) 110-2, (e) 111—1, (f) 1112, and Nb,Os: (g)
100, (h) 110, (i) 111. Atomic color codes: Nb, blue; O, red.

consists of alternating Nb and O layers. The top surface layer of
NbO(111-1) is dominated by Nb atoms, while the top surface
of NbO(111-2) is dominated by only O atoms. All of the
surface planes of Nb and Nb,Oj; repeat the same lattice layers
as seen in Figure 1g—i. Therefore, the terminations of Nb and
Nb,Oy surface layers are not considered.

Bare NbO Clusters. The structures and properties of small
NbO clusters are extensively studied due to their catalytic
activities in the field of fuel cell and pollution control.>'~** In
the present work, the lowest energy structures of bare NbO
clusters shown in Figure 2 are determined by a basin-hopping

197 1.74 1.99 1.99
=0 @
Nb> NbO

NbO NbO2

215 188,
178 N30 177
1.75

2.15 1.88

Nb,0, Nb,O,

Figure 2. Ground state structures of Nb,, NbO, NbO,, Nb,O, Nb,O,,
and Nb,Os). The bond lengths (A) are indicated. Atomic color codes:
Nb, blue; O, red.

algorithm. The magnetic states of small niobium oxides clusters
are varied by the size and composition of clusters while bulk Nb
has a paramagnetic state. The average magnetic moments per
atom are calculated to be 1.0, 1.5, 0.0, 0.3, 1.0, and 0.0 yg, for
Nb,, NbO, Nb,O, NbO,, Nb,O,, and Nb,Oj, respectively.
The bond distance of the Nb dimer is calculated to be 1.97
A, where the corresponding experimental value is 2.08 A.** The
calculated bond length of Nb—O in NbO is 1.74 A. The ground
state of the Nb atom has five unpaired spins in a 4d*Ss'
configuration, while the O atom has two unpaired spins in 2p*.
Adsorbing an O atom forms a double bond with the Nb atom,
resulting Nb atom in NbO to have 3.0 uy. Nb,O and Nb,O,
form an isosceles triangle (C,,) and a rhombus shape (D,;),

dx.doi.org/10.1021/1a402565b | Langmuir 2013, 29, 12059—12065
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Table 1. AG,q4: Adsorption Energy (eV) with Entropic and ZPVE Contributions, AE,4;: Adsorption Energy (eV), AE,pyg: The
Zero Point Vibrational Energy of H, (eV), TS: T Is Temperature (kelvin) and S Is Entropy (joule per kelvin), dy_y: H—H Bond
Nearest Atom Nb or O) Distance (A), and q(H): Charge Transfer (Electrons)

Length (A) and dy_g: H-S (S:

AG 4 AE 4 AE pyg TAS
Nb(100) -1.37 -1.25 0.28 —-0.16
Nb(110) —2.09 -1.77 0.35 —0.02
Nb(111) —1.46 -1.16 0.30 0.05
NbO(100—1) —0.52 —0.17 0.36 0.00
NbO(100-2) —-1.08 -0.72 027 —-0.15
NbO(110-1) -2.02 -1.92 0.32 —0.22
NbO(110-2) —2.61 —221 0.40 —0.12
NbO(111-1) —224 —1.84 0.34 0.07
NbO(111-2) —-1.75 -1.19 0.56 0.03
Nb,O4(100) —4.58 —4.01 0.57 0.01
Nb,04(110) —1.04 —0.65 0.39 0.02
Nb,O4(111) —-1.08 —-0.79 0.49 —0.20

s e position q(H)

2.51 2.18(Nb)/2.15(Nb) bridge Nb—Nb —0.53, —0.53
221 2.05(Nb)/2.05(Nb) 3-fold Nb hollow —0.58, —0.57
2.37 2.06(Nb)/2.00(Nb) bridge Nb—Nb —0.53, —0.52
0.77 2.26(Nb)/2.26(Nb) top Nb +0.03, —0.01
1.94 2.00(Nb)/2.02(Nb) bridge Nb—Nb —0.43, —0.43
4.28 1.81(Nb)/1.81(Nb) top Nb —0.39, —0.39
3.04 2.00(Nb)/2.00(Nb) bridge Nb—Nb —0.56, —0.47
224 2.13(Nb)/2.07(Nb) 3-fold Nb hollow —0.57, —0.59
4.74 0.99(0)/0.99(0) top O +0.66, +0.70
479 0.99(0)/0.99(0) side O +0.62, +0.62
1.75 1.77(Nb)/1.77(Nb) top Nb —0.29, —0.27
420 1.76(Nb)/1.01(O) top Nb/side O —0.27, +0.69

respectively. The total magnetic moment of Nb,O is calculated
to be 0 y which is a reasonable value as two Nb (4d*) atoms
and an O (2p*) atom form a bond and all spins are paired.

The ground state structures of NbO, and Nb,Oj; clusters are
previously reported by DFT work where the structure of NbO,
(C,,) in this work has good agreement with the previous
work.*" On the other hand, the ground state structure of Nb,Oj
in this work has a different atomic configuration (C,) from
previous DFT work.”" Energetically, Nb,Os in this work is
found to be 1.71 eV more stable than previous work.>"

H, Adsorption on Nb. The adsorption of H, on Nb
surfaces (100), (110), and (111) is investigated to understand
H, dissociation on nonoxide surfaces. H, adsorption details are
collected in Table 1. To obtain the lowest adsorption site of H,,
H, axes that are parallel or perpendicular to the surface were
deposited in all cases of hollow, bridge, and top sites of Nb
atoms and then relaxed.

The H—H distance at each surface plane of the ground states
adsorption site is calculated to be 2.51 A, 2.21 A, and 2.37 A for
Nb(100), (110), and (111), respectively. This indicates that
there are no dissociation barriers on any of the Nb planes,
demonstrating good agreement with experimental work where
Nb is confirmed to be able to dissociate H, without any
activation barriers.>® The adsorption energies of H, on each Nb
plane were calculated to be —1.37 eV, —2.09 eV, and —1.46 eV
which also have good agreement with the corresponding
experimental adsorption energy, —1.50 + 0.35 eV, by a
collision-induced dissociation (CID).>* Within the Nb surface
planes, the Nb(110) surface particularly shows a high H,
adsorption energy value. A Bader analysis shows that adsorbed
H on Nb(110) is negatively charged by 0.58 electrons, while
the adsorbed H on the other two Nb planes is negatively
charged by 0.53 electrons. The slight enhancement of charge
transfer adsorbed H in Nb(110) is due to the adsorption site as
H is adsorbed on the bridge site for Nb(100) and (111), while
H is located on 3-fold hollow site in Nb(110). Thus, the
adsorbed H on Nb(110) is interacting with the surrounding
three Nb atoms that are contributing extra charge transfers,
resulting in high adsorption energy.

H, Adsorption on NbO. The H, absorption on NbO
surfaces is quite unique as there are different atomic
configurations within each lattice layer. For that reason, H,
adsorption on NbO: (a) 100—1, (b) 100-2, (c) 110—1, (d)
110-2, (e) 111—1, and (f) 1112 in Figure 1 is considered. In
general, H, dissociates without any activation barriers except for

12061

the case over the NbO(100—1) where the barrier was
calculated by using NEB method.

H, is weakly adsorbed on a top site of the Nb atom on
NbO(100—1) where the H—H bond length is calculated to be
0.77 A, 0.02 A slightly elongated when compared to gas-phase
H,. The distance between the metal oxide surface and H, is
calculated to be longer than 2.20 A. This suggests that H,
dissociation over NbO(100—1) associates with activation
barriers. The H, dissociation barrier calculation over
NbO(100—1) was carried out within the NEB method. Initial
(1S) and final state (FS) structures for NEB calculations were
calculated first. H, on a top of the Nb atom in NbO(100—1),
which is the ground state adsorption site for H, molecule, is set
as an IS. The ground state adsorption site of dissociated H
atoms on NbO(100—1) was explored by relaxing dissociated H
atoms in all possible adsorption sites—top, bridge, and
hollow—in NbO(100—1). Calculations indicate that the
dissociated H atoms are adsorbed on top of Nb atom and O
atom. Dissociated H atoms form H—Nb and O—H bonds with
bond lengths of 1.81 A and 0.99 A, respectively. H is strongly
bonded with O as a Bader analysis shows that the H in a O—H
bond is positively charged by 0.6S electrons. A Bader analysis
also shows that H in H—Nb bond is negatively charged by 0.38
electrons while the bond length of H—Nb is shorter than those
of other cases. One can consider that the H—Nb bond forms as
a result of electron pairing rather than a charge transfer.
Dissociation barrier calculations were carried out within the
NEB method to estimate the activation barriers for H,
dissociation on NbO(100—1). At the transition state, the H—
H distance is calculated to be 1.01 A where the two H atoms
are found in a bridge configuration of Nb and O. The
dissociation barrier is calculated to be 1.31 eV which is the
equivalent to 126 kJ/mol.

In contrast, H, dissociation over NbO(100—2) is not an
activated process as the H, was dissociated with having the H—
H bond length of 1.94 A on the bridge of Nb upon the
adsorption of H, on NbO(100—2). Adsorption energy on
NbO(100—-2) is lower than those on Nb(100) and Nb(111)
despite the fact the dissociated H atoms on NbO(100-2),
Nb(100), and Nb(111) are adsorbed on the bridge of Nb. This
can be explained by their charge state, as Nb on Nb(100) and
Nb(111) is positively charged by 0.4 electrons while Nb on
NbO(100-2) is positively charged by 1.2 electrons. This
indicates that Nb atoms in NbO(100—2) is strongly bonded
with O atoms by charge transfers; therefore, Nb has less

dx.doi.org/10.1021/1a402565b | Langmuir 2013, 29, 12059—12065



Langmuir

available d-state electrons compared to bare Nb surfaces. As a
result, H on NbO(100-2) is negatively charged by 0.43
electrons while H on on Nb(100) and Nb(111) is negatively
charged by 0.53 electrons. Furthermore, the O atom in
NbO(100-2) is positively more charged than for other NbO
cases. The O atoms take electrons from Nb atoms on
NbO(100-2), thereby reducing the adsorption energy of
hydrogen due to the lack of Nb electrons available to interact
with hydrogen.

The number of Nb and O atoms are geometrically evenly
distributed on the top surface of NbO(110—1). Both of the
dissociated H atoms are positioned on a top of Nb atoms
having the H-H bond length of 1.81 A. The bond length and
adsorption energy of Nb—H on NbO(110—1) is calculated to
be 0.46 A (1.5 eV) shorter (lower) than those for NbO(100—
1) where the H, molecule is also adsorbed on the top of the Nb
atom. The reason for the difference of adsorption energy and
the bond length of H, and Nb atom between NbO(100—1)
and NbO(110—1) is considered to be due to the bonding state
of Nb—H. The top surface of Nb atom in NbO(100—1) is
bonded with the surrounding four O atoms, while Nb is
bonded with two O atoms in NbO(110—1). Thus, the d-state
electrons of Nb atom in NbO(100—1) are occupied for Nb—O
bonding and are not able to cause the Pauli repulsion against
H,. Because the s-state of H, is fully occupied, the s-state
electrons are not adsorbed into the electron holes of the d-state
of Nb, resulting in low adsorption energy.

The H—H distance on NbO(110-2) is calculated to be 2.61
A. The dissociated H atoms are positioned on the bridge site of
Nb—Nb. In particular, H, adsorption energy on NbO(110—2)
is high. The enhancement of adsorption energy can be
considered to be due to the effect of O atoms where O
atoms in a second lattice layer create long-range effects to H
where the distance of the H and O atom is calculated to be 2.62
A. The effect of O atoms toward H atoms are discussed in
electronic structure section, Figure Sc.

NbO(111) consists of alternating Nb and O atom layers in
Figure lef. H, adsorption on the NbO(111—1) where the first
layer is composed of only Nb atoms and the second layer of
only O atoms is studied. The dissociated H atom is adsorbed at
the 3-fold Nb hollow site which can be also seen in the
Nb(110) case. However, the H, adsorption energy on
NbO(111-1) is enhanced by 0.15 eV compared to H,
adsorption on Nb(110) where H, is also adsorbed on a 3-
fold Nb hollow site. The enhancement of adsorption energy is
considered to be due to the presence of O under the Nb layer.
The evidence of O effect in NbO(111—1) is confirmed in the
PDOS (Figure 4a) of the p-state of O in second layer and the s-
state of H where O and H are overlapping. The distance
between O and H is calculated to be 2.70 A, and the effect is
relatively long-ranged. Thus, O atoms in NbO(111—1) increase
H, adsorption energy without the formation of an O—H bond.

On the other hand, the termination of the first Nb layer in
NbO(111—1) creates the top surface layer of NbO(111-2)
consisting of only O atoms. Dissociated H atoms are positioned
on top of the O atoms creating O—H bonds, which can be
considered to be the first step reaction toward the reduction of
NbO to Nb."® It is surprising to see that H, dissociates without
any barriers on the O atom layer because H, dissociation is
generally involved with the d-state of the transition metals. It is
reasonable to assume that the d-state of Nb atoms within the
second layer is affecting the H, dissociation as the d-state of Nb
is responsible for the Pauli repulsion of H,. Further analysis is

done by electronic structure section of the study where the
interaction of H and the second layer Nb is observed.

The results of NbO suggests that O plays a key role in the
dissociation and adsorption of H,. The enhancement of H,
adsorption energy strongly depends on the geometry of O
atoms. Therefore, catalytic activities are possible to control
depending on atomic configuration of Nb and O.

H, Adsorption on Nb,Os. Nb,O; has been extensively
studied in terms of improving the kinetics of Mg systems.'>"?
The calculations indicate that H, was dissociated without
encountering any activation barriers on all of the Nb,Oj; surface
planes. Minor surface relaxations, which are the displacements
of O atoms, are seen upon H, adsorption.

Both of the dissociated H atoms on Nb,O5(100) form a O—
H bond, which is similar to the case of H, adsorption on
NbO(111-2). Minor surface relaxation is experienced upon
O—H formation where the top surface O atoms are displaced
and the O—Nb bond is strengthened. In particular, H,
adsorption energy on Nb,0O5(100) is the highest within this
study. One can be considered that surface relaxation upon H,
adsorption enhances the adsorption energy due to the change
of O—Nb bonding state within Nb,O;(100). A Bader analysis
confirms that O atoms are negatively charged by 0.17 more
electrons upon minor surface relaxation by H, adsorption,
while the bond length of O—Nb is shortened by 0.12 A. As a
result, minor surface relaxation slightly increases the bond
strength of O—Nb. On the other hand, the bond length of O—
Nb elongated by 0.14 A within H-O—Nb bonding which is
considered to be the first step toward reduction of Nb,Os."®

The dissociated H atoms are adsorbed on the top of the Nb
atom with a H—H bond length of 1.75 A. H, adsorption energy
(—1.04 eV) on Nb,O4(110) is very similar to the value (—1.08
eV) for NbO(100—2). As is mentioned in the NbO(100—2)
case, Nb atoms create a bond by charge transfer with the
surrounding four O atoms in Nb,O4(110). The H atoms on
Nb,0;(110) is negatively 0.30 electrons charged less than H on
the Nb and NbO cases, resulting in lower H, adsorption
energy.

H, adsorption on Nb,O;(111) also involves minor surface
relaxation upon the O—H formation. A dissociated H atom on
Nb,O;(111) is located on the top of the Nb atom and a side
site of the O atom. Nb—H bonding is relatively weak compared
to H, on the Nb and NbO cases as Nb atoms in Nb,O(111)
make bonds with O atoms.

Overall, H, adsorption on Nb,Os surface planes creates
either Nb—H or O—H bonding. Upon the formation of O—H
bonding, the O—Nb bond strengths within H-O—Nb on the
top surface layer are weakened. The weakening of Nb—O upon
the formation of H-O—Nb bond is considered to be the first
step to the reduction of Nb,Oj which is previously suggested.'®
This could possibly be why experimental works detect the NbO
upon H, and Nb,0O, reaction.'*"?

H, on NbO Clusters. The ground state structure of H,
adsorption on NbO clusters in Figure 2 is explored. The
structural data are collected in Figure 3 and Table 2. The
structure analysis indicates that H, is dissociated without
encountering any barriers in all cluster cases where the
hydrogenation involves the charge transfer from NbO clusters.
In general, slight elongation (shrinkage) of the structure can be
seen upon H, adsorption.

The total magnetic moment drops from 2.0 pp to 0.0 i in
Nb, upon H, adsorption. The change of magnetic moment can
be explained by the simple spin model. Adsorbing H, on Nb,
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(4d®) results in Nb,H, (4d') where all spins are paired.
Therefore, H, adsorption on Nb clusters can be explained by
the s-state electron in dissociated H atoms hybridizing with the
d-state of Nb.

H, prefers adsorbing onto Nb atoms over O atoms in NbO
as the dissociated H atoms are adsorbed on the top of Nb atom.
This can be explained by the Nb—O bonding states where the
p-state of O (4p*) is filled by bonding with the d-state of Nb
resulting O (4p°) so that there is no room in the p-state of the
O atom in NbO for the H atoms to enter. In particular, H,
adsorption energy on Nb, and NbO have similar values. In
both cases, Nb—H bonding associates with H atoms filling the
electron holes in the d-state of Nb.

Dissociated H atoms on Nb,O are located on the bridge site
of Nb—Nb and the top of the Nb atom. A Bader analysis shows
that Nb on the bridge configuration has 0.1 electrons extra of
charge transfer compared to H on the top of Nb. On the other
hand, dissociated H atoms on NbO, are located on the top of
the Nb atom and the top of the O atom. Upon forming a O—H
bond, the Nb—O bond elongates to 0.18 A. The bond length of
O—H is calculated to be 0.98 A which is the calculated bond
length of O—H in a H,0 molecule.

Adsorption energy of H, on Nb,0, is the highest within the
system despite that the O—H bond is not formed. This is
considered to be due to the contribution of charge transfer
involving with O atoms which is explained by Figure Se within
the charge density difference section. A similar situation can be
seen in the NbO(111—1) case where the second layer O atoms
are affecting H atoms. The bonding mechanism of H and
Nb,O, is discussed in electronic structure section.

The dissociated H atoms on Nb,Oj; are adsorbed on the top
of the Nb and O atom. The bond length of O—H and Nb—H is
calculated to be 0.98 A and 1.98 A, respectively. Slight structure
elongation can be seen upon H, adsorption. In particular, the
bond length of O—Nb within H—O—Nb is elongated by 0.18 A
which could potentially lead to the reduction of Nb,Oj cluster.

Overall, the H, adsorption energy (charge transfer) on NbO
clusters is lower (less) than surface calculations. As a result, the
size effect is not a critical factor toward H, dissociation and
adsorption. Instead, H, adsorption is dependent on the atomic
configuration of Nb and O rather than a high surface ratio.

Electronic Structure. The Density of States. Electronic
structure and the charge density difference analysis are carried
out to understand how Nb and O atoms contribute to H,
dissociation and adsorption. In general, the s-state of H and d-
state of transition metal play a key role for dissociation and
adsorption of H, over the transition metals as H, on transition
metal experiences the Pauli repulsion where the s-state of H
transfers to the electron holes at the d-orbital of the transition
metals."' The projected density of states (PDOS) of the d-state
of Nb, s-state of H, and p-state of O in a selected set of systems,
which are H, on NbO(111-1), NbO(111-2), and Nb,O,
clusters, are shown in Figure 4. Note that there are no H,
dissociation barriers on those surfaces and clusters. To discover
how the d-state of Nb and the p-state of O affect dissociation,
three steps of structures are taken; namely, top, initial step (IS);
middle, approaching with surface; and bottom, final state (FS).
H, is placed over 2.0 A away from the surface to prevent the
interaction of H, and Nb at the IS.

H, on NbO(111-1) in particular shows a high adsorption
energy value of —2.24 eV despite that the top surface only
consists of Nb atoms. The H, dissociation on NbO(111—1)
involves with the d-state of Nb which is confirmed by where the
o state of H split to the bonding and antibonding states at the
middle step. Furthermore, the dissociated H is not only
overlapping with Nb but also with O below —5.0 eV at FS
(Figure 4a). This indicates that O atoms under the Nb atoms
contribute to the adsorption of H.

PDOS of H on NbO(111—2) in Figure 4b shows that H, Nb,
and O atoms are, overall, overlapping each other, resulting in
the formation of an H—O group. Because the top surface of
NbO(111-2) is fully covered with O atoms, it is considered
that the second layer of the d-state of Nb is involved for H,
dissociation. This is confirmed by the antibonding state located
above the Fermi level at the middle step upon H,’s approach to
the surface.

H, adsorption energy on Nb,O, is calculated to be —2.78 eV
without forming an O—H group. H, dissociation involves the
interaction of the s-state of H and the d-state of Nb where the
antibonding state is located above the Fermi level at the middle
step in Figure 4c. PDOS shows that the s-state of H, the d-state
of Nb, and the p-state of O overlap at —7.5 eV, FS. This
indicates that O atoms contribute to the adsorption of H, on
Nb,O,, similar to the case of H, on NbO(111—1) where the
long-range effect of O atoms are seen. Further analysis for the

Table 2. AG,,: Adsorption Energy (eV) with Entropic and ZPVE Contributions, AEy,: Adsorption Energy (eV), AE,pyp: The
Zero Point Vibrational Energy of H, (eV), TS: T Is Temperature (kelvin) and S Is Entropy (joule per kelvin), dy_;: H—H Bond
Length (A) and dy_g: H-S (S: Nearest Atom Nb or O) Distance (A), Position: The Ground State H, Adsorption Site, S:
Symmetry Group, M: Total Magnetic Moment (i), and q(H): Charge Transfer (Electrons)

AGy, AE,, AE;pyg TAS du_u du_s position S M q(H)
Nb,H, —1.50 -1.18 0.32 0.00 2.79 1.94(Nb)/1.94(Nb) bridge Nb—Nb C,, 0 —0.42, —0.41
NbOH, —1.48 -1.17 0.31 0.00 2.98 1.79(Nb)/1.79(Nb) top Nb C, 1 —0.40, —0.40
Nb,OH, -1.04 -0.71 0.33 0.00 246 1.40(Nb)/1.45(Nb) bridge Nb—Nb/top Nb C, 0 —0.56, —0.47
NbO,H, -1.77 -1.32 0.45 0.00 3.90 1.80(Nb)/0.98(0) top Nb/top O C, 1 —0.42, +0.65
Nb,O,H, -2.78 —246 0.33 0.00 3.64 1.80(Nb)/1.81(Nb) top Nb C,, 0 —0.42, —0.42
Nb,OH, —2.58 -2.19 0.39 0.00 5.10 1.83(Nb)/0.98(0) top Nb/top O C, 0 —0.43, +0.62
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Figure 4. Selected PDOS of s-state H, d-state Nb, and p-state O on
NbO(111-1), NbO(111-2), and Nb,O, clusters. Each DOS refers to,
top: initial step, middle: approaching to surface, bottom: final step.
The bond lengths (A) are indicated. Atomic color codes: Nb, blue; O,
red; H, white.

bonding type of H, on Nb,O, is discussed in charge density
difference section. The d-state of Nb is strongly interacting with
the p-state of O atom at —8.5 eV, FS and is confirmed by a
Bader analysis where Nb in Nb,O, is positively charged by 1.43
electrons, while Nb in NbO(111—1) is positively charged by
1.0S electrons. Nb—O bonding in Nb,O, associates with 0.38
electron charge transfers stronger than NbO(111-1).

Charge Density Difference. The charge density difference
was analyzed to understand further details of the bonding
mechanisms of H and selected surfaces and clusters. The charge
density difference, Ap, was calculated by eq 5:

Ap = p(surface(cluster)+H2) - p(surface(cluster)) - p(Hz) (5)

where p(surface(cluster)+Hz)) p(surface(c[uster))) and p(Hz) are Charge
densities for the NbO systems.

The charge density difference contours of H, on selected
surfaces and clusters are shown in Figure 5. The bonding of H
and bare Nb surface planes associates with charge transfer and
can be confirmed by the charge density difference contour of
adsorbed H on Nb(100) in Figure Sa where H gained electrons

Figure S. Charge density difference of H, on the selected surfaces and
clusters. H, on (a) Nb(100), (b) NbO(110-1), (c) NbO(110-2),
(d) NbO(111-1), and( e) Nb,O,. The charge density difference
contour is shown where red (blue) corresponds to gain (depletion).
Atomic color codes: Nb, blue; O, red; H, white.

from the Nb surface. The bonding type of H on NbO(110—1)
was suggested to be an electron pairing in previous section of
the study as it has a high adsorption energy despite a relatively
low charge transfer between H and surface. Figure Sb shows
that H gains electrons from Nb atoms. However, the gained
electrons are located between Nb and H atoms. This indicates
that the bonding type of H and Nb associate with an electron
pairing and a charge transfer. The charge density difference
contour of H, on NbO(110—2) in Figure Sc shows that there is
no charge gain or depletion. Electrons are concentrated near
the H atom where electron concentrations are slightly toward
O atom under the H atom. This suggests that the bonding type
of H and NbO(110—2) is considered to be an electron pairing
in which the O atom is involved with, resulting a high H,
adsorption energy.

The charge density difference contour of H on NbO(111—1)
shown in Figure 5d is distinctly different from the other surface
cases. Electrons are concentrated near the Nb atoms, while
being between the H and O atom. The p-state electrons of O
atom contributes H adsorption as the PDOS (Figure 4a) also
shows that the s-state of H overlaps with the d-state of Nb and
the p-state of O. This indicates that H, Nb, and O atoms are
sharing the electrons. Thus, the bonding type of H and Nb
atoms in NbO(111—1) is associating with the second layer O
atoms, resulting in high H, adsorption energy.

The bonding mechanisms of NbO clusters are also associated
with charge transfer. The charge density difference contour of
H, on Nb,O, cluster shown in Figure Sf shows that H atoms
gain charge from Nb,O,. In particular, the charge depletion is
seen around O atoms. The bonding of H and Nb,O, cluster
involve with charge transfer which O atom contributes. This is
confirmed by the PDOS (Figure 4c) where H, O, and Nb peaks
overlap at —7.5 eV, FS. As a result, H, adsorption energy on
Nb,O, is relatively high.

H CONCLUSION

In conclusion, density functional theory calculations were
performed for H, dissociation over the different surface planes
of Nb, NbO, and Nb,O; as well as NbO clusters where H,
dissociation is a crucial step reaction of the hydrogenation of
the Mg system. Based on the computational results, there are
no activation barriers for H, dissociation for all cases except for
the NbO(100—1) case. The atomic configuration of Nb and O

dx.doi.org/10.1021/1a402565b | Langmuir 2013, 29, 12059—12065
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plays a key role for H, dissociation where the bonding type of
H and surfaces (clusters) depends on the configuration of Nb
and O atoms In particular, H, on NbO(111—1) shows a high
adsorption energy where H—Nb bonding is stabilized by an
electron pairing without forming an O—H group which could
prevent the oxidation of Mg. The results should provide the
elementary catalytic activities of H on Nb, NbO, and Nb,O;
surfaces and clusters and help develop better catalysts for H,
dissociation toward hydrogenation of Mg,
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The catalytic effect of Nb, NbO and Nb,0s with different surface planes on dehydrogenation of MgH,
clusters was investigated by using a density functional theory. The adsorption sites of Mg and H are
different depending on different surface planes. In particular, NbO(111) shows very high adsorption
energy which is considered to be due to electron pairing instead of a charge transfer. Electronic structure

MgH, reveal that NbO(111) has a strong interaction between the s-state of H and d-state of Nb. This thermo-
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Atomic clusters
Hydrogen storage

for MgH, systems.

dynamically suggests a low dissociation barrier of Mg-H bond. Mg becomes fully oxide on a oxygen-rich
planes of NbO(100) and all planes of Nb,Os. Those planes prevent rehydrogenation of MgH,. These
results should help understand the catalytic effects of Nb, NbO and Nb,0Os and develop a better catalyst

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium hydrides have attracted much attention as a
potential candidate for hydrogen storage materials due to its high
hydrogen capacity [1-5]. However, the slow kinetics of hydrogena-
tion and dehydrogenation of MgH, are a major drawback [6,7].
Much work has been experimentally done to the catalytic effect
of transition metals such as Nb, Ti and V and their oxide in order
to improve the kinetics [8-12]. In particular, the ball-milled
Nb,0s is proven to be the most successful catalysts for hydrogen
absorption and desorption [13,14]. However, there are several
assumptions regarding the catalytic activities of Nb,Os. Hanada
et al. claims that NbO, rather than Nb,Os, is responsible for its cat-
alytic activities by X-ray absorption fine structure [15]. Ball-milled
Nb,0s5 possibly forms NbO due to either the reduction of H, or the
ball-milling process [15-19]. It is an experimentally challenging
task to observe the atomic configuration of catalytic activities. As
a result, catalytic mechanisms of Nb,Os are still not yet under-
stood. A theoretical approach, therefore, is taken by using a density
functional theory. The gas-phase MgH, cluster is studied as the
Mg-H bond in a cluster is stronger than its bulk. Therefore, if the
Mg-H bond can be weakened in a cluster, then dramatical effects
can be thermodynamically expected in bulk MgH,. Ball-milled
structures are very complicated and unpredictable, with different

* Corresponding author. Tel.: +81 117066769.
E-mail address: keisuke.takahashi@eng.hokudai.ac.jp (K. Takahashi).

0925-8388/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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surface planes for each elements being tested in order to under-
stand what type of atomic configuration has the most catalytic
activity. In this study, the dehydrogenation of gas-phase MgH,
clusters on Nb, NbO and Nb,0s with different surface planes was
investigated. The results should reveal the role of catalytic activi-
ties of those elements on an atomic scale.

2. Computational methods

The grid-based projector-augmented wave (GPAW) method, where the wave
functions are expanded on a real space grid, is performed [20]. The generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) is used as the
exchange-correlation [21]. 0.18 A of grid spacing and 0.1 eV of smearing are applied
for all surface calculations. The lattice constants of Nb and NbO are calculated to be
3.30 A and 4.279 A, respectively. Experimental lattice cell was used for Nb,Os cases
because the cell is very complex and computationally difficult [22]. The bader vol-
ume analysis was implemented in order to analyze charge transfer [23-26].

The distance of MgH, clusters and neighbor cell are set at least 6.5 A in order to
avoid numerical errors for creating supercells. A (3 x 3) super surface cell is used for
the (100), (110) and (111) planes of Nb and NbO. Because a (1 x 1 x 1) cell of
Nb,Os consist of 98 atoms, each of the Nb,05(100), (110) and (111) planes is
cut into several pieces and the lowest adsorption energy local structure was stud-
ied. Four atomic layers where bottom two lattice layers are fixed are applied in
Nb and NbO. Periodic boundary condition was applied for all cases and 4 x 4 x 1
special k points of the Brillouin zone sampling which uses the Monkhorst-Pack
scheme is applied for Nb and NbO [27,28]. 2 x 2 x 1 special k points are applied
for Nb,Os case. Gas-phase MgH, cluster is optimized separately with using only
I’ point. The lowest energy configuration of MgH, is found by optimizing the differ-
ent atomic configuration. Optimized gas-phase MgH, is deposited on each surface
plane. Zero-point energy and dipole corrections were not considered as their effects
were minimal to affect the results.

The adsorption energies are calculated by the following equation;

Euds = E(Surface) + E(Mg) + E(HZ] - E(Surface+MgH2)< (1>
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Fig. 1. The optimized gas-phase MgH, cluster. Atomic color codes: Mg, green; H,
white. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Table 1
Adsorption energy, bond length of Mg-H and H-X (where X is near atom, O or Nb) in
A, and charge transfer (q) of H, Mg.

Eqas dyvg-H dux q (H) q (Mg)
Nb(100) 3.44 2.06, 2.06 2.05(Nb) —0.70, —0.70 +1.08
Nb(110) 3.61 3.07,3.26 2.09(Nb) —-0.58, —0.57 +0.70
Nb(111) 3.08 1.90, 2.16 2.01(Nb) —-0.67, —0.66 +1.40
NbO(100) 1.32 2.19,2.19 1.93(Nb) —-0.55, —0.54 +1.72
NbO(110) 4.15 1.97,1.97 1.92(Nb) —0.64, —0.64 +1.41
NbO(111) 4.44 3.52,3.52 2.10(Nb) —-0.58, —0.57 +0.90
Nb,05(100) 6.40 2.58,1.75 0.98(0) +0.64, —0.61 +1.67
Nb,05(110) 411 3.93,3.84 2.00(Nb) +0.60, —0.51 +1.70
Nb,O5(111) 2.02 1.83,1.84 1.94(Nb) —-0.50, -0.37 +1.68

3. Results and discussion
3.1. MgH, adsorption on Nb, NbO, Nb,0s each plane

The optimized MgH, cluster is shown in Fig. 1 with a Mg-H
bond length of 1.72 A which has good agreement with previous
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work [29]. A bader analysis shows that H is negatively charged
by 0.7 electrons while Mg is positively charged by 1.65 electrons.
Thus, Mg-H forms an ionic-like bond and creates a higher activa-
tion energy barrier for H, desorption from Mg than bulk MgH,.
Experimentally, Mg is positively charged by 1.91 electron while
H is negatively charged by 0.26 electrons in bulk MgH, [30]. If
the Mg-H bond in MgH, clusters become weakened by Nb-based
catalysts, then thermodynamically, the effects of those catalysts
for H, desorption from bulk MgH, should be more effective.

The optimized MgH, cluster was then deposited 2 A away from
each surface plane. The adsorption energy, charge transfer, and
structural data are collected in Table 1. It is interesting to see that
the positions of dissociated Mg and H are varied by different sur-
face planes within the Nb system. H is adsorbed in bridge, 3-fold
hollow and top/bridge sites for Nb(100) (Fig. 2a), Nb(110) and
Nb(111), respectively. MgH, on Nb(110) demonstrates a binding
energy of 3.61 eV, which is 0.17 eV than the binding energy for
Nb(100) and 0.53 eV higher for Nb(111). However, there is a less
charge transfer to Mg and H in Nb(110). This suggests that the
bonding of Nb and MgH, on Nb(110) is distinctly different from
the bonding on Nb(100)(111). Electron pairing occurs in
Nb(110), thereby causing the high adsorption energy.

NbO has been suspected to play a key role within the hydroge-
nation and dehydrogenation processes for MgH, as a result of ball-
milled Nb,Os [15-19]. NbO has a different atomic configuration of
H and O depending on its surface plane. NbO(100) is an oxygen-
heavy surface, where H is adsorbed on top of Nb and Mg, making
a bond with three surroundings O atoms in Fig. 2b. A bader analysis
indicates that Mg is positively charged by 1.72 electrons.

1.96

Fig. 2. The selected structural models of MgH; on (a) Nb(100), (b) NbO(100), (c) NbO(110), (d) NbO(111) and (e) Nb,O5(100). Atomic color codes: Mg, green; H, white; Nb,
blue; O, red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Gas-phase Mg0,, MgO, and MgOs are separately calculated as a
reference system and Mg is positively charged by 1.19, 1.64 and
1.68 electrons from O, respectively. This demonstrates that Mg be-
comes fully oxide by the surrounding three O atoms.

The number of O and Nb atoms are equal in NbO(110). The
bond length of Mg-H in NbO(110) is calculated to be 1.97 A which
is slightly elongated in Fig. 2c. H is located on a top of Nb where Mg
is located in bridge. However, there is no interaction with O. E is
relatively high. This can be contributed to the strong charge trans-
fer from Nb to H.

NbO(111) has very unique structure, as shown in Fig. 2d, as it
consists of alternative layers of Nb and O layer. It has the highest
Eqps within the system, yet there is no large charge transfer. This
suggests that a different bonding mechanism is induced by O.
The top Nb surface is positively charged by 0.7 electrons while
the O layer is negatively charged by 1.2 electrons. Thus, posi-
tively-charged top Nb surfaces bring additional active sites for
the dehydrogenation of MgH, cluster.

It has been suggested that ball-milled Nb,Os is the most effec-
tive catalyst for MgH,, but its catalytic mechanisms are still not
understood [13,14]. As Mg becomes an oxide on NbO(100) due
to the large O presence, MgH, is also expected to become an oxide.
Mg fully becomes an oxide by the surrounding O in Nb,05(100) in
Fig. 2e as Mg is positively charged by 1.67 electrons. One of the H
atoms dissociates from Mg, creating a bond length of 0.98 A with O.
The other H still makes a bond with Mg but H is adsorbed on a top
of Mg. The bond length of the H on top of Mg and Mg is 1.75 A,
demonstrating slight elongation. As a result, the large charge trans-
fer and oxidation causes a large adsorption energy.

H is located on top Nb and Mg becomes fully oxide with a sur-
rounding four O atoms in Nb,Os(110). Similar geometric model
can be seen in NbO(100). However, the large presence of O and
asymmetry bring additional adsorption energy compared to the
NbO(100) case.

Nb,05(111) shows a similar trend to Nb,05(100). Mg fully be-
comes an oxide with the surrounding three O atoms. However, H
creates a bond with a neighboring Nb, as O is not surrounding
Nb. The bond length of Nb-Mg is calculated to be 1.84 A, which
is slightly elongated by Nb. Nb is already interacting with a large
amount of O, and Nb is positively charged by 2.3 electrons, while
H is negatively charged by 0.5 electrons. This is slightly lower than
other cases. Thus, low E.4s can be seen in Nb,O5(111).

Nb,Os relatively shows higher adsorption energy than Nb and
NbO. However, Mg becomes MgO because of the large presence
of O atoms. MgO is not a preferable phase for rehydrogenation.
Therefore, NbO is a better catalyst for dehydrogenation and rehy-
drogenation process for MgH, system.

3.2. Electronic structure analysis

Electrons in metal surfaces play a key role for desorption of H,
from MgH, because MgH, encounter a Pauli repulsion when tran-
sition metal surface is approached. The electronic structure of se-
lected surface planes with MgH, clusters are investigated in
order to understand dehydrogenation mechanism of each surface
plane. The projected density of states (PDOSs) of Mg, H, Nb and
O on Nb(100), NbO(111), and Nb,05(100) are shown in Fig. 3. Ini-
tial state (IS) structure was calculated in order to understand the
effect of electrons in Fig. 3a. MgH, cluster was placed at 2.5 A
above the surface to avoid electron overlapping between the
surface and adsorbate. The ground state structure of adsorbed
MgH, was used as final state in Fig. 3b.

When adsorbate is not interacting with surface, H peaks are lo-
cated below the Fermi level at IS. Above Fermi level, anti-bonding
state can be clearly seen. H is overlapping with Nb in Nb(100) at
FS. A bader analysis shows that a charge transfer from the s-state
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06l Mg-p
-5 0 5 10
— H-s
” — Nb-d ||
9 — Mgp|]
— o_p
-5 0 5 10
1.2t — H-s
Lor — Nb-d |
0.8 — o |1
el Mg-p ||
0.4} — Op
0.2+
0.0 -
~15 -10 -5 0 5 10

Energy, eV
(a) IS, MgH; on (a) Nb(100) (b) NbO(111) (¢) Nb2Os(100)

T

12t — H-s

10f — Nb-d
o.s: — Mgp

DOSs

~15 -10 -5 0 5 10
Energy, eV

(b) FS, MgH, on (a) Nb(100) (b) NbO(111) (¢) NbyOs(100)

Fig. 3. The selected PDOS of Mg, H, Nb and O on Nb(100), NbO(111) and
Nb,0s(100) for (a) initial state (IS) and (b) final state (FS).

of H to the d-state of Nb is occurring. However, there is still
Mg-H bonding in Nb(100) as H is overlapping with Mg at FS, how-
ever, bonding is weaker than IS.

Strong Mg peaks are observed above the Fermi level in
NbO(110) at FS while Mg peak is overlapping with Nb and H in
Nb(100) This indicates that Mg on NbO(111) is rather unstable.
Thus, Mg can be easily rehydrogenated as Mg in NbO(111) have
more unoccupied states than Nb and Nb,Os. More importantly, O
is overlapping with H. Long range effect of O can be considered
as O atoms are located under the Nb layer in Fig. 2d. As a result,
high adsorption energy is induced by O. Strong anti-bonding state
can be seen above the Fermi level at FS. This suggests a stronger
interaction of s-state of H and d-state of Nb. This thermodynami-
cally leads to lower dissociation barriers for H from Mg.
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The anti-bonding state of H and Mg can be seen above the Fermi
level at IS. However, the anti-bonding state is shifted to the bond-
ing state at FS. The reason is Mg and H become fully oxides in
Nb,05(100) as H is overlapped by O peaks. MgO which is not
usable for rehydrogenation is formed Note that Nb is not interact-
ing with Mg or H due to being geometrically separated in Fig. 2e. As
a result, NbO(111) is thermodynamically proven to be a effective
catalyst for practical applications while Nb,Os5 brings large amount
oxidation during the dehydrogenation and difficulty of
rehydrogenation.

4. Conclusion

The dehydrogenation of the gas-phase MgH, cluster was
investigated on Nb, NbO, and Nb,Os with (100), (110) and (111)
planes by using a density functional theory. The charge analysis
indicates that Mg-H bond in MgH, cluster is ionic-like and higher
than its bulk state. Finding the catalyst which could potentially
weaken the Mg-H bond in MgH, cluster makes MgH, more practi-
cal for hydrogen storage materials. Adsorption sites of Mg and H
are different depending on different surface. In particular,
NbO(111) shows very high adsorption energy due to electron pair-
ing instead of a charge transfer. The PDOS of NbO(11 1) reveals that
there are strong interactions of the s-state of H and the d-state of
Nb. Therefore, thermodynamically NbO(111) has the most effec-
tive catalytic activities for MgH,. Mg becomes an oxide if there is
a large presence of O existing on the top surface which can be seen
in NbO(100), Nb,0O5(100), (110) and (111). This prevents rehy-
drogenation of MgH,. Thus, the NbO(11 1) surface plane have po-
tential to be the most effective catalyst for dehydrogenation and
rehydrogenation of MgH, systems.
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1 Introduction

The interaction of hydrogen and metal clusters are extensively
studied due to the high reactivities in the field of catalyst.”” In
particular, the interaction of H, and group VIII metal clusters
have attracted much attention due to being key catalysts for
improving the kinetics of various systems in areas of petro-
chemistry, fuel cells, astrophysics, methane dissociation,
alkane activation, and medicine.*™*

FeH molecules are extensively studied for various applica-
tions in the field of heterogeneous catalysts; for instance, acti-
vating the hydrogen molecule.”*” However, in general, bulk Fe
and H do not chemically bond each other in ordinary condi-
tions. On the other hand, Fe clusters is theoretically predicted to
make chemical bonding with H resulting FeH molecules."” FeH
molecules are characterized in the near infrared spectrum and
the blue green solar spectrum.'®* The FeH, molecule was also
characterized in a gas-phase by infrared spectra."*** The
photochemical reaction of Fe + H, = FeH, was investigated in
solid xenon and Ar/Kr matrices.">'® The structure of Fe-H
molecules is theoretically predicted and the change of magnetic
state of Fe clusters by hydrogen was also reported.” It should be
noted that H and bulk state Fe do not chemically bond in
ordinary conditions; however, strong chemical bonding
between small Fe clusters and H are predicted.”*> Thus, small
Fe clusters are predicted to have higher reactivities against H,.

The interaction of small Ru clusters and H, was theoretically
investigated.>® However, there is a lack of experimental results
for a simple RuH, system. The Ru based complex systems such
as RuH, (CO), (n = 2-4) and RuH, (PPhj;), have been repor-
ted.”»*® These complexes have been extensively investigated for
hydrogenation reactions, carbon-carbon bonding, activation,
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magnetic moments. The thresholds upon stability change between bare and hydrogenated clusters

and polymerization of methyl methacrylate. Furthermore, there
are numerous results involving Ru-based bimetallic clusters
such as small RusSn; clusters which have high reactivities for
hydrogenation.”*** In all examples, Ru clusters are still a main
factor of all of the chemical reactions. For that reason, one is
necessary to fundamentally understand how small Ru clusters
are interacting with H,.

Os clusters have been shown to be effective catalysts.”® Os
clusters are reported to have the highest binding energy within
Fe, Ru, and Os clusters and that could lead Os clusters to have
higher stabilities than Fe and Ru clusters.”” However, there is a
lack of both experimental and theoretical work for small Os
clusters. This is due to the difficulty of handling small Os clus-
ters.?®*? On the other hand, Os-based complexes such as OsH(n,-
S,CH)(CO)(PiPr3), have been synthesized for hydrogenation and
carbon-carbon bond activation.?® Thus, further investigation of
the interaction of H, and Os clusters is required to understand
the fundamental properties of Os clusters with H,.

The interaction of small Fe, Ru, and Os clusters with H, are
investigated using the density functional theory in this study.
The ground state structures of bare and hydrogenated Fe, Ru,
and Os clusters are explored using a basin-hopping algorithm.
The reactivity and magnetic state upon adsorption of H, are
analyzed from the electronic structures.

2 Computational method

The density functional theory calculation within the grid-based
projector-augmented wave (GPAW) was performed.*® The
generalized gradient approximation (GGA) of spin-polarized
Perdew-Burke-Ernzerhof (PBE) as the exchange-correlation and
spin polarization were implemented.** The grid spacing is set to
0.18 A and 0.0 eV of smearing was applied for all calculations.
All calculations were performed in 10 A edge length of a simple
cubic cell. The I" point was used for the sampling of the Bril-
louin-zone. Bader charge analysis was employed in order to
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analyze the charge states of clusters and hydrogen.**** The
basin-hopping algorithm was implemented in order to obtain
the ground state structure of bare Fe, Ru, and Os clusters and H,
adsorption sites.**** All possible spin states are considered for
all cases. All possible H, adsorption sites are considered in all
cases upon H, adsorption on Fe, Ru, and Os clusters and the
ground state structures of H, adsorbed Fe, Ru, Os clusters are
investigated in this work.

The average binding energy of bare A(Fe, Ru and Os) clusters
(Eb[A,]) on eqn (1) and H, adsorbed A(Fe, Ru and Os) clusters
(B[A.H2) on eqn (2):

_E[A,] - nE[A]

Ey[A,] P

E[A,] — (nEJA]) — 2E[H] — E[H(ZPVE)]

Ey[AH;] = )

(2)

where 7 is the size of the clusters, E is the total energy of the
clusters, and atom is the single Fe atom.
The adsorption of energy (E,q) was calculated based on eqn

(3):
E.a = E[A,H,] — E[A,] — 2E[H] — E[H(ZPVE)] 3)

where ZPVE is zero point vibrational energy of hydrogen. The
effect of the zero point vibrational energy of hydrogen was
considered in all calculations.

3 Results and discussion
3.1 Geometry

3.1.1 Bare Fe, Ru, and Os clusters. The ground state
structures of bare Fe, Ru, and Os clusters were explored by using
a basin-hopping algorithm. The structural data of Fe, Ru, and
Os is collected in Fig. 1-3.

The ground state structures of small bare Fe clusters have
been extensively studied.”**** However, the magnetic moments
of small Fe clusters are varied depending on the computational
method used. The ground state structures of Fe clusters in this
study were used from previously reported works.” The calcu-
lated magnetic moments and structures of small Fe clusters
used in this study corresponds to Fe,,**** Fe;,**"** Fe,,***® Fes,*
Feg,*1%" Fe,,’1% Feg,***” and Feo,*”** demonstrating good
agreement with previous theoretical works.

The structures of small Ru clusters have also been widely
studied and the ground state structures of small Ru clusters in
this study show good agreement with previous work.**** The
bond length and the vibrational frequency of the Ru dimer in this
work is calculated to be 2.15 A and 405 cm ™" with a spin multi-
plicity of 5, demonstrating good agreement with previous
works.* The spin multiplicity of the ground state Ru; in this work
is different from previous work where Ru; has a triangle config-
uration with a spin multiplicity of 9 in this work while previous
works reports the spin multiplicity of 7.**>* Because of different
spin states, the average bond length of Ru; is slightly longer than
previous work has reported. Ru, forms a square configuration
with an anti-ferromagnetic state which has good agreement with
previous work.** Cubic-like growth is seen from Rus to Rug. Rus
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FeH:2

FegH2 FeoH>

Fig. 1 Ground state structures of Fe,H; clusters, n = 1-9. Atomic color codes: Fe,
orange; H, white. Red dot on H represents bonding by charge transfer.

has a square pyramidal configuration with the bond length of
2.31 A in the base square and 2.50 A from base to vertex. Rug has
a triangular prism configuration. Absorbing an atom at the side
of Rug leads to Ru;. Rug is a simple cubic configuration with bond
lengths of 2.34 A. Ru, has an elongated square pyramid config-
uration, which is based on a simple cubic structure while
absorbing one atom on one of the side plane.

There is a lack of structural information available for small
Os clusters. The structural data for small Os clusters was
calculated in a previous study with the same code and was used
in this study.” The ground state structures of Os,, (n = 1-9) have
very similar atomic configurations to the Ru,, (n = 1-9) clusters,
which grow towards cubic-like structures. This could be attrib-
uted to the fact that the average bond lengths of Os and Ru
clusters are nearly identical. However, the binding energy of Os
clusters indicates higher stability than Fe and Ru, which imply
strong stability during the catalytic process. Furthermore, Os,
(n = 4,6,8) favor anti-ferromagnetic states while bulk Os favors a
paramagnetic state. Thus, small Os clusters have the possibility
to have high stabilities and various magnetic states depending
on the size and adsorption of H,.

The ground state structures of Ru and Os have similar
atomic configurations to each other while Fe clusters form
different configurations from Ru and Os. Within the Fe, Ru,
and Os clusters, Os clusters have the highest binding energy
while Fe clusters show the highest magnetic moments. More-
over, Ru and Os have ferromagnetic and anti-ferromagnetic
states depending on their cluster size while bulk Ru and Os are
in a paramagnetic state. Thus, the magnetic states of small

This journal is © The Royal Society of Chemistry 2013



Group VIII clusters are strongly dependent on the size and
structure of the clusters. Note that ferromagnetic and anti-
ferromagnetic states in this work are calculated at 0 K; there-
fore, magnetism is expected to be altered by elevating the
temperature.

3.1.2 H,on Fe, Ru, and Os clusters. H, is adsorbed onto Fe,,
(n = 1-9) clusters. The structural data of Fe,H, (n = 1-9) is
collected in Table 2 and Fig. 1. H, molecules are dissociated
without encountering any barriers in all of the Fe clusters. Bader
analysis shows that hydrogen is negatively charged by a range of
0.30 to 0.40 electrons depending on the size of clusters and H
adsorption sites. Thus, the bonding of Fe-H consists of ionic-
like bonding in all Fe cases. Validation of FeH, in this work has
been done in previous work in which the vibrational frequency
of calculated FeH, is 1700 cm ™!, showing good agreement with
an experimental infrared spectra vibrational frequency of
1690 cm ™ '.7?° H, is adsorbed on the top and bridge sites in Fe,
and Feq. Bader analysis indicates that the adsorbed H on the
bridge site is negatively charged by 0.35 electrons while H on the
top site is negatively charged by 0.40 electrons, thus, the Fe-H
bond with H on the top site is 0.50 electrons stronger than H on
the bridge site. H, is adsorbed on the bridge site in Fes, Fe,, and
Feq. H is negatively charged by 0.40 electrons in adsorbed H on
bridge site cases. Dissociated H atoms are located on the three-
fold hollow sites in Fes, Fe,, and Feg. Upon adsorption of H, on
Fe clusters, the elongation of the average bond lengths of Fe is
less than 0.1 A in all Fe cases. Thus, the structure of Fe clusters
are preserved upon H, adsorption.

Table 1

H, adsorption on Ru, (n = 1-9) clusters was investigated.
The structural data is shown in Table 2 and Fig. 2. H atoms are
adsorbed either on the top or bridge sites on Ru atoms. The
adsorbed H atoms on Ru, (n =< 4) are negatively charged by 0.1
electrons while H atoms on Ru,, (n = 5, 6, 7, 9) are negatively
charged by 0.2 electrons. Ru-H bonding in Ru, (n = 4) is
considered to be electron pairing while Ru-H bonding in Ru,
(n =5, 6,7,9) is more ionic-like bonding in comparison to Ru,,
(n =< 4) case. Thus, the strength of Ru-H bonding is stronger in
Ru,H, (n =< 4) than Ru,H, (n =< 4). An electron pairing effect is
explained later 5. Any charge transfers of Ru-H has not been
confirmed in the case of RugH,. Therefore, the bonding type of
Ru-H in Rug is considered to be due to the electron pairing.

H, is adsorbed on Ru atom having 1.92 A and 1.91 A of H-H
distance on Ru; and Rus, respectively. However, Ru; shows
higher reactivity than Ru; as H, adsorption energy on Ru; is
0.16 eV higher than Rus. H atoms are adsorbed on the top site of
Ru atoms in Ru,, Ru,, and Ru,. The bond length of Ru-H in
RuH, is calculated to be 1.59 A, which has good agreement with
previous work of 1.59 A.* However, the ground state structure of
Ru, in this work is 1.14 eV lower than previous work where H
atoms are adsorbed on top of one Ru atom.”* The Ru-H distance
in Ru,, Ru,, and Ru, is calculated to be 1.61 A, 1.61 A, and 1.68
A, respectively, while H, adsorption energy on Ru, is higher
than Ru, and Ru,. H atoms are adsorbed on the top and bridge
sites of Ru atoms in Ruj, Rug, and Rug. Ru; has the highest
adsorption energy within the Ru system where both of the H
atoms are adsorbed on the bridge site of Ru atoms.

The ground states structures of Fe,,, Ru,,, Os,, (n = 1-9). Ey,: the average binding energy per atom, M: the average magnetic moment (ug) per atom, S: symmetry

group, D: the average bond length in A. The structural data of Os clusters was from previous work?”

Ey, M S D Ey, M S D Ref. 27 E, M S D
Fe, N/A 4.00 R, N/A Ru; N/A 4.00 R, N/A Os, N/A 4.00 R; N/A
Fe, 1.09 3.00 Deop 1.99 Ru, 1.72 2.00 Don 2.15 Os, 2.00 2.00 Dan 2.14
Fe, 1.44 2.67 Dan 2.16 Rus 2.21 0.89 Dan 2.41 Os; 2.93 0.89 Cy 2.33
Fe, 2.00 3.50 Do 2.25 Ru, 2.97 0.00 Dan 2.27 Os, 3.97 0.00 Dan 2.28
Fe, 2.31 3.60 Coy 2.38 Rus 3.27 0.00 Cav 2.40 Oss 4.18 1.20 Cy 2.45
Feg 2.58 3.33 Dan 2.31 Rug 3.53 0.33 Cy 2.37 Osg 4.65 0.00 Dan 2.38
Fe, 2.75 3.14 Dsh 2.38 Ru, 3.66 0.86 Cy 2.46 Os, 4.94 0.85 Dsy 2.44
Feg 2.83 3.00 Coy 2.32 Rug 4.08 0.50 Cs 2.34 Osg 5.23 0.00 On 2.37
Fe, 2.89 2.89 Coy 2.38 Rug 4.03 0.89 Cuy 2.42 Oso 5.23 0.67 Cay 2.43

Table2 The ground states structures of H, adsorbed Fe,, Ru,, Os, (n = 1-9). £,[A,H,]: the average binding energy per atom, £,4: the H, adsorption energy on clusters,

M: the average magnetic moment (ug) per atom, S: symmetry group, D: the average bond length in A. DH: H-H distance bond length in A

H, E Eq M G D DH H, E Eq M G D DH H, E, Ega M G D DH
Fe, 1.73 0.65 4.00 R, N/A 299 Ru; 2.02 1.51 2.00 Rs N/A 192 Os; 215 1.90 2.00 R N/A 227
Fe, 194 1.07 3.00 Dsn 2.07 3.37 Ru, 233 1.32 2.00 Dep 223 242 Os, 274 157 2.00 Dep 224 2.65
Fe, 225 243 3.33 Dy, 225 341 Ru; 2.65 2.04 133 Dy 236 250 Os; 3.11 224 289 C, 245 256
Fe, 2.41 2.00 3.50 D,y 234 296 Ru, 298 1.46 0.50 D, 229 2.82 Os, 371 1.83 0.00 Dy 229 2.17
Fes 252 1.64 3.50 C,  2.35 3.40 Rus 3.18 1.35 0.00 C, 241 191 Oss 3.98 243 000 C, 242 6.44
Fes 2.59 0.75 3.20 D, 242 257 Rug 3.39 1.41 0.00 C, 238 2.66 Oses 4.34 228 0.00 Dy, 239 3.97
Fe, 2.73 0.95 2.86 Ds, 240 342 Ru, 3.55 1.76 0.00 C, 2.46 3.89 Os, 4.53 1.65 0.86 D, 2.45 3.26
Feg 2.79 0.88 3.25 C, 248 273 Rug 3.83 123 0.50 G, 235 229 Osg 4.88 235 0.00 O, 237 6.10
Fe, 2.87 127 311 C, 245 267 Ru, 3.83 1.35 0.67 C, 2.38 3.28 Os, 490 229 044 C, 2.43 4.58

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Ground state structures of Ru,H, clusters, n = 1-9. Atomic color codes:
Ru, green; H, white.
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Fig.3 Ground state structures of Os,H, clusters, n = 1-9 Atomic color codes: Os,
blue; H, white.
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The structural data of Os,H, (n = 1-9) is shown in Table 2
and Fig. 3. It is interesting that the ground state H, adsorption
sites on Os clusters are different from the Ru cases while the
ground state structures of Ru,, and Os,, (n = 1-9) are identical.
Note that H, was dissociated without encountering any barriers
in all cases. A charge analysis shows that H atoms are negatively
charged by 0.1 electrons in Os,, (n = 3), therefore demonstrating
the Os-H bonding type to be an electron pairing. On the other
hand, H is negatively charged by range of 0.20-0.30 electrons in
Os,, (n = 4). Thus, Os-H bond in Os,H, (n =< 3) is stronger than
Os,H, (n = 4). H, adsorption sites on Os,, (n = 1-3) are very
similar to the Ru,, (n = 1-3) cases. Os-H distance in Os,H, is the
same length as that found for Ru-H in Ru,H, whereas as Os-H
in Os3H, is slightly longer than Ru-H in Ru;H,. H, adsorption is
different after Os, compared to Ru clusters. H atoms are
adsorbed on one Os atom in Os,. H atoms are adsorbed on the
top site of Os atoms in Oss, Oss, Osg, and Os,. H atoms are
adsorbed on the three-fold hollow and top sites of Os atoms in
Os;. Thus, Os clusters have different catalytic behavior with H,
compared to Ru clusters from a geometric point of view.

It should be noted that the calculated ground state structure
of H, adsorbed Fe, Ru, and Os clusters can be altered in
experiments due to the presence of impurities, temperature,
and other variable factors. In particular, even if the clusters are
deposited on stable substrate such as Al,0; and SiO,, the
structures are still expected to be different, resulting in slightly
different properties. H,, upon adsorption on metal clusters, are
unlikely to form dihydrogen bonds as the H-H distances for all
cases on Fe, Ru, and Os clusters — except for Ru; and Ru; — have
distance values greater than or equal to 2.50 A.

3.2 Property analysis

3.2.1 Stability and reactivity. The relative stability of bare
and H, adsorbed Fe, Ru, and Os clusters can be predicted by
calculating the average binding energy of each cluster using eqn
(2). The average binding energies of bare and H, adsorbed Fe,
Ru, and Os clusters are shown in Fig. 4. It can be clearly seen
that Os clusters have the highest stability in both bare and H,
adsorbed cases within the bare and hydrogenated Fe, Ru, and
Os clusters. The stability of clusters upon H, adsorption also

1

Fig. 4 The average binding energy of Fe, Ru, Os, FeH,, RuH, and OsHs.

This journal is © The Royal Society of Chemistry 2013



has a correlation with the change of the average bond length in
Table 1 and 2. The change of the average bond length of Os
clusters upon H, adsorption is less than 0.1 A while the average
bond length of Fe clusters is elongated compared to Os cases.
Thus, Os clusters show higher stability against H, adsorption in
comparison to Ru and Fe clusters.

The threshold of stability change point between bare and
hydrogenated clusters upon H, adsorption can be seen in Fig. 4
where the cluster size is Fes, Ruy, and Os;. Hydrogenated Fe
clusters are more stable than bare Fe clusters until the size of 6.
The stability of Fe,H, (n = 6) follows bare Fe, (n = 6). It is
surprising that the stability of Fe clusters are not affected by H,
adsorption. In the case of Ru clusters, H, adsorbed Ru clusters
are more stable than bare Ru cluster until the size of 4. After
Ru,, bare Ru clusters are more stable than H, adsorbed Ru
clusters confirming the finding of previously reported results.*
For the Os cases, the threshold of the stability change is the size
of 3. A possible explanation of the stability change can be
explained by the strength of H and Fe, Ru, and Os. The strength
of Ru and H in Ru,H, (n = 4) is stronger compared to Ru,H,
(n = 5). The bond strength of Os and H in Os,H, (n < 3) is
weaker than ones in Os,H, (n = 4). Weaker bonding is ionic-like
while stronger bonding is due to an electron pairing for Ru and
Os cases. Thus, the threshold of stability change by adsorption
of H, is discovered in this study, however, further analysis of
electronic structure is needed in order to understand the
mechanism of Fe cases and electron pairing.

The projector density of states (PDOS) of the s-state of H and
the d-state of Fe, Ru, and Os in Fe,H,, FegH,, Ru,H,, RugH,,
Os,H,, and OsgH, were investigated in order to understand the
reason for the threshold in Fig. 5. The d-state of Fe and the s-state
of H are strongly overlapped in Fe,H, and FegH, in occupied state
which is below 0 eV. In other words, the strength of Fe-H

=

=

20

0.5
n

Fig. 6 H, adsorption energy of FeH,, RuH, and OsH,.

bonding is essentially the same in Fe,H, and FesH, even though
the relative stability of FecH, and Fe, are very close values. Thus,
the stability of Fe,, (n = 2-5) can be enhanced by adsorption of H,
while the strength of Fe-H and Fe-Fe interactions remain
approximately the same in Fe, (n = 6-9). On the other hand,
overlapping of the s-state of H and the d-state of Ru(Os) is seen in
Ru,H, (Os,Hy,), 5, where the strength of Ru-H (Os-H) bonding in
Ru,H, (Os,H,) resulted in a higher binding energy than Ru,
(Os,). However, overlapping of the s-state of H and the d-state of
Ru(Os) is not seen in RugH, (Os¢H,). This indicates that Ru-H
(Os-H) weakly interacts in RugH, (OsgH,), resulting in an average
binding energy of RugH, (Os¢H,) lower than Rug (Osg).

H, adsorption energy on Fe, Ru, and Os clusters is calculated
by eqn (3) and shown in Fig. 6. H, adsorption energy on clusters
can describe the relative reactivities of each cluster against H,.
In particular, H, on Oss indicates the highest adsorption energy

2.0 r 2.0
1.5} ' —Hs || 5
1.0- — Fexd | 1.0
0.5 J ! 05}
0.0 A - —a | 00
o 2 = =5 0 5 ~10 -5 i) 5
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g
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Fig. 5 The projector density of states (PDOS) of the s-state of H and the d-state of Fe, Ru, and Os in Fe;H,, FegH,, RusHs, RugHs, Os;H,, and Os,yHo.
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o

Fig. 7 The average magnetic moment (ug) per atom of Fe, Ru, Os, FeH,, RuH,
and OsH,.

within the Fe, Ru, and Os systems. It is clearly seen that H,
adsorption energy is particularly high in all of the size 3 clus-
ters. Hydrogenated Fe, Ru, and Os clusters are more stable than
bare cases due to the strong interaction of H and Fe, Ru, and Os
caused by an electron pairing between H and Fe, Ru, and Os.
The strong H, adsorption energy in the size 3 suggests that the
strongest electron pairing effects of H and Fe, Ru, and Os
possibly occurred. Furthermore, Os clusters show relatively
strong bond with H, having the local maxima of H, adsorption
energy at Os,H, (n = 2, 5, 8) towards chemisorptions of H,
within Fe, Ru and Os clusters in Fig. 6.

3.2.2 Magnetic properties. The average magnetic moment
(us) per atom of Fe, Ru, Os, FeH,, RuH, and OsH, is shown in
Fig. 7. It can be clearly seen that the magnetic moments of both
bare and hydrogenated Ru and Os clusters decrease when
increasing the cluster size while both bare and hydrogenated Fe
clusters keep high magnetic moments. In general, the change of
magnetic moment is considered to be due to the spin cancella-
tion that occurs by filling the electron hole in the d-state. A large
decrement of magnetic moment upon H, adsorption on Ru,, and
Os,, (n = 1,2) occurs when hydrogen atoms are introduced to the
Os and Ru systems. However, spin cancellation does not explain
the change of magnetic moment upon H, adsorption in some
cases. For instance, increment of magnetic moment by adsorp-
tion of H, is seen in Fe, (n = 3, 8), Ru,, (n = 3), Os,, (n = 3, 4). The
decrement of the LUMO value was observed in those cases while
increment of the LUMO value was seen in the cases where the
magnetic moment decreases. Thus, the magnetic moment
increases due to the increment of LUMO value upon H,
adsorption. However, in general, one can say that the magnetic
moment of bare and hydrogenated Fe, Ru, and Os clusters are
varied depending on the size of clusters and H, adsorption sites.
hydrogenated Fe, Ru, and Os clusters are varied depending on
the size of clusters, bonding type, and H, adsorption sites.

4 Conclusion

Chemisorption of H, on group VIII clusters, Fe, Ru and Os
clusters, are studied within the density functional theory in this

21846 | RSC Adv,, 2013, 3, 21841-21847

work. The ground state structures of bare and hydrogenated
clusters were explored by using a basin-hopping algorithm.
Calculations show that bare and hydrogenated Os clusters in
particular have higher stability than Fe and Ru clusters. The
threshold upon stability change between bare and hydroge-
nated clusters was also discovered. The change in magnetic
moments of bare and hydrogenated Fe, Ru, and Os clusters
varied depending on the size of clusters, H, adsorption site, and
bonding type. Thus, one can say that Os clusters have the
strongest bonding against H, within Fe, Ru, and Os while Fe
demonstrated relatively high magnetic moments. The result
should be helpful for further development of better catalysts in
the field of petrochemistry, fuel cell and heterogeneous
catalysts.
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ABSTRACT: Mg—Nb,O; evaporated composites, which
were prepared by evaporating Mg thermally on single crystals
of Nb,Os, were investigated in this work. We attempted to
hydrogenate the sample under 5 bar H, atmosphere at 250 °C
for 2 h. The electron microscope was used to observe the
microstructure of the as-prepared and hydrogenated samples.
It was found that the phase transition occurred along the
particular orientation where Mg(002) is parallel to MgH,(101)
or MgO(200). Density functional theory calculations were
carried out on MgH, and MgO slabs, showing that
MgH,(101) and MgO(200) have the lowest surface-formation
energy. On the basis of the observation and calculation, the

MgO (200) Mg (002) MgHz (101)
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phase-transition process of Mg during hydrogenation and oxidation was discussed. Finally, a structural model including Mg—Mg
distance adjustment and layer shift was proposed to demonstrate the phase-transition process.

B INTRODUCTION

Magnesium is one of the most commonly used metals, mainly
applied for making alloys, electronic devices, aerospace
construction metals, and so on. According to the periodic
table, it is the lightest useful metal. Recently, magnesium has
also been considered to be a promising candidate for hydrogen
storage materials because of its high hydrogen capacity (7.6
mass %). However, the absorption and desorption processes
require high temperatures of 300—400 °C and the reactions are
slow. One efficient way to improve the reaction kinetics is to
mill MgH, with some transition-metal compounds, among
which Nb,Og was found to show a superior catalytic effect for
both absorption and desorption." ™ The reason for this catalytic
effect could be related to the refinement of size and reduction
of Nb,O5.* Yet, more effort still needs to be made to draw a
clear understanding of the mechanism.

The study of the phase transition of Mg during hydro-
genation and dehydrogenation also helps us to understand the
mechanism. The transition from MgH, to Mg during
dehydrogenation can conveniently be observed by transmission
electron microscopy (TEM); so far a few analyses have been
conducted in which the orientation relationship between MgH,
and Mg was found to be MgH,(110)||Mg(0001).”® In the
case of the hydrogenation process, it is not easy to observe the
phase transition directly by TEM because of the difficulty in
introducing hydrogen. We have seen only the report from
Schober, in whose work a relationship of MgH,(110)||Mg-
(0001) was observed.'® Using X-ray diffraction (XRD), Kelekar
et al, who hydrogenated epitaxial Mg thin films grown on
Al,O; and LiGaO,, found the orientation relationship to be

W ACS Publications © 2012 American Chemical Society

17089

MgH,(110)[001][|Mg(001)[100] and MgH,(200)[001]]|Mg-
(110)[T11], respectively.'’ Léon et al. showed that during the
hydrogenation of a Mg thin film highly oriented along (002),
(110), and (101), MgH, formed at the very beginning and then
grew along these preferred orientations."

In the present work, we tried to clarify the phase-transition
process of Mg during hydrogenation. Mg was evaporated on
the single crystals of Nb,O;, which was expected to facilitate
the hydrogenation due to its catalytic effect. TEM observation
was carried out on the Mg—Nb,Os evaporated composites
before and after hydrogenation. Since it is difficult to make an
in situ observation, MgO was determined to associate the metal
and hydride. We assume that MgO is the oxidation product of
Mg, while that of MgH, is Mg(OH),, which is amorphous and
not easily identified via TEM. This assumption could be
supported by the work of Friedrich et al, in which Mg was
oxidized immediately when exposed to air, forming an oxide
layer of 3—4 nm, while MgH, was less oxidized in the air, with
only a small amount of amorphous hydroxide on the surface.'?
On the basis of that assumption, we were able to relate Mg and
MgH, indirectly by separately investigating the relationships of
Mg/MgO and MgH,/MgO. Calculations were also performed
on MgH, and MgO slabs with different orientations, providing
evidence for the following discussions on the phase-transition
process. Finally, a model demonstrating the atomic movement
during the phase-transition process was proposed according to
the observations and calculations.
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Figure 1. Typical TEM micrographs of the sample before hydrogenation. (a) Bright field image, with an inset image of the diffraction pattern from

the selected area. (b) Dark field image from Mg(002).

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Single-crystal Nb,O5 powder (99.99% pure, 1 um in size) was
purchased from the Kojundo Chemical Laboratory. Mg
turnings (99.98%, ~S mm in size) were purchased from
Aldrich. We used a 150-A mesh copper TEM grid on which we
attached single crystals of Nb,Os. Then, the grid was placed
into a thermal evaporator, and Mg was randomly evaporated on
the surface of the single crystals of Nb,Ojs. After evaporation, a
custom-designed container was used to prevent air exposure of
the sample during transport from the evaporator into the
glovebox. Then, the sample was hydrogenated under a S bar H,
atmosphere at 250 °C for 2 h. TEM observations were carried
out before and after hydrogenation using a 200 kV TEM
instrument (JEOL JEM-2010) and a 1250 kV high-voltage
electron microscope (HVEM, JEM-ARM1300). The plastic bag
method'* was used to prevent oxidation of the sample during
transport into the TEM instrument.

Density functional theory calculations were carried out usin%
the grid-based projector-augmented wave (GPAW) method,"
in order to evaluate the surface-formation energy of both MgH,
and MgO slabs with different orientations. The Perdew—
Burke—Ernzerhof (PBE) exchange correlation was per-
formed."® The grid spacing, h = 0.18, as well as the smearing
of 0.1 eV, was applied in all calculations. The periodic boundary
condition was considered for all calculations. The k points of
the Brillouin zone sampling were generated based on the
Monkhorst—Pack scheme with a grid size of 4 X 4 X 1."7'® The
lattice constants of MgO and MgH, were calculated to be a =
42643 A and a = 4.5178 A, ¢ = 3.0233 A, respectively, within
1% error compared to the experimental values (see the
footnotes in Table 1). This suggests that we were able to get
good predictions of the reality through these calculations.

B RESULTS AND DISCUSSION

The TEM image showing the typical microstructure of the
sample before hydrogenation is presented in Figure 1. In the
bright field image (Figure 1a), small Mg particles, ~200 nm in
size, are seen attaching on the surface of the single crystal of
Nb,Os. The inset image shows the diffraction pattern from the
selected area, where Mg can be identified. By selection of the
Mg(002) spot, the corresponding dark field image was
captured, as shown in Figure 2b. The particle with bright

contrast shows the single crystal of Mg, with the size less than
180 nm.

(a) el MgO (200)
v = YN?MOI) (b)\";:— Mg (002)

d=2.11 A MgO(200)

10 nm

Figure 2. (a) Typical high-resolution image with the FFT area marked
by the square. (b) FFT and (c) IFFT images of the sample before
hydrogenation.

The typical high-resolution image of the sample before
hydrogenation is shown in Figure 2. The fast Fourier-
transformation (FFT) image from the analyzed area clearly
shows two pairs of spots, identified separately as Mg(002) and
MgO(200), revealing that the evaporated Mg was partially
oxidized during the process. Even though protection was taken
at every step, slight oxidation is almost inevitable because of the
high sensitivity of Mg to oxygen. On the other hand, the spots
of Mg(002) and MgO(200) are collinear, revealing that their
orientations should be parallel. This could indicate that during
the oxidation of Mg, oxides may form along the direction of
MgO(200)|[Mg(002). The diffraction pattern of MgO in the
FFT image is more like a pair of short arcs on the circle, rather
than the single-crystal spots. It is likely that small MgO crystals
formed and then partially cracked at a critical size. As a result,
the direction of oxide formation gradually bent and deviated
from the original direction, so that we were able to see the short
arcs in the FFT image. When we made the inverse fast Fourier
transformation (IFFT) by selecting the arcs of MgO, it could
be seen that MgO existed as the tiny crystals with a size smaller
than S nm (see Figure 2c). As an aside, the lattice plane of
Nb,0,(402) could also be seen in the area with dark contrast.
The orientation dependence was not found between evapo-
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Figure 4. Another observation of the hydrogenated sample showing Mg—MgO—MgH, coexistence. (a) Lattice image. (b) FFT image from the
selected area. (c—e) IFFT images showing MgH,(101), Mg(002), and MgO(200), respectively. The FFT area is marked by the square in (a).

rated Mg and the Nb,O; substrate, suggesting that the
evaporation of Mg was completely random.

In order to investigate the orientation of hydride formation,
the hydrogenated sample was then observed by HVEM. Figure
3a shows the high-resolution image of the interface between
evaporated Mg and the Nb,Oj substrate. FFT was performed
on the selected area, shown in Figure 3b. The spot pairs in the
FFT image could be separately identified as MgO(200),
MgH,(101), and Nb,O;(110), meaning that the evaporated
Mg was hydrogenated successfully under the given condition,
though parts of it were oxidized. Moreover, three pairs of spots
are on one straight line, similarly indicating that the orientation
relationship of MgO(200), MgH,(101), and Nb,04(110) is
parallel. As we mentioned previously, Mg is more sensitive to
oxygen compared to the hydride. Here MgO, itself, was
believed to be the oxidation product of Mg, rather than MgH,.
Considering the orientation relationship of
MgO(200)||Mg(002) during oxidation, as mentioned above,
we proposed that hydride could form along the direction of
MgH,(101)|[Mg(002) during hydrogenation. On the other
hand, it is interesting that MgH,(101) is also parallel to
Nb,04(110). It is possible that the phenomenon is related to
some mechanisms of catalytic effect, though we could not
confirm this in the present work. This point is still under
investigation.

Figure 4 shows another observation of the hydrogenated
sample. Fortunately in the FFT image, we found that Mg,
MgH,, and MgO coexisted in the analyzed area. The
collinearity of the spots corresponding to the three phases
shows the parallel relationship of Mg(002)||MgH,(101)|/MgO-
(200), verifying our assertion above. In addition, from the IFFT
images in Figure 4(panels c—e), we can see that the position of
MgH, almost coincides with Mg, while differing from MgO.
This suggests that Mg was partially oxidized along the direction
of MgO(200)|[Mg(002), and then the unoxidized part was
hydrogenated partially along the direction of MgH,(101)||Mg-
(002), while MgO remained unchanged. As a result, the three-
phase coexistence formed in the area.

According to the observations above, we were able to
confirm that the phase transition of Mg occurs along the
particular direction of MgH,(101)|[Mg(002) or
MgO(200)||[Mg(002). In order to further discuss the pathway
of the phase-transition process, DFT calculations were carried
out on the differently oriented structures of MgH, and MgO.
MgH, slabs oriented along (001), (100), (101), (110), and
(111), as well as MgO slabs oriented along (110), (111), and
(200), were evaluated. For each case, a five-layer slab based on
a1 X 1 cell was calculated in the periodic condition. The
following equation'® was used to obtain the surface-formation
energy:

dx.doi.org/10.1021/jp304946n | J. Phys. Chem. C 2012, 116, 17089—-17093
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where ¢ is the surface-formation energy, A is the surface area,
Egu is the total energy of an N-layer slab, and Eyy is the
energy of the bulk MgH, or MgO system containing the same
number of molecular units as the slab. The calculated data are
listed in Table 1. By comparing these data, we found that

Table 1. Surface-Formation Energy® of MgH, and MgO
Calculated by DFT

MgH, ™ MgO™™*
orientation 6 (Jm?) orientation 6 (Jm?)
(100) 5.488 (110) 2.368
(101) 3.296 (111) 4.112
(110) 4.176 (200) 0.832
(111) 3.392
(001) 3984

“The unit has been converted into SL  Crystal inicigmation:
Tetragonal, P4,/mnm, a = 4.5025 A, and ¢ = 3.0123 A. Crystal
information: Cubic, Fm3m, and a = 42112 A.

MgH,(101) has the lowest surface-formation energy among all
MgH, slabs studied here. This result is in good agreement with
another separate work.”®> The minimum energy infers that
MgH,(101), on the surface, forms most easily in MgH,,
consistent with the results of Saita et al.,>! who found that one-
dimensional needle-shaped MgH, nanofibers grew along the
(101) direction. On the other hand, MgO(200), which has the
lowest surface-formation energy among MgO slabs, forms most
easily as well. Similar consistency could also be found in the
work of Tang et al,** in which MgO single-crystal nanowires
grew along (200).

With the combination of the observation and calculation
results, the phase-transition process of Mg during hydro-
genation and oxidation can be further inferred. As is known to
us that the surface reaction takes an important role in the
hydrogenation and oxidation, the reaction may occur originally
on the surface of the Mg matrix. By considering the beginning
stage of the reaction, it is likely that a single layer of MgH, or
MgO, with a small range of several atoms, forms first. In order
to minimize the formation energy, these single layers may

prefer the orientation that lowers the surface-formation energy.
Therefore, single layers of MgH,(101) or MgO(200) form on
the surface of the Mg matrix, oriented along (002), at the
beginning stage. Once these single layers have formed, they
grow along these particular directions from the surface to the
inside and enlarge the range of each layer at the same time.
Finally, parts of Mg change to MgH, or MgO, resulting in the
Mg—MgH,—MgO coexistence that we have observed above.

The atomic movement model could be proposed according
to the discussion above. We have drawn the critical plane of
MgO, Mg, and MgH, in Figure S(panels a—c), as well as the
three-dimensional (3D) atomic skeleton containing three layers
of each plane (marked as Mg layer A, B, and C, separately) in
Figure S(panels d—f). The unit cell edge of each phase was
delineated with the dashed line. During the phase transition
from Mg to MgH, or MgO, the Mg frame remains the same,
except the slight adjustment of the atomic distances (see Figure
S, panels a—c). Because of the introduction of O or H, this
frame expands in different degrees. From the 3D viewpoint (see
Figure S, panels d—f), the layers shift a little during the phase
transition. During hydrogenation, the second layer (Mg layer
B) needs to shift along [1100] by one-twelth of the vector
length, and the third layer (Mg layer C) shifts along [1100] by
one-half of the vector length. On the oxidation side, the
formation of the second layer (Mg layer B) shifts along [1100]
by one-sixth of the vector length, while the third layer (Mg
layer C) is a complete repeat of layer A (because of the stacking
method of the face-centered cubic structure). The complete
phase transition is the combination of both distance adjustment
and layer shift. They occur simultaneously during the transition,
resulting in the formation of new structures.

B CONCLUSIONS

We were able to observe the crystallography during the
hydrogenation of evaporated Mg—Nb,O; composites. Mg
crystals, ~180 nm in size, were evaporated thermally on single
crystals of Nb,Os. The existence of MgH, was confirmed in the
sample hydrogenated at 250 °C, under a S bar H, atmosphere,
for 2 h. The orientation relationship during hydrogenation was
found to be MgH,(101)|Mg(002), as well as
MgO(200)||Mg(002), during the inevitable oxidation process.
DFT calculations on MgH, and MgO slabs showed that
MgH,(101), as well as MgO(200), has the lowest surface-

MgO (200) Mg (002)
@YYt w
s ¢ € o € o ¢ < <
| ¢ e |
\-'%‘h‘\ ¢ < <
+\.Tk'&.' il
. ¢
|
®
|

€ Mg Layer C

MgHz (101)
S ¢ ¢ ¢
©)
® « [ «
s — ¢ s T
<
(¥ « « «
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Figure 5. Atomic movement model of Mg phase transition during oxidation or hydrogenation: (a—c) show the critical plane of MgO, Mg, and

MgH,, respectively, and (d—f) are the corresponding 3D structures.
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formation energy, meaning that the formation of these surfaces
is preferable under energetic consideration. It was indicated
that the phase-transition process of Mg during hydrogenation
and oxidation occurs following the sequence that MgH,(101)
or MgO(200) single layers form on the surface of Mg(002) and
then grow along these certain directions from the surface to the
inside, as well as enlarge the range of each layer at the same
time. We proposed a structural model during the phase
transition, in which the Mg—Mg distance is adjusted according
to the introduction of H or O, and the Mg layers shift slightly,
correspondingly.
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The effect of hydrogen in body-centered cubic iron is explored by using the density function theory. Hydrogen atoms increase the
concentration of free electrons in the simulation cell and undergo bonding interaction with Fe atoms. Elastic interaction between
hydrogen and screw dislocations was found, caused by the anisotropic strain components of the hydrogen atoms in the tetrahedral
sites. The dependence of the hydrogen-screw dislocation interaction on hydrogen concentration is confirmed by repeated stress

relaxation tests.
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The strain field of hydrogen in iron is of crucial
importance in understanding hydrogen—dislocation
interactions. As a perfect screw dislocation only
expresses a shear stress field, the interstitial atoms which
have of strain tensor components equivalent in three
axes of a rectangular coordinate (e;; = €, = €33) only
interact with edge-type dislocations. The assumption
of such a simple dilatation field has been applied to H
atoms in many reports [1], in particular in the theoretical
framework of the hydrogen-enhanced plasticity model
(HELP) [2], which has become one of the most widely
accepted theories for understanding hydrogen embrittle-
ment. The hydrogen-induced Snoek-type internal fric-
tion peak has been observed in both body-centered
cubic (bec) and face-centered cubic (fce) iron [3,4], and
it has been suggested that such a Snoek-type peak could
be caused by unequal strain components, €.g. €11 7 €
[1]. However, due to the low solubility and fast diffusion
of H atoms, there is no direct measurement that can sup-
port the results for the bulk metal, and argument still
exists.

This study presents an analysis of the electron struc-
ture of the hydrogen—bcc iron system and the strain field
of H atoms based on density functional theory (DFT).
For the first time, we combine the DFT calculation

* Corresponding author. Tel./fax: +81 11 706 6772; e-mail:
towangshuai@eng.hokudai.ac.jp

results with the classical calculation method developed
by Cochardt et al. [5], which evaluates the interaction
of interstitial atoms with dislocations and has been
proved to be in good agreement with experimental re-
sults for interstitial carbon atoms in bec iron. The inter-
action of hydrogen with both edge-type and screw-type
dislocations is discussed. The calculation result is also
discussed based on repeated transients tests.

The grid-based real-space code GPAW [6] was used
for DFT calculations. It is an implementation of the
projector augmented wave (PAW) method of Blochl
[7], which is an all-electron full-potential method within
the frozen core approximation. The Atomic Simulation
Environment [8] provided an interface to GPAW.
Perdew—Burke-Ernzerhof parametrization was used
for the approximation of the exchanged-correlation
function [9]. Spin-polarized calculations were performed
with an initial magnetic moment of 2.20 for iron atoms.
Brillouin zone sampling, using the Monkhorst-Pack
scheme, was carried out at (4 x 4 x 4) k points [10,11],
with grid spacing of 0.18 A and Fermi smearing of
0.1eV.

Bulks of bec iron with (2 x 2 x 2) cells were created
(Fey¢) and vacancy defects were imposed in some of them
(Fe,s). Periodic boundary conditions were considered for
all calculations. H atoms were inserted initially into the
tetrahedral positions of the cell, as experimental evidence
indicated such hydrogen occupancy for bce Fe [1]. The

1359-6462/$ - see front matter © 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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variations in electron charge caused by adding the hydro-
gen were analyzed by the fast but robust algorithm
implemented by Tang et al. [12], based on the Bader par-
titioning scheme [13]. All calculations were made for 0 K.
The calculated lattice constant of Fe¢ is 2.8369 A, the
bulk modulus is 162 GPa and the magnetic moment is
2.17 up, which are in good accordance with the results
from experiments (2.8665 A, 165 + 5 GPa, 2.22 up) and
other calculations [14].

Large H concentrations were used in our DFT calcu-
lations (Cy > 6%), but hydrogen has a much lower sol-
ubility under experimental conditions [1]. To investigate
the strain field with Cy close to the experimental value,
molecular dynamics (MD) calculations using the embed-
ded atom method with the Potential B reported by
Ramasubramaniam et al. [15] was carried out on an
Fejoes61Hp cell (Ciy < 10 appm). The LAMMPS code
distributed by Sandia National Laboratories was used
as the MD simulator [16], and relaxation of the structure
was performed by the conjugate gradient method.

The elastic interaction between H and dislocations
was studied following the classical method developed
by Cochardt et al. [5]. Using the DFT method, a strain
tensor Sy of a unit cell containing one H atom can be
obtained as Sy = {€11,62,633}. If the stress tensor
Tp = ag of the dislocation field is expressed in the same
coordinate system as the strain tensor Sy, the elastic
interaction energy Upy can be written as:

Upy = —(Tp,Sy)a® = 72[/03611;613 (1)

where a is the lattice constant. For a strain tensor which
are not in the same coordinate system with af]’, , crystallo-
graphic relations are used to transform the interstitial
strain tensor into the same coordinates as the stress field
of dislocations. (For details, refer to [5].)

The repeated stress relaxation test developed by Spé-
tig [17] has shown advantages in evaluating thermally
activated behavior of dislocations, and such a test was
applied to hydrogen-charged iron with purity better
than 99.996%, and a grain size of 75 + 10 um. After cold
rolling and punching, the tensile specimen was annealed
at 873 K in a vacuum tube (1 x 10~* Pa). The electrolyte
for hydrogen charging was 0.5mol 1! H,SO, added
50 g17! thiourea (promoter), and hydrogen charging
was sustained in all relaxations. At 293 K, the samples

were initially strained at strain rate of 1 x 107*s~! to
5% beyond the yield point. In each relaxation the tensile
cross-head was stopped for 30s and the strain was
constant. Thermal activation analysis was based on
decreased stress (At) vs. time (¢) curves. The effective
activation volume for dislocation motion yields [17]:

Ii’l(’flz/f,l) (2)

At

where the numerator and denominator in the parenthe-
ses correspond to the stress rate at the onset of relaxation
2 and at the finish of stress relaxation 1, respectively. The
quotient of the mobile dislocation density at time p,,
and the mobile dislocation density at the onset of repeat
relaxation p,y,, yields

Pmiij) _ Tij .
P _ T i 21,23, 3
oo U ) (3)

Vesr = kT

The total density of states (DOS) at the Fermi level for
Fej¢ is 15.16 states per Ry atom (theoretical value: 15.37
[18]), and for Fes is 15.64 states per Ry atom. The DOS
at the Fermi level in the H-containing bce iron is found
to be reduced. This is different from fcc iron with H
occupying the octahedral site, in which the DOS
increases, as reported by Gavriljuk’s group [4].

As shown in Figure 1, there is a strong peak for the
projected DOS (PDOS) at —8.62¢eV (E — Ef) on the
nearest-neighbor Fe atom of interstitial H (Fe,,). The
—8.62 eV peaks in all Fe orbitals correspond to the H
ls states, which indicate strong bonding interaction
between Fe and H.

The total charge of H, the individual iron atom (with
no neighboring H atoms, Fe;,) and the Fe,,, atom result-
ing from the Bader analysis are shown in Table 1. The
total charge of Fe;, remains the same as in the hydro-
gen-free bulk. Charge variation of +0.40 ¢~ occurs on
the H atom, while that on the nearest neighbor Fe atom
is —0.07 ™. It has been reported that a charge transfer-
ence of —0.31 ¢ appears from the Fe,, atom near an
edge dislocation of bcc iron [19].

With a grid refinement number of 4, the distributions
of all-electron density (in units of Bohr*3) for Fe,,, H
and vacancy are calculated and characterized by plot-
ting contour surfaces with different isovalues in Figure
2. An Fe,, atom shows bonding behavior with an H
atom in Figure 2a, and hydrogen atoms increase the
electron charges at tetrahedral sites (Fig. 2b) and also
the vacancy (Fig. 2c and d).

Although the H-induced variations in DOS at the
Fermi level for bec iron are of the opposite tendency
to fcc iron, the result that hydrogen decreases the elec-
tron density of Fe atoms is in accordance with the fcc
iron system [4]. Hydrogen increases the concentration

PDOS-d

PDOS-p

PDOS-s

PDOS-s

Figure 1. Projected density of states over iron and H atoms.
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Table 1. Variation of charges and bonding behavior in bcc iron
containing H.

Atom Bader charge Bond Distance (A)
Fe;, 25.9437 Fe,~Fe,, 2.392

Fe,, 25.8713 Fe,,—H 1.681

H 1.4024

Figure 2. Contour surfaces of electron density in Fe-H system by
Bader analysis. (a) Fe,, atom, with isovalue of 0.08 Bohr™>. (b)
Interstitial H atom at tetrahedral site of iron lattice, with isovalue of

0.08 Bohr . (c) Hydrogen-free vacancy, with isovalue of 0.02 Bohr>.
(d) Vacancy binding with H atom, with isovalue of 0.02 Bohr>.

of electrons in the lattice and promotes the metallic
character of the atomic interactions. Compared with
covalent bonds, the metallic character could increase
the local plasticity of the metal and the mobility of dis-
locations [20].

According to DFT calculations, after relaxation H
atoms are stable in the tetrahedral sites. The atomic
forces in three axes for both H and Fe atoms are lower
than 0.008 eV/A. The strain field of an interstitial atom
is calculated from the displacement of Fe,,, atoms after
relaxation, €¢; = (L; — a)/a, where L; is the length in
the i axis of one cell after introducing H. By our DFT
method, the strain tensor of C in octahedral sites of iron
is calculated to be {e11, €», €33} ={0.21, —0.018,
—0.018}, which is comparable to the experiment value
{0.38, —0.026, —0.026} used in Cochardt et al.’s calcula-
tion [5]. The strain field of a single H atom in Fe;cH; is
calculated to be {0.014, 0.041, 0.041}. Large-scale MD
calculation produces results of {0.015, 0.059, 0.059},
and shows good agreement with the DFT calculation.
The three components were considered to be identical
in non-DFT calculations, in support of the HELP the-
ory [21,2].

Following Cochardt model, the interaction energy of
hydrogen atoms at position r = b and an edge disloca-
tion lying in ( 211) with b in the (111) direction is cal-
culated. Since an H atom may cause as little dilatation
as 0.014 along axes 1, 2 or 3, there are three sets of con-
stants in Eq. (1). The interaction energies are plotted in
Figure. 3a, where angle i is the angle between (111)
and the radius vector from the dislocation to the consid-
ered elementary cell. It is shown that the lowest interac-
tion energy is located at y = 270 degrees, thus H atoms
tend to stay below the extra half-plane of edge disloca-
tions and the minimum U%,, = —0.24 V.

The interaction for a screw dislocation in [1 1 1]-direc-
tion and H atoms at position r =5 is calculated and

a

below the extra plane
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Figure 3. Elastic interactions of Hydrogen and different kinds of
dislocation. (a) Edge dislocation laying in (211),b = (111). (b) Screw
dislocation in [1 1 1]-direction.

shown in Figure 3b, where ¢ is angle between [21 1]-axis
and the normal direction of plane containing r and b.
Because of the trigonal symmetry of (111) axis, there
is a phase difference of =120 degrees for H atom in dif-
ferent positions. The angular dependence of U3, char-
acterized in Figure 3b indicates that there are three
equivalent positions of lowest energy at ¢ = 0,120 and
240 degrees with minimum U3, = —0.051 eV.

The interactions of H with dislocations have been cal-
culated many times using both DFT and MD calcula-
tions, and most of the works agree that hydrogen can
be trapped by both edge and screw dislocation cores
[15,22]. However, the trapping behavior of the screw dis-
location is generally considered to be influenced by the
core structure [23]. Results in this study indicate that
H atoms can be trapped by screw dislocations even away
from the dislocation core area.

During plastic deformation, the cross slip of a perfect
screw dislocation is more important than the behavior
of edge dislocations, as the jogs it causes are not recov-
erable. As Chateau’s group pointed out [21], hydrogen
atoms influence the cross slip of perfect screw disloca-
tions in fcc metal mainly by the screening of interactions
between two edge partials, but this theory cannot be
applied to bec metal directly as there are no partial dis-
locations. From our calculation, in bce iron the segrega-
tion of H atom takes place only below the glide plane of
the edge dislocation but all around the screw disloca-
tion, so the screw can bind roughly twice as many H
atoms as the edge dislocation. Increase in local H con-
centration could magnify the H-screw interactions and
influence the mechanical properties of bce metals.

As shown in Figure 4a, at low cathodic current den-
sity, the yield stress increases by 5 MPa at most, and the
effective activation volume is almost constant, which
indicates that dislocation motion is impeded when the
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Figure 4. Thermal activation analysis of dislocation motion in
hydrogen charged bec iron. (a) Variation of effective activation volume
(left axis) and yield stress (right axis) at different H concentrations. (b)
Evolution of mobile dislocation density with and without H.

H concentration is low. As the interaction energy for the
H-edge interaction is almost five times more than for
the H-screw interaction, at low H concentrations the
H-edge interaction could be stronger than the H-screw
one. The hydrogen shielding in this case may have less
effect on enhancing dislocation mobility as the flow
stress increases during tensile testing, and the deforma-
tion process is possibly controlled by the H solute drag
effect.

The mobile dislocation density decreases rapidly in
hydrogen-free iron after even one cycle, as shown in
Figure 4b. At higher H concentrations, the dislocation
density decreases much slower. This and the steep de-
crease in the effective activation volume in Figure 4a to-
gether signify that hydrogen could increase the mobility
of dislocations in bcc iron at higher cathodic current
densities (more than 25 mA cm°). The elastic interac-
tions of the H-edge and H-screw dislocations is propor-
tional to the H concentration. At high H concentrations,
the screw dislocation is able to trap more hydrogen
atoms than the edge one, and the interaction between
H and screw dislocation is much more important. The
enhanced cross slip and jog formation caused by the H
shielding effect [21] could be the main reasons for the
reductions in yield stress and effective activation volume
above 25 mA cm 2.

In summary, H in bcc iron can increase the electron
densities at tetrahedral sites and vacancies, and the
hydrogen-enhanced metallic character of inter-atomic
bonds can increase the mobility of dislocations and con-
tribute to the HELP theory. Two components of the
strain tensor for H interstitial atoms are calculated to

be unequal, and this is expected to cause the elastic
interaction of H with screw dislocations, as well as with
edge dislocations. With regard to the angular depen-
dence of H-edge dislocation interactions, H atoms tend
to stay under the extra atomic plane, while for H-screw
dislocation interactions there are more positions for the
lowest interaction energy, and high local H concentra-
tion is possible. The repeated transients tests for H-
charged o-iron indicate that significant hydrogen-en-
hanced plasticity can be observed with relative high H
concentrations, and in those cases the H—screw interac-
tion should be considered. It is possible that this could
lead to a new understanding of hydrogen embrittlement
in bec iron.
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