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Abstract

With the exponential increase in demand for effective and renewable energy, the
hydrogen era has begun. Hydrogen energy is an ideal candidate to replace fossil fuels due
to its high energy density, ease of availability and zero carbon emission. However, the
development of a suitable storage media is the biggest challenge toward the realization
of H2 based mobility applications. To date, the common H2 storage practices are exclu-
sively in the form of high-pressure gas cylinders and liquid hydrogen, which prevent its
applications due to safety concerns and socio-economic constraints. Therefore, H2 storage
on solid materials via physisorption is an ingenious alternative. We study two interesting
axes in hydrogen storage materials.
The first is a new approach aimed at tuning the hydrogen storage properties of metal or-
ganic frameworks type MOF-5. Using calculations of the density functional theory (DFT)
comprising van der Waals interactions, we show that our system may reach a maximum
gravimetric storage capacity of 4.09 wt% for multiple hydrogen molecules. Moreover, the
decoration of Li, Be and Na combined to the substitution, shows an exceptional improve-
ment of hydrogen storage properties. For example, Mg-MOF-5:Li2 has a capacity up to
5.41 wt% and 513 K as desorption temperature.
In the second axis, ab initio calculations have been also applied to study the potential
of t-graphene-like boron nitride (t − B4N4) and beryllium carbide (Be2C) as new 2D
material for hydrogen storage. Our results show that the adsorption energy of H2 on
the Li-decorated t − B4N4/Be2C monolayer is appropriate for hydrogen storage, with a
maximum gravimetric capacity of 12.47 wt% and 10.21 wt% for t − B4N4 and Be2C,
respectively. In addition, the desorption temperature estimates were validated by AIMD
simulations of hydrogenated Li@t − B4N4 and Li@Be2C. To summarize, these materi-
als are interesting candidates for hydrogen storage due to their promising hydrogenation
properties.

Key words: Hydrogen storage; Metal-organic framework-5; 2D materials; Ab ini-
tio calculations; AIMD; Adsorption; Metal functionalization.
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Résumé

Avec l’augmentation de la demande énergétique mondiale, l’hydrogène peut être
considérer comme un vecteur énergétique renouvelable et écologique et l’une des solu-
tions envisageables pour une transition énergétique vers l’énergie propre. Cependant, cet
élément est fortement explosif. De ce fait, le mode de stockage approprié pour un us-
age sécuritaire reste le stockage solide, toute fois, la capacité de stockage pour ce mode
reste limiter et les conditions d’utilisation plus au moins sophistiqué. Dans ce contexte,
un intérêt considérable est porté sur le stockage de l’hydrogène dans les matériaux qui
répondent à certaines propriétés thermodynamiques fondamentales et aux critères de la
US-DoE.
Comme premier axe, les matériaux poreux de type MOF-5 sont étudiés. Vue leurs
hautes capacités de stockage et de leur grande surface spécifique, ils sont un bon can-
didat pour le stockage d’hydrogène. Les résultats obtenus à la fois pour la décoration
et la substitution, montrent que ces deux stratégies améliore considérablement les pro-
priétés de dé/hydrogénation de la cellule unitaire-MOF-5 suite à la diminution remar-
quable d’énergies de formation, et qui est traduit également par l’augmentation de la
température de décomposition vers l’ambiante. En ce qui concerne la capacité de stock-
age, elle est environ 5.41% par poids pour le Mg-MOF-5 décoré par Li. Ces résultats
s’accordent avec les normes fixées par US-DoE.
D’autre part, des calculs basés sur la modélisation ab initio ont été effectué pour étudier le
potentiel du nitrure du bore tétragonal (t−B4N4) et du carbure de béryllium (Be2C) en
tant que nouveaux matériaux 2D pour le stockage de l’hydrogène. Les résultats obtenus
montrent que l’énergie d’adsorption de l’hydrogène sur la monocouche t − B4N4/Be2C

décorée par Li est convenable pour le stockage, avec une capacité de stockage de 12.47 et
10.21% par poids pour t−B4N4 et Be2C, respectivement.

Mots clés: Stockage de l’hydrogène; Matériaux poreux; Matériaux 2D; la théorie
de la densité fonctionnelle; AIMD; Température de désorption; Hydrogénation.
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Résumé détaillé

Aujourd’hui, avec le développement industriel et la croissance démographique, nous
épuisons de plus en plus les ressources énergétiques fossiles, comme le charbon, le pétrole
et le gaz naturel. De ce fait, le monde s’interroge sur deux problématiques. L’une est
liée au risque d’épuisement de ces ressources, et l’autre à la pollution environnementale,
amplifié par l’émission de gaz à effet de serre. Dans ce sens, la recherche de source d’énergie
alternative propre, permettant d’ouvrir la voie au développement de systèmes de stockage
d’électricité d’une manière efficace et à faible coût est d’une necessité primordiale. Les
énergies solaire, éolienne et géothermique sont des sources renouvelables connues et déjà
exploitées depuis longtemps mais avec une contrainte d’intermittence au niveau de la
production. Actuellement, l’utilisation de l’hydrogène (H2) comme vecteur énergétique
renouvelable et écologique est l’une des alternatives sérieuses envisagées pour l’industrie et
d’autre application stationnaire et mobile. Cependant, l’adoption massive de l’économie
de l’hydrogène est lente en raison du manque d’incitations et de difficultés techniques au
niveau de son stockage.
Jusqu’à maintenant, le stockage de l’hydrogène dans des matériaux à l’état solide semble
être la solution la plus pratique étant donné qu’il s’agit d’une méthode plus sûre que la
compression à haute pression ou la liquéfaction à faible température. C’est pour cela
que de nombreuses recherches sont menées par les scientifiques et les industriels pour
trouver des matériaux adéquats pour l’absorption et l’adsorption de l’hydrogène. À cet
effet, les matériaux organo-métalliques microporeux (Metal-Organic Frameworks: MOFs)
sont des composés potentiel pour le stockage de l’hydrogène à l’état solide en raison de
la multiplicité des configurations possibles, de leur porosité permanente, du large volume
de leur pore et de la grande capacité de stockage (16% par poids). Cependant, si cette
capacité est obtenue sur ce MOFs dans un intervalle raisonnable de pression, il n’en
demeure pas moins qu’elle est obtenue à une température de désorption de 77 K. Basé
sur ceci, nous avons décidé de faire une étude approfondie sur l’influence des différentes
stratégies pour améliorer les propriétés d’hydrogénation de MOF-5.

Afin d’étudier le stockage de l’hydrogène dans le type MOF-5, de comprendre les
mécanismes physiques sous-jacents et de proposer des approches qui améliorent ses pro-
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priétés de stockage de l’hydrogène, tout en répondant aux critères de la US-DoE, nous
avons mené une étude théorique des propriétés structurales, électroniques, thermody-
namiques en utilisant les calculs basés sur le premier principe de la théorie fonctionnelle
de la densité (DFT). Dans ce contexte, et pour la première fois pour ce modèle, les résul-
tats des calculs montrent que le connecteur-MOF-5 de formule général Zn4O(C8H4O4)3

a une bonne stabilité thermodynamique avec une température de décomposition de 115.4
K. De plus, l’analyse des liaisons chimiques des atomes du connecteur montre un bon ac-
cord entre les résultats expérimentaux et théoriques. D’autre part, une étude détaillée de
l‘effet de la décoration et la substitution sur la stabilité, les propriétés thermodynamiques
et d’hydrogénation de la cellule unitaire-MOF-5 a été réalisée. Les résultats obtenus à la
fois pour la décoration (par : Li, Be et Na) et la substitution (par : Mg et Cd), montrent
que ces deux méthodes améliorent considérablement les propriétés de dé/hydrogénation
de la cellule unitaire-MOF-5 suite à la diminution remarquable d’énergies de formation
(−38.91kJ.mol−1.H2), et qui est traduit également par l’augmentation de la température
de décomposition vers l’ambiante (300 K). Concernant les capacités, elles sont de l’ordre
de 5.41, 4.78 et 4.45% en poids pour Mg-MOF-5:Li2, Zn-MOF-5:Li2 et Cd-MOF-5:Li2,
respectivement. Pour la température de désorption elle est de 513 pour Mg-MOF-5:Li2
et de 463 K pour Zn-MOF-5:Li2. D’où, nous constatons que ces améliorations pourraient
conduire à l’utilisation de ces modèles dans des applications de stockage de l’H2 avec des
normes acceptables données celons US-DoE.

Pour le deuxième axe, nous avons focalisé nos efforts sur une étude évaluant le
potentiel du nitrure du bore tétragonal (t−B4N4) et du carbure de béryllium (Be2C), en
tant que nouveaux matériaux 2D pour le stockage de l’hydrogène. L’intérêt de cette étude
réside dans la compréhension fondamentale du comportement de ces deux composés et
l’amélioration de leurs performances d’hydrogénation lors de la décoration par des atomes
légers. Les résultats obtenus montrent que l’énergie d’adsorption de l’hydrogène sur la
monocouche t−B4N4 et Be2C décorée par Li est appropriée pour ce type de stockage, avec
une capacité de 12.47 et 10.21% par poids pour t − B4N4 et Be2C, respectivement. De
plus, basé sur la dynamique moléculaire ab initio (AIMD), les estimations de température
de désorption pour ces systèmes hydrogénés ont été validées. A partir d’une analyse de
l’énergie d’activation des systèmes considérés, nous remarquons que la diffusion de la
molécule H2 est plus rapide à la surface de t − B4N4 et Be2C par rapport au graphène
monochouche.
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General Introduction

0.1 Problem statement and motivation
Actually, the modern society has shown great concern regarding the effects of hy-

drocarbons and the combustion of fossil fuels (oil, coal and natural gas) as the base of our
energy economy, currently generating more than 80% of the global energy and releasing
dangerous amounts of Carbon dioxide (up to 34 Mt per year, 40% higher than in 2010)
and other greenhouse gases into the atmosphere. Many countries all around the world
have encouraged initiatives to switch to a zero-emission energy-based economy by im-
plementing new technologies and using alternative, cleaner and more sustainable sources
such as solar, biomass, hydropower, wave power and wind. Hydrogen in this respect is
an environmentally benign, safe and attractive medium; being among the most abundant
element in the universe, with a high energy density (141.79 MJ/kg) and water as the
major by product of its combustion. However, the bottleneck of these technologies lies
principally on the development of safe and efficient methods for hydrogen storage. To en-
courage developments in this direction, the U.S. Department of Energy (DOE) has set the
year 2025 as a target for hydrogen storage for 5.5 wt% in gravimetric capacity and 40 g/L
in volumetric capacity, reversible hydrogen uptake/release at around ambient conditions,
fast sorption kinetics, etc.

So far, a lot of efforts has been made to develop hydrogen storage systems that
are safe, cost-effective, environmental-friendly and more importantly with high energy
densities. Current technologies used for hydrogen storage include compression in gas
cylinders, liquefaction in cryogenic tanks and adsorption/absorption into solid state ma-
terials. Compressed gas and cryogenic liquid state storage are not so suitable for practical
applications due to the safety, high weight, size of the tank, evaporative losses and high
maintenance and energy costs for liquefaction process. Consequently, the storage of hy-
drogen in solid state materials appears to be the most feasible solution since it is a safer
and more convenient method compared to other technologies.

Solid storage represents a distinctive class of storage systems and has become the
most promising approach for hydrogen storage. This type can be classified into two main
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0.2. Thesis objectives

categories, namely physical adsorption and chemical absorption. In interstitial metal
hydrides and complex hydrides, the hydrogen atoms are chemically bonded with metallic
elements. In high specific area substrates, the hydrogen molecules can be adsorbed on
the surface and pores via physisorption through the van der Waals interactions such
as metal organic frameworks (MOFs) and two-dimensional materials (2D). These latter
are potential materials for solid state hydrogen storage. Furthermore, a large number
of studies have been carried out to provide new strategies to address the limitations of
hydrogen storage systems. Among the most promising strategies reach that objective:
reduction of size, alloying, morphology control, engineering strain, doping effect, and
metal decoration (functionalization).

0.2 Thesis objectives
The principal purpose of this thesis is to deeply understand and develop new strate-

gies to obtain metal organic frameworks (MOF-5) and 2D-materials with highly efficient
in H2 storage applications, which can be divided into two aspects namely metal deco-
ration and substitution. The specific goals of this thesis are the following:

• Improve the thermodynamic stability of systems.

• Determine the hydrogen adsorption energies of metal-decorated systems with vdW
corrections.

• Increase the gravimetric and volumetric storage capacities.

• Analyze the adsorption/desorption process of H2 molecules using ab initio molecular
dynamics.

• Figure out the underlying physical mechanisms and calculate the activation barriers
of the hydrogen molecule.

0.3 Thesis layout
In this thesis, entitled "Theoretical investigations for hydrogen storage properties

improvement in metal-organic frameworks and new bi-dimensional systems", a theo-
retical study of hydrogen storage properties of MOF-5 and 2D-materials is presented.
These calculations are made using the density functional theory (DFT) and DFT based
ab initio molecular dynamics (AIMD), to examine the kinetics and thermodynamics of
(de)hydrogenation properties. The content of this study is divided in six chapters.
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0.3. Thesis layout

• The first chapter is devoted to the background knowledge of the hydrogen proper-
ties, reviewing the different types and methods of hydrogen storage focusing on the
storage properties of metal organic frameworks and different 2D-materials.

• In the second chapter, a general description of the theoretical approaches used in
this thesis is presented. Firstly, we will present a discussion on the use of density
functional theory (DFT) with various approximations followed by a description of
the concept of ab initio molecular dynamics (AIMD). Finally, we will discuss the
implementation of the plane wave-pseudopotential method in the program package
of Quantum ESPRESSO.

• In the third chapter, and for the first time for this material, we provide an exami-
nation of structural, electronic and thermodynamic properties of connector-MOF-5
by ab intio calculations. Also, an investigation of the adsorption mechanism of
hydrogen molecule with different orientations in multiple adsorption sites. As for
the kinetic aspect, the diffusion of H2 was evaluated through the calculation of the
activation energy.

• The fourth chapter reports the main results of this thesis, the functionalization of
the unit cell of MOF-5 via light metal using van der Waals interaction. The effects
of decoration by Li, Be and Na elements in the cyclic site on the adsorption energy,
the capacity and the desorption temperature, with and without the substitution of
Zn by Mg and Cd have been studied.

• In the fifth chapter, firstly, we study a t-graphene-like boron nitride monolayer (t−
B4N4) as a new 2D material for molecular hydrogen storage. Secondly, the stability,
electronic and storage properties of H2 on metal-decorated t−B4N4 monolayer were
investigated.

• In the last chapter, the effect of light metal (Li, Na, K and Mg) decoration on the sta-
bility of beryllium carbide (Be2C) monolayer and its hydrogen adsorption/desorption
is investigated by density functional theory (DFT) and DFT based AIMD.

Finally, the main conclusion gives a brief summary and criticism on our results. it includes
a discussion of the impact of our findings to future research for the uses of MOF-5 and
2D materials as solid-state hydrogen storage application.
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Chapter 1

A comprehensive review of hydrogen
storage: problems and targets

1.1 Introduction
In our current way of life, energy is required for everything. Therefore, it is necessary

to develop a sustainable edge technology for finding renewable energy produced from the
primary sources such as solar, biomass, hydropower, wave power, wind and geothermal
energy. Unfortunately, the share of the renewable energy sources is still small, and de-
flnitely not enough to satisfy the world’s energy demand entirely. As a new energy vector,
hydrogen is a field that has received a lot of interest due to its abundance, high power
density and environmental friendliness [1, 2].
Hydrogen is an ideal clean carrier for mobile and stationary power sources as well as the
most promising alternative to the combustion of finite, carbon-rich and environmental
harmful fossil fuels, such as diesel and gasoline [3, 4]. The development of hydrogen en-
ergy systems involves four stages: production, distribution, storage and power conversion
[5].
The methods of production, distribution and power conversion are the subject of much
research, but the main obstacle is how to store hydrogen efficiently and safely under ap-
propriate conditions [6].
The aim of this chapter is to view various aspects of hydrogen and its storage. An overview
is given for the differents storage methods available today with respect to the progress
made recently and problems still there. We will focus specifically on hydrogen storage in
the solid state and more precisely in metal-organic framework-5 and 2D materials. We
will describe the problems of this form of storage and solutions already proposed.
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1.2 Hydrogen: energy carrier

1.2.1 The unique properties of hydrogen

Hydrogen was first discovered in 1671 by British scientist Robert Boyle. He was ex-
perimenting with different metals by dipping them in acid. When a pure metal is placed in
acid, a type of reaction called a single-displacement reaction occurs. In 1766–1781, English
physicist and chemist Henry Cavendish identified it as a chemical element. Subsequently,
the French chemist Antoine Lavoisier gave the element its current name. Hydrogen (H)
comes from the French word hydrogène, which was coined by Lavoisier by combining the
Ancient Greek word húdōr (‘water’) and gennáō (‘I bring forth’), in other words ‘water
maker’. On Thanksgiving Day 1932, Harold Urey and his colleagues in the US detected
a second, rarer, form of hydrogen. This has twice the mass of normal hydrogen, and
they named it deuterium [7]. Two years later, an unstable isotope, tritium (3H), with an
atomic weight of 3 was prepared by the group of by Ernest Rutherford in 1932 [8].
Hydrogen is the most abundant element in the universe (about 75% by mass) and the
ninth most abundant element on Earth. As the lightest element, hydrogen is the first
element in the periodic table of chemical elements with a single proton and electron. It
is an odourless, flammable and colourless gas, and its solubility in water is very low.
Table 1.1 summarizes the properties of Hydrogen, deuterium and tritium with the follow-
ing values of the main parameters [9, 10].

Property Hydrogen Deuterium Tritium
Atomic Hydrogen

Symbol H D T
Atomic mass (amu) 1.008 2.014 3.016

Nuclear stability stable stable Radioctive
Ionisation energies (eV) 13.595 - -

Electronegativity (Pauling) 2.1 - -
Molecular Hydrogen

Symbol H2 D2 T2
Abundance (%) 99.985 0.0156 ~10−15

Molecular mass (amu) 2.016 4.028 6.032
Bond distance (Angstrom) 0.7414 0.7414 0.7414
Critical Temperature (K) 33.19 38.35 40.60

Dissociation energy (kJ/mol) 435.9 443.4 446.9

Table 1.1: Properties of hydrogen isotopes form covalent atomic and diatomic molecules
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1.2.2 Phase diagram

The hydrogen molecule H2 can be found in different shapes depending on the tem-
perature and the pressure, which are shown in the phase diagram below. At normal
conditions, hydrogen is in gaseous state. It has the second lowest boiling point and melt-
ing points of all substances. Hydrogen liquefies below 20 K at atmospheric pressure. In
these conditions, the liquid is 800 times denser than the gas at ambient temperature.
On the other hand, the first liquefaction hydrogen was obtained by Claude using a cycle
divided into several steps [11]. The gas is firstly cooled from the ambient to 230 K by a
group mechanical refrigeration then up to 80 K using a liquid nitrogen ex-changer. Hy-
drogen then undergoes compression-expansion cycles which further reduce temperature
before being subjected to Joule-Thompson relaxation which leads to the liquefaction.
Other processes can be envisaged such as the Brayton cycle which uses the liquid helium
whose liquefaction temperature is lower than that of hydrogen or Magnetometer cycle
refrigeration. The hydrogen is in solid state below its melting point of -259 °C and at-
mospheric pressure. The density of hydrogen at atmospheric pressure as a gas (at room
temperature) is 0.09kg.m−3, as a liquid (at -253°C) 70.8kg.m−3 and as a solid (at -262°C)
70.6kg.m−3. A phase diagram of hydrogen is shown in Figure 1.1, with a triple point at
-259.1 °C and 0.07 bar and a critical point at -239.8 °C and 13 bars. At atmospheric
pressure the boiling point is at -253 °C and the melting point at -259 °C. The boiling
point of a fuel is a critical parameter since it defines the temperature to which it must be
cooled in order to store and use it as a liquid [11, 12].

Figure 1.1: Simple phase diagram for hydrogen [12]
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1.3 Main storage techniques

1.3.1 US-DOE technical targets for hydrogen storage

An increased research activity in the field of Hydrogen storage has been observed
since the early 2000’s, mainly due to the need for a practical storage method that could
be used in various applications such as the residential, industrial, and more importantly,
automotive sector. More than that, the density of hydrogen is very less, it must be stored
efficiently. The issues that challenge the application of hydrogen vehicle imply to find a
storage method or material that satisfies the following requirements [13, 14]:

• High volumetric and gravimetric hydrogen density.

• The reversible hydrogen absorption/desorption at moderate temperatures in 60-120°C
range to be compatible with the present generation of fuel cells.

• Favourable kinetics for hydrogen molecule absorption/desorption.

• Low cost and abundant resources

• Low toxicity, hazards and environmental impact.

The United States Department of Energy (DOE) is in the research and development phase
of achieving its targets for on-board applications. The aim is to provide onboard solutions,
particularly for long-range passenger vehicles, reduced time for refueling, and ultimately,
the overall performance of fuel cell vehicles.
The Table 1.2 summarizes the parameters and conditions, suggested by the US-DOE
performance targets for on-board hydrogen storage systems in light-duty fuel cell vehicles
which beginning from 2020 [15]. The ideal hydrogen tank should be able to store at
least 2.2 kWh.kg−1 and 1.7 kWh.L−1, which is equivalent to gravimetric and volumetric
capacity of 6.5% and 50 g.L−1 respectively, at a cost of $266/kgH2 stored ($8/kWh). The
delivery temperature should be close to the room temperature (-40 to -85°C) and the
filling time should be not more than 5 minutes.
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Storage parameter Unit 2020 2025 Ultimate
Storage capacities [15]

Gravimetric capacity wt% 4.5% 5.5% 6.5%
Volumetric capacity g/L.H2 30 40 50
Storage system cost $/kWh net 10 9 8

(and fuel cost) $/kg.H2 333 300 266
Durability/Operability

Min/Max delivery temperature ◦C -40/85 -40/85 -40/85
Cycle life (1/4 tank to full) cycles 1500 1500 1500

Min. delivery pressure from tank bar 5 5 5
Max delivery pressure from tank bar 12 12 12

Onboard efficiency % 90 % 90 % 90 %
Charging/Discharging rate

System fill time (for 4− 10kg) min 3-5 3-5 3-5
Min full flow rate ((g/s)/kW ) 0.02 0.02 0.02
Average flow rate ((g/s)/kW ) 0.004 0.004 0.004

Fuel purity (H2 from storage) %H2 Meet or exceed applicable standards

Table 1.2: Major U.S. Department of Energy (DOE) targets of on-board hydrogen
storage for light-duty fuel cell vehicle.

Depending on these requirements, hydrogen can be stored in 4 main ways namely:
compressed gas, cryogenic liquid, cryo-compressed storage and solid-state com-
pounds which are at the focus of current scientific interests (Figure 1.2(left)). In contrast,
Figure 1.2(right) depicts hydrogen storage systems with different densities, clearly showing
that the complex hydride and metal storage materials have higher volumetric densities
than other systems. Besides storage capacities, the methods (conventional or physical
storage) also have other useful hydrogen storage properties which will be highlighted in
next sections.

Figure 1.2: (left) Several hydrogen storage methods. (right) Comparison of gravimet-
ric/volumetric density of different hydrogen technologies [4].
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1.3.2 Compressed H2 storage

High pressure gas cylinders are the most common storage systems used in today’s
world. In fact, due to the very low density of hydrogen (0.089kg.m−3) its storage requires
high pressure between 350 and 700 bar at room temperature [16, 17]. A high compressive
cost and a safety factor for storage medium are some of the main challenges for such
storage technology. Currently, the compressed hydrogen can be stored in four different
types of pressures vessel presented in Figure 1.3 [18, 19]. Metal pressure vessel is mostly
used for industrial applications with pressure of 200-300 bar known as type (I). This type
has a limitation in storage efficiency, it can only able to store about 1wt.% of H2. Type
(II) where the cylindrical part of the vessel is a thick composite tank wrapped with fiber
resin. Type (III) is a composite vessel consisting of a metal shell to contain hydrogen
and a continuous resin impregnated fiber envelope for mechanical holding. Type (IV)
reservoir is a polymeric fully wrapped with fiber resin. It is the lightest storage vessel
with a highest pressure resistance.

Figure 1.3: Vessel types of hydrogen compressed storage [19].

For industrial applications, Type (I) is the cost effective tank but their weight is the
heaviest. Type (IV) storage tank can hold up to 700 bars with the lightest weight but the
cost performance is two folds of Type (I). The table 1.3 presents the main characteristics
of each tank type [20].

Type Maximum Pressure Cost performance Weight performance
(bar) ($/liter) (lb/liter)

(I) 200 5 3.0
(II) 263 5.5 0.9

(III) and (IV) 300 to 700 11 0.75 to 1

Table 1.3: Key characteristics of four types pressure vessels.

The compressed gas storage option can be considered as a promising hydrogen storage
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technology if some drawbacks are achieved. These are low densities [21, 22], high operating
pressures, hydrogen embrittlement, necessity for strict pressure controls and safety in
densely populated areas. Therefore, advances in significantly increasing the hydrogen
density and decreasing operating pressures within a tank or finding other ways to provide
safety will turn into big milestones in compressed hydrogen gas storage.

1.3.3 Liquid/cryogenic H2 storage

Space industry has used hydrogen as a fuel in liquid form for several years [23].
Hydrogen can be stored as a liquid at -253 °C (20 K) in super insulated vacuum tanks at
ambient pressure with a high volumetric density of 71 g.L−1 (see Figure 1.4). It also has
the best and highest energy-to-weight ratio of all the fuels. However, liquid hydrogen has
an extremely low boiling temperature of 20 K, which is actually the second lowest boiling
temperature in nature after helium (He) [24]. Consequently, it requires very sophisticated
insulation techniques to keep hydrogen in liquid form. Because of this problem, combined
with high price of the cryogenic vessels, this technology has applications limited to the
space programs, stationary storage and short-term onboard storing [23, 25, 26]. Further
development of insulation technology and cooling systems may open this technology for
wider mobile applications.

Figure 1.4: Schematic of a cryogenic tank for liquid H2 storage.

1.3.4 Cryo-compressed H2 storage

Cryo-compressed storage method was introduced to overcome the disadvantages of
compressed gaseous hydrogen and cryogenic hydrogen storage by combining their main
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characteristics. This method is used to minimize the boil-off rate of hydrogen and at
the same time, maintain a high energy density. Hydrogen is stored in an insulated tank
that can accept cryogenic temperatures and high pressure (at least 300 bar) at ambi-
ent temperature as presented in Figure 1.5 [27]. More compact and lighter cryogenic
pressure vessels, therefore, provide better safety advantages than compressed hydrogen
vessels. However, the persistent boil-off of hydrogen and too much energy required for
liquefaction restrict the potential use of liquid hydrogen storage systems to applications
that require high energy density as well as uses where hydrogen cost does not matter, and
its consumption is within a short time, examples include air and space and automotive
applications [19, 28, 29].

Figure 1.5: Hydrogen storage density under different pressure and temperature condi-
tions.

1.3.5 Hydrogen in solid state materials

Conventional systems such as high pressure compressed gas storage or low temper-
ature cryogenic gas storage present problems as they operate under extreme and unsafe
conditions [30]. As a result, a variety of storage methods have been proposed and absob-
tion/adsorption of hydrogen on solid-state materials has received intense research focus
[31]. Hydrogen storage materials could be divided into two categories depending on the
mechanism of hydrogen sorption: materials where adsorption is due to chemical storage
(chemisorption) or due to physical storage (physisorption) under diverse conditions of
pressure and temperature.

11



1.3. Main storage techniques

1.3.5.1 Chemisorption storage

The name “chemisorption” is usually used for description of the group of materials
with hydrogen bonded by strong covalent bonds. Chemisorption implies breaking bonds
(hydrogen molecule dissociation) and making new ones with the substrate. This im-
plies high energetic cost since chemisorption of molecular hydrogen presents high barriers
around 1.5 eV. By suitable control of the thermodynamic conditions of gas pressure and
temperature within the reservoir, it is possible to manage respectively the absorption and
desorption of hydrogen. Lowering the cost, weight, and operating temperature,enhancing
the charge-discharge kinetics and controlling formation of unwanted gases during desorp-
tion are the main remaining challenges facing the chemical sorption materials [32, 33].
These materials can be further categorized into two main groups depending on the type
of bond with hydrogen: interstitial metal hydrides and complex hydrides.

a) Metal hydrides

Metal hydrides store atomic H inside their crystal structure by the mechanism of ab-
sorption. Molecular H2 is attached onto the surface of the metal, where it dissociates into
atomic H and then diffuses into the bulk of the metal by occupying interstitial sites of the
crystal lattice [34]. This type exist within metals or alloys, they have physical properties
which make them suitable for hydrogen storage such as; low absorption, high volumetric
energy density, oxidation resistivity and some of them benefits of good reversibility [35].
The drawback of such storage method can be related to the cost of metal hydrides, metal
hydrides being heavy and the reaction kinetic to release hydrogen is slow [36].
Depending on the thermodynamics of the reaction, different temperatures apply to dif-
ferent metal hydrides. A typical reversible interaction between metal/alloy and hydrogen
can be written as:

M + x

2H2 ←→MHx + ∆H (1.1)

where M is a metal, an intermetallic alloy, or a solid solution; x is the mass concentration
of hydrogen, MHx is the formed hydride and ∆H is the heat of reaction. A simplified
model of hydrogen storage in a metal hydride is given in Figure 1.6.

Nowadays, research is still ongoing to synthesize metal hydrides which will fulfill the
targets for hydrogen storage systems set by the DoE for on-board vehicular applications,
a brief summary was given in Table 1.2.
At present, the main alloying materials for metal hydrides are:

• Intermetallic compounds (AB5, AB2, AB, and A2B), which has a hydrogen storage
capacity of 1.5, 2.0, 1.8 and 3.0wt.%, respectively. Solid solution alloys are also
available such as vanadium-based solid solution alloys and Mg-based alloys, which
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Figure 1.6: Chemisorption of metal crystal and hydrogen storage.

have a hydrogen storage capacity of approximately 2 and 5wt.% respectively [37].

• Metallic hydrides (also called element hydrides or metal hydrides) composed of
lightweight elements such lithium, boron, nitrogen, magnesium and aluminium have
shown great potential for use as hydrogen storage materials [38].

• Complex hydrides which are the only group of metal hydrides having high volumetric
and gravimetric hydrogen storage densities [39]. Some features of this type will be
given in the next paragraph.

b) Complex hydrides

The main disadvantage of conventional metal hydrides such as intermetallic hydrides
is their low H2 storage capacities [40]. Complex hydrides composed of light elements such
as lithium, bor and sodium have gained significance as hydrogen storage materials since
conventional metal hydrides are mostly composed of heavy elements. Lightweight com-
plex hydrides emerge as potential candidates for hydrogen storage applications due to
their high hydrogen storage capacities (up to 18wt.%H2 for LiBH4), high hydrogen stor-
age densities, as well as mild dehydrogenation pressures and temperatures [41]. The heat
of formation, gravimetric storage capacity and dehydrogenation temperatures for some
selected complex hydrides are shown in table 1.4.
Complex hydrides such as alanates and borohydrides are able to bond four hydrogen
atoms with an alkali metal, ionic compound or partially covalent compound [47]. Even
though complex hydrides have high energy densities, they are difficult to handle safely
and they may decompose according the a cascade of reaction into highly stable elements,
which are very challenging to refuel with hydrogen on board a motor vehicle [48].
However, these problems can be compensated to a certain extent by thermodynamic
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Compound Heat of formation Desorption temperature Gravimetry
[42, 43, 44, 45, 46] (kJmol−1.H2) TD (°C) (wt.%)

LiBH4 -194 380 18.4
NaBH4 -191 400 10.6
KBH4 -229 500 7.4
LiAlH4 -2 125 9.5
NaAlH4 37 210 7.4
KAlH4 - 270 5.7

Mg(AlH4)2 -18 140-200 9.3
Ca(BH4)2 - 320 11.5

Table 1.4: Hydrogen storage properties of some complex hydrides

destabilization, which involves the addition of a new element into the system by means of
cation or anion substitution, or the addition of reactive hydride composites. Nano con-
finement or the addition of catalysts can also be used for thermodynamic destabilization
[49].

1.3.5.2 Physisorption storage

The physisorption mechanism suggests adsoption of molecular hydrogen on a surface
via relatively weak van der Waals bonding. Several characteristic features of physisorption
can be noted. The adsorption process is fast, i.e. the saturation is achieved within
minutes after hydrogen pressure is stabilized, and fully reversible. Hydrogen is released
when pressure is lowered and is adsorbed when pressure is increased again. Surface area
is the main factor which controls hydrogen adsorption capacity of the material. The more
surface area which is accessible for sorbate molecules the more sorbate molecules will be
adsorbed on the sorbent surface. The materials included in this category are:

a) Carbon materials

Hydrogen gets adsorbed on the surface of carbon through Van der Waals bonding (6
kJ/mol). There are many unique carbon structures with high surface area such as carbon
foam, carbon nanotubes, carbon aero gels and activated carbon which possess a very low
volumetric density while fullerenes require a very high surface area to achieve sufficiently
high packing density, Figure 1.7.

b) Zeolites

Zeolites are crystalline materials composed of SiO4 or AlO4 building blocks (see
Figure 1.8(a)). They contain an intra-crystalline system of channels and cages which
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Figure 1.7: Structure of various carbon materials: fullerenes (left) and nanotubes (right).

can trap guest H2 molecules. The adsorption capacity of system at 77 K is typically
below 2 wt%. A theoretical capacity of 2.86 wt% has been suggested as being an intrinsic
geometric constraint of zeolites [50]. Due to this low gravimetric density, zeolites are not
typically considered feasible hydrogen storage materials. Isosteric heats on the order of
6-7 kJ/mol are typical for hydrogen zeolite systems [51].

c) Covalent Organic Frameworks (COFs)

Covalent organic frameworks are a class of crystalline porous organic polymers with
permanent porosity and highly ordered structures, and without the disadvantages of the
presence of heavy elements [52]. Their molecular frameworks are constructed of light
atoms (C, O, B and H) that lower the relative weight of the structure (see Figure 1.8(b)).
As one of the best COFs for hydrogen storage COF-8 exhibits an excess hydrogen uptake of
10wt.% at 77K and 100bar [53]. Moreover, the reported gravimetric uptake for COF-108
reached the value of 21wt% at 77K and 100 bar conditions and the very promising value of
4.5wt% in room temperature and 100 bar conditions [54]. These values are significantly
higher than the highest values reported in MOFs (7wt.% in MOF-177), although the
pressure employed is quite high at 77K [55].

d) Metal Organic Frameworks (MOFs)

Metal-Organic Frameworks(MOFs) are crystalline compounds consisting of metal
ions or metal oxide clusters, coordinated with rigid organic molecules, forming regular
3D structures. MOFs were developed as a novel structure for getting a better hydrogen
storage capacity via physisorption [56, 57]. These frameworks have higher surface areas,
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more porosity, uniform size of pores, and distinct hydrogen cell location (see Figure 1.8(c)).
Some of the rated networks (MOF-n=1-7, 8, 10, 12, 14, and 16) have been highlighted
and the MOF-5 compounds were among the first to be studied for hydrogen storage (4.5
wt% at 77 K and 1 atm) [56]. Some features of these metal-organic frameworks will be
given in next section.

Figure 1.8: Structures of microporous materials: (a) zeolites, (b) covalent organic frame-
works, and (c) metal organic frameworks.

1.4 Theoretical aspects of hydrogen storage in MOFs

1.4.1 A brief history of MOFs

One of the first reports of MOFs was in 1965 when Tomic formed "coordination
polymers" via solvothermal synthesis [58]. They found that the thermal stability of the
fabricated structures depends on the metal used, for example, metal ions less-able to
change their ionic valency form more stable structures. There has been limited research
in the decades following this preliminary work, largely due to difficulties associated with
the synthesis of MOFs.
It was over 25 years since the work of Tomic that MOF research rapidly accelerated
following pioneering work from Robson and co-workers [59]. The use of the term "Metal-
Organic Framework" dates back to 1995 [60], and the systematic study of these materials
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as a class in its own right misdates in the early 2000 years. By Yaghi et al In 1999,
they used the molecular building block approach to synthesise one of the first MOFs to
display permanent porosity, MOF-5 [61]. Their work showed that MOF-5 was highly
porous after desolvation, with a pore volume of 0.6cm3/cm3, and that MOF-5 undergoes
reversible adsorption desorption, hence exhibits permanent porosity. Since, the number
of publications on the synthesis, characterization and study of hybrid organic-inorganic
materials has grown exponentially. So far, more than 90000 different MOF structures
have been reported and the number grows daily [62].

Figure 1.9: Historical developments in MOF synthesis.

1.4.2 MOFs synthesis

Energy is necessary for the breaking or formation of the bonds, and this process is
valid for MOFs synthesis also because it includes the bonding of organic linker and metal
ions. In general, -273.15-273.15 °C is the temperature range used for the synthesis of
MOFs . Various types of synthesis methods were reported in the literature [63] such as
classical hydro(solvo)thermal synthesis, microwave heating , diffusion, Conventional solu-
tion method, electrochemical synthesis, and more recently Iono-thermal process. However,
conventional hydrothermal or solvothermal heating of organic, inorganic precursors dis-
solved in a suitable solvent system in closed vessels under autogeneous conditions was
well studied for major MOF synthesis, as shown in Figure 1.10.
MOF-5 or IRMOF-1 consists of octahedral Zn4O clusters linked by ditopic linear BDC
with a chemical formula of Zn4O(BDC)3·guest molecules using a diffusion synthesis
method [61] at low yield. Diffusion of triethylamine into a solution of zinc nitrate and
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H2BDC in DMF/chlorobenzene resulted in the deprotonation of H2BDC and reaction
with Zn2+ ions. It is now replaced with a high-yield solvothermal method: an DEF (N,N-
diethylformamide) solution mixture of Zn(NO3)2·4H2O and the H2BDC are heated at
105 °C in a closed vessel to give crystalline MOF-5 [64].

Figure 1.10: Conventional solvothermal synthesis of MOF structures

1.4.3 Size and morphology of MOF-5 crystal

One of the most widely researched MOFs compounds is MOF-5 (Figure 1.11), which
has high gas selectivity and capacity [65]. MOF-5, namely Zn4O(BDC)3, is a three-
dimensional cubic porous framework with (Zn4O)6+ clusters linked together through 1,4-
benzenedicarboxylate BDC2− ligands [66]. The large size (8.9 Å) and high connectivity
of the SBUs in combination with the long BDC linker (6.9 Å) provide for an open porous
structure with alternating inter-connected pores of 15.1 and 11.0 Å in diameter, and a
pore aperture of 8.0 Å. These large cavities make up 61% of the unit cell volume and
are filled with solvent molecules (DMF) in the as-synthesized material. One of the most
striking features of the MOF-5 structure is that the pores have no walls. This provides
for an unprecedented openness of the structure that allows guest molecules to move with
great facility without clogging the pores. The different types of stability relevant to this
MOF-5 below:

• Chemical stability is the ability of a given material to withstand chemical treat-
ment without any significant change in its structure.

• Thermal stability is a very important property for practical applications. Never-
theless, most of the thermal stability of the crystal MOF-5 has been reported, which
was about 350°C, less than 450°C [67].
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Figure 1.11: Crystal structure of MOF-5 (C, black; Zn, blue; O, red; gust molecule,
yellow sphere and all H atoms have been omitted for clarity) [65].

• Mechanical stability is the ability of a given material to withstand external forces.
Methods to determine the mechanical stability of MOFs are similar to those used in
materials science such as pressurization, nano-indentation or determination of the
tensile strength to name a few [68].

• Architectural stability is the ability of a framework compound to retain its struc-
tural integrity in the absence of guest molecules. This can be demonstrated by
evacuation the solvent from the pores of the MOF and subsequent confirmation of
its crystal structure and porosity.

1.4.4 Isoreticular series

To address the defects of microporous MOFs, several efforts have been made to cre-
ate mesopores when designing new MOFs. In 2002, Yaghi and co-workers presented their
results of a series of isoreticular MOF-structures (IRMOFs), based on the network topol-
ogy of MOF-5 [61]. Cubic zinc-terephthalate framework structures linked by 16 different
organic molecules varying in length and functionality are demonstrated in Figure 1.12
[64, 69]. The pore size of IRMOF-16 is as large as 2.88 nm. Unfortunately, the target
products with extended linear bonds are mostly thermodynamically instable and tend to
form an interpenetrated structure, which in turn reduces the pore sizes of the obtained
MOFs.
Pore size modulation, a major determinant of affinity, is one of several ways to increase
the adsorption affinity of MOFs, despite the incompatibility of extremely small pore sizes
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Figure 1.12: Series of isoreticular metal-organic frameworks (IRMOFs-n with n=1-8,
10, 12, 14, 16) based on MOF-5. Yellow spheres indicate the location of the cavities in
the cubic cage.

with extensive surface areas in practical use. Application of unsaturated metal to the
pore surfaces can significantly increase physical adsorption, but framework density is sub-
sequently affected by such an increase in metal concentration.

1.4.5 IRMOFs for H2 storage at low temperature

The critical factors that determine hydrogen adsorption and desorption are the large
specific surface area of the adsorbents and the interaction between hydrogen and the solid
surface. In the context of H2 Storage, MOF-5 with a surface area of 3534 showed 4.5 wt%
H2 uptake at 78 K and 0.8 bar and it stored 1 wt% of H2 at 298 K and 20 bar as schown
Figure 1.13 (left) [56]. Although the H2 uptake amount for MOF-5 at 77 K was reported
again later as 1.3014 wt% at 1.01 bar (1 atm)[70] and 1.5115 wt% at 1.13 bar [71], the
result was still exciting enough to motivate many researchers to study this topic.
In Figure 1.13(right), shows the trend of increasing gravimetric storage capacity with
increasing Brunauer-Emmett-Teller (BET) surface area for MOFs. In general, the pore
size is proportional to the specific surface area. Therefore, in order to increase the H2

uptake capacities at 77 K, higher specific surface area and higher pore volume should be
created in the MOF. For instance, MOF-200 and MOF-210 have the highest hydrogen
excess uptake of 7,4 and 8.6 wt.%, respectively, ever reported for physisorption. The
record high values of the total uptake which takes into account the amount of hydrogen
pressurized inside voids of the MOF’s structure was 17.6wt.% at 77K and 80bar [72].
Also, the excess gravimetric capacity of MOF-177 was found to be 11 wt.% of H2, and
19.67wt.% in terms of absolute adsorption at 77K and 100 bar of hydrogen pressure [73].
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So far, there are several proposed ideas on how to improve the strength of hydrogen

Figure 1.13: (left) Hydrogen gas sorption isotherm for MOF-5 at (A) 78K and (B) 298
K. (right) A plot between excess gravimetric H2 uptake, measured at 77 K and 2 MPa or
above, for various MOFs.

interaction with MOFs, such as reducing pore size [74], introducing unsaturated metal
adsorption sites [75, 76], doping MOFs with alkali metals[77], changing organic ligands
and metal clusters [78], and using the hydrogen spillover effect [79].

1.5 2D-materials: Recent advances in hydrogen stor-
age

In recent years, a large number of two-dimensional materials (2D) has been isolated
and started to be studied [80, 81, 82], greatly expanding possible novel phenomena to
be explored and options for selecting the most suitable material for a given applications
(Figure 1.14). The 2D materials are being investigated more interestingly due to their
outstanding properties (structural diversity and large specific surface area), including
the electrical, physicochemical, optical, micromechanical, and thermoelectric character-
istics. Thus, offering a desirable pathway to integrate them into different applications
[83, 84, 85, 86]. 2D-materials structures show profound efficiency in molecular hydrogen
storage by providing large surface area and porosity, and thus avail additional adsorption
sites to anchor or incorporate molecular hydrogen [87]. Nanoconfinement in 2D materials
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and thin films provides a proficient approach to tune the interfacial properties of materials
in hydrogen storage.
In these contexts, 2D material-based H2 storage seems to be the most sustainable option

Figure 1.14: Examples of several 2D-materials, each containing different chemical ele-
ments and atomic configurations.

provided a suitable material is available, which meets the criteria proposed by US-DoE.
The most important classes of two-dimensional materials (e.g. Graphene, Graphane,
Graphyne, t-graphene, and Hexagonal boron nitride) employed for hydrogen storage ap-
plications are examined below.

1.5.1 2D-Graphene

As the first realized 2D material, graphene is composed of carbon atoms (C) in a
hexagonal honeycomb lattice. Each atom has a covalent bond with three adjacent atoms
and contributes with one electron to the common electronic system that dominates the
optical and electrical properties of graphene. It is one of the systems with large specific sur-
face area and an apt material with great potential for hydrogen storage being lightweight,
chemically inert, and environmentally benign [88]. Incorporating metal species onto the
surface of graphene is a well-known strategy to improve the hydrogen storage capacity.
Based on the DFT method, in the case of Li, it was shown that each adsorbed Li on
graphene and nanostructured graphene can adsorb up to four H2 molecules amounting to
a gravimetric density above 10 wt % [89]. The doping of graphene substrate with Bore
(B) is also shown to have an increased hydrogen adsorption due to the creation of new
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adsorption sites. Ab-initio calculations have shown that the storage capacity could reach
up to 19.95 wt% when B-doped on both sides of the graphene [90].

1.5.2 2D-Graphane

One important development since the discovery of graphene is the discovery of the
so-called graphane [91], has also been proposed for hydrogen storage. The improvement
of hydrogen adsorption energy and gravimetric storage capacity of system have been ex-
tensively studied theoretically. MC simulations showed that the adsorption behaviour of
graphane is similar to that of graphene monolayer [92]. DFT calculations and molecular
dynamic studies on hydrogen adsorption by graphane modified with B atoms exhibited
an increase in hydrogen binding energy from -35.56 to -81,52 meV [93]. The introduction
of B atoms induced dipole moment which subsequently improved the electrostatic inter-
action between H2 and graphane system. Although the stability of graphane has been
demonstrated, up to now its application for hydrogen storage application is limited to
theoretical studies only. Practical application has not yet been achieved.

1.5.3 2D-Graphyne

A new allotrope of carbon was predicted [94] by replacing one-third of -C-C- bonds in
graphite by acetylene linkages constituting a 2D planar sheet with an equal number of sp2

and sp carbon elements. In the context of H2 storage, lithuim provides efficient binding
of hydrogen to the graphyne surface, each Li can bind four H2 molecules, corresponding
to a hydrogen storage capacity of 15.15 wt% [95]. First principle calculations have shown
that Sc can strongly bind to graphyne with improved binding energy due to additional
in-plane pi states available in graphyne (-360 eV/H2) with enhanced hydrogen storage
capacity of 9.80 wt% [96]. Doping with heteroatoms like N, P, S, F, Al, B, As and Ga
can also upgrade the adsorption of hydrogen on graphyne [97].

1.5.4 2D-t-graphene

t-graphene is sometimes also called the square-octagon [98]. Its crystal structure
belongs to the plane group p4mm and each primitive cell contains four Carbon atoms. t-
graphene was proposed to show several outstanding properties, such as Dirac-like fermions
in the buckled form, excellent mechanical performance, and high critical-temperature
superconductivity [99]. It is worth noticing that, t-graphene naturally has good thermal
stability and very low elemental mass, which comfortably satisfy the requirements for
hydrogen storage.
Thus, Ye et al [100] have studied in detail the H2 adsorption properties of Li-decorated
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system and reported that each Li-dopant can catch up to four H2 molecules with an
average binding energy of -0.144 eV per H2 and a maximum gravimetric hydrogen storage
capacity of 7.7 wt%. The studies on t-graphene are also limited to theoretical studies.

1.5.5 2D-Hexagonal boron nitride

The hexagonal structure in boron nitride nanomaterial is an isomorph of graphene
system with the same crystalline structure; however, these materials exhibit different
physicochemical properties. As carbon, BN displays a variety of structures, such as hexag-
onal (h-BN), cubic (c-BN), wurtzite (w-BN), tetragonal (t-BN) and amorphous phases.
In 2002 [101], h-BN was introduced as a promising candidate for hydrogen adsorption.
Then, the experimental realization of hydrogen storage has been realised using oxygen
doped BN with 2–6 atomic layers [102]. It was found that the hydrogen storage capacity
increased to 5.7 wt% and 5 MPa at room temperature. Also, 89% of stored hydrogen
could be released when the pressure was reduced to ambient conditions. Theoretical
studies indicates that H2 storage capacity is enhanced in defective and metal-doped BN
system. For examples, the hydrogen storage capacity can reach 7.17 wt% if defective
BN were decorated with metal Ti [103, 104]. Also, in all cases, doping/substitution or
decoration is recommended rather than using pure BN. In the same frame, we investi-
gated and illustrated the possibility of Li-decorated tetragonal boron nitride (Li@t−BN
or Li@t − B4N4) monolayer as a prospective medium for hydrogen storage using DFT
calculations, more details in Chapter 5 .

1.6 Summary
The past few sections have discussed four very different ways to store hydrogen, es-

pecially in metal-organic frameworks (MOFs) and two-dimensional materials (2D). In fact,
compressed hydrogen storage is beneficial for fuel purpose but requires a high pressure
tank which limits their use while liquid hydrogen offers high volumetric energy density
but fails as being an energy extensive method. Corrosion is another problem that occurs
due to the formation of ice around the tank that leads to boil off.
On the other hand, hydrogen has been adsorbed on porous systems (physisorption) which
possess high gravimetric capacity, fast hydrogen adsorption and desorption cycles. Prob-
lems like metal clustering, adsorption at low temperature or high pressure and weak
interaction with the H2 molecules limits their use. Also, metal hydrides (chemical stor-
age) offer high gravimetric capacity but require high pressure and temperature for hydride
formation and hydrogen release.
After more than 30 years of investigation of metal hydride and MOFs, extensive ad-
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vances have been achieved on improving their hydrogenation characteristics, through
two-dimensional (2D) materials due to their high surface area and remarkable chemical
stability. In this context, we investigated and demonstrated the possibility of t-graphene,
t-BN and Be2C monolayer as a prospective medium for hydrogen storage applications
using first principle ab initio calculations.
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Chapter 2

Theoretical background: DFT and
AIMD

2.1 Introduction
The research presented in this thesis was realized using the computational technique

of Density Functional Theory (DFT) which allows for the atomic scale modelling of mate-
rials with the inclusion of the processes from macroscopic to microscopic scale. The DFT
approach was used to calculate the ground state energies of systems, that is exact, are
based on the approximation for the electron-electron interaction energy. These approaches
are not only providing deeper understanding of molecular and crystal structures but also
offering an economic and effective route to design new materials for various applications.
The purpose of this chapter is to present the different tools used for modeling and study-
ing the physical properties of the systems we suggested in the previous chapter. Since the
DFT is based on of the Schrödinger Equation, we will briefly provide approximations
and different methods to solve it.

2.2 Density Functional Theory (DFT)
The Schrodinger equation can fully describe the quantum state of a particular set

of atoms. However, solving the partial differential equation for most systems is infeasible
as the equation becomes a manybody problem with an enormous number of dimensions.
Building on a number of approximations, DFT technique is able solve the non-relativistic
time-independent Schrodinger equation by greatly reducing the number of dimensions and
can reasonably predict the ground (lowest energy) state quantum properties for a wide
variety of systems in a practical time frame. At the stationary state the energy of the
system is constant over time. Thus, the Schrodinger equation that depends on the time
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may be reduced to stationnary state Schrondinger equation:

ĤΨn = ξnΨn (2.1)

where Ψn is the many-body wave function of electrons, ξn is the total energy of solid,
and Ĥ is the Hamiltonian operator for the whole system of electrons and nuclei, which is
defined as:
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where, h̄ is Planck’s constant devised by 2π, e and me denote the charge and the mass of
a stationary electron, MI and ZI indicate respectively the mass and the charge (atomic
number) of the nucleus (ion) and RI and ri stand for the positions of the nuclei and the
electrons respectively.
In this expression, the first and the second terms correspond to the kinetic energies of
the electrons (T̂e) and the nuclei (T̂n) while the reminder terms indicate, respectively,
the Coulomb interactions of electron-electron (internal potential V̂e−e), nucleus-electron
(external potential V̂n−e) and nucleus-nucleus (V̂n−n). So the Hamiltonian describing the
solid simply reads as:

Ĥ = T̂e + T̂n + V̂e−e + V̂n−n + V̂n−e (2.3)

And the corresponding time independent Schrodinger equation with this Hamiltonian is
given by:

ĤΨ(RI , ri) = ξΨ(RI , ri) (2.4)

By solving exactly the last equation, all the macroscopic properties of the solid, in prin-
ciple, would be determined. However, this kind of solution is a very hard task or even
impossible for most cases. Indeed, this difficulty of solution is related, essentially, to the
Coulomb many body terms V̂e−e and V̂n−n. So, some approximations for this problem,
depending on some physical considerations are required. Some of them will be briefly
explained in next sections.

2.2.1 Born-Oppenheimer Approximation

Max Born and Robert Oppenheimer proposed an approximation to simplify the
Schrödinger equation. This approach is today the basis of many calculations in the physics
of matter. The Born-Oppenheimer approximation considers the position of atomic nuclei
as fixed, from the simple observation that electrons are much lighter than nuclei [105];
their kinetic energy can therefore be neglected and the interaction term between nuclei
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considered as a constant. Then we can decouple the nuclear and electronic movements,
and the wave function of the system becomes:

ψ(R, r) = ψe(R, r)ψn(R) (2.5)

However, the new equation obtained represents a N-body problem whose rigorous resolu-
tion can not be obtained analytically except in very simple cases like that of the hydrogen
atom. Thus, the approximation of Born-Oppenheimer is important but still insufficient
for solving the Schrodinger equation. Thus, other approximations should be introduced.

2.2.2 Hartree-Fock theory and the variational principle

After the Born-Oppenheimer approximation, the electronic wavefunction is still a
function of the coordinates of all electrons in the system. The Hartree-Fock method
seeks to approximately solve the electronic Schrödinger equation, and it assumes that the
wavefunction can be approximated by a single Slater determinant made up of one spin
orbital per electron. The objective of the HartreeFock method is to produce the best
possible one-electron wavefunctions for use in approximating the exact wavefunction for a
multi-electron system. In these models, we consider the H operator composed of the three
operators (The kinetic operator, the interaction of an electron-nuclei and the interaction
between all the electrons):

H = Te + Ve−e + Ve−n (2.6)

Hartree’s approach

The Hartree approximation consists of replacing the interaction of each electron of
the atom with all the others by the interaction with a mean field created by the nuclei and
all the other electrons, that is to say that the electron moves independently in a middle
field created by other electrons and nuclei [106, 107]. This makes it possible to replace
the potential of the type 1/rij which depends on the coordinates of the two electrons
by an expression defining the electronic interaction which depends on the coordinates of
each isolated electron. Thus, within this approximation, the correlations are neglected
allowing to write:

ψH(r) = ψ1(r1)ψ2(r2)...ψN(rN) (2.7)

Definition of Hartree Potential the potential of Hartree or Coulomb potential VH is
defined by [108]:

VH(r) =
∫ n(r′)
| r − r′ |

dr′ (2.8)
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Which describes the interaction of an electron at a position r with an electronic cloud
of density n(r0). We point out that, the equation Hartree’s approximation ignores the
antisymmetry of the wave function, as long as the electron is a fermion then the total
wave function must be antisymmetric with respect to the exchange of any two particles
that is neglected by Hartree.

Hartree-Fock theory

To overcome the shortcomings of Hartree approach, the introduction of anti sym-
metrise wavefunction was done within Hartree-Fock approximation. In this theorem, the
many-body wavefunction is constructed in a Slater determinantal form.

ψHF (r1...rn) = 1√
N !

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

ψ1(r1) ψ1(r2) ... ψ1(rn)
ψ2(r1) ψ2(r2) ... ψ2(rn)
. . . .

. . . .

ψn(r1) ψn(r2) ... ψn(rn)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(2.9)

With 1√
N !

the normalization constant. This approximation leads to good results, par-
ticularly in molecular physics. Moreover, solving the system of (equation 2.9) remains
difficult in the case of solids.

2.2.3 Hohenberg-Kohn theorem

In the year 1964, P. Hohenberg and W. Kohn [109] proved that the construction of
the total energy of a physical system can be expressed in terms of the electronic density.
The ideas are related to earlier propositions of Thomas and Fermi in 1927, where atoms
were modeled as systems with a positive potential (the nucleus) located in a uniform
electron gas [110, 111]. The two theorems can be stated as follows:

• First Theorem: The total energy of the fundamental state of the system is a single
universal functional function of the electronic density for a given external potential;
whether E = E[ρ(r)]. There are two classes of electrons, the spin-up electrons and
the spin-down electrons. So the total energy is a functional (both electronic density
of spin up and spindown E = E[ρup(r), ρdn(r)]. The general expression of the total
energy is:

E[ρ(r)] = FHK [ρ(r)] +
∫
ρ(r)Vextdr (2.10)

In which FHK [ρ(r)] represents the universal functional of Hohenberg-Kohn.
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• Second Theorem: A universal functional for the energy E[n] in terms of the den-
sity n(r) can be defined, valid for any external potential Vext(r). For any particular
Vext(r), the exact ground state energy of the system is the global minimum value
of this functional and the density that minimizes the functional is the exact ground
state density n0(r). This reduces the very complex problem of finding all ground
state physical properties of a system to finding the minimum of the energy with
respect to the electron density. The energy functional is as follows:

EHK [n] = T [n] + Ee−e[n] +
∫
n(r)Vextdr + En−n (2.11)

where EHK [n] is the total energy functional, T [n] its kinetic energy part, Ee−e[n]
the part coming from the electronic interactions and En−n is the energy of nuclei
interaction. En−n does not depend on the density and is due to the nuclei-nuclei
interaction. It should be noted that although the first Hohenberg-Kohn theorem
requires a nondegenerate ground state, degenerate ground states are also allowed
by the Levy formulation. It should also be noted that using the Hohenberg-Kohn
formulation of DFT implies that we are working at T = 0K.

2.2.4 Kohn-Sham Formalism

In 1965, W. Kohn and L. Sham showed that there is a way to map the problem of
solving equation 2.11 to the one of solving a system of non-interacting electrons moving
in an effective potential from all the electrons. According to Second Theorem, the true
electron density will minimize the total energy, but all means of finding it are valid. It
could be guessed or, as suggested by Kohn and Sham, calculated from a reference system of
non-interacting electrons moving in an effective potential. Thus, developing this variation
with the full energy functional added (equation 2.11), under the condition that the sum of
the density throughout the molecule or solid should be constant and equal to the number
of electrons, ∫

V
n(r)dr = ne (2.12)

finally gives the Schrödinger-like equations called the Kohn-Sham equations:[
−∇

2

2 + VKS(r)
]
ϕi(r) = Eiϕi(r) (2.13)

In which;
VKS(r) = Vext(r) + VH(r) + Vxc(r), (2.14)
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in which VH(r) is the Hartree potential, written as

VH(r) =
∫ n(r′)
| r − r′ |

dr′ (2.15)

The term Vxc(r) is the exchange-correlation potential, which is the partial derivative of
the exchange-correlation energy EXC , written as

Vxc(r) = δEXC [n(r)]
δ[n(r)] (2.16)

Then the electron density of the ground state can be calculated by:

n(r) =
N∑
i

| ϕi(r) |2 (2.17)

Then, we can calculate the total energy by the sum of the occupied eigenstate energy
values. Now, the only thing left in the equation is the exchange-correlation energy term
(EXC [n(r)]), for which several efficient approximations have been proposed. In the next
subsection, we will discuss two approximations for the exchange–correlation.

2.2.5 Exchange and Correlation Functionals

The Kohn–Sham equations provide the basis to calculate the kinetic energy correctly.
However, the main challenge in DFT is to accurately calculate the exchange correlation en-
ergy. Clearly it is essential to find a good approximation of the exchange-correlation func-
tional EXC [n(r)]. In this section, the approximate expressions for exchange-correlation
functional including LDA and GGA are briefly presented.

2.2.5.1 Local Density Approximation (LDA)

The first and simplest approximation for the exchange-correlation energy functional
is the LDA approximation. In fact, the mean idea behind this approximation is revealed
from a homogeneous electron gas. In the LDA approximation, it is assumed that the local
exchange-correlation energy per electron depends on the local density, and this energy
equals to the exchange-correlation energy per electron of a uniform electron gas having
same density. The total exchange-correlation energy Exc can be then given by summing
the contributions of each point in space as:

ELDA
XC [n] =

∫
n(r)ξh

XC [n(r)]dr (2.18)
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In this equation, ξh
XC [n(r)] stands for the exchange-correlation energy per electron of a

homogeneous electron gas of density n(r).
The LDA is more accurate for systems having slowly varying densities [112], as the
assumed density is locally a constant.
The accuracy of this simple approximation almost leads to a correct picture of binding
trends, structural parameters, vibrational energies, phonon spectra, bond lengths and
other properties across the periodic table. Most of these properties are predicted correctly,
or with a systematic deviation. However this approximation underestimates the band gap,
and also overestimates the binding energy of solids and molecules which leads usually, to
an underestimation of the bond lengths [113].

2.2.5.2 Generalized Gradient Approximation (GGA)

In LDA, one uses the knowledge of the density in a point r. In real systems the
density varies in space. A logical improvement of the LDA approximation would be to
include also information of this rate of change in the functional. This can be done by
adding gradient terms. This approach is called the gradient-expansion approximation. In
this class of approximation, one tries to systematically calculate gradient-corrections of
the form |∇n(r)|,|∇n(r)|2, |∇2n(r)|, etc., to the LDA. In practice, the inclusion of low-
order gradient corrections almost never improves on the LDA, and often even worsens
it. Moreover, higher-order corrections are exceedingly difficult to calculate and little is
known about them. It was realized that instead of power-series like systematic gradient
expansions one could experiment with more general functions of n(r) and |∇n(r)| which
needs not proceed order by order. Such functionals, of the general form:

EGGA
XC [n] =

∫
ξXC(n, |∇n|,∇2n)dr (2.19)

are known as generalized-gradient approximations. The current GGA seem to give reliable
results for all main types of chemical bonds and are popular in computational chemistry.
Overall, GGA type functionals, like PBE, are expected to be more accurate than LDA
typefunctionals, meaning a GGA functional should give better results for a larger array
of systems than an LDA functional. LDA functionals may perform better than GGA
functionals for a particular system or a particular group of systems, but overall GGA
functionals should give better result than LDA functional.

2.2.6 Plane wave pseudopotential method

Along with the proper handling of exchange-correlation functional, the solution of
the Kohn-sham equation is feasible for the electronic systems. Moreover, for larger crys-
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tals having a higher number of electrons, it becomes computationally expensive. One
solution might be to decrease the number of effective electrons in the system. The reduc-
tion of electrons effectively introduces the concept of pseudopotential.
As illustrate in Figure 2.1, in the core region (the green part) the pseudopotential V ps

replaces the steep ionic potential V ae with a much weaker effective potential. The corre-
sponding wave functions Ψae are replaced with pseudo wave functions Ψps. Beyond the
core region, the pseudopotential V ps and the all-electron potential are identical, and thus
corresponding pseudo wave functions and all-electron wave functions are also identical.
In contrast to the wave functions of all electrons, the pseudo wave functions do not have
nodal systems, making it possible to describe the pseudo wave functions with a small
number of plane waves.

Figure 2.1: Illustration of the concept behind the pseudopotential and the pseudo wave
function. The solid blue lines show the all-electron wave function Ψae and the ionic
potential V ae. The dashed lines show the pseudo wave function Ψps and pseudopotential
V ps. r is the distance from nuclear.

To understand the construction of the pseudopotential, let us first consider the exact core
and valence states, as | ϕc > and | ϕv > and Schrödinger equation can be written as

H | ϕi >= Ei | ϕi > (2.20)

where (i) defines both the valence and core states. We are interested to get smoother
valence states in the core region. Defining a smooth pseudo-state |Ψps >, we can write

| ϕv >=| Ψps > +
∑

c

| ϕc > βcv (2.21)
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where βcv = − < ϕc|Ψps > defines that valence band has to be orthogonal to all of the
core states. Further, using equations 2.20 and 2.21 one can get,

H | Ψps > +
∑

c

(Ev − Ec) | ϕc >< ϕc | Ψps >= Ev | Ψps > (2.22)

And thus
Hps | Ψps >= Ev | Ψps > (2.23)

The last Eq. is analogous to the Schrödinger equation with a pseudo Hamiltonian and
pseudopotential

Hps = H +
∑

c

(Ev − Ec) | ϕc >< ϕc | (2.24)

V ps = Veff +
∑

c

(Ev − Ec) | ϕc >< ϕc | (2.25)

where Veff describe the true potential, while the second term denotes the repulsive po-
tential localized to the core region. Therefore, it cancels the strong attractive nuclear
Coulomb potential and softens the fundamental potential (core). It results in a weaker
pseudopotential and nodeless pseudo wave function.
Although the general ideas behind the pseudopotential approach are similar, there are
several procedures to construct pseudopotentials, such as norm-conserving and ultrasoft.
In this thesis, we make use of the pseudopotentials constructed using the Projector Aug-
mented Wave (PAW) method as will be discussed in the next subsection.

2.2.6.1 Projector Augmented Waves: PAW

The projector augmented wave (PAW) [114] is a method for compute accurately
the electronic properties of crystals. The PAW method combines features of the ultrasoft
pseudopotential method [115] and the linear augmented plane wave method [116].
The wave function of the electrons varies greatly different depending on whether the
electron is close to the nucleus or further away in the bonding region. Within an atomic
centred sphere, the augmented region, the PAW method uses a partial–wave expansion
to describe the electrons. This is done because it is computationally difficult to represent
the wave function with plane waves in the fundamental region where the wave function
oscillates rapidly. Outside the augmented region the electrons are described by plane
waves or some other convenient basis set. Then the values and derivatives of the function
are matched inside and outside the sphere.
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2.2.7 Van der Waals Interactions

Van der Waals interactions or dispersion are due to electronic density fluctuations of
distant regions in space. For overlapping charge distributions, the total potential energy
between a pair of neutral atoms or molecules are approximated by Lennard Jones potential
written as [117]

χ(r) = −4κ
(µ

ρ

)6

−
(
µ

ρ

)12
 (2.26)

where κ is the depth of the potential well, and µ is the distance at which interparticle
potential is zero and ρ is the distance between particles. This potential has two terms,
the attractive term which includes van der waals interactions with ρ−6 term and the
repulsive term which is proportional to ρ−12. The latter is associated with the Pauli
exclusion principle which states that two fermions can not be in the same state. Van der
Waals interaction, ρ−6 term on the other hand, arises from the long range interaction of
electrons in the system. Quantum thermal fluctuations will always induce a dipole even
in the neutral atom. The resulting electric field polarizes the other atom with the order
of ρ−3. The interaction is then in the order of ρ−6. This correlation effect is also known
as London dispersion and the resulting are attractive. In electronic structure simulations,
this term has often been neglegted, however, in the range of physisorption as mentioned
above, van der Waals interactions play an important role. Although it does not care with
the sharing of electrons like in covalent bond or ionic bonds, the long-range effects of
electrons are have also significant effects.

2.3 Quantum Espresso
The density functional theory calculations in my thesis are performed using the

Quantum ESPRESSO package (QE) [118], which stands for opEn Source Package for
Research in Electronic Structure, Simulation, and Optimization. It is a free software,
released under the GNU General Public License. QE is designed to perform density
functional theory calculations of the electronic structure. It uses plane wave basis sets and
pseudopotential in its applications. The package includes functions such as self-consistent
calculations and atomic relaxation (pw.x), atomic-projection (projwfc.x), post-processing
(pp.x) and phonon calculation (ph.x). Quantum espresso code is written mostly in C,
Fortran 95 and Fortran 77. Parallellization is also possible by MPI libraries which reduces
computational cost considerably. The main advantages of QE over VASP in the context
of this work are as follows: first, QE is able to characterize the vibrational frequencies
into either Raman or infrared active modes. Secondly, QE assigns modes on the basis of
the degeneracy of the vibrational frequencies (single, double or triple).
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2.4 Nudged Elastic Band
A common and important problem in condensed matter is the identification of a

lowest energy pathway for a rearrangement of a group of atoms from one stable con-
figuration to another. The Nudged Elastic Band (NEB) method is essentially a
method for finding the Minimum Energy Pathway (MEP) connecting two local minima
on a potential energy surface [119]. The technique works by linearly interpolating a set
of images between the initial and final states and minimizing the energy of this set of
images. The images are forced to maintain their distance to neighboring images while
energy minimization by adding spring forces between them along the path or band they
form. The component of the potential force parallel to to the band is also removed from
acting on the images, ensuring that only the spring forces act on images along the path
and only potential forces act on the images perpendicular to the path. This prevents the
images from relaxing to the minimum energy of the initial and final states. The Climbing
Image (CI) implementation of NEB is a technique for finding the true saddle point along
the MEP as normal NEB rarely has images present at this point [120]. In CI-NEB, the
highest energy image is driven up to the saddle point by removing the spring forces act-
ing on this image and inverting the true forces acting on this image along the tangent of
the band. This results in the higher image moving toward the maximum surface of the
potential energy in the direction of the band while decreasing its values on the surface of
the potential energy in directions perpendicular to the band, bringing it to the definition
of the saddle point.

2.5 Ab Initio Molecular Dynamics
So far we have assumed nuclei are fixed and focused on the ground state electronic

properties in the static external potential generated by the nuclei. If one wants to consider
nuclear motions, for example to investigate the effects of finite temperature, more complex
methods are needed. An effective approach is to combine DFT electronic structure calcu-
lations with molecular dynamics simulations, named ab initio molecular dynamics
or first principles molecular dynamics.

Ab initio molecular dynamics simulations (AIMD), proposed by Car and
Parrinello in 1985 [121], have led to a revolution in the development of computational
physics. Exact forces can be derived from electronic structure calculations and used to
determine the thermal motion of real, complex molecules, solids and liquids. Dynamical
properties can be derived from AIMD. The Car-Parrinello approch marks the beginning
of the AIMD era with a unified algorithm for electrons and ions. The conceptually simpler
Born-Oppenheimer formalism became popular several years later [122].
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This technique differs from classical molecular dynamics mainly in that it explicitly in-
cludes electronic effects separate from nuclei rather than considering the whole atom as
a single solid sphere [123].

In general, molecular dynamics simulations can be performed in different thermo-
dynamic frameworks. The most common groups are:

• Microcanonical (NVE): the number of particles (N), the volume (V) and the total
energy (E) are kept constant.

• Canonical (NVT): the number of particles (N), the volume (V) and the temperature
(T) are kept constant. In this case we have to imagine the simulation box in thermal
equilibrium with a heat bath. Here a thermostat algorithm is used. This modifies
the Newton’s equations of motion, rescaling the velocities of the particles, such that
the distribution of the momenta corresponds to the Maxwell distribution. In this
case, the energy is not conserved but fluctuates around a constant value, thus the
configurations explored in a MD simulation do not have the same probability, like in
the NVE ensemble.

• Isothermal isobaric (NPT): the number of particles (N), the pressure (P) and the
temperature (T) are kept constant. We may see an isobaric system as coupled to a
piston that is reproduced by a barostat algorithm. The barostat rescales the positions
of the particles leading to a volume fluctuations, also in this case the total energy is
not conserved but fluctuates around a constant value.

• Grand canonical (µVT): the chemical potential (µ), the volume (V) and the tem-
perature (T) are kept constant. It permits fluctuations in the particle number at
constant chemical potential, µ.
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Part I

Hydrogen Storage in Metal Organic
Framework-5 (MOF-5)
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Chapter 3

Modeling hydrogen adsorption in the
MOF-5 connector

3.1 Motivation
As it is known, the high surface area, permanent porosity, tunable pore sizes, rigidity,

structural flexibility and thermal stability make MOFs and especially Zn-MOF-5, able
to bind hydrogen molecules in a non–dissociative manner [56, 64, 75, 61, 124]. Due
to this feature, MOF-5 are promising candidates for application as hydrogen storage
media. In these systems, unlike the magnesium hydride where the hydrogen is chemically
bonded, the adsorption energy has to be decreased in order to be able to rise the storage
temperature. Thus, the understanding of adsorption mechanisms is very important step
towards optimizing and exploring new MOFs with good hydrogen storage properties at
ambient conditions.
So, the connector crystal structure of MOF-5 in this work is used for the first time to
determine the hydrogen storage properties of the whole structure of MOF-5. Thus, the
results of the present chapter are devided in two parts. The first one is devoted to
the presentation of the structural, electronic and thermodynamic properties of MOF-5
connector. The second part is reserved to treat the adsorption mechanism of hydrogen
molecule with different orientations in multiple adsorption sites. Then, the diffusion of H2

between the adsorption sites (metal, carboxylic and cyclic sites) is investigated according
to the barrier energies for different paths.

3.2 Computational method
Calculations performed for our system are based on the density functional the-

ory (DFT) using the pseudo potential method implemented in the Quantum espresso
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code [118]. The parameterization of the exchange-correlation energy was done within
the generalized gradient approximation (GGA)[125] of Perdew-Burke-Ernzerhof (PBE).
The augmented projector wave method (PAW)[114] was used as well as the next valence
electron configurations [Ar] 3d10 4s2, [He] 2s2 2p4, [He] 2s2 2p2 and 1s1 for Zn, O, C
and H, respectively. A value of 30 Ry of kinetic energy cutoff was considered for the use
of wave function expansion. The self-coherent field cycle is selected to be 10−6 Ry for
the structural energy convergence criteria with a Gaussian enlargement of 0.02 eV dur-
ing structural relaxation. A mesh of 3×3×3 k-points was used in the irreducible part to
sample the first Brillouin zone. The Visualization for Electronic and Structural Analysis
(VESTA) and XcrysDen softwares were used for all post-treatment analyses [126, 127].

3.3 Results and discussion

3.3.1 Connector-MOF-5 geometry

The conventional structure of MOF-5 (see Figure 3.1(a)) has a cubic Fm-3m sym-
metry (no.225) with lattice constant 25.88 Å [61] and contains eight formula units of
Zn4O(BDC)3 composed of 424 atoms whereas the primitive cell contains two formula
(106 atoms in total) which is too expensive in time and requirements for computation.
Thus, to avoid this computational inconvenient, we consider in this work the simplified
system Zn4O(C8H4O4)3 named "connector", which is a side of the crystal structure of
MOF-5. However, we explored all the properties in a single connector and a full periodic
framework was included in all calculations of this work. The crystalline structure of the
connector illustrated in Figure 3.1(b), has 12.36 Å as lattice parameter and contains 53
atoms: 4 Zn atoms, 13 O, 24 C and 12 Hydrogen atoms occupying 32f, 8c, 96k, 48g, 48g,
96k, and 96k Wyckoff positions, respectively.
The cell parameters and atomic positions were fully optimized. The obtained results of
the relaxed lattice constants, inter-atomic distances and bond angles of the connector
along with the experimental and theoretical data of MOF-5 are summarized in Table 3.1.
From this table, we can notice that the optimized lattice parameter is slightly less than
the experimental one and this difference is typical when using a GGA functionality. Fur-
thermore, the bond length between two different atoms i.e. Zn-Zn, C-C and Zn-O and
the angle of the O-C-O, Zn-O-C bonds are in good agreement with experimental and
theoretical results (see Table 3.1) which confirms that the used model is able to simulate
perfectly the properties of MOF-5 with an uncertainty lower than 1%.
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Figure 3.1: Representative schema of a) cubic MOF-5 structure, b) the simplified con-
nector; zinc atoms are the yellow spheres, oxygen atoms are in red, carbon in black, and
hydrogen is the purple one. The three adsorption positions: metallic site, carboxylic site
and cyclic site are visualized in S1, S2 and S3 squares respectively.

a0(Å) Bond lengths(Å) Angles(°)
Zn-Zn C-C Zn-O O-C-O Zn-O-C

MOF-5 24.29 3.15 1.41 1.93 126.50 134.50
(Calculated)

MOF-5 (other works) 26.13a 3.22a 1.40a 1.90c 126.10a -
[128, 129, 130] 26.14b 3.20b 1.42b - 126.20b -

Experimental [61] 25.88 3.18 1.40 1.91 125.80 133.80

Table 3.1: Experimental data and calculated values for the structural parameters of
MOF-5

3.3.2 Connector stability: energy of formation and decomposi-
tion temperature

The energy of formation is a thermodynamic quantity which inform us on the sta-
bility of the connector and then is used to determine its decomposition temperature. The
formation reaction of MOF-5 connector is:

4Zn+ 13O + 24C + 6H2 −→ Zn4O(C8H4O4)3 (3.1)

So, the formation energy is calculated by the following equation:

∆Hf = Etot(Zn4O(C8H4O4)3)− 4Etot(Zn)− 13Etot(O)− 24Etot(C)− 6Etot(H2) (3.2)
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where, Etot(Zn4O(C8H4O4)3) is the total energy of the connector, Etot(Zn), Etot(O),
Etot(C), and Etot(H2) are the total energy of zinc, oxygen, carbon and hydrogen molecule
respectively computed for the ground-state structures with full geometry optimization.
The obtained value of formation enthalpy of this system is -13.85 kJ/mol.H2, that explains
the stability of the connector. Furthermore, the decomposition temperature TD is an
important parameter for the classification of materials applied for hydrogen storage. The
formation energy obtained above is used to determine the decomposition temperature of
the studied connector using the following equation:

TD = ∆Hf

∆S (3.3)

During the heating of the MOFs, the entropy change of solid materials is very small
compared to the gas and this variation is primarily due to H2 evolution so, the entropy
change of organometallic materials is generally that of the Hydrogen ∆S = ∆S(H2) =
130(±10)J.mol−1K−1 [131]. Thus, the obtained value of the estimated decomposition
temperature of the connector TD = 115.4K indicates that the system has a very low
temperature of decomposition, which is in good agreement with the experimental finding
[132, 133].
Once assured of the validity of our model by determining the stability and the decompo-
sition temperature of connector, we will begin the study of the hydrogen adsorption on
the MOF-5’s connector.

3.3.3 Hydrogen adsorption for the connector

To systematically understand H2 adsorption in connector, first, the adsorption of a
single molecule of hydrogen will be studied by considering different sites of adsorption at
different orientations of H2 molecule to determine the most stable both adsorption sites
and orientation. The obtained results will then be used to calculate de coupling energy
between two H2 molecules, which allows us the adsorption study of several molecules and
reach the maximum gravimetric and volumetric H2 densities.

3.3.3.1 The first hydrogen adsorption sites and their energy

Modeling the interaction between hydrogen molecule and connector surface is a
difficult task because a significant portion of the interaction may be caused by nonlocal
electronic correlation. For this purpose, the most stable adsorption configuration must
be determined very carefully by looking for the most stable adsorption site as well as the
most favorable orientations. Thus, we consider three best-known adsorption sites [134]
namely metallic site (between two Zn atoms), carboxylic site (between carbon and two
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atoms of oxygen) and cyclic site (in the middle of the benzene) as shown in Figure 3.1(b).
The first result of these investigations shows that the calculated link distance between
H-H for an adsorbed hydrogen molecule is 0.748 and 0.749 Å depending on the site of
adsorption and the orientation of H2. This value is close to the experimental one of 0.75
Å for the hydrogen molecules [130], indicating that no dissociation of hydrogen occurred.

Figure 3.2: Energy as a function of the angle between the hydrogen molecule and the
connector surface in the three adsorption sites

In addition, only 5 orientations of the molecule are stable. They are the horizontal (H),
vertical (V) and sloping (S) orientations relative to the plane (x, y) with specific angles
of inclination for each site that are 63 °, 45 °, 65 ° for S1, S2 and S3 sites, respectively as
illustrated in Figure 3.2 that represents the energy optimization of the angle between the
normal direction of hydrogen molecule and the connector surface in the three adsorption
sites. Meanwhile, the corresponding adsorption energies (Eads)on the connector-MOF-5
were calculated by the following equation:

Eads = [EConnector+nH2 − EConnector − nEH2 ]/n (3.4)

where EConnector+nH2 corresponds to the total energy of combined system, EConnector the
total energy of connector and EH2 the total energy of H2 molecule. n denotes the number
of H2 adsorbed on the system.
Due to the very small magnitude of adsorption energy and the lightness of hydrogen
molecule, we take care to adopt exactly the same supercell, the same cutoff energy and the
same k-points in the calculation of EConnector+nH2 , EConnector and EH2 to ensure maximum
error cancellation [135]. The calculated results of the single H2 adsorbed (n = 1) system,
as shown in Figure 3.3.
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Figure 3.3: The first adsorption energy as a function of the adsorption site, orientation
and adsorbate height in the connector of MOF-5

From Figure 3.3, we note that compared to the V and H orientations, the adsorption
energy of one molecule of hydrogen is significantly stronger along a sloping orientation at
the three sites of adsorption S1, S2 and S3 with adsorption distance varying between 3.95
Å and 4.02 Å. Moreover, among the different sites of adsorption, the cyclic one appears
as the most favorable for adsorption of single hydrogen molecule with a value of -37.80
kcal/mol at a distance of 3.95 Å.

To discover the origin of the observed contraction of the structure during the H2

loading, and understand the adsorption mechanism and the interaction between the con-
nector and hydrogen molecules, we calculated the density of states, bonds and angles
between atoms composing the connector and charge density before and after adsorption
of H2. Figure 3.4 shows the density of states (DOS) for each atom (Zn, O, C, H) without
and with hydrogen adsorption; the Fermi level (Ef ) is set to zero and used as a reference.
From the PDOS of connector without H2 adsorption (Figure 3.4(a)), we can notice that
the valence band is mainly composed of strong hybridization between Zn-3d and O-2p,
O-C states, additionally to moderately strong hybridizations between Zn and C states.
However, there are weak hybridizations between the H-Zn, H-O and H-C states, leading
to very weak interactions between H and the other atoms constituting the connector,
resulting in weak bonds and therefore a low decomposition temperature which confirms
the results of calculations in section of connector stability.
After H2 adsorption (Figure 3.4(b)), in addition to the hybridization observed above, new
hybridizations appear between H-O, H-C, H-Zn leading to a strong interaction between
the adsorbed hydrogen and the other atoms, and therefore to an improve in the connec-
tor’s both stability and desorption temperature. In the other hand, as we know that the
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Figure 3.4: Calculated total and partial density of states for connector (a) without
adsorption and (b) with adsorption of hydrogen molecule.

more the electronic states are towards the negative energies, the more the system is ther-
modynamically stable [136]. So, from the DOS, we notice a shift of atoms states towards
the lowest energies as observed in ref [137].
For more details, we analyze the valence load density in the form of iso-energetic contours
located in the plane (002) of the connector illustrated in Figure 3.5.

Figure 3.5: Density and transfer charge in this connector at plane (002) (a) without H2
and (b) with H2 adsorption
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One can intuitively see in Figure 3.5(a) that the bonds in this connector of MOF-5 has
a mixed nature. The Zn-C bond has a significant covalent character due to the charge
sharing between Zn and C atoms. Obviously, the C-C, C-H and C-O atoms show covalent
nature, while the bond between Zn and O is ionic due to the high electronegativity of the
Zn that attracts the O atoms. After H2 adsorption in the connector, we observe a decrease
of the distance O-Zn and the bonds between Zn-Zn (Figure 3.5(b)) as well as a reduction
of the Zn-O-C and O-C-O angles. On other hand, the nature of the interaction between
the molecule H2 and the connector surface that results from the loading of H2 during
the adsorption is attractive, which can invoke an electrostatic attraction (link dynamics).
This electrostatic interaction is due to Madelung energy [138] which stipulates that the
predominant long-distance interaction is the electrostatic interaction that is ensured by
the electrostatic force between spheres of opposite charges.

3.3.3.2 Adsorption energy for two hydrogen molecules

Once the adsorption of a single H2 on the zinc-based MOF-5 connector was inves-
tigated, we will now study the phenomenon of co-action effect [139] by considering the
adsorption of two hydrogen molecules at the same time with three orientations, as shown
in Figure 3.6.

Figure 3.6: Sorption structures of two molecules of hydrogen on the S1-S3 site with: (a)
S-S, (b) V-V, (c) H-H orientations of the two H2

This phenomenon stipulates that a combination of two hydrogen molecules simultane-
ously produces a better result than that obtained of two H2 individually. The aim of this
part of study is to find the two most favorable sites for simultaneous adsorption of two
molecules of hydrogen based on the coupling energy parameter. For that, we define the
coupling energy (ECp) according to the following relation:

ECp = (E12)ij − (E1)i − (E2)j (3.5)
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where (E1)i is the adsorption energy of one single molecule of hydrogen at site (i), (E2)j

is the adsorption energy of the other single H2 molecule at site (j), and (E12)ij is the
adsorption energy of two molecules of hydrogen at the same time at both sites (i) and (j).
According to several coupling energy calculations, the results indicate that among the dif-
ferent possible configurations of orientation, the two simultaneous molecules of hydrogen
prefer to be adsorbed along the same orientation namely S-S, V-V and H-H orientations
(Figure 3.6(a-b)). The obtained results for the coupling energy are summarized in Ta-
ble 3.2.

Adsorption site ECp(kcal/mol)
H V S

S1-S2 -2.53 -2.30 -4.52
S1-S3 -5.48 -6.50 -5.56
S2-S3 -2.01 -3.45 -1.02

Table 3.2: Coupling energies of two molecules of hydrogen in the system

It is evident from Table 3.2 that ECp have high negative values, means that the simulta-
neous adsorption of two molecules of H2 is more favorable than the individual adsorption
of two molecules of hydrogen. In other words, the first molecule of hydrogen helps the
second one to be adsorbed more easily as evoked by the authors of ref [140]. In general,
the calculations show that the S1-S3 site is more favorable in all orientations than the
S1-S2 and S2-S3 sites and more precisely with a vertical orientation of the two molecules
-6.50 kcal/mol. These results indicate that a pair of vertical hydrogen molecules adsorbed
at same time at the S1-S3 sites is located in the non-repulsive distance to avoid the
interaction effects between H2 molecules that may destabilize the structure.

3.3.3.3 High-coverage of H2 adsorption and storage capacities

Using previously mentioned, we will study the multiple adsorption of several molecules
on the connector and subsequently determine their effect on storage capacities. The strat-
egy followed is to adsorb several molecules of hydrogen on two sites at the same time
according to the coupling energy results in order to reach saturation for this connector.
In this case, many molecules of hydrogen can be adsorbed in the connector according to
three orientations of the hydrogen molecule, at two different sites namely the S1 and the
S3 one, as shown in Figure 3.6. In addition to the coupling energy, the loading of H2

in the system was done by respecting two criteria: the filling by H2 was stopped once a
structural deformation is observed or if the energy of the adsorption was too high. The
obtained results of the adsorption energies of the several H2 molecules and the average
distance separating them from the substrate are compiled in Table 3.3.
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H S V
nH2 Eads(kcal/mol) D(Å) Eads(kcal/mol) D(Å) Eads(kcal/mol) D(Å)
n=2 -9.31 3.60 -7.10 3.90 -23.57 3.20
n=4 -13.11 3.60 -8.15 3.90 -24.25 3.20
n=6 -14.22 3.60 -10.10 3.92 -24.23 3.30
n=8 -15.20 3.60 -9.80 3.92 -22.57 3.30
n=9 -15.10 3.74 -7.63 3.96 -19.89 3.30
n=10 -14.20 3.74 -5.50 3.96 -16.56 3.30
n=11 -13.70 3.80 -5.23 4.02 - -
n=12 -10.23 3.80 -5.05 4.02 - -

Table 3.3: Calculated adsorption energies of nH2 molecules on connector and average
height between H2 and substrate

As shown in Table 3.3, for horizontal and inclined orientations, the number of adsorbed
molecules is important up to 12 molecules with a distance separating the adsorption plane
and the H2 molecules ranging from 3.60 Å to 4.02 Å. While for the vertical orientation,
the connector can adsorb only 10 molecules of hydrogen before the deformation of this
system. This quantitative difference is due to the fact that adsorption energies are much
lower in the case of the vertical orientation ranging from -24.25 to -16.56 kcal/mol than
the case of horizontal and inclined orientations which range between -15.20 and -5.05
kcal/mol.

Before investigating the effect of hydrogen molecule adsorption on the connector
storage capacity, the connector has an initial gravimetric capacity of 1.57 wt.% (before
the adsorption of the molecule), since it contains hydrogen atoms, which corresponds
to 29.35 g.L−1.H2 in terms of volumetric capacity. The obtained values are in good
agreement with those obtained previously in [70, 141].

Once the hydrogen molecules are adsorbed, the gravimetric capacity increases rapidly
with the number of hydrogen molecules to reach 4.57wt.% in the case of horizontal and
inclined orientations and 4.09wt.% for vertical one. The obtained values are in good
agreement with the results found experimentally in [56, 141, 142], namely maximum ca-
pacities of 4.50-5.20wt.% for the MOF-5 with cubic three-dimensional expanded porous
structure [143, 144]. Thus, we may consider that the followed method is very efficient for
estimating the hydrogen capacity that can be adsorbed in the system.

3.3.3.4 Assessment of hydrogenation on connector properties

To get more inside, we studied the variation of the connector’s lattice parameter
and the desorption temperature as function of increasing hydrogen molecule number as
shown in Figure 3.7.
Initially, the calculated lattice parameter is 12.36 Å which decreases almost linearly during

48



3.3. Results and discussion

Figure 3.7: Variation of lattice parameters of connector as a function number of H2
molecules adsorbed with desorption temperature for three orientations

the loading of molecules for the three orientations. For example, for sloping (Figure 3.7(a))
and vertical (Figure 3.7(b)) orientations the lattice parameters changes between 12.36 Å
and 12 Å, while for the horizontal H2 the parameter varies between 12.36 Å to 11.50
Å (Figure 3.7(c)). This trend indicates that the connector volume decreases as the gas
loading increases, which confirms the trend observed by Yilidrim et al.[76]. In addition,
the temperature of the connector calculated using the adsorption energy (Table 3.3) ac-
cording to the equation 3.3, increases to a maximum equal to 780 K for 6 vertical H2

molecules adsorbed, 470K for n=9 (H2: horizontal orientation) and to reach 320K for
8 sloping molecules; see Figure 3.7. After that, the temperature decreases for the three
orientations but remains higher than that of the case without adsorption (115K). It must
be concluded when the system tends towards deformation, automatically the desorption
temperature decreases.
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3.3.3.5 H2 molecular diffusion inside connector

The performance of hydrogen storage of a metal organic framework material de-
pends also on the diffusion of hydrogen molecules inside it and plays a crucial role in its
kinetic and stability [145].Therefore, we simulated the diffusion of a hydrogen molecule
H2 via the connector in two paths between the S1-S2 and S2-S3 sites. The H2 diffusion
barriers were calculated as the difference energy between the initial physisorption state
and the transition state along three possible orientations, using the Nudge Elastic Band
method [146] as described in Figure 3.8.
As Figure 3.8 shows, The energy profiles along the two diffusion paths with three orien-
tations are plotted in Figure 10b. It is found that the migration barriers to H2 molecule
along S1-S2 paths are 21.73, 56.02 and 75.39 Kcal/mol, respectively. From S2-S3 path
with H, V and S orientations are 0.24, 24.10 and 37.83 Kcal/mol, respectively, indicating
that H2 molecule diffusion is mainly along the S2-S3 with horizontal orientation, which
is consistent with the previously calculated results [147] .
It can also be noted that the hydrogen molecule in sloping orientation are higher than
that of diffusion along horizontal or vertical orientations. Finally, the barriers of migration
of the hydrogen molecule in sloping orientation are higher than that of diffusion along
horizontal or vertical orientations.

3.3.4 Summary and conclusion

Overall, our systematic investigation of hydrogen adsorption on the connector led to
three important results. The first one is that due to the interaction of H2 molecule with
the surface of the Zn-based connector at three sites, the H2 molecule is strongly adsorbed
at the cyclic site and in particular along an sloping orientation with -37.80 Kcal.mol−1 as
adsorption energy. The second one is that the calculation of the coupling energies shows
that in the multiple adsorption, the H2 molecules are trapped more stably at S1 and S3
sites simultaneously and therefore this system can adsorb up to 12 molecules of hydrogen
without structural deformation and reach a value of 4.57 wt.% as gravimetric capacity.
The last one is that the desorption temperature is improved significantly and is much
higher than 77K.
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Figure 3.8: Corresponding energy profiles of H2 migration in the Zn4O(C8H4O4)3 sys-
tem
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Chapter 4

Lightweight metal decorating of
M-MOF-5: Implications for
hydrogen storage

4.1 Motivation
In order to improve the conditions of the hydrogen storage, we have to conceive

new MOF-5 type materials having additionally to their suitable pore sizes and their large
empty volumes, strong adsorption sites. This can be done by incorporating some elements
on the surface of the material, such as Li, Ca, Sc ... [148, 149, 150, 77]. Moreover, one
can conclude from different studies that the center, which is occupied by the metal M in
M-MOF-5 (M = Zn, Cd, Mg ...) has a crucial role in adsorption of hydrogen molecules
[151, 152, 153]. Recently, decoration of several elements has been carried out to improve
the storage capacity of MOF-5 via both experimental and theoretical means [154, 128].

Here, the first part is devoted on the one hand to the structural, electronic and ther-
modynamic properties of the unit cell of Zn-MOF-5 on the other hand to the adsorption
energies of a single hydrogen molecule in the three adsorption sites and three different
H2 orientations at the system surface. In the second part, the effects of the decoration
by Li, Be and Na elements in the cyclic site on the adsorption energy, the capacity and
the desorption temperature, with and without the substitution of Zn by Mg and Cd have
been studied and the maximum of corresponding desorption temperatures were estimated.
Finally, we give a conclusion about the different results.
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4.2 Methodology and models
Our first-principles calculations were performed within the plane-wave technique of

the local density approximation to density functional theory in the Quantum Espresso
package [118]. The exchange and correlation potential of Kohn-Sham was treated using
GGA-Perdew-Burke-Ernzerhof functional with Projector Augmented Waves (PAW)[125,
114]. To account for van der Waals interactions, important for hydrogen adsorption ener-
gies estimation, we used vdW-DF2 approach [155] throughout all calculations. A 40 Ry
defined as plane-wave basis sets and 400 Ry as charge density grids are used as a cutoffs
Energy. The residual forces are considered less than 0.01 eV Å−1 per atom for all calcu-
lations and system optimizations during all relaxations. The Brillouin zone integration
was performed with Gaussian widening and was applied by Monkhorst-Pack scheme [156]
of a mesh of 3×3×3 k-point. For optimization of the primitive cell of MOF-5 the crystal
structural parameters of metal-organic framework-5 were taken from experimental work
[61].
The typical framework material chosen for this study consisted of 106 atoms, a mixture
of organic 1,4-benzenedicarboxylate (BDC) and octahedral groups based on inorganic Zn.
The crystal structure of the double connector is illustrated in Figure 4.1, contains: 8
atoms of Zn, 26 O, 48 C and 24 atoms of hydrogen occupying 32f, 8c, 96 k, 48 g, 48 g, 96
k and 96 k Wyckoff, respectively.

Figure 4.1: Unit cell of the double connector of Zn-MOF-5 crystal.
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4.3 Results and discussions

4.3.1 Energy of formation considerations

Data on formation enthalpies constitute an excellent means to establish whether
theoretically predicted phases are likely to be stable and also such data might serve as a
guide to evaluate possible synthesis routes. The enthalpy of formation may be used also
to determine the decomposition temperature of the following reaction:

8Zn+ 13O2 + 48C + 12H2 −→ Zn8O26C48H24 (4.1)

From equation 4.1, we subtract the total energy difference between the products and the
reactants of the system to calculate the formation energy by the following equation:

∆H = Etot(Zn8O26C48H24)− 8Etot(Zn)− 13Etot(O2)− 48Etot(C)− 12Etot(H2) (4.2)

where, Etot(Zn8O26C48H24) is the total energy of unit cell-MOF-5, Etot(Zn), Etot(O2),
Etot(C), and Etot(H2) are the total energy of zinc, oxygen, carbon and hydrogen molecule
respectively.
So, the obtained value is -38.91 kJmol−1.H2 which is close to the typical one of MOF-5’s
full-structure (-46.02 kJmol−1.H2) [151, 157].
Since the standard Gibbs energy vanishes at the decomposition temperature, this can be
estimated using:

TD = ∆H
∆S (4.3)

where ∆H and ∆S are respectively the enthalpy and the entropy variations of the de-
hydrogenation reaction [158]. The entropy variation for MOFs is that of hydrogen which
is of 130(±10) Jmol−1K−1 [131]. Thus, the hydrogen decomposition temperature of the
system at the initial state is 300 K.

4.3.2 Adsorption of one hydrogen molecule in Zn-MOF-5

Herein we begin with the optimization of the adsorption of a single hydrogen molecule
in the primitive cell of MOF-5. Thus, we consider three most favorable sites of adsorp-
tion of an H2 molecule, namely the metal, the carboxylic and the cyclic sites, with three
orientations of the adsorbed hydrogen molecule (horizontal, vertical and sloping) in each
adsorption site as shown in Figure 4.2
The optimised structure was used to calculate the adsorption energy for one H2 molecule
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Figure 4.2: Hydrogen molecule adsorption in appropriate adsorption sites and along
three orientations: (a) horizontal, (b) vertical and (c) sloping orientation.

at different zones and orientations on the unit cell-MOF-5 surface using equation 4.4:

Eads = EMOF −5+H2 − EMOF −5 − EH2 (4.4)

where EMOF −5+H2 is the energy of the unit cell-MOF-5 interacting with H2, EMOF −5 is
the energy of the unit cell-MOF-5 and EH2 is the energy of hydrogen molecule. Thus, the
different results are given in Table 4.1.

Adsorption site Orientation Eads(kcal/mol) Adsorbat height(Å)
H -4.35 3.71

Metallic site V -6.61 3.83
S(63°) -9.06 3.70

H -1.81 3.46
Carboxylic site V -3.08 3.63

S(45°) -3.65 3.83
H -12.91 3.59

Cyclic site V -14.21 3.75
S(65°) -15.17 4.10

Table 4.1: The adsorption energy for the three sites and their orientations vs the hydro-
gen molecule distance at the unit cell surface: (a) Horizontal, (b) Vertical and (c) Sloping

In Table 4.1, the examination of adsorption energies calculated at different sites and along
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different orientations shows that the calculated Eads for the sloping orientations of the H2

molecule have the most favorable values in the three sites. i.e. -9.06 kcal/mol at 3.7 Å
for metal site and for the carboxylic site is -3.65 kcal/mol at 3.83 Å. In addition, among
the various strongly adsorbed sites, the cyclic appears to be the most favorable along the
three orientations. In particular, the inclined orientation with specific inclination angles
between the hydrogen molecule and the Zn-MOF-5 surface along the z-axis for each site
that are 63°, 45°, 65° for metallic, carboxylic and cyclic sites, respectively gives the lowest
adsorption energy value of -15.17 kcal/mol at a, distance of 4.10 Å.

To assess the mechanisms of interaction between molecular hydrogen and the unit
cell-MOF-5, we have studied their electronic structure through total and partial density
of states before as well as after the adsorption of H2.

Figure 4.3: The total density of states (T-DOS) and partial density of states (P-DOS)
for unit cell-MOF-5 based Zn before (a) and after (b) adsorption of single H2

From Figure 4.3(a), before adsorption of hydrogen, the initial H atoms are weakly hy-
bridized whit Zn, O1 and O2 while there is a strong hybridization between H-C1. After
H2 adsorption (see Figure 4.3(a)), in addition to the mentioned hybridizations, new strong
ones appear between H-C2, H-C3, H-O1 and H-O2. Furthermore, as we know that the
more the system is stable dynamically, the more his electronic states are oriented towards
negative energies [159]. Therefore, from partial states of Hydrogen, we observe a shift
in the states of H atoms towards lower energy after adsorption. Thus, we expect that it
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would affect the adsorption mechanism of H2 molecules in unit cell-MOF-5.
Additionally, the adsorption study of several hydrogen molecules shows that material can
adsorb up 20H2 molecules before the deformation of the system occurs. Consequently,
the hydrogen gravimetric capacity of this system is about 4.09 wt.% [141, 142]. However,
the H2 storage capacity remains less than 5.5 wt.%, a target proposed by the US-DoE
to be met by 2025 [160]. Thus, to increase the hydrogen storage capacity of MOF-5, we
propose two different strategies. The first one consists on substituting the Zn atom by
Cd and Mg elements. In addition to the substitution, we will, in the second strategy,
investigate the effect of the decoration by three elements namely Z=Li, Be and Na atoms
in the most favorable adsorbed site which is the cyclic one.

4.3.3 Nature of M@MOF-5-Z and H2-Z interactions

To examine the effect of Z doping on hydrogen adsorption, we first investigated the
adsorption energy of doping Z atom on the carbon ring (C6H4 units) unit of M-MOF-5.
The optimized configuration of the M-MOF-5:Z2 primitive cell is shown in Figure 4.4.

Figure 4.4: Z-decorated primitive cells of M-MOF-5. Gray, red, black and blue atoms
represent the metal M = Zn, Cd and Mg, oxygen, carbon and hydrogen respectively

By completely optimizing structures, we can notice that the system can be decorated by
two atoms simultaneously at cyclic site with adsorption energies values of the of Z= Li,
Be and Na in MOF-5 based Zn are -37.12, -8.30 and -26.05 kcal/mol, respectively. The
optimized distances between BDC and the decorated atoms are: 1.75 Å, 1.60 Å and 1.79
Å, for Li, Be and Na, respectively which represents an excellent agreement with the results
of previous works [161, 129, 149]. These distances are not affected by the substitution of
Zn by Mg and Cd because the cyclic site where the decorative elements are adsorbed is
far away from the substitution’s site.
After optimization of unit cell-MOF-5 M-based including Li, Be and Na atoms, we studied
the effect of these atoms on the adsorption of a single hydrogen molecule in the most
adsorbed site with three orientations according to results of section 4.3.2. Based on
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the interaction between the Z-functionalized system and the H2 molecule the adsorption
energy can be defined by the following equation:

Eads = [Esystem+nH2 − Esystem − nEH2 ]/n (4.5)

where Esystem+nH2 and Esystem are the total energy of the M-MOF-5:Z2 system with and
without hydrogen molecule respectively, while EH2 represents the total energy of the hy-
drogen molecule, and n is the number of H2 molecules. The resulting adsorption energies
of a single hydrogen molecule on a unit cell of M-MOF-5 functionalized by Z2 are shown
in Figure 4.5.

Figure 4.5: Adsorption energies for the three orientations of the adsorbed H2 at the
unit cell of M-MOF-5:Z2 systems, where Z = Li (a), Be (b) and Na (c). (a1), (b1) and
(c1) present the analysis of the charge density between H2 and Z

In the case of Z-functionalized M-MOF-5, a reduction of the adsorption energies is ob-
served compared to the system without decoration for the three orientations (see Fig-
ure 4.5). It is obvious that the horizontal orientation of the adsorbed hydrogen molecule is
more adsorbent than vertical and inclined ones. As an example the most stable adsorption
energies are for Zn-MOF-5:Li2 with a value up to -33.65 kcal/mol, compared to -19.87 and
-19.96 kcal/mol for Mg-MOF-5:Be2 and Zn-MOF:Na2, respectively. Consequently, the
functionalization of Li2 with dicarboxylic benzene (dilithium 1,4-benzenedicarboxylate)
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gives better results compared to the other functionalization in M-MOF-5 [151, 162]. Thus,
we expect an increase in storage capacities, especially with decoration by Li2.

To gain insight into the H2 adsorption mechanisms,we determined the difference in
spatial charge distribution between the hydrogen molecule and the system decorated with
Z2. Thus, the spatial charge differences was calculated and plotted in Figure 4.5 (a1, b1
and c1) by using the following equation:

∆ρ = ρsystem@H2 − ρsystem − ρH2 (4.6)

Herein ρsystem@H2 , ρsystem and ρH2 are the charge densities of the system decorated with
Z after adsorption of the hydrogen molecule, the decorated system before adsorption of
H2 and hydrogen adsorbed molecule, respectively.
Figure 4.5 (a1, b1 and c1) depicts the charge density differences (CDD) plots of this M-
MOF-5:Z2 after hydrogen adsorption. We observe that the different systems exhibit the
same behavior where there are evident zones of charge accumulation (yellow color) and
depletion (blue color) on either side of BDC with the hydrogen molecule, indicating a
strong polarization of hydrogen with the elements of Z-decoration. Therefore, there is a
net charge transfer between the decorated system and the adsorbed hydrogen.

To further examine the type of bonding between the H2 and the M-MOF-5:Z2, the
charge transfer mechanism was studied using a Bader analysis [163]. The self-coherent
charge density revealed that the atoms of Li, Be and Na respectively carry a charge of
0.90, 0.43 and 0.86 e [77]. Thus, the difference in the electronegativity between M-MOF-
5:Z2 and H2 is large enough to produce the desired ionic state of the atoms in the cyclic
site, which is beneficial for increasing the adsorption affinity with hydrogen H2. It is also
important to assess the rate of hydrogen molecules that a decorative elements Z = Li, Be
and Na can contain, we add the H2 molecules one by one until the distance separating
Li/Na/Be and H2 becomes very large such that H2 leaves the area in the vicinity of Z or
the adsorption energy becomes very high as shown in Figure 4.6.
By following this method, we obtain 6 molecules of hydrogen in quasi molecular form in
the cyclic site for the case of Li and Na as decorative elements. The obtained result is in
good agreement with in Ref [161]. Moreover, Be2 element can adsorb 5 molecules as a
maximum quantity of hydrogen per BDC unit. Therefore, in the next step, we performed
a study of multiple hydrogen molecules adsorption in the favorable sites of H2 (metallic
an cyclic sites) in M-MOF-5:Z2.
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Figure 4.6: Adsorption energy as a function of adsorbed hydrogen molecules number at
the cyclic site of M-MOF-5:Li2 (a), M-MOF-5:Be2 (b) and M-MOF-5:Na2 (c)

4.3.4 Gravimetric storage and desorption temperature

The complete results for the average adsorption energies per H2, the bond length
between H-H, the distance between Z-H2, as well as the storage capacities and desorption
temperature in unit cell of M-MOF-5:Z2 are given in Table 4.2.
From Table 4.2, it can be observed that the substitution Zn by Cd and Mg do not affect
much the distance between the decoration elements and the hydrogen molecules in this
system, as well as the inter-atomic distances H-H which are comprised between 0.740 and
0.751 Å. But on the other hand, there is a change in the adsorption energy with respect
to Li, Be and Na. For example, The average adsorption energies varied from -9.45 to
-15.96 kcal/mol for M-MOF-5:Li2, from -9.72 to -13.72 kcal/mol for M-MOF-5:Na2 and
from -8.63 to -12.73 kcal/mol for M-MOF-5:Be2. Thus, lithium-decorated Mg-MOF-5 is
more stable compared to the other systems. In addition, the desorption temperature of

60



4.4. Summary and conclusion

system Eads DH−H(Å) DZ−H2(Å) Cg (wt.%) Tdes (K)
Zn-MOF-5 -14.39 0.741 2.541 4.78 463.32
Cd-MOF-5 Li2 -11.06 0.749 2.547 4.45 356.02
Mg-MOF-5 -15.96 0.751 2.540 5.41 513.70
Zn-MOF-5 -11.91 0.740 2.676 4.68 383.39
Cd-MOF-5 Na2 -9.72 0.741 2.670 4.38 312.87
Mg-MOF-5 -13.72 0.749 2.669 5.27 441.75
Zn-MOF-5 -12.03 0.745 1.952 4.64 387.21
Cd-MOF-5 Be2 -8.63 0.740 1.950 4.35 277.84
Mg-MOF-5 -12.73 0.750 1.951 5.24 409.83

Table 4.2: The average adsorption energies (kcal/mol), the bond length of H2 and the
adatom distance between Z and H2, as well as the storage capacities and desorption
temperature in unit cell of M-MOF-5:Z2.

the Z2-decorated unit cell, calculated from the average adsorption energy by using the
equation 4.5, increases to an apogee equal to 513 K for Mg-MOF-5:Li2 and 463 K for Zn-
MOF-5:Li2 , as shown in Table 4.2. It can be concluded that desorption temperature of
the decorated and substituted systems far exceeds the initial decomposition temperature
of Zn-MOF-5.
Among the obtained gravimetric densities of hydrogen, we have 5.41, 4.78 and 4.45 wt.%
for Li2-decorated Mg-MOF-5, Li2-decorated Zn-MOF-5 and Li2-decorated Cd-MOF-5,
respectively. These values concord with the results found in Refs [160, 129, 164].

4.4 Summary and conclusion
In this chapter, different strategies have been applied, in the framework of a unit

cell approach, to improve the hydrogen storage properties in MOF-5. The study was
carried out using the first principles of density functional theory. The most important
results of this work can be summarized as follows: In the first part, we presented a
study of adsorption of a hydrogen molecule on MOF-5 based Zn in three sites (metallic,
carboxylic and cyclic) with three different orientations. The Zn-MOF-5 has an initial
storage capacity of 1.57 wt.% which can increase up to 4.09 wt.% by adsorbing several
H2 molecules. This value doesn’t fulfill the targets for hydrogen storage systems set
by the US-DoE for on-board vehicular applications, so we have proposed two methods
which allowed us to enhance the hydrogen storage properties of this material. Namely
i) substitution of Zn by Cd and Mg and ii) decoration by Li, Be and Na. The results
show for Li2-decorated in Mg-MOF-5 an excellent storage capacity up to 5.41wt.% which
meet the US-DoE requirement for 2025, with a remarkable improve in the desorption
temperature.
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Part II

Hydrogen Storage in
two-dimensional materials
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Chapter 5

2D-boron nitride for improved
hydrogen storage applications

5.1 Motivation
Recently, a new 2D carbon monolayer known as t-graphene with a tetragonal sym-

metry has been predicted through the first-principles calculations. This symmetry is
derived from the splitting of two adjacent layers of carbon atoms in bcc C8 or bct C4
along oz-direction [165, 99, 166]. Gu et al., by using C4K compound as the medium,
proposed two novel synthetic routes to achieve planar t-graphene [167], which accelerates
the experimental synthesis of this 2D material.
In an interesting study, Majidi [168] have shown that t-graphene-like C–BN and BN sheets
exhibit semiconducting properties, where the system stability increases by increasing the
number of boron and nitride atoms. In this context, a novel 2D-boron nitride sheet (t-
B4N4) with a structure similar to t-graphene which is t-B4N4 inspired us to study the
hydrogen storage properties of this material. t-B4N4 is well known for its excellent ther-
mal, dynamical and mechanical stability and has been used for optoelectronic devices
such as transparent electrodes [169].

In the first part, we explore the stability of decorated t-graphene by M = Li, Na,
K, Ca and Sc atoms at different sites in addition to the adsorption properties of H2

molecules and its hydrogen storage capacities. In the second part, the stability, electronic
and storage properties of H2 on metal-decorated t-B4N4 were investigated. Then, the
maximum hydrogen storage capacity and desorption temperature are given by using the
van’t Hoff equation and results of AIMD simulations. Finally, we compare the H2 diffusion
performance of t-graphene with that of t-B4N4 monolayers. The relevant results have been
summarized in the conclusion.
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5.2 Computational methods and physical quantities
All calculations in this chapter are carried out using the Quantum ESPRESSO

package [118], which is based on the density functional theory (DFT). The exchange-
correlation potentials in the Kohn-Sham equations were adopted within the generalized
gradient approximation (GGA) using the Perdew–Burke–Ernzerhof (PBE) parameteri-
zation with projector augmented wave (PAW)[125, 114]. However, the description of
the dispersion component of van der Waals interaction, which arises as the electron re-
sponse to instantaneous charge fluctuation, is missing. For this reason and to improve the
chemical accuracy in our calculations, we considered the corrected energy of dispersion
by adopting Grimme’s approach [170]. The interlayer distance was set to 25 Å in the
z-direction, which is enough to minimize the interlayer interactions. An energy cut-off
of 40 Ry was used for the plane-wave expansion of the wave function and 400 Ry for
the expansion of the augmented charge. All structures were optimized until the residual
forces were less than 0.01 eV Å−1 per atom. A mesh of 15*15*1 K-points was used via
the Monkhorst–Pack scheme [171]. The CI-NEB was applied to determine the minimum
energy of a reaction pathway and the energy barrier for both dissociation-chemisorption
and desorption processes [146].
Furthermore, ab initio molecular dynamics (AIMD) simulations of the canonical ensemble
(NVT) were performed to investigate the thermal stability and desorption processes with
a total calculation time of 5 ps and an integration step of 2 fs at temperature ranging
from 100 K to 300 K. The calculated thermal stability is valid within the simulated time
scale, which is far away from the experimental time scale.
To evaluate the energy stability of our systems, the cohesive energy given as the difference
between the sum of the energies of the isolated atoms and the energy of this crystal was
computed as follows:

Ecoh = (Esheet −
∑

nXEX)/
∑

nX (5.1)

Where Esheet is the total energy of t-graphene or t-B4N4, EX and nX are the energy and
the number of an isolated atom of type X (X=B, C and N), respectively. The most stable
adsorption sites of Li-, Na-, K-, Ca- and Sc-decorated t-graphene and Li-decorated t-B4N4

were determined based on the resulting binding energies, which are calculated according
to the following equation:

Eb = (EM+system − Esystem −mEM)/m (5.2)

Here, Esystem+M is the total energy of the decorated t-graphene or t-B4N4, m the number
of decorative atoms, Esystem is the total energy of pristine t-graphene or t-B4N4, and EM

is the total energy of an isolated metal atom M (M=Li, Na, K, Ca and Sc).
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For clear view and more detailed understanding of the adsorption process, we studied the
charge density difference of the decorated elements adsorbed at the most favorable site
on the monolayer systems, according to equation 5.3:

∆ρ = ρM@system − ρsystem − ρM (5.3)

where, ρsystem and ρM@system are the electron charge densities of t-graphene or t-B4N4

before and after the decoration with M elements, respectively. ρM represents the electron
charge density of isolated M-atoms in the system by keeping the same lattice parameters
obtained after an optimization calculation of the whole M@system. The average adsorp-
tion energy (eV/H2) of hydrogen molecules on M-decorated systems is obtained using the
following equation:

Eads = (EnH2+mM@system − EmM@system − nEH2)/n (5.4)

Here, EnH2/mM@system describes to the total energies of mM@sytem monolayer with nH2

adsorbed molecules, EmM@system is the total energy of metal-functionalized systems, and
EH2 is the total energy of an isolated H2 molecule. m and n denote the number of
decorative M-atoms and the number of hydrogen molecules adsorbed in the substrate,
respectively. The hydrogen desorption temperature (Tdes) is crucial and important to
release the hydrogen molecules fully from the host systems. Therefore, we used the van’t
Hoff formula [172] to estimate this quantity:

Tdes(K) = Ea ×R
KB(∆S −RlnP ) (5.5)

where Ea is the average adsorption energy, R = 8.31 J K−1 mol−1 is the gas constant, KB

= 1.38 × 10−23 J K−1 is Boltzmann constant, ∆S = 130 J K−1mol−1 [173] represents the
variation of hydrogen entropy from molecular gas to dissolved solid hydrogen and P=1
atm is the equilibrium pressure.

5.3 Results and discussion

5.3.1 Evaluating the stability of M on t-graphene

Due to the role that the metal dopant can play in order to capture hydrogen
molecules efficiently, the simulation of decoration by the vdW-DF2 functional was started
by the geometry optimization for the adsorption of Li, Na, K, Ca and Sc in different
configurations on the t-graphene monolayer. To find the most suitable site for a strong
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bond of the M atom with the surface, we considered four possible binding sites such as
the center of octal shape (H-1), the hollow-2 site of the square form (H-2), the top of one
carbon atom (T) and the top of a C–C bond (B), as shown in Figure 5.1.

Figure 5.1: Top view of a t-graphene monolayer (4 × 4 supercell) and the studied
adsorption sites (denoted as H-1, H-2, B and T).

After optimizing the geometry, we noticed that all the metals decorated on the t-graphene
surface choose to be adsorbed onto top of the hollow (H-1), which is the center of the
octal shape formed by carbons (see Figure 5.1). We calculated the binding energies of the
single atom Li, Na, K, Ca and Sc adsorbed on the favorable site; see Table 5.1.

M@t-graphene M=Li M=Na M=K M=Ca M=Sc
Binding energy (eV) -2.37 -1.26 -1.69 -2.21 -3.09

cohesive energy -1.63 -1.11 -0.93 -1.84 -3.90
Bulk (experimental) [174, 175]

Distance (Å) 1.77 1.98 2.23 2.11 1.66
Charge (|q|) 0.89 0.87 0.88 1.16 1.35

Table 5.1: Binding energies of M-decorated t-graphene system at the most preferable
adsorption site together with those corresponding to the experimental cohesive energies
of bulk metals. The optimized distances separating the M atom from substrate and Bader
charge acquired by metals.

According to the results of Table 5.1, the obtained values of binding energies -2.37, -
1.26, -1.69, -2.21 and -3.09 eV for Li, Na, K, Ca and Sc, respectively are smaller than
the corresponding cohesive energies relative to the bulk metal of Li (-1.63 eV), Na (-1.11
eV), K (-0.93 eV) and Ca (-1.84 eV) except for the case of Sc that has a binding energy
higher than the experimental cohesive energy of -3.9 eV [176]. These results show that
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the agglomeration do not occur in the case of Li, Na, K, Ca@t-graphene. Moreover,
our calculated Eb results for the studied materials are larger than those of single-layer
biphenylene, and germanium carbide (GeC-MLs) [177, 178].

Since the binding energy of Sc on t-graphene is higher than the experimental cohesive
energy of Sc, the possibility of Metal–Metal clustering is not negligible in the Sc-decorated
t-graphene system. To be able to verify this possibility, we calculated the energy barriers
for the diffusion of the scandium atom from the most preferable adsorption site to other
ones using a CI-NEB approach, as shown in Figure 5.2. We found that the diffusion
energy barriers for the Sc atom are 0.75 eV, 0.65 eV and 0.67 eV for path 1(a–b), path
2(c) and path 3(d), respectively. Zhang et al.[99] reported 0.62 eV, 0.44 eV and 0.51 eV
diffusion energy barriers for the Li-decorated t-graphene monolayer for similar pathways.
Therefore, the presence of a high diffusion energy barrier can restrict the transition of
metal atoms and prevent the system from clustering.

Figure 5.2: (a–d) Relative energy profile for the movement of the Sc atom along four
different pathways.

Similarly, we analyzed the charge distribution using the Bader charge algorithm [163].
The results indicate that over the H-1-site, the charged states of Li, Na, K, Ca and Sc
atoms are +0.89 |e|, +0.87 |e|, +0.88 |e|, +1.16 |e| and +1.35 |e|, respectively (see Ta-
ble 5.1). Such electron redistribution conduces to the ionization of M and nearby carbon
atoms. The positive charge state of M is beneficial for its anchoring on t-graphene by
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means of electrostatic attraction and, in turn, contributes to maintain their dispersive
distribution by coulombic repulsion between each other preventing the emergence of ag-
glomeration. The accumulation and depletion of charges are displayed in Figure 5.3(a–e)
by plotting the isosurface charge densities for Li, Na, K, Ca and Sc-decorated t-graphene
at the most favorable binding site on both sides. We observe a considerable amount of
charge transfer from the M-atom to t-graphene, in which the loss and gain of the charge
are confirmed, respectively, by the presence of the cyan and yellow color charge density
around the M atom and t-graphene substrates. This type of charge transfer phenomena
is quite reasonable based on the electronegativity difference between the M atom and the
t-graphene monolayer.

Figure 5.3: Top and side views of isosurface charge densities of M@t-graphene: (a) 2Li,
(b) 2Na, (c) 2K, (d) 2Ca and (e) 2Sc. Yellow and cyan indicate the accumulation and
depletion of charge, respectively. The chosen isovalue was 0.0023 e/Å3

Due to its large substrate area, the t-graphene monolayer is expected to be capable of
binding a large number of metals, which would result into a high H2 gravimetric den-
sity. In the case of maximum metal atoms on both side (8M@t-graphene), the metals
were initially placed on H-1 sites while maintaining a reasonably distance between the
two adjacent metal atoms, and then the structures were allowed to fully optimize (see
Figure 5.4). By increasing the metal size up to 8M, the Ebind values we found for Li,
Na, K, Ca, and Sc are -1.73, -1.16, -1.09, -1.90, and -2.57 eV, respectively. Moreover, the
distance between nearest neighbour metals in this case was found to be 4.89, 4.87, 4.90,
4.91 and 4.94 Å for 8Li, 8Na, 8K, 8Ca and 8Sc respectively. Although the binding energy
increases while increasing the number of metal atoms, the decorated elements are still
dispersed on the t-graphene without clustering. This is due to anchoring of M atoms on
t-graphene and their mutual repulsive interaction.
After establishing the optimized systems, charge transfer mechanism, and binding en-
ergy of the metal-decorated t-graphene monolayer, we now further discuss the adsorption
mechanism of H2 molecules on M-decorated systems. Using equation 5.4, the average
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Figure 5.4: Top and side views of the optimized structures of (a) 8Li@t-graphene,
(b) 8Na@t-graphene, (c) 8K@t-graphene, (d) 8Ca@t-graphene, and (e) 8Sc@t-graphene.
Black, green, orange, magenta, light blue and orchid balls represent C, Li, Na, K, Ca, and
Sc atoms, respectively

adsorption energies of hydrogen molecule are listed in Table 5.2 along with the distance
between the H2 molecule and the nearest metal (M), the H-H bond length and the gravi-
metric capacities for all hydrogenated systems in their optimized geometries.

mM-nH2 Eads (eV/H2) dH−H DM−H2 Cg(wt.%) Tdes(K)
1Li-3H2 -0.161 0.751 2.26 1.52 119.47
8Li-20H2 -0.192 0.756 2.49 8.41 142.48
1Na-4H2 -0.156 0.761 2.18 1.94 115.76
8Na-20H2 -0.172 0.768 2.53 6.63 127.63
1K-3H2 -0.154 0.758 2.23 1.41 114.28
8K-20H2 -0.166 0.760 2.47 5.47 123.18
1Ca-3H2 -0.159 0.759 2.51 1.40 118.01
8Ca-20H2 -0.181 0.763 2.76 5.42 134.31
1Sc-4H2 -0.153 0.760 2.63 1.84 113.53
8Sc-19H2 -0.165 0.767 3.19 4.90 122.44

Table 5.2: The results of the average adsorption energies of nH2/mM@t-graphene, the
H-H bond length, the distance between M and the hydrogen molecules H2 and a hydrogen
gravimetric density (wt.%)

By adding H2 one by one for adsorption on the M-decorated system, we found that
one atom of Na or Sc can adsorb a maximum of four molecules of hydrogen while three
molecules H2 can be adsorbed by one atom of Li, K or Ca with reasonable average en-
ergies (see Table 5.2). Once this maximum is exceeded, the extra hydrogen molecules
moved away from the metal elements. In case of the highest Li/Na/K/Ca concentration
on both sides, the systems could adsorb up to 20 H2 molecules within adsorption energies
located in the desired range for H2 storage [179, 180]. For the case of 8Sc@t-graphene, the
system reaches saturation for 19 H2 hydrogen molecules, while remaining stable without
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observing any structural deformation. The maximum gravimetric capacities for the 8Li-,
8Na-, 8K-, 8Ca@t-graphene and 8Sc@t-graphene systems are 8.41, 6.63, 5.47, 5.42 wt.%
and 4.90 wt.%, respectively. These estimated results, especially for the case of 8Li@t-
graphene, are greater compared to ones of the decorated 2D materials studied previously
for hydrogen storage [100, 181, 182].

Compared to the computational work previously carried out and the rapid devel-
opment of the exploration of the 2D structure, we found that this monolayer t-graphene
does not exhibit adequate hydrogen storage properties, in particular the desorption tem-
perature. However, it has recently been observed that structures with B and N atoms
are energetically more favorable. Meanwhile, extensive research on the h-BN monolayer,
graphitic carbon nitride and boron carbide monolayer as potential reversible systems for
hydrogen storage mobile applications [183, 184, 185] motivated us to study the t-B4N4 sys-
tem with a structure similar to t-graphene for the next generation as a potential substrate
candidate for hydrogen storage.

5.3.2 Stability/Adsorption of Li on t-B4N4 monolayers

Before assessing the stability of the Li-decorated t-B4N4 system. it is important to
start by geometrical optimization to get the most stable structure of the t-B4N4 mono-
layer, as shown in Figure 5.5. This system is composed of 32 atoms of which the unit cell
of t-B4N4 contains four boron (B) and four nitride (N) atoms. Our t-B4N4 monolayer,
which is a (2×2×1)-super cell, is made up of four- and eight-membered rings. The four-
membered rings have B–N bond lengths of 1.47 Å and bond angles of 83.261° and 96.731°,
while the eight-membered rings consist of two types of B–N bonds with bond lengths of
1.49 and 1.39 Å and bond angles of 140.121° and 129.171°, respectively.
The relaxed lattice constant of the monolayer t-B4N4 are a=b=4.9442 Å, which is in
accordance with the previous reported works [168, 169]. According to our simulation,
the cohesive energies of -7.02 eV/atom and -5.87 eV/atom have been defined for t-B4N4

and t-graphene structures respectively [168]. Although the mentioned two structures are
stable, by comparing their cohesive energies, we can see that the network between B and
N atoms is strongly correlated. This finding underpins our rationale in selecting a t-B4N4

monolayer to improve the decoration process and hydrogen storage properties compared
to the t-graphene system.
According to what has been mentioned before and due to its light weight, we first start
by optimizing the adsorption of a Li atom onto the surface of t-B4N4 which is a prime
candidate for the surface decoration of 2D materials used for hydrogen storage. Geometric
relaxation reveals that the optimal position of Li adsorption turns out to be the hollow
site (H-1) above the center of octagon, as shown in Figure 5.5.
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Figure 5.5: The variation in the calculated binding energy of adsorbed nLi@t-B4N4
monolayer.

The calculated binding energy of a single Li atom on the system was obtained as -2.53
eV with a distance separating the Li atom from the t-B4N4 surface of 1.64 Å (see Fig-
ure 5.5). Hence, the binding strength for a Li atom on t-B4N4 is stronger than that on
t-graphene (-2.37 eV per Li), carbon nitride (-1.54 eV per Li) and B16N16 (-0.67 eV per
Li)[100, 185, 186].
As indicated in the first part, to obtain a high gravimetric density with an improved
affinity for hydrogen molecules, we dope the substrate with Li metals for different concen-
trations. Four doping concentrations to both sides of the H-1 site have been considered,
which are as follows: one, two, four and eight Li atoms adsorbed on both sides of the
t-B4N4 monolayer. The nearest Li–Li distance is about 4.93 Å, which is larger than that
on the other 2D materials [187, 89]. It is obvious that by increasing the number of Li
atoms, the charge transfer monotonically decreases from 0.90 to 0.83 e (see Figure 5.5).
The binding energy results show a significant increase to -1.26 eV for the case of 8Li@t-
B4N4, as shown in Figure 5.5 due to the repulsive interaction between positively charged
lithium atoms [100].
To gain a deeper understanding of the interactions between Li atoms and the t-B4N4

monolayer, the distribution charge density differences of the optimized Li adsorption on
the most favorable site of t-B4N4 are shown in Figure 5.6(c). The green and pink zones
represent the charge accumulation and depletion around the Li atoms adsorbed onto the
t-B4N4 substrate, respectively. Meanwhile, the charge transferred from the first Li de-
creases from 0.90 to 0.83 e leading to a weakening of the electrostatic attraction with the
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host material, which is in accordance with the trend of the binding energies previously
found.

Figure 5.6: T-DOS (a) and P-DOS (b) of t-B4N4 monolayer, Li@t-B4N4, 2Li@t-B4N4
and 8Li@t-B4N4. (c) Top and side views of the isosurface charge density plot for the
Li-functionalized t-B4N4 sheet. The isosurface level was set to 0.0039 e/Å3. (d) MD
simulations of the Li atoms functionalized systems.

The density of state for t-B4N4 before and after Li atom adsorption is shown in Fig-
ure 5.6(a and b). We point out that the clean t-B4N4 system exhibits a semiconductor
behaviour with an electronic band gap of 3.89 eV, similar to the t-BN, c-BN and h-BN
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monolayers,[183, 169, 188] while after the incorporation of Li atoms, the material has
gained a metallic character. Based on the PDOS of the clean t-B4N4 system, it can be
clearly seen that the major contribution to VBM and CBM comes from the p-orbitals of
B and N atoms. After decoration, the peaks of hybridized orbits between Li-p and B-p
are mainly located at about 1 eV above the Fermi energy and result in Li atoms strongly
bound with t-B4N4. In the interval of -1.0 to 0.0 eV, the peaks of the orbits of B-p and
Li-s atoms also overlap, meaning that the strong interaction occurs between B and Li
atoms.
After verifying the binding mechanism of the lithium dopant on the t-B4N4 surface, we
have performed ab initio molecular dynamics (MD) simulations at 300 K to study and con-
firm the structural stability of our system (see Figure 5.6(d)). As shown in Figure 5.6(d),
we can see that there are small variations in the total energy of the 8Li@t-B4N4 system at
room temperature,which implies the thermal stability of the decorated system throughout
the MD calculations. Overall, the introduction of Li atoms causes only a small distortion
of the geometric structure without breaking bonds in the system.
To sum up, the results of Li-adsorption phenomena can be summarized as follows: (i) Li
atoms can adsorb onto the t-B4N4 monolayer with a strong binding energy and (ii) the
system has very good thermal stability at 300 K even at high Li-doping concentrations.

5.3.3 Hydrogenation of nLi@t-B4N4 system

As indicated previously, the decoration of lithium atoms at different concentrations
on the surface of the system remains among the successful methods for enhancing the
adsorption of H2 molecules by the polarization process [189, 190]. Thus, we start first by
optimizing the adsorption of hydrogen molecules near the Li atoms on the t-B4N4 mono-
layer. According to our simulation, Figure 5.7(a–c) displays the optimized geometries of
the H2 molecules adsorbed on Li@t-B4N4 for different concentrations of Li.
First, the adsorption energy is -0.308 eV for the first hydrogen adsorbed on Li@t-B4N4

with an inter-distance between H2 and the substrate of 2.17 Å. By adding additional H2

molecules, we can see that the system can adsorb up to four H2 molecules in the vicinity
of the single Li atom in its stable position with an acceptable average energy of -0.157 eV
(see Fig 5.7(a)). However, it is evident that the average adsorption energy decreases as
the number of H2 increases from 1 to 4 in the Li@t-B4N4 system with a corresponding
gravimetric capacity of about 1.95 wt%. Then, for double-sided Li (2Li@t-B4N4), the
average adsorption energies varied between -0.294 and -0.163 eV for the system with a
gravimetric density of 3.77 wt%, as shown in Figure 5.8(b). At last, to estimate the
maximal storage gravimetric density of this system, we have filled all the available stable
sites with Li atoms (8Li@t-B4N4) to catch as many hydrogen molecules as possible.
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Figure 5.7: (a-c) Top and side views the hydrogen adsorption at different concentrations
of Li on t-B4N4 system.

From Figure 5.8(c), it was found that the system can adsorb up to 32H2 before the defor-
mation of the system with average H2 adsorption energies in the range beteween -0.386
and -0.217 eV [191, 192, 182]. Once the system 8Li@t-B4N4 reaches the saturation, the
resulting gravimetric capacity reaches 12.47 wt%, and this value is higher than that of
many typical 2D materials such as Li@t-graphene (7.7 wt%), Li@B16N16 (9.15 wt%) and
Li@boron hydride (11.57 wt%).
In what follows, we discuss the desorption temperature of the most promising system
32H2/8Li@t-B4N4 using equation 5.5. Overall, Tdes plays an important role in determin-
ing the thermal stability of the 32H2/8Li@t-B4N4 system regarding the charge/release
process of H2 molecules. By using an equilibrium pressure of 1 atm and the average
adsorption energy, the maximal desorption temperature is equal to 161.03 K for 8Li-
decorated t-B4N4 monolayer [193, 194, 195]. This value is twice higher than the boiling
point of liquid nitrogen (77 K), and higher than the desorption temperature of Li@t-
graphene Tdes = 142.48, as obtained in section5.3.1.

5.3.4 Thermodynamical stability

AIMD simulations were performed for the hydrogenated 8Li@t-B4N4 system with
the highest gravimetric capacity (see Fig 5.7 (c)) to verify the desorption temperature
estimations at different temperatures T = 100, 200 and 300 K, as shown in Figure 5.9.
Figure 5.9 show the side views of the structures containing hydrogen molecules after the
AIMD simulation with effective bonds between Li-atoms and H2. The Li-H2 distances
greater than 2.5 Å are represented in dark blue color and distances less than 2.5 Å are
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Figure 5.8: Average adsorption energy (|Eads|) and hydrogen gravimetric density in t-
boron nitride systems with different Li concentrations: (a) 1Li@t-B4N4, (b) 2Li@t-B4N4,
and (c) 8Li@t-B4N4

Figure 5.9: 32H2/8Li@t-B4N4 system as obtained at the end of 5000 fs AIMD simula-
tions at different values of temperatures: (a) 100 K; (b) 200 K; (c) 300 K. B, N and Li
are represented by brown, purple and green balls respectively. Light pink and dark blue
represent H2 molecules with a distance from the Li atom less than and more than 2.5 Å,
respectively.

colored in light pink. We first start simulations at T= 0 K, showing that all the hydrogen
molecules remain near 8Li@t-B4N4. Once the temperature rises, hydrogen molecules
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begin to migrate noticeably far away from Li-atoms and t-B4N4 sheets. Then, at 300 K,
a maximum number of hydrogen molecules have moved far enough away from the t-B4N4

monolayer decorated with Li.

5.3.5 Single H2 molecular diffusion

Apart from the high gravimetric density, the fast diffusion of hydrogen molecules
in two-dimensional materials moving across the surface is crucial for the development of
next generation energy storage devices. The H2 kinetics was investigated by calculating
the activation barriers using the CI-NEB method.
As is known, to get the activation barriers or to determine the most optimal diffusion
path of the hydrogen molecule on the surface of t-graphene and t-B4N4 monolayers, the
CI-NEB method is an important and efficient method, which is used to determine the
minimum energy path (MEP) between the initial physisorption state and a given final
transition state, as described pictorially in Figure 5.10.

Figure 5.10: Single hydrogen molecule migration pathways and the corresponding bar-
rier energies on the systems: (a) t-B4N4 and (b) t-graphene.

The obtained results of diffusion energy by different typical H2 diffusion paths for t-B4N4
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and t-graphene are shown in Figure 5.10(a) and (b), respectively. We can observe in
both systems that the hydrogen molecule diffuses easily via pathway "a". The minimum
diffusion barrier is δ1 = 0.0098 eV for t-B4N4 and δ2 = 0.0136 eV for t-graphene. For
comparison purposes, our result for the barrier energies (δ1 and δ1) of path ‘a’ that are il-
lustrated in Figure 5.10 are rather low compared with the value of 0.014 eV in 2D-graphene
reported by Arellano et al.[196]. It is worthwhile to mention that although we have only
considered path (a), the same trend is observed for the other paths. Finally, we may
deduce that according to the evaluation of the kinetics performance of H2 molecules on
t-graphene and t-B4N4 monolayers, the surface of t-B4N4 is more favorable for hydrogen
molecule diffusion than that of t-graphene.

5.4 Summary and conclusion
In this chapter, a novel two-dimensional t-graphene-like boron nitride monolayer has

been studied for hydrogen storage applications due to its interesting properties. Via DFT-
based calculations, first, the structural, electronic, metal binding and hydrogen adsorption
characteristics of Li-, Na-,K-, Ca- and Sc-decorated t-graphene were analyzed. Then, a
t-graphene-like t-B4N4 sheet was constructed by replacing half of carbon atoms with B
atoms and the rest with N atoms. Our results indicated that the t-B4N4 monolayer
combines three important advantages. The first one is that the Li atom adsorbed at
the center of the octagon on the t-B4N4 monolayer has a strong binding energy of -2.53
eV and excellent thermal stability even for a high Li-doping concentration at 300 K, as
verified using ab initio molecular dynamics simulations. The second one is that the Li-
decorated t-B4N4 monolayer adsorption energy is higher than that of the Li@t-graphene
material, and the resulting system can adsorb up to 32 hydrogen molecules H2 to reach a
maximum hydrogen storage capacity of 12.47 wt%. The last one concerns the H2-molecule
diffusion kinetics, the diffusion barriers of which are 0.0098 and 0.0136 eV for t-B4N4 and
t-graphene, respectively, showing that the hydrogen molecule can diffuse easily through
the t-B4N4 surface compared to t-graphene.
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Chapter 6

Design of 2D-Be2C as high capacity
and reversible hydrogen storage
media

6.1 Motivation
Among different storage routes, 2D material-based H2 storage seems to be the most

sustainable option provided a suitable material is available, which meets the criteria pro-
posed by US Department of Energy.
2D beryllium carbide (Be2C) monolayer, which has been studied in several applications
[197, 198, 199, 200] and initially inspired by its 2D-BeB2 counterpart [201], is expected
to hold much higher gravimetric hydrogen density because of its lower relative atomic
size, and its multiple active sites to uptake hydrogen according to previously conducted
computational study[202]. On the other hand, Long Chen et al.[203] demonstrated by us-
ing first-principles calculations that H2 molecules adsorb more strongly on Li-decorated
Be3C2 monolayer due to the polarization of H2 molecules induced by the electric field
produced by the Li@Be2C monolayer dipole. As a result, Li@Be2C can store up to 14
hydrogen molecules (H2) with an average adsorption energy of (-0.20; -0.26 eV)/H2, re-
sulting in a maximum gravimetric hydrogen density of 10.79wt.%.
In this chapter, we have performed a comprehensive study to explore the structural and
thermal stability of Be2C system using ab-initio molecular dynamics (AIMD) simulations.
The decoration effect of the alkali (Li, Na, and K) and alkaline-earth (Mg) elements on
the adsorption mechanism of H2 molecules on the surface of 2D-Be2C has been investi-
gated. Finally, a high coverage adsorption of H2 molecules on the M-decorated structures
is carried out predicting a high hydrogen gravimetric density. In addition, we estimated
the H2 desorption temperatures by using the van’t Hoff equation and AIMD calculations
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to explore the reversibility of adsorbed hydrogen at the range of temperature.

6.2 Models and simulation details
All the steps of these calculations were performed using Density Functional The-

ory (DFT)and the projector-augmented wave (PAW) method as implemented in the
simulation code Quantum Espresso[118].The exchange-correlation potential was treated
within the generalized gradient approximation (GGA) due to Perdew-Burke-Ernzerhof
(PBE)[125, 114]. The van der Waals (vdW)method with the self-consistent correction
scheme of vdW-DF-ob86 has been used for a better description mechanism of interaction
between the substrate and the hydrogen molecules. The wave functions are expanded
in a plane wave basis, the size of which is defined by the kinetic energy cut-off of 560
eV, 15×15×1 k-points set for the unit cell and 10×10×1 k-points set for the (3×3)-cell
system, and the total energy convergence criteria in the self-consistent field iteration of
10−8 eV with the forces energy a 0.01 eV/Å.
For DFT simulations, we considered a Be2C unit cell, which contained three atoms (1 C
and 2 Be), and a (3×3×1) supercell, which contained 27 atoms (9 C and 18 Be). The
Be2C structure was decorated with metal dopants Li, Na, Mg and K. The optimal vac-
uum space along the z-direction is found to be as large as 20 Å to avoid interactions
between imaginary images. Further increasing of the vacuum was found to have only
negligible consequences on the results but with greater computation expenses. Finally,
ab-initio molecular dynamic (AIMD) simulations of 20 ps with a time step of 1 fs at 298
K within the canonical ensemble (NVT) were employed to examine the thermal stability
of the Be2C system.

6.3 Results and discussion

6.3.1 Crystalline and electronic properties of monolayer Be2C

We first start by discussing the structural properties of the optimized Be2C mono-
layer as shown in Figure 6.1(a). From side view, Be2C monolayer crystallizes within the
P-3m1 space group in the form of a hexagonal structure similar to that of graphene but
with three atomic layers along the z direction, the upper and lower layers are Be atoms,
and the middle one layer is C atoms. According to the DFT/vdW-DF-ob86 approxima-
tion, the calculated interlayer distance between the two Be layers is d= 0.91 Å while the
lattice constants are found to be a=b= 2.98 Å, in agreement with previous studies [200].
Each C atom is bonded with six Be atoms while each Be atom is bonded with three C
atoms. The optimized Be-Be and Be-C bond lengths are 1.98 and 1.73 Å, respectively.
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As for its structural stability, the cohesive energy of pristine Be2C was evaluated using
the following equation:

Ecoh = (EBe2C − nEC − 2nEBe)/3n (6.1)

where EBe2C is the total energy of a Be2C sheet, EBe, EC and n are the energy and
number of individual C and Be atoms, respectively. According to our computations,
Be2C monolayer (Figure 6.1(a)) has a cohesive energy of -5.78 eV/atom, indicating the
energetic stability of the Be2C structure. This is in alignment with other 2D materials
such as graphene [204], BeC monolayer [205], silicene [206] and phosphorene [207] where
the cohesive energies are of -7.95, -6.67, -4.57 and -3.71 eV/atom, respectively. We have
further calculated the phonon spectrum in order to justify the dynamical stability of the
considered monolayer.

Figure 6.1: (a) Top and side views of relaxed Be2C monolayer, (b) the phonon spectra,
(c) band structure, (d) total and partial density of state, and (e) variation of the total-
energy and temperature between 0 and 20 ps during AIMD simulations at 298 K and the
corresponding top and side snapshots of 2D Be2C monolayer.

As illustrated in Figure 6.1(b), it is clearly seen that there are no imaginary modes in
the phonon spectra which confirms the dynamical stability of Be2C. The electronic band
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structure in Figure 6.1(c) demonstrates that monolayer Be2C exhibits a semiconducting
behavior with a direct band gap of around 1.76 eV with the valence band maxima (VBM)
and the conduction band minima (CBM) located at center of the Brillouin zone (point).
These results are in agreement with previous studies [200]. Furthermore, the projected
density of states (P-DOS) in Figure 6.1(d) shows that near the Fermi level, VB and CB
of the Be2C monolayer mainly consist of the C-p and Be-p orbitals. Especially, the p
states of C atom are strongly hybridized in both bands of Be2C monolayer. Prior to
study the hydrogen adsorption, it is essential to validate the thermal stability of the host
material. For that, we employ AIMD calculations to evaluate the thermal stability of a
(6*6) Be2C monolayer supercell at room temperature of 298 K through a run of 20 ps.
The snapshot in Figure 6.1(e) shows that the Be2C monolayer does not break throughout
the simulation with only small fluctuations in the vertical direction of the sheet, thus,
confirming that monolayer Be2C has very good thermal stability.

6.3.2 H2 adsorption on pristine Be2C monolayer

To better advance in our study, it is important to investigate single adsorption of a
hydrogen molecule on the surface of Be2C monolayer. Six adsorption sites are identified in
this system as shown in Figure 6.2(a), namely: TBe1-site (top of the upper Be atom), TC-
site (top of the C atom), B-site (bridge formed between C and lower Be atoms), H1-site
(triangle formed between the upper and lower Be and C atoms), H2-site (bridge formed
between the upper and lower Be atoms; not to confuse with H2 molecule) and TBe2-site
(top of the lower Be atom). The adsorption sites are similar to what has been identified
in the literature [202]. Accordingly, we calculated the adsorption energy (Eads) of a single
H2 molecule adsorbed on the most favorable adsorption sites (B, TC and TBe1/2) of a
Be2C surface by taking into account a distance variation between the substrate and the
mass center of the H2 molecule (from 2.40 to 4.00 Å as marked in Figure 6.1(b) until we
get the lowest Eads of the H2-surface distance). The average and successive adsorption
energy per H2 molecule were calculated as follows:

Eads = (EnH2+Be2C − EBe2C − nEH2)/n (6.2)

Es = EnH2+Be2C − E(n−1)H2+Be2C − EH2 (6.3)

Here, n is the number of H2 molecules, EnH2+Be2C , EH2 , E(n−1)H2+Be2C , and EBe2C are the
total energies of nH2 molecules adsorbed on Be2C structure, single H2 molecule, (n-1)H2

molecules adsorbed on Be2C monolayer, and pure Be2C system, respectively. The Eads

of a single H2 molecule using the vdW-DF-ob86 correction is calculated and presented in
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Figure 6.2.

Figure 6.2: (a) Side and top views of different adsorption sites, (b) the calculated ad-
sorption energies at the three most preferable sites as a function of the H2-Be2C distance.

Figure 6.2(b) summarizes the adsorption energies of a single hydrogen molecule adsorbed
on the Be2C substrate at the most favorable adsorption sites. The optimal distance
between the molecule and the surface was obtained by taking into consideration vdW
interactions. We note that the B, TC and TBe1/2 adsorption sites have the most stable
adsorption energies with values of -0.140, -0.210 and -0.228 eV and adsorption distances
of 3.51, 3.73 and 3.25 Å, respectively. These adsorption energies are more stable than
those of some previously explored 2D materials [208, 193]. Besides, the calculated H-H
bond distance separating two hydrogen atoms within an adsorbed H2 molecule are around
0.742–0.749 Å, in well agreement with the experimental value of 0.74 Å for a hydrogen
molecule [209]. To understand the bonding mechanism of the interactions between the
participating hydrogen molecule and the adsorption surface, it is necessary to calculate
the densities of states of a single hydrogen molecule in the most favorable adsorption sites
on the Be2C monolayer, as shown in Figure 6.3.
According the topological analysis, it can be observed that the H-s orbital mainly overlaps
with Be-p/C-p atoms between -8 eV and -6 eV in valence band and indicates the strong
and stable adsorption of H2 in the three sites. The overlap difference between adsorption
sites has been visualized in the interior frame. In one hand, the H-s state peak in site
TBe1/2 is higher compared to the other sites (TBe1/2>TC>TB). Furthermore, as we
know that the more the electronic states are towards the valence band (negative ener-
gies), the more the material is thermodynamically stable. As shown in P-DOS, the H-s
electronic state peak moves to the negative energies in TBe1/2 site compared to TC and
TB sites leading to a superior stability of H2 in TBe1/2 site, indicating that the TBe1/2
site is the most preferable for hydrogen storage adsorption in Be2C substrate. Based on
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Figure 6.3: DOS of single adsorption of a hydrogen molecule on pristine Be2C in the
(a) TBe1/2, (b) TC and (c) B adsorption sites.

the adsorption results of a single H2 molecule on Be2C monolayer, we can conclude the
maximum number of hydrogen molecules to be adsorbed on the surface as summarized in
Table 6.1.

n Es (eV) Eads(eV/H2) D(Å) dH−H (Å)
1H2/Be2C -0.228 -0.228 3.25 0.742
2H2/Be2C -0.230 -0.229 3.18 0.745
4H2/Be2C -0.216 -0.221 3.05 0.746
6H2/Be2C -0.208 -0.219 2.96 0.751
8H2/Be2C -0.198 -0.201 2.65 0.750
10H2/Be2C -0.168 -0.189 2.43 0.749
11H2/Be2C -0.153 -0.161 2.14 0.744

Table 6.1: The successive and average adsorption energy (Es and Eads) per H2, the
average distances between H2 and Be2C monolayer (D) and adsorbed hydrogen distance
(H-H)

Using equation 6.2, we gradually increased the number of H2 molecules on both sides of
the Be2C substrate and found, based on the optimization results, that this system can
adsorb up to 11 H2 molecules without any structural deformation while keeping the suc-
cessive H2 adsorption energy values in the range between -0.153 and -0.228 eV as shown
in Table 6.1. The average hydrogen interaction and successive adsorption energy values
indicating that the adsorbed H2 molecules in Be2C-11H2 are reversible at ambient con-
ditions. Consequently, we can calculate that the hydrogen storage weight percentage of
this structure is about 6.7wt.%. Our calculated gravimetric capacity exceeds the recom-
mended minimal value proposed by the US-DoE and most of other 2D-materials such
as B2C-graphene, t-SiC, and 2D − Si2BN [187, 210] In what follows, we will employ a
novel strategy to improve the hydrogen storage capacity of the system by studying the
hydrogen adsorption on a metal-decorated Be2C.
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6.3.3 Metal decoration of Be2C monolayer

To investigate the effect of metal decoration [211] on the hydrogen storing capability
in our material, we first started by adsorbing a single metallic atom (Li, Na, K and Mg),
equivalent to metal-coverage 3.57%, on the adsorption sites shown in Figure 6.2(a). After
carrying out a full structure optimization, we calculated the average binding energy of
an individual M-atom decorated on the Be2C monolayer as determined by the following
equation:

Eb = (EmM@Be2C − EBe2C −mEM)/m (6.4)

where, EM@Be2C denotes the lowest total energy of metal-decorated Be2C sheet, EBe2C

stands for the lowest total energy of freestanding Be2C nano-sheet and EM is the lowest
total energy of isolated single metal (M= Li, Na, K, Mg). m denotes the number of
decorative atoms. An Eb<0 refers to an exothermic reaction, revealing attractive charac-
teristics of host material towards the guest metal, which is a key factor for a 2D material
to be successfully used in a storage application. The binding energy properties and the
corresponding charge transfer for each metal in the considered sites of a Be2C surface are
summarized in Table 6.2.

Li Na K Mg
site E(eV) (Charge|q|) E(eV) (Charge|q|) E(eV) (Charge|q|) E(eV) (Charge|q|)

TBe2 -1.80 0.82 -1.01 0.62 -1.16 0.65 -0.84 0.29
TC -1.50 0.72 -0.94 0.55 -1.02 0.60 -0.67 0.28
B -0.98 0.70 -0.75 0.52 -0.89 0.57 -0.60 0.25

TBe2 -0.91 0.67 -0.73 0.51 -0.87 0.57 -0.58 0.23
TBe2 -0.82 0.66 -0.71 0.50 -0.86 0.56 -0.57 0.21
TBe1 -0.74 0.60 -0.66 0.50 -0.82 0.55 -0.53 0.16

Table 6.2: The calculated binding energy (Eb) of single Li/Na/K/Mg-decorated Be2C
system and Bader charge analysis of M atoms at TBe2, TC, B, H1, H2, and TBe1 sites.

According to the results from Table 6.2, it is evident that among the six-sites, the adatoms
prefer to attach strongly to the beryllium carbide surface at the TBe2 site. Interestingly,
all the sites are suitable owing to their negative values, therefore metal-atoms decoration
are easily stabilized on the Be2C surface. We observed also that the adsorption energies
decrease in the following order Li>K>Na>Mg. Making of Li, the lightest element, as
the most suitable choice for improving hydrogen storage, which is in line with previously
published works [212, 213, 178]. Also, the minimum distances from Li, Na, K or Mg to
the substrate are found to be 1.62, 2.06, 2.23 and 1.98 Å, respectively. Upon decoration,
Bader charge analysis was used to study the charge transfer between M atom and Be2C

sheet. A charge transfer of 0.82, 0.62, 0.65 and 0.29|e| is observed from Li, Na, K and
Mg to Be2C monolayer, respectively. To sum up, these values indicate that: i) M atoms
can chemically adsorb on the Be2C monolayer; ii) lightest element contribute almost all
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outer electrons to the 2D-Be2C monolayer, and turn into M ions. Notably, because of
strong Coulomb repulsion, it prevents the adsorbed M ions to form clusters.

To obtain more H2 molecules on Be2C surface and enhance the effect of hydrogen
storage properties on this 2D material, one can increase the concentration of Li-, Na-, K-
and Mg-atoms from 3.57% to 6.90% (referring to two M-atoms) at the most stable site
(TBe2) on both sides of Be2C layer as seen in Figure 6.4. After full structure relaxation
of the Be2C system with two adatoms on both sides, we found, based on equation 6.4,
that Eb for 2Li-, 2Na-, 2K- and 2Mg-Be2C are -1.47 eV, -0.97, -1.07 eV and -0.62 eV,
respectively. Here the average binding energy values per 2M is slightly higher than for
3.57% M-coverage but, the dM−sheet distance increases due to the Coulomb repulsive
interaction as compared to the single M case. They are close to other 2D-materials
including GeC monolayer [178], graphene [89] and graphyne [182].

Figure 6.4: The optimized structures of Li/Na/K/Mg-decorated Be2C on both sides
using the DFT/vdW function.

In order to obtain further elucidation into the adsorption mechanism, we calculated the
charge density difference (∆ρ) of M-doped Be2C on both sides by a similar formula to
equation 5.3, as illustrated in Figure 6.5(a-d). After adding M into Be2C, most of charges
are distributed in the intermediate area between the dopant and the adjacent atoms of the
host material. Contour of electron depletion can be found on the Li, Na, K and Mg-atom
(cyan color), while contour of electron accumulation is around Be2C system (magenta
color), which signifies that the charges are transferred from the guest metal to the host
layer. Moreover, Bader charge atomic analysis was performed to quantify the number of
electron transfer during the decoration process. Results show that over a TBe2-site, the
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charged state of Li, Na, K, and Mg-atom are 0.70, 0.55, 0.57 and 0.20 |e|. This means that
the M-atoms become cationic after adsorption which is beneficial for hydrogen storage as
will be explained next.

Figure 6.5: Top and side views of charge density differences for two-sided metal-
decorated Be2C monolayer at the most preferable adsorption site (TBe2) for: a) Li2,
b) Na2, c) K2, and d) Mg2. The magenta and cyan areas stand for the charge gain and
loss, respectively. The isosurfaces value are set to 0.0007 e/Å3

Apart from the binding energy discussed previously, it is also important to un-
derstand the binding nature between M and Be2C. For this, the electronic features of
functionalized Be2C sheets were analyzed through calculating the total (T-DOS) and
projected (P-DOS) density of states. Figure 6.6(a-d) depicts the T-DOS and P-DOS of
the pristine, magnesiated, lithiated, potassiated and sodiated Be2C monolayer. As men-
tioned above, the pure Be2C system behaves as a semiconductor material with a direct
band gap similar to black phosphorene [214]. However, this gap characteristic changes
upon the introduction of a guest adatom into the host-layer due to the downshifting of
states occupied in the conduction band, confirming charge transfer discussed previously.
For example, the adsorption of 2Li/2K into the surface of Be2C introduces sizable DOS
at fermi level (Ef ). Furthermore, one can see a noticeable overlap between s-orbital of
2Li/2K and p-orbital of C/Be at Ef , which indicates a strong binding energy between
Li/K and the Be2C layer originating from s-p hybridizations interactions. This is a de-
sired characteristic for a H2 storage material. On the contrary, there is no electronic
states at the Fermi level for the case of 2Mg/2Na, which proves the lower binding energy
reported in the previous part. A similar tendency has also been observed in some other
hydrogen storage materials such as boron phosphide [194], and siligraphene monolayer
[213].
Next, with the aim of validating the promise of the Be2C system as efficient H2 stor-
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Figure 6.6: DOS plots of 2M@Be2C monolayer at most adsorption site (TBe2) for: (a)
2Li, (b) 2Na, (c) 2Mg and (d)2K.

age substrate under ambient conditions, AIMD calculations within the framework of
the canonical ensemble (NVT) where performed to assess the thermal stability of the
Li/Na/K/Mg metalized Be2C. By using the Nose Thermostat algorithm [215], each
system was exposed to a temperature of 298 K for up to a total time of 55 ps. The
computations results are plotted in Figure 6.7. It can be seen that the oscillations of the
total energy of all considered systems are stabilized over the MDs time. In addition, the
structures given at the end of MDs simulation do not show broken bonds or structural
disruption. The planarity of the Be2C sheet is also maintained except a tiny shifting of
atoms from their average equilibrium positions, especially in the z-axis. These results
stand for a good chance for establishing high-quality and high-stability H2 storage by
selecting Be2C as media.

6.3.4 H2 adsorption on Li/K-decorated Be2C monolayer

We will now investigate the physisorption phenomena of hydrogen adsorption at
a higher coverage with respect to understanding the effect of decorative metals on the
storage capacity and the desorption temperature of a Be2C monolayer as compared with
the pure system. To estimate the interaction strength of the M@Be2C system, we started
by placing the H2 molecules in the vicinity of the most stable elements (2Li and 2K atoms,

87



6.3. Results and discussion

Figure 6.7: AIMD simulations were run for 55 ps at 298 K in (6×6)-supercell; temper-
ature and total energy of the beryllium carbide decorated with 8Li, 8K, 8Mg and 8Na.

one from top and another from bottom side) in the surface structure based on results from
Table 6.2.
In Figure 6.8, we display maximum amount of hydrogen molecules adsorbed on both
sides of 2Li@Be2C and 2K@Be2C, which allows for a maximum gravimetric density and
checking desorption temperature for the charge/release process of H2 molecules.
We calculated the average and successive adsorption energies per hydrogen molecule (Eads)
and (Es) for H2 molecules adsorbed on the 2Li@Be2C and 2K@Be2C monolayer using
the following equations:

Eads = (EnH2+2M@Be2C − E2M@Be2C − nEH2)/n (6.5)

Es = EnH2+2M@Be2C − E(n−1)H2+2M@Be2C − EH2 (6.6)

where n is the number of H2 molecules, EnH2+2M@Be2C , EH2 , E(n−1)H2+2M@Be2C , and
E2M@Be2C are the total energies of: nH2 molecules adsorbed on Be2C monolayer of the
decorated system by M= Li or K, single H2 molecule, (n-1)H2 molecules adsorbed on
2M@Be2C monolayer, and system without H2, respectively.

By adding one by one hydrogen molecules to adsorb on the 2Li and 2K-decorated
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Figure 6.8: Average/successive adsorption energies as a function of the number of ad-
sorbed hydrogen molecules on (a) 2Li@Be2C and (b) 2K@Be2C.

Be2C system, using the vdW-DF-ob86 function which is more precise for the optimiza-
tion of the hydrogen interaction mechanism [216], we can see the effect of the decoration
concentration of the 2Li/2K elements on the adsorption energies between one and sev-
eral molecules of hydrogen. The obtained results of successive H2 adsorption energies
for nH2/2Li@Be2C and nH2/2K@Be2C are found in the range of [-0.308; -0.152 eV] and
[-0.276; -0.168 eV], respectively, as shown in Figure 6.8(a-b). The distance between neigh-
boring hydrogen molecules is between 1.74 and 2.59 Å, while the average distance between
H atoms in the same molecule is 0.749-0.762 Å. For the same reason, we found that the
adsorption energy of a single adsorbed hydrogen molecule with Li/K-decorated Be2C

systems is drastically improved in comparison to the pure Be2C monolayer as shown in
Figure 6.8. For example, the adsorption energies for 2Li@Be2C increased from -0.308
to -0.263 eV for Be2C. These values are significantly lower than the Eb of the single
H2/Li-Be3C2 monolayer, which were reported at -0.260 eV [203]. It is also observed that
there is a substantial increase of the successive adsorption energies as a function of the
concentration (6.90%) for the Li/K-decoration elements and the increase of the number
of adsorbed hydrogen molecules. Successive addition of H2 molecules to the functional-
ized 2Li@Be2C and 2K@Be2C reveals that even if the adsorption energy Es<0.150 eV
per H2, a total of 13 hydrogen molecules are adsorbed for 2Li@Be2C while 2K@Be2C

adsorbs only 9 H2. Then, the H2 uptakes is 8.45wt.% and 4.94wt.% for 2Li@Be2C+13H2

and 2K@Be2C+9H2, respectively. These values are found to be very remarkable than
those obtained according to previous works [217, 187, 212].
On the other hand, it is important to mention that the average adsorption energy per
H2 for associative adsorption varies from -0.308 to -0.220 eV for 2Li@Be2C and -0.276 to
-0.175 eV for 2K@Be2C. It is located in the desired energy range of (-0.15) ~(-0.6 eV).
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These results are in good agreement with those found in the literature [210, 182]. More-
over, these results demonstrate that the hydrogen molecules strongly bind to Li/K-metal
cations in the decorated Be2C system by an extent of electron density transfer depend-
ing on the ionization potential. Thus, we proved that the decoration by the considered
elements has a large effect on the adsorption of hydrogen with of Be2C monolayer.
Based on the average energy results, we conclude that both systems reach saturation at
16 H2 hydrogen molecules, with stable adsorption energies. At the maximum H2 cov-
erage, H2 storage capacities of 10.21 and 8.48wt.% have been achieved for 2Li@Be2C

and 2K@Be2C, respectively. Figure 6.9 shows a comparison between the storage capac-
ities in this work for the maximum number of adsorbed H2 molecules per lithium- and
potassium-decorated with other theoretical studies that address related 2D materials.
Thus, this system can be distinguished from other currently available 2D-materials as a
promising candidate for H2 storage under room conditions.

Figure 6.9: Hydrogen storage capacities for 16H2/2Li@Be2C and 16H2/2K@Be2C
compared to other different 2D-materials.

According to equation 5.5, the desorption temperature depends on the average ad-
sorption energies (see Figure 6.8). The 2Li@Be2C temperature lies in the range of 228-163
K while for 2K@Be2C, it is located between 204 and 129 K. For both decorated-systems,
we found that the desorption temperature values are considerably higher than those of
other 2D materials such as Li-carbyne [195] and Li/Na@BP [194] whose values are of 149
and 116/95 K, respectively. We mention that the Tdes of our systems are also much higher
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than the critical temperature (33K) of hydrogen and about two times the boiling point
of liquid nitrogen (77 K).

6.3.5 Thermodynamics of adsorption hydrogen molecules

In order to verify the desorption temperature estimations, we performed ab-initio
MD in the NVT ensemble for hydrogenated 2Li@Be2C and 2K@Be2C of the highest
gravimetric density (See Figure 6.8) at two chosen temperatures of 100K and 298K. To
avoid restricting H2 movements on Li and K decorated Be2C (3×3)-cells in AIMD calcu-
lations, we used a (6×6)-supercell containing 244 atoms with the vacuum layer increased
to 30 Å and a time step of 1 fs. As shown in Figure.11, we selectively depict the snapshots
of the structures (top and side views): H2-atoms with distance Li/K-H2 more than 2.5
Å are noted by pink color and less than 2.5 Å by blue color. At 100 K (Figure 6.10
(a,c)), we can see that the hydrogen molecules moved noticeably far away from 8Li/8K-
decorated and substrate. At ambient temperatures (Figure 6.10 (b,d)), all H2 molecules
moved from 8Li/8K-atoms and some of them have been removed from structures, with
a small corrugation along z-axis. Thus, these results support the van’t Hoff desorption
temperature estimations.

Figure 6.10: Images of AIMD simulations at 100 and 298 K of 64H2 desorbed 8Li@Be2C
and 8K@Be2C systems as obtained at the end of 20 ps.

Our study demonstrates that lithium and potassium doped Be2C monolayer could be
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considered as a promising host material with great physisorption characteristics and high
gravimetric density for hydrogen storage.

6.4 Summary and conclusion
In summary, van der Waals-density functional theory (DFT) calculations were car-

ried out to study the structural and electronic properties, thermal stability, and hydrogen
storage properties of the 2D structure of pristine Be2C as a hosting material for H2-
storage applications. The effect of decoration using the alkali metal (Li, Na and K) and
alkaline earth metal (Mg) adatoms on the Be2C system was also investigated. Ab initio
molecular dynamics (AIMD) calculations confirmed the thermal stabilities of 8M@Be2C

(M= Li, Na, K, Mg) at 298 K. The results show that the adsorption of a single hydrogen
molecule on a pristine Be2C system at different adsorption sites gives adsorption energies
in the range of -0.140/-0.228 eV. We showed that the Li/K-decorations on both sides of
Be2C improves the adsorption energies to -0.308 eV/H2 for the case of 2Li@Be2C mono-
layer. Overall, 2Li@Be2C and 2K@Be2C can adsorb up to 16 molecular hydrogen H2

on both sides, with an average energy within the desirable range of an effective hydrogen
storage characteristics and desorption temperature. The maximum gravimetric hydrogen
storage capacities of 2Li@Be2C and 2K@Be2C reach 10.21 and 8.48wt.%, respectively,
exceeding US-DOE requirements of the weight percentage in hydrogen storage materials.
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Hydrogen storage capacity, re/dehydrogenation temperature, reversibility, and ki-
netic performance of hydrogen storage materials are some of the most challenging obstacles
to the widespread use of hydrogen energy. The ultimate goal of hydrogen storage capac-
ity is 6.5 wt% with operation temperature in the range of 233 to 333 K according to the
standard released by US-DoE. However, it is a major challenge for the high-pressure gas
storage and low-temperature liquid storage to achieve the future goals due to the volume
density, safety requirements, or practical issues. Solid-state H2 storage materials are the
most potential ones to meet the practical standard for mobile applications. This thesis
aims to provide an in-depth understanding of the hydrogen storage properties in Metal
Organic Framework-5 (MOF-5) and two-dimensional materials (2D) through the use of
quantum mechanical simulations: density functional theory (DFT) and DFT based ab
initio molecular dynamics (AIMD).

The primary aim of this work has been devoted to the nanoporous materials of the
metal-organic frameworks type MOF-5. New approach aims to tune the hydrogen storage
properties of connector-MOF-5. The model presents a good stability (-13.85 kJ/mol.H2)
with a decomposition temperature of 115.4 K . Also, we showed that the metallic and
cyclic sites are more stable for multiple hydrogen molecule storage and the system reaches
4.57 wt% as a gravimetric storage capacity which is located in the interval 4.50-5.20
wt% found experimentally. The second strategy used to improve the hydrogen storage
capacity is the effect of decoration and substitution on the unit cell-MOF-5. Precisely,
two phenomena at the same time: substitution of Zn atoms by Cd and Mg in the unit
cell center and decoration by three elements namely Li, Be and Na atoms in the center of
the 6-atoms carbon ring. The obtained results indicated that the functionalization of Li,
Be and Na combined with the substitution enhances the hydrogen storage properties and
gravimetric capacity as well as desorption temperature. It was found that the maximum
gravimetric storage capacity shifted from 4.09 wt% (pure) to 5.41, 4.78 and 4.45 wt%
for Li2-decorated Mg-MOF-5, Li2-decorated Zn-MOF-5 and Li2-decorated Cd-MOF-5,
respectively. Moreover, the desorption temperature is 513 for Mg-MOF-5:Li2 and 463 K
for Zn-MOF-5:Li2. All results are in good agreement with the available theoretical and
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experimental data.
Moving on, the conditions that a 2D material must satisfy to become an efficient

solid-state H2 storage medium were investigated, where the main factors in focus are
thermodynamic stability, adsorption energy, desorption temperature, H2 diffusion, storage
capacities and hydrogenation/dehydrogenation kinetics. In this regard, a novel 2D t-
graphene-like boron nitride (t − B4N4) monolayer is considered as a material suitable
for the hydrogen storage due to its interesting properties. Our results show that the
adsorption energy (-0.386 to -0.217 eV) of H2 on Li-decorated double-sided t − B4N4

is appropriate for storage, with a maximum hydrogen storage capacity of 12.47 wt%.
Further, the reversibility of adsorbed hydrogen was checked and the calculated desorption
temperature was 161 K, much higher than the critical point for hydrogen. The analysis
of diffusion pathways between different physisorbed states on the t−B4N4 surface shows
that a single hydrogen molecule diffuses very easily (0.0098 eV) compared to t-graphene
and graphene.
On the other hand, we systematically studied the structural stability, electronic properties
and the hydrogen storage properties of the pure beryllium carbide (Be2C) monolayer.
The obtained results show that the adsorption energies of H2 molecules in this system are
exactly located in the desirable energy range. Furthermore, the stabilization of hydrogen
by metal decoration of Be2C on both sides was improved in comparison to that of pristine
Be2C. 2Li@Be2C and 2K@Be2C were able to host up to 16 molecules of hydrogen
reaching a gravimetric capacity of 10.21 and 8.48 wt%, respectively. In addition, the
desorption temperature estimates were validated by AIMD simulations of hydrogenated
Li@Be2C and K@Be2C. Thus, the Li/K@Be2C system can be a promising candidate for
the experimental setup for hydrogen storage.

The work presented in this thesis gives insight on the performance improvement
of hydrogen storage in solid state materials by Ab initio simulations. Specifically, there
are additional details which must be obtained to provide a more complete picture at the
practical real-world level for hydrogen storage applications. Hence, the following avenues
of investigation should be explored further in the future:
- Hydrogen Storage in Metal Organic Frameworks

• Study mechanism of other light weight metals to create strong binding sites between
molecular hydrogen and the metal-organic frameworks.

• MgH2-nanocluster impregnated isoreticular metal-organic framework (IRMOF-1)
to achieve unique H2 storage properties, in the sense that chemical interactions
would be expected to be stronger than weak van der Waals forces.

• Study the hydrogen storage ability of two-dimensional metal–organic frameworks
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(2D-MOFs) under ambient temperature and pressure conditions.

- Hydrogen Storage in two-dimensional materials (2D)

• Study a novel H2 storage architecture by decorating Be2C and t−B4N4 monolayer
with the super-alkali clusters (NLi4, Li3O,...) to higher their hydrogen desorption
temperature and increase their hydrogen storage reversibility.

• Design of new 2D-materials with improved hydrogen storage capacities and with
favorable hydrogen properties.
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