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Abstract

Actually, hydrogen is considered as one of the most promising energy carriers al-
ternatively to the fossil fuels. However, the development of hydrogen faces a significant
problem concerning its storage. Alternative were proposed including high pressure gas
cylinders, liquid hydrogen, physisorption of hydrogen on materials with a high specific
surface area, and hydrogen storage through hydrides, e.g. Magnesium hydrides. The
latter is very promising due to its high hydrogen storage capacities.

In order to study the hydrogen storage in the magnesium hydride (MgH,), un-
derstand the underlying physical mechanisms and provide approaches that improve its
hydrogen storage properties and meet the DoF criterions, we carried out a theoretical in-
vestigations of the thermodynamic properties by using ab initio calculations (DFT) and
the sorption kinetic properties by developing a Kinetic Monte Carlo simulation method
(KMC).

The calculation results show that pure M g H, involves high stability, high desorption
temperature and slow kinetic even at high pressure and temperature which agree with
the experimental results founding in the literature. However, the simulations show that
the addition of small amounts of 7%, V', Fe, N7 and Al, the nano-structuring from bulk
to thin films and/or by applying a strain improves considerably its thermodynamic and

kinetic properties.

Key words: Hydrogen storage; MgHsy; DFT; Kinetic Monte Carlo; Kinetic prop-

erties; Thermodynamic properties; activation energies.



Résumé

Récemment, '’hydrogene est considéré comme 'un des vecteurs énergétiques les plus
prometteurs par rapport aux combustibles fossiles et le stockage de ’hydrogene dans des
hydrures tel que I'hydrure de magnésium est tres prometteur en raison de ses hautes
capacités.

Afin d’étudier le stockage d’hydrogene dans I’hydrure de magnésium (MgHs,), de
comprendre les mécanismes physiques sous-jacents et de proposer des approches qui
améliorent ses propriétés de stockage d’hydrogene et répondent aux criteres de la DoF),
nous avons mené, dans cette these, une étude théorique des propriétés thermodynamiques
a 'aide de calculs ab initio (DFT) et les propriétés cinétiques de sorption en développant
un algorithme basé sur la méthode de simulation dite Monte Carlo cinétique (KMC).

Les résultats obtenus montrent que le MgH, pur a une haute stabilité, une tem-
pérature de désorption élevée et une cinétique d’ab/désorption d’hydrogene lente méme
a des pressions et températures élevées, ce qui est en accord avec les études expérimen-
tales trouvé dans la littérature. Cependant, les simulations montrent que 1’ajout de faible
quantités de T4, V, Fe, Ni et Al, la nano-structuration vers les nano-couches et/ou
I’application de contraintes mécanique améliorent les propriétés thermodynamiques et

cinétiques de M gH, sans trop influencer ces hautes capacités.

Mots clés: Stockage de I’hydrogene; MgH,; DFT; Monte Carlo cinétique; Tem-

pérature de désorption; Enthalpie de formation; Energie d’activation.



Résumé détaillé

Comme il est bien connu, la technologie de stockage de ’hydrogene devient rapi-
dement une alternative aux combustibles fossiles et le stockage de ’hydrogene dans des
composés a I’état solide semble étre la solution la plus pratique étant donné qu’il s’agit
d’une méthode plus siire que la compression a haute pression ou la liquéfaction a faible
température. A cet égard, I'hydrure de magnésium est un composé potentiel pour le
stockage de 'hydrogene a 1’état solide en raison de ses capacités de stockage élevées grav-
imétrique ainsi que volumétrique (7,66% en poids et 110g/l.H, respectivement). Cepen-
dant, il souffre d’une cinétique lente et d’une température de décomposition élevée, ce
qui limite son utilisation en tant que matériau pour les systémes de stockage d’hydrogene
embarqués.

Afin d’étudier le stockage de 'hydrogene dans I’hydrure de magnésium (MgH,),
de comprendre les mécanismes physiques sous-jacents et de proposer des approches qui
améliorent ses propriétés de stockage de I’hydrogene tout en répondant aux criteres de la
DoFE, nous avons mené une étude théorique des propriétés thermodynamiques en utilisant
les calculs ab initio (DFT) et des propriétés cinétiques de sorption en développant un
model basé sur la méthode de simulation dite Monte Carlo cinétique (KMC).

Premierement, nous avons examiné les propriétés structurales et thermodynamiques
de MgH, pur par principe de la DFT. Les résultats des calculs montrent que MgH, a
une énergie de formation élevée et par conséquent une haute stabilité et une température
de désorption élevée, ce qui est en accord avec les résultats expérimentaux trouvés dans
la littérature. Par la suite, en étudiant la structure électronique de M gH,, nous avons
montré que cette stabilité élevée est due a la forte hybridation entre les atomes de mag-
nésium et d’hydrogene et que 'ajout d’une petite quantité de M= Al, T, V, Fe, Ni, ou
la nanostructuration en couches minces et/ou I'application des contraintes réduit consid-
érablement cette hybridation, ce qui améliore les propriétés de stockage de I'hydrogene
dans I'hydrure de magnésium sans influencer ces hautes capacités volumétrique et grav-
imétrique.

Deuxiémement, et pour la premiere fois pour ce matériaux, nous proposons un mod-
ele pour étudier les propriétés cinétiques d’absorption et de désorption d’hydrogene de

I'hydrure de magnésium pur et M gH, dopé avec différents métaux M (M = Al,Ti,V, Fe
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et Ni) en utilisant les simulations de Monte Carlo cinétiques. Dans ces investigations
numériques, les énergies d’activation calculées par la méthode DFT pour différents pro-
cessus élémentaires sont implémentées dans notre algorithme. Ainsi, en définissant la
relation entre le temps simulé et les pas de Monte Carlo, nous avons pu simuler la ciné-
tique d’absorption/désorption de I'hydrogene de MgH, pure et dopé en fonction de la
température et de la pression.
Les résultats obtenus montrent que M gH, pur a une cinétique lente, méme a haute tem-
pérature, ce qui est dii d’une part au fait que ’hydrure de magnésium présente des énergies
d’activation élevées de la dissociation des molécules H, et de la diffusion d’hydrogene, et
d’autre part aux atomes d’hydrogene qui préferent diffuser le long des directions X et
Y au lieu de se déplacer verticalement Puisque les énergies d’activation de la diffusion
de I'hydrogene dans les plans (001) sont inférieures aux barrieres d’énergie nécessaires
pour les déplacements entre plans. De plus, nous avons montré que l'incorporation de
petites quantités de Al,T%,V, Fe et Ni dans M gH, diminué considérablement les bar-
rieres énergétiques nécessaires aux différents mécanismes et conduit par conséquent a une
amélioration considérable de la cinétique de sorption du matériau.

De cette fagon nous avons pu étudier les propriétés de stockage de 'hydrogene de
M gH, et proposer des méthodes pour améliorer les propriétés thermodynamique et ciné-
tique du composé tout en gardant les hautes capacités du matériau intactes. Suite a notre
étude, nous remarquons que le dopage avec Ni présente les meilleures performances et

constitue I’élément le plus approprié pour un meilleur stockage de 'hydrogene.
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Introduction

Energy is one of the basic requirements in our daily lives and the world’s energy
demand is continuously increasing over the years due to the ever-increasing growth in
the human population as well as economic development [1, 2, 3]. At present, the most
of energy demands are fulfilled by fossil fuels which are depleting at an alarming rate
since fossil fuels are non-renewable sources of energy. In addition, fossil fuels are the main
contributor of greenhouse gas emissions that have a negative impact on human health
and environment in the long term. Hence, there is a critical need to develop alternative
sources of energy in replacement of fossil fuels.

Renewable energy sources such as hydro, solar, geothermal, and wind sources, in-
cluding bio-fuels are possible solutions for replacing fossil fuels [4]. However, for a more
efficient use of renewable energy sources, in particular for transportation, there is great
demand for means of energy storage (i.e. secondary energy) that allows on-demand re-
lease and mobility. Among the various kinds of secondary energy sources converted from
various primary energy resources, hydrogen energy can be considered as one of the most
potential alternative.

Hydrogen is the earth’s most abundant element, non-toxic, renewable and zero car-
bon emission when used in proton exchange membrane (PEM) fuel cells [3, 5]. However,
for broader and more conventional usage of hydrogen energy, a few limitations in its pro-
duction, storage, and distribution need to be overcome [6, 7, 8]. The major disadvantage
with hydrogen storage originates from the lower volumetric density of the hydrogen [9, 10].
Studies show that 1kg of hydrogen is equivalent to 2.75kg of gasoline, but when this ratio
is considered as a volume, 1L of hydrogen is required for the same obtained energy from
0.27L of gas [11]. Much effort has been made to develop hydrogen storage systems that
are safe, cost-effective, environmental-friendly and more importantly with high energy
densities [12].

For optimal use of hydrogen, the anticipated gas storage characteristics are high
gravimetric and volumetric densities, low sorption temperature and heat transfer, good
reversibility, fast reaction kinetics and low cost [13]. Current technologies used for hy-
drogen storage include compression in gas cylinders, liquefaction in cryogenic tanks and

adsorption/absorption into solid state compounds. Storage as compressed and liquefied
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hydrogen involves high pressure [14] and very low temperature (cryogenic temperature)
[15] respectively, additionally to high maintenance costs which limit their use for on-board
storage application. Among the three types of hydrogen storage technologies, the stor-
age of hydrogen in solid state compounds appears to be the most feasible solution since
it is a safer and more convenient method compared to high-pressure compression and
liquefaction technologies.

Generally, hydrogen storage in solid state material can be classified into two broad
categories, namely physical adsorption and chemical absorption [16, 17, 18, 19, 20, 21]. In
large surface and porous materials, the hydrogen molecules can be adsorbed on the surface
and pores via physisorption through the van der Waals interactions. In metal hydrides,
the hydrogen atoms are chemically bonded with metallic elements such as intermetallic
hydrides, complex hydrides and elemental hydrides. These latter are potential compounds
for solid-state hydrogen storage .

Among numerous candidates, Mg and its hydride (M gHs) are considered as a highly
promising material to store the hydrogen in terms of gravimetric and volumetric capaci-
ties [22]. However, because of its higher thermodynamic stability and sluggish hydrogen
sorption kinetics, the sorption temperature is much higher than practical applications and
the sorption time is long, limiting for practical usage [23].

A large number of studies have been carried out to provide strategies to tackle the
limitations of Mg based hydrogen storage system and synthesize low-cost metal hydrides
with low absorption/desorption temperatures, high gravimetric and volumetric hydrogen
storage densities, good resistance to oxidation, good reversibility and cyclic ability, fast
kinetics and reactivity, and moderate thermodynamic stability. In general, studies have
shown that the hydrogen storage properties of magnesuim hydride can be improved by:
(1) the addition of appropriate catalysts into the metal hydride, (2) alloying with other
hydride, material or their oxides [24, 25, 26, 27, 28] and (3) reduction of the MgH, size
(nano-structuring) [16, 29]. Despite the important scientific effort, a clear description of
how these procedures enhance the thermodynamic and kinetic properties of M gH, is still
missing. An understanding of the mechanisms by which additives and nano-structuring
effectively change the properties of the Mg—H reaction may help guide the development
of even more effective additives.

For this reason, we opted for a theoretical approach, based on numerical simula-
tion calculations, to study the hydrogen storage properties of the magnesium hydride,
to understand and explain the mechanisms that operate in it. These calculations are
made using a combination of the first principle method, also called ab initio calculations
(DFT), and kinetic Monte Carlo simulations (KMC'). The first method is used to study
the thermodynamic properties of M gH, while the second one allows us to simulate the

kinetic of absorption and desorption of hydrogen.
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This study is organized as follows:

o The first chapter is devoted to the presentation of the hydrogen properties from
its production to the mode of use, reviewing the different types and methods of

hydrogen storage focusing on the storage properties of magnesium hydride.

e The second chapter is devoted to introduce the theoretical frame that we use to
study the magnesium’s hydrogen storage properties namely ab initio calculations
(DFT) and Kinetic Monte Carlo simulations (KMC).

o In chapter 3, firstly, we provide an examination of structural and thermodynamic
properties of M gH, by first principal. The results of calculations based on density
functional theory are quantitatively compared with the experimental values of heat
of formation and desorption temperature of bulk MgH,. Also, an investigation of
the electronic structure (density of states) of the pure MgHs is done. Secondly, the
influence of small amount of Al, T, V', Fe, Ni additive, the nano-structuring from
bulk to thin films and/or to applying the strain features on the hydrogen-magnesium

interaction are examined.

o In the last chapter, and for the first time for this material, we give a model based
on kinetic Monte Carlo method to investigate the hydrogen diffusion in the pure
magnesium hydride and MgH, doped with different concentration of Al, T4, V,
Fe and Ni. The effect of each elementary mechanism such as dissociation of Hs,
adsorption, diffusion and desorption on the kinetic properties, that we characterized
through density distribution of hydrogen, filling ratios, diffusion time, temperature

and pressure, is analyzed.

o Finally we give a general conclusion and perspective.
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1.1 Introduction

The significant growth of the human population and the rapid evolution of the
industrial sectors are reflected in a continuous increase in the demand for energy [1, 2, 3].
However, the depletion of fossil resources and the growing concern to reduce greenhouse
gas emissions must be taken into account. As a result, scientists are constantly seeking to
develop energy systems that harness energy from renewable and sustainable sources such
as solar, wind, wave, tidal or geothermal energy. Solar and wind energy are dependent
on weather conditions. Wave energy is exploited in the oceans while geothermal energy is
exploited from rocks in the Earth’s crust, so both forms of energy are location-dependent
[4]. For these reasons, there is a growing interest in hydrogen, which is an energy carrier
considered ideal for mobile applications, with an energy density of 142M J/kg, about three
times higher than petrol.

Hydrogen is renewable, abundant and is a clean fuel that releases only water vapor
into the environment during combustion [3, 5]. The development of hydrogen energy
systems involves three stages: production, storage and use. The methods of production
and use are the subject of much research, but the stumbling block is the storage of
hydrogen that must be profitable, safe, efficient and practical. This requires the search
for a solution that encompasses the various fields of science and engineering in order to

produce such systems [12].

A technique of hydrogen storage has to meet the DoFE criterion for the volumet-
ric and gravimetric density of the stored hydrogen and the reversibility criterion for the
charging/discharging processes. Hydrogen storage materials must have the following char-
acteristics: low absorption/desorption temperatures, rapid hydrogenation and high dehy-
drogenation rates, good reversibility and high storage volume densities [13]. In addition,
any method of storage is not allowed to considerably increase the cost of hydrogen fuel.
Conventional hydrogen storage technologies such as high-pressure compression at about
70M Pa [14], liquefaction at cryogenic temperatures (77K) [15] are impractical for this
purpose, and a more feasible alternative is to store hydrogen in solid form by either ab-
sorption in metal hydrides or adsorption on high surface area materials such as carbon

nanotubes (CNTs) and metal organic framework (MOFs) systems [13].

This chapter deals with a bibliographic study of the energy vector that is hydrogen,
these characteristics, its production as well as its storage. An overview is given for the
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 magnesium hydride. We will deal with the problems of this form of storage

and solutions already proposed.

21



1.2 Hydrogen as a renewable energy carrier

One of the major challenges of the 21 century is keeping up with the growth in
global energy demand due to increasing population and rising standards of living. For
instance, in 2011, 15TW energy was consumed by approximately seven billion people
world-wide. By 2050, these numbers are expected to escalate to 307'WW and nine billion
people, respectively [30]. Figure 1.1 demonstrates world’s fuel shares of total primary
energy supply (TPES), electricity generation, and the resulting C'O, emissions. From
Figure 1.1, it can be seen that 85% of the global energy supply was met by fossil fuels in
2011 [31].

However, because of their limited nature and non-homogeneous distribution, fossil fuels
are not expected to keep up with the increase in energy demand. Also, fossil fuel reserves
are getting less accessible as the easily accessible ones are consumed, and the prices
of fossil fuels keep increasing due to accessibility loss and political uncertainties of the
countries holding world’s fossil fuel supplies [16]. Along with economic issues, greenhouse
gas (mainly C'O;) emissions as a result of fossil fuel utilization, and their contribution to
global warming, have been raising serious environmental concerns.

Therefore, switching to a non-fossil fuel energy source could greatly reduce the C'O, related
emissions and their adverse effect on global warming. Reducing the dependence on fossil
fuels and minimizing environmentally harmful emissions can be achieved by sustainable

energy sources such as solar, wind, wave, tidal or geothermal energy.
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Figure 1.1: World’s fuel shares of (a) total primary energy supply (TPES), (b) electricity
generation, and (c¢) COy emissions in 2011 (Other includes geothermal, solar, wind, heat,
and waste etc)[32].
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The variable nature of renewable energy sources such as solar and wind power does
not match with the nearly constant use of energy. This means that renewable energy has
to be stored on a large scale, which for electricity is not trivial. Typically, electricity is
converted to chemical energy by storage in batteries. The energy density of batteries is,
however, relatively low. For instance, the gravimetric energy density of Li-ion batteries
is typically 1M J/kg, while that of gasoline is 45M J/kg [33].

Hydrogen, on the other hand, has an even higher energy density of 142M.J/kg. This
energy density enables a car equipped with a fuel cell and 5kg of Hy to drive about
500km, while for the same trip a normal car would require about 20kg (250) of gasoline.
It is a primary candidate for future energy application, due to its higher chemical energy
when compared to other fossil fuels. Table 1.1 represents the comparative energy values
of different fuels [16]. It shows that the chemical energy of hydrogen is approximately

three times higher than those of petroleum fuels such as gasoline, kerosene, and diesel oil.

Fuel Phase | Chemical energy
(M J/kg)

Hydrogen gas 141.79
Methane gas 55.50
Ethane gas 51.88
Propane gas 50.35
Butane gas 49.85
Ethanol liquid 29.85
Gasoline liquid 45.58
Kerosene liquid 45.42
Diesel oil liquid 45.00
Coal solid 25.58
Wood (dry) | solid 21.14
Peat (dry) | solid 22.09

Table 1.1: Chemical energy values of various fuels, adapted from [16].

The use of hydrogen as a renewable energy carrier is summarized in the hydrogen
cycle [32], shown in Figure 1.2. Once produced in a sustainable way (combination of
solar electricity and water electrolysis), hydrogen generates electricity during fuel cell
operations, leaving water vapor as the only exhaust gas, without any other greenhouse
gases or harmful emissions [34, 35]. However, for broader and more conventional usage o
hydrogen energy, a few limitations in its production, storage, and distribution need to be
overcome [6, 7, 8]. The major disadvantage with storage of hydrogen originates from its

lower volumetric density [9, 10].
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Figure 1.2: The closed hydrogen cycle (adapted from [36])

1.3 Hydrogen production

As an abundant element, hydrogen can be found in many substances in nature (i.e.
fresh and sea water, biomass, hydrogen sulfide, and fossil fuels). In order to produce
hydrogen with zero or low environmental impact (green hydrogen), all CO, and other
pollutants must be processed (i.e. separated or sequestrated) when hydrogen is extracted
from fossil fuels. Thermal, electrical, photonic, and biochemical energy are the primary
energy sources to generate hydrogen [37].

Among the possible hydrogen production methods studied in the literature, natural

gas steam reforming is the most commonly used process, resulting heavy greenhouse gas
(GHG) emissions [37]. In order to remove the adverse effects of fossil fuel utilization
on the environment, human health, and the climate, hydrogen should be produced from
clean and abundant sources with environmentally benign methods [38, 39]. This concept
is called as green hydrogen production.
Green hydrogen technologies are not quickly accessible with sensible effectiveness and
expense. For instance, studies on effectiveness and cost of photovoltaics PV electrolysis
for large and small scale hydrogen production show that PV electrolysis is currently
expensive (>5%/kg for Hy) and it cannot reach high conversion efficiency (with energy
and energy efficiency less than 5%) [40].

Table 1.2 shows an overview and brief description of hydrogen production methods
along with their primary energy and material sources. The electrical and thermal energy
can be generated from fossil fuels (has to be processed to be considered as clean), renew-
able energies (i.e. solar, wind, hydro, wave, ocean, and thermal), biomass, nuclear, or
recovered energy. The photonic energy comes from solar irradiation, while biochemical
energy is recovered from organic matter. In addition to the four major primary sources

listed in Table 1.2 (electrical, thermal, biochemical, and photonic), there are also hybrid
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forms of energy such as electrical-thermal, photonic-biochemical, and electrical-photonic.

Source
Methods Primary Material Brief description
energy
Electrolysis Electrical Water Direct current is used to split water
into Oz and Hj (electrochemical reaction)
Plasma arc Fossil Cleaned natural gas is passed through plasma
decomposition fuels arc to generate Ho and carbon soot
Thermolysis Thermal Water Thermal decomposition of water (steam)
at temperatures over 2500 K
Thermochemical proc./ Water Cyclical chemical reactions
Water splitting (net reaction: water splitting into Ho)
Biomass conversion Biomass Thermocatalytic conversion
Gasification Conversion of biomass into syngas
Reforming Conversion of liquid biomass (biofuels) into Ho
PV electrolysis Photonic Water PV panels are used to generate electricity
Photocatalysis Water is split into Hs by using the electron-
hole pair generated by the photocatalyst
Photoelectrochemical A hybrid cell simultaneously produces current
method and voltage upon absorption of light
Dark fermentation Biochemical | Biomass Biological systems are used
to generate H2 in the absence of light
High temperature Electrical+ Water Electrical and thermal energy are used together
electrolysis Thermal to drive water splitting at high temperatures
Hybrid thermochemical Electrical and thermal energy are used
cycles together to drive cyclical chemical reactions
Coal gasification Conversion of coal into syngas
Fossil fuel reforming Fossil fuels are converted to Hy and COq
Biophotolysis Photonic+ | Biomass+ Biological systems (microbes, bacteria, etc.)
Biochemical Water are used to generate Ho
Photofermentation Fermentation process activated
by exposure to light
Artificial Chemically engineered systems mimic
photosynthesis photosynthesis to generate Hy
Photoelectrolysis Electrical+ Water Photoelectrodes and external electricity
Photonic are used to drive water electrolysis

Table 1.2: Overview of hydrogen production methods by primary energy and material

source [31].

1.4 Transforming hydrogen to energy

Hydrogen is attractive as a clean or zero emission fuel of the future. During power
generation only water is formed as the oxidation product of hydrogen. Hydrogen can
principally be utilized in two different modes for power generation. It can be used either
in an internal combustion engine (/CE) to produce mechanical power or in a fuel cell to

produce electrical power for automotive applications [41]. Among several other kinds of
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fuel cells, the PEM or proton exchange membrane fuel cell (PEMFC) is attractive due
to its high chemical to electrical energy conversion efficiency and high power density [42].
While in the PEM fuel cell, the hydrogen reacts with oxygen and only water and heat
are produced, the use of hydrogen in ICEs additionally produce nitrogen oxides (NO,,)
due to combustion of a hydrogen—air mixture. Although both the hydrogen fuel cells and
ICEs are the main contending technologies for vehicular applications, the fuel cells are
superior in terms of cleaner air quality. In addition, in a vehicle the fuel cell can function
with 50 — 60% efficiency by electrochemical means whereas the efficiency of the ICFEs is
limited by the Carnot cycle (which is ~ 25 per cent for combustion of an hydrogen—air
mixture)[43]. Moreover, the hydrogen fuel cell vehicle efficiencies are ~ 2 — 3 times
greater than that of conventional gasoline-based ICFEs and even 1.5 — 2 times greater
than diesel-electric hybrids [44]. Considering the above, PEMFCs have great potential

to emerge as a practical technological solution for power in the transport sector.

1.4.1 Fuel cell operation

In a fuel cell the chemical energy is converted into electrical energy [45]. Similar
to any typical battery systems, the fuel cells are composed of an anode, cathode, and an

electrolyte (Figure 1.3).
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Figure 1.3: Schematic of fuel cell [46].

The electrochemical process at the anode is the oxidation of hydrogen, while the
oxygen from air is reduced to water at the cathode. The protons produced during oxida-
tion pass through the electrolyte to reach the cathode and the electron released travels
through an external circuit and produces an electrical current.

Generally, the fuel is pure hydrogen or contains some hydrogen gases like methanol,

ethanol and natural gases. The oxidants are pure oxygen or contains gases like air or
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halogens like chlorine [47, 48, 49]. Fuel cells are mainly classified according to the elec-
trolyte and types of fuel used. The main categories of fuel cells available in the market

are explained below [46].

1.4.1.1 Proton Exchange Membrane Fuel Cells (PEMFC)

Acid polymer is used as the electrolyte and pure hydrogen is used as fuel. The
operating temperature of the PEMFC' is below 100°C. Now a day, this fuel cell is popular

and widely used in vehicle application.

1.4.1.2 Direct Methanol Fuel Cell (DMFC)

In DMFC, the polymer membrane used as an electrolyte, and the fuel used is
methanol. The operating temperature of DMFC' is below 60°C' and it is mainly used
for portable power applications below 2591 .

1.4.1.3 Phosphoric Acid Fuel Cell (PAFC)

In PAFC, The liquid phosphoric acid is used as the electrolyte and pure hydrogen
is used as the fuel. The operating temperature is around 180°C. These types of fuel cell

are particularly used as stationary power generators and which is not efficient electrically.

1.4.1.4 Alkaline Fuel Cell (AFC)

Here, alkaline solutions are used as electrolyte of fuel cell and pure hydrogen is used
as fuel. The operating temperature is about 70°C'". This type fuel cell is mainly used as

standalone power generators.

1.4.1.5 Solid Oxide Fuel Cell (SOFC)

This type of fuel cells is widely used as stationary power generator and its operating
temperature is around 1000°C'. The solid ceramic electrolyte like zirconium oxide and

syn-gas type of fuels are used in this fuel cell.

1.4.1.6 Molten Carbon Fuel Cell (MCFC)

Here, Molten carbonate salt suspended in a porous ceramic matrix is used as the
electrolyte and hydrocarbon is used as fuel. The operating temperature is around 650°C'
and which is mainly used for high power application.

The Fuel cells have a variety of advantages when compared to conventional power
sources like internal combustion engine and other renewable energy sources. The major

advantages are enlisted below:
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o As compared to other power source fuel cell has higher efficiency.
» Noise free operation.

o It has pollution free completely, since water is the repercussion instead of C'O,

emission from the fuel cell.
o It has lesser maintenance, since there are no moving parts.
o The Fuel cell is economical because it does not need any fossil fuel to operate.

Although hydrogen is an attractive option as a sustainable fuel, it is mostly present in
nature in a bound form as a compound and needs to be isolated, or generated, and stored
before it can be used. Therefore, hydrogen storage itself constitutes a major challenge for

the hydrogen economy.

1.5 Hydrogen storing methods

Research on hydrogen storage is being done on a larger scale in order to develop safe,
reliable, compact and cost-effective materials which can be used for fuel cell technology.
Like any other product, hydrogen must be packaged, transported, stored and transferred,
to bring it from production to final use. The main technological problem of a viable
hydrogen economy is its storage and so far, finding a cost-effective method of storing hy-
drogen remains an indomitable challenge. Hydrogen must be made more energy dense to
be useful for transportation. However, the solutions to the hydrogen storage problem are
surfacing at a fast pace. Scientists are researching innovative ways to store hydrogen|[17].

The hydrogen economy requires both mobile and stationary hydrogen storage sys-
tems to thrive. The mobile division is thought to be the higher quantity consumer of
hydrogen in the future hydrogen economy [18, 50, 51, 52, 53, 54]. However, both mobile
and stationary storage systems have their peculiar requirements and challenges.
Concerning stationary applications, hydrogen storage issues of weight and volume are not
as much serious compared to mobile applications. Stationary hydrogen storage systems
can take up more space, function at high temperatures and pressures and feature spare
capacity to offset sluggish kinetics. Even so, inadequate materials for storage tanks is a
major technical setback against the development of stationary hydrogen storage systems.
On the other hand, mobile applications hydrogen storage requirements are way exhaustive

in contrast to stationary applications [50, 52, 55].
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1.5.1 DoF criteria

The US Department of Energy (DoFE) goals for hydrogen storage requirements for
mobile applications identifies the significance of both gravimetric and volumetric capacity
of storage. Here, the gravimetric capacity of storage refers to the quantity of hydrogen
gas a given weight of storage material can generate while volumetric capacity of storage
conveys the quantity of hydrogen gas contained in a given volume of storage material. High
values of both parameters are greatly desired for suitable hydrogen storage. However, if
storage is too heavy, the range of the vehicle will be restricted and if storage is too
voluminous, the luggage space will be restricted as well. In other words, effective balance
must be ensured.

Table 1.3 shows an overview of some of the new DoFE technical system goals for on-board

hydrogen storage for light-duty fuel cell vehicles beginning from 2020 [1].

Storage parameter Unit | 2020 | 2025 | Ultimate
Storage capacities
System-based gravimetric capacity | kgHs/kg system | 0.045 | 0.055 0.065
System-based volumetric capacity | kgHs/l system 0.030 | 0.040 0.050
Storage system cost $/kWh net 10 9 8
(and fuel cost) $/kgHo 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
Charging/Discharging rates min 3-5 3-5 3-5
System fill time (for 4 — 10kg)
Fuel purity (Hs from storage) YoHo Meet or exceed applicable standards

Table 1.3: Overview of some selected parts of the US-DoE technical system goals for
on-board hydrogen storage for light-duty fuel cell vehicles, (data adapted from [1].

Requirements for on-board hydrogen storage include [9, 50, 52, 53, 56, 19, 57, 58,
59, 60]:

» low operating pressure

o low operating temperature

o fast kinetics of hydrogen uptake/release

o low heat of formation to minimize the energy necessary for hydrogen release
e low heat dissipation during the exothermic hydride formation

o limited energy loss during charge and discharge of hydrogen
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multi-cycle reversibility of hydrogen uptake/release

high stability against oxygen and moisture for long cycle life

low cost of recycling and charging infrastructures

high safety under operating conditions and public acceptance

Hydrogen could be stored in multiple ways, though with their identified strengths

and weaknesses [61]. There are two types of hydrogen storage methods available depending

on the size of storage and area of application (Figure 1.4) namely conventional methods

(or physical storage), to store hydrogen involve compression of gas and liquefaction, and

solid-state materials where hydrogen is absorbed or adsorbed on these materials [16, 17,

18, 19, 20, 21].

In next sections, an overview is given for the storage methods available today with respect

to the progress made recently and the problems that encounter.
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Figure 1.4: Hydrogen storage systems [62]

1.5.2 Compressed hydrogen

The most established hydrogen storage system is physical storage in the form of

pressurized hydrogen gas in high pressure gas cylinders. Because of the very low density

of hydrogen (0.089kg/m?) its storage requires high pressure [1] between 35M Pa and

T0M Pa. Compressed hydrogen is a highly efficient methodology for hydrogen storage
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(~ 30 — 40g/1) and the energy density considering volumetric increase with the pressure
increase of the gas. However, between 11 and 13% of the hydrogen energy content is
affected negatively by pressurizing [63]. Due to its extreme lightness, there are chances
that under high-pressure hydrogen leakage from containing vessels may ensue [1].
Pressure vessel usage for H, storage was first reported in 1880. The hydrogen was
stored in wrought iron vessels at 12M Pa [14]. Currently, the compressed hydrogen can

be stored in 4 different types of pressures vessel presented in Figure 1.5:

o Type I metallic pressure vessel is mostly use for industrial applications with pressure
of 20 — 30M Pa. This type has a limitation in storage efficiency, it can only able to
store about 1wt.% of Hs.

o Type II where the cylindrical part of the vessel is wrapped with fiber resin composite;

o Type III and type IV is a fully composites materials based pressure vessel (design
by COPV [64]) as shown in Figure 1.6, in which the composites is either made of
plastic or carbon fibers embedded in polymer matrix (filament winding).

The characterization between type III and type IV is in the mechanical resistance,
usually more than 5% is contributed by liner, commonly metal liner, for type III
pressure vessel; for Type IV pressure vessel, the liner is mainly polymer and is

seldom an extremely thin metal [14].

Liner {metal)

// \ Boss - liner

Boss (metal)

/s junction Liner (polymer)

Type | Type ll Type lll

\/

\
L

Composite [fiber + resin)

L1
L1
\

Composite (fiber + resin)

Figure 1.5: Different types of hydrogen compressed tank [14].

The ideal material characteristics for high pressure vessel are [60]: high tensile
strength, low density and does not react with hydrogen or allows it to diffuse. Today’s
commercially available vessels can achieve an average hydrogen content of 1 — 2wt.% at
pressures of about 20 — 25M Pa [65] but composite pressure tanks up to 70M Pa have
also been successfully developed, reaching a gravimetric storage density of 6wt.% and
a volumetric storage density of 30g/l [66]. These values still do not meet the two US
Department of Energy targets, which set the ultimate gravimetric and volumetric capacity

for hydrogen automotive systems at 50¢/l and 6.5wt.% respectively. More than to two
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Figure 1.6: Type IV pressure vessel for compressed hydrogen storage [64].

obstacles discussed, cost is considered the greatest barrier [9]. Tt is largely contributed to
the carbon fiber composing the tank with a large contribution from assembly and some for
binding. Even if the cost is lowered, there is concern that high-pressure tanks will not be

accepted by the general public because they are perceived as unsafe [1, 9, 17, 54, 19, 60, 67].

1.5.3 Liquefied hydrogen

Another advanced technology and conventional technique of storing Hs is by lique-
fying the hydrogen at —253°C'. Storage as liquid comes with a higher density. Liquid
hydrogen has a density of about 71¢/l at its normal boiling point of 20K, which is approx-
imately 1.8 times the density of hydrogen pressurized up to 70M Pa at 288K . However,
this process is intensive energy and time consuming, and the energy content lost estimated
as 40% in contrast to energy lost for compressed hydrogen, about 10%. [14, 68, 69]. Thus,
special double-walled vessels furnished with good insulation systems are essential to mit-
igate heat leakage.

Another H, storing technique is by using a cryo-compressed storage method, where
both properties of compressed gaseous hydrogen and cryogenic hydrogen systems are
combined. This method is used to minimize the boil-off rate of hydrogen and at the
same time, maintain a high energy density. Cryo-compressed vessel must be able to store
hydrogen at cryogenic temperature (20K') and high pressure, at least 30M Pa as presented
in Figure 1.7 [15].

More compact and lighter cryogenic pressure vessels, therefore, provide better safety
advantages than compressed hydrogen vessels. However, the persistent boil-off of hydro-
gen 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, exam-

ples include air and space and automotive applications [4, 70, 71, 72, 73].
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Figure 1.7: Temperature versus hydrogen density curve for compressed hydrogen, liquid
hydrogen and cryo-compressed hydrogen; respectively [15].

1.5.4 Solid state storage system

In view of a hydrogen economy, storage systems need to be very safe, efficient,
economical, light and compact. On the other hand, due to the safety problems involved
with conventional methods (compression of hydrogen and liquefaction), it is obvious that
hydrogen storage needs a more technical breakthrough, probably in the most feasible
option in contrast to pressurized hydrogen gas and cryogenic liquid Hydrogen. Specifically,
for a fuel cell vehicle, storage of enough hydrogen onboard is a major hurdle to cross
9, 48, 53, 74, 75, 76, 77, 78].

hydrogen storage system is expected to possess high gravimetric and volumetric
capacity to realize techno-economically viable hydrogen-based vehicular applications. To
achieve this goal much attention is currently being given to storing hydrogen in solid-state
materials. A solid storage material that satisfied the US-DoFE target capacities (Table 1.3)
and has favorable hydrogen uptake-release characteristics within the functional temper-
ature window of PEM fuel cells would be ideal [79].

Storage of hydrogen in the solid state is divided into two categories depending on the
nature of bonding between the solid and hydrogen which is stored either by physisorption
or chemisorption [16, 9, 19, 80, 81].

In physisorption, hydrogen molecules are adsorbed on surfaces of porous solids by van der
Waals interactions such as in carbon-based materials, carbon nanotubes, fibers, fullerenes,
activated carbon, zeolites, metal-organic frameworks (MOFs) as well as covalent organic
frameworks (COFs) and more recently polymers of intrinsic micro-porosity (PIMs). The
hydrogen can then be liberated whenever required by thermal stimulation or any other
suitable technique. Although the reversibility and fast kinetics make these materials

nice-looking options, low hydrogen storage capacity at ambient conditions and the re-

33



quirement of extremely low temperatures for high hydrogen storage capacity place ap-
palling constraints on the use of these materials as it touches on the practical application
[9, 48, 19, 60, 69, 82, 83].

On the other hand, chemisorption is in form of atomic hydrogen chemically reacting with
solids to form hydrides (metallic, intermetallic, complex and chemical hydrides). The cap-
ture and release of hydrogen on these materials involves molecular adsorption, diffusion,
chemical bonding and Van der Waals attraction and dissociation[84, 85]

In the next subsections a brief description will be given for some materials suitable for

hydrogen storage in solid-state.

1.5.4.1 Carbon Nanotubes

Carbon Nanotubes (CNTs) are microscopic tubes of carbon [86] with two nanome-
ters thickness across that can store hydrogen in their microscopic pores or within the
tube structures (Figure 1.8). Nanotubes have single (SWNT) or multiple wall structure
(MWNT), multiple adsorption sites, high packing density and possess an estimated ca-
pacity of 6wt.% [87]. Experimental data on hydrogen adsorption was determined that
the gravimetric storage density for SWNT at ambiante temperature is in a range of
5 — 10wt.%[87].

Multi-walled Nanotubes (MWNTs) possess superior physical, chemical and mechan-
ical properties plus large surface areas making them promising Hs storage physical ad-
sorbents. MWNTs provide several sites such as the exterior walls, space between the
nanotubes, tube channels, and interstitial space in the lattices for physical adsorption of
H,. The initial investigations for Hs storage on bare MWNTs disclosed that weak inter-
actions between the MWNTs and H, are not sufficient for efficient H, uptake. Surface
modifications and, decoration with metals/metal oxides are some of the strategies used
to improve the Hy storage capacity of MWNTs [88, 89, 90].

Chen et al. [91] reported that Li-doped and K-doped multi-walled Nanotubes show an
uptake capacity of 20wt.% and 14wt.%, respectively, among which the K-doped MWNTs
are chemically unstable, whereas the Li-doped MWNTs are chemically stable but require

elevated temperatures (473 to 673K) for maximum adsorption and desorption of Hj.

The hydrogen capacity of nanotubes varies with its preparation and processing un-
certainties and synthetic purity, the release temperature of hydrogen, the metal clustering
and the stability of the materials. For this reason, the use of nanotubes becomes a limi-
tation because it is not well adjusted for storing a high capacity of H,. Also, it requires
more modifications in preparation and processing methods to achieve the high target of

hydrogen capacity [62].

34



Figure 1.8: Absoption in carbon nanotube [62].

1.5.4.2 Metal-organic frameworks

Metal-organic frameworks (MOFs) (also known as coordination frameworks, coor-

dination network materials, or coordination polymers) are among the widely investigated
examples of materials for hydrogen storage that operate via physisorption [92].
MOFs are porous architectures built from metal ions/clusters and organic linkers (Fig-
ure 1.9). Their high surface areas of up to 6000m?/g, permanent porosity, tunable pore
sizes, rigidity, structural flexibility and thermal stability make them as promising materi-
als for Hy storage [93, 94, 95]. The pore dimensions of MOFs are suitable for the kinetic
diameter of Hy (2.89A), which suits the easy entry of Hy into their structures[13].

An example of MOFs structure is shown in Figure 1.9. On each of the corners, is a
cluster [OZn4(COs)g] of an oxygen-centred Zny tetrahedron bridged by six carboxylates
of an organic linker (Zn are blue polyhedrons, O red spheres and C' black spheres). The
large yellow sphere represents the largest sphere that would fit in the cavities without

touching the van der Waals atoms of the frameworks.

Hydrogen uptake studies on a series of MOFs (IRMOF-1, -6, -11, -20, -74, MOF-
177, and HKUST-1) reveal that saturation uptake correlates with the surface area and
varied widely with the saturation pressure reaching a strikingly high capacity of 6.7 and
7.1wt.% in IRMOF-20 and MOF-177 at saturation pressures of 70 and 80bar (at 77K),
respectively [96]. It has been demonstrated in MOFs that high surface area and pore

volume are approximately proportional to the amount of stored hydrogen [96, 97, 98].

Recently, covalent-organic frameworks (COFs, where the organic structural building
units are held together by strong covalent bonds, (e.g. C —C, C'—0O, B— 0, and Si— ()
have been found to be promising candidates for hydrogen storage because of their low
density and ultrahigh porosity [100, 101, 102, 103, 104]. In COF-8 an excess hydrogen
uptake of 10wt.% has been found experimentally at 77K and 100bar [104]. These values
are significantly higher than the highest values reported in MOFs (Twt.% in MOF-177
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and 7.1wt.% in MOF-5), although the pressure employed is quite high at 77K [96, 105].

Figure 1.9: Single crystal x-ray structures of: A) MOF-5, B) IRMOF-6 and C)IRMOF-
8[99].

Scientists are giving tremendous attention to MOF for hydrogen storage due to
their acquiescent in designing, extraordinary permanent porosity, large pore volume and
exhibition of highly hydrogen storage capacities from 0.6 to 13wt.% uptake experimentally
and 16wt.% theoretically at low temperature of 77K (liquid nitrogen temperature) [106,
107, 108, 109, 110, 111]. However, very low hydrogen uptakes (< lwt.%) have been
reported for a wide range of MOFs at room temperature [112, 113, 114, 115]. As the van
der Waals forces that are responsible for physisorption are weak, the hydrogen storage
capacities of adsorbents are low at room temperature. It has been shown from theory that
in order to maintain high hydrogen storage capacity at room temperature an isostermic
heat of hydrogen adsorption of 15 — 25kJ.mol~! is required of the material [116].

In summary, the small enthalpy change (heat of adsorption) in physically adsorbing
MOFs offers a huge advantage for fast kinetics and reversibility. Heats of adsorption
vary with the type of metal, framework topology, surface area, and pore size, and hence
the extent of hydrogen adsorption in MOF materials can be influenced by manipulating
these parameters [117, 118]. Therefore, the exploration of new MOF's and developing an
understanding of adsorption mechanisms are very important steps towards optimizing the

hydrogen storage properties of MOF's at near ambient conditions.

1.5.4.3 Metal hydrid

A metal hydride is technically formed via a chemical reaction but acts like a physical
storage method [50, 119, 120]. In metal hydride tank, hydrogen molecules bond into metal
under moderate temperature and pressure, usually between 3 and 30atm, much lower
than compressed gas tanks. This makes the system safer than any other solutions since
hydrogen gas leakage cannot be spontaneous or the tank contains it by itself [57, 63, 104,
119]. However, metal hydride tanks are comparatively very heavy, but weight should not
be a challenge for stationary and some other applications, especially for small storage.

And once their weight issue is solved by discovering novel light materials, incorporating
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them in mobile application will be more probable. Moreover, they have comparatively
high hydrogen volumetric energy densities, good storage efficiency, and can uptake /release
hydrogen with a slight change in pressure, which make them one of the most promising
solutions [9, 63, 119].

According to authors of many works [50, 57, 60, 121, 122], metal hydrides are pro-
duced by the interaction of hydrogen with different metals, either pure or alloy (in gran-
ular form or particles) resulting in solid-state storage under moderate temperature and
pressure which gives them the crucial safety advantage above gaseous and liquid storage
systems. A key contributing factor to a wide usage of metal hydrides in the field of hy-
drogen storage is their huge capacity to accommodate a significant amount of hydrogen
in their structures [119, 122, 123, 124]. Tt is possible to pack more atoms of hydrogen into
a metal that forms a hydride lattice than into the same volume of liquid hydrogen. When
such metal is brought in contact with gaseous hydrogen, the hydrogen molecules are first
adsorbed onto the surface of the material and if enough energy is added to the system,
the hydrogen molecules dissociate into hydrogen atoms, then diffuses into the bulk and
occupy the interstitial sites of the metal crystal lattice and forms a solid solution with
a lesser amount of hydrogen (a phase). As more energy is added to the system, the
hydrogen content increases, a hydride phase ( phase) appears which allows the metal
to absorb hydrogen in larger amounts and grows until the metal becomes saturated with
hydrogen [60, 119, 123, 125], see Figure 1.10 .
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Figure 1.10: Pressure-composition-isotherms diagram for the formation of hydrides [1].

As a comparison with conventional methods, the hydrogen storage density of mag-
nesium hydride (6.5Hatoms/cm? ) is way higher than hydrogen gas (0.99Hatoms/cm?
) or liquid hydrogen (4.2Hatoms/cm?®). That confirms that the volumetric density of
hydrogen can be increased by the solid state hydrogen storage system. Thus, metal hy-
dride storage is considered a safe volume-efficient storage system for on board applications
[50, 57, 121, 123, 126, 127, 128].
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Ozturk and Demirbas [53], Sahaym and Norton [119] and Zaluski et al. [129] de-
scribed metal hydrogenation as the formation of metal hydrides by hydrogen absorption
usually accompanied by the release of heat. In this way, as hydrogen gas is absorbed in
these metal particles pressure builds up in the tank. However, for decomposition and de-
hydrogenation process equal amount of heat must be added to the metal hydride. These
processes are continuously repeatable, and reversible metal hydrides can, therefore, be
used for the storage of heat and hydrogen. Charging and discharging of the hydride tank
can be performed as many times as possible in as much as the hydride material does not
become contaminated [50, 121, 130, 131].

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+§H2 s MH, +Q (1.1)

where M is a metal, an intermetallic alloy, or a solid solution; x is the number of hydrogen,
M H, is the formed hydride and () is the heat of reaction. A simplified model of hydrogen

storage in a metal hydride is given in Figure 1.11 below.

Hydrogen gas particles

Desorption J

e ‘ heat absorbed

Metal crystal Metal hydride crystal

Figure 1.11: A simplified model of a metal hydride hydrogen storage [1].

Prabhukhot et al. [50] and Ozturk et al. [131] reported that both the thermodynamic and
kinetic conditions are the essential requirement that must be met for hydrogen storage
to occur. Under this circumstance, a metal exposed to hydrogen gas absorbs hydrogen
until equilibrium is reached. There are various reaction steps that kinetically may prevent
a hydrogen-storing system to reach its thermodynamic equilibrium of hydrogen storage
within a reasonable time. The reaction rate of a metal-hydrogen system is, therefore,
a function of pressure and temperature. Hydrogen storage in metal hydrides comprises
a few mechanistic steps and depends on some parameters. Essentially, the surface of

the metal must be able to dissociate the hydrogen molecule and permit easy mobility of
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hydrogen atoms to be able to store hydrogen. Different metals have different abilities to
dissociate hydrogen depending on their surface structures, morphologies, and purities.

According to David [73], Lai et al. [83] and Khafidz et al. [125],metal hydrides can
be categorized into low-temperature hydrides and high-temperature hydrides based on
the temperature of absorption/desorption of hydrogen. Hydrogen is bound via covalent
bonding in the low-temperature hydrides, and the metal hydride consists of high molec-
ular weight material which exhibits fast kinetics and low hydrogen equilibrium pressures
because of their low heat of reaction. These metal hydrides are mostly intermetallic alloy
or solid solution hydrides operating at ambient to moderate temperatures. Whereas on
the other hand, hydrogen is usually ionically bound in the high-temperature hydrides, and
the metal hydride consists of low molecular weight material. Although the high temper-
ature restricts the choice of high-temperature hydrides, they have been found to possess
relatively higher hydrogen storage capacities than the low-temperature hydrides.

Metal hydrides appear to be the safest method of storing hydrogen since metal hy-

drides can be operated at relatively low temperatures and pressures typical of fuel cell
vehicles and the release of hydrogen from metal hydrides is an endothermic process [132].
Hydrogen can be released from metal hydrides either by an increase in temperature rise
or a decrease in external pressure [133].
However, there are a number of issues associated with hydrogen storage in metal hydrides,
i.e. slow reaction kinetics, low reversibility and high dehydrogenation temperatures [134].
Nowadays, research is still ongoing to synthesize metal hydrides which will fulfill the tar-
gets for hydrogen storage systems set by the US-DoF for on-board vehicular applications,
a brief summary was given in Table 1.3.

At present, the main alloying materials for metal hydrides are:

o Intermetallic compounds (ABs5, ABs, AB, and Ay B), which has a hydrogen storage
capacity of 1.5, 2.0, 1.8 and 3.0wt.%, respectively [135]. Solid solution alloys are also
available such as vanadium-based solid solution alloys and Mg-based alloys, which

have a hydrogen storage capacity of approximately 2 and 5wt.% respectively [135].

o Metallic hydrides (also called element hydrides or metal hydrides) composed of
lightweight elements such lithium (L), boron (B), nitrogen (N), magnesium (Mg)
and aluminium (A7) have shown great potential for use as hydrogen storage materials
[136].

o Complex hydrides which are the only group of metal hydrides having high volumetric

and gravimetric hydrogen storage densities [137].

Some features of these metal hydrides will be given in next sections.
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1.5.4.4 Intermetallic compounds

Intermetallic compounds have gained prominence in recent years due to their widespread
use in the development of hydrogen-absorbing metal alloys [138]. The applications of in-
termetallic compounds are numerous, which include hydrogen storage systems, nickel
metal hydride (N:M H) for battery electrodes, hydrogen purification systems, hydrogen
sensors and catalysts, heat pumps, as well as cooling systems [139].

Intermetallic compounds are attractive for the development of metal hydrides since
they are capable of absorbing large quantities of hydrogen. Moreover, they are available in
abundance and they come in a variety of compositions. In general, hydrogen reacts with
intermetallic compounds, producing crystalline or amorphous solid solutions of hydrogen
in the respective compounds or in the hydrides formed [140]. The resultant hydrides are
called intermetallic hydrides and their common formula is A,, B, H,.

The properties of the intermetallic compounds are determined by the interaction
between the interstitial hydrogen atoms and the metal atoms and therefore, they are
largely dependent on the crystal structure of the compounds. ABj5 (CaCus structure),
AB, (Laves phase), AB (C'sCl relative structure), A; B and vanadium-based solid solution
alloys are among the important types of intermetallic compounds [141]. It has been shown
that ABs, ABs,, and AsB type alloys have excellent hydrogen absorbing properties [142].
The properties of some of the most common intermetallic hydrides are summarized in
Table 1.4.

Intermetallic | Intermetallic | Hydrogen storage | Temperature

compound hydride capacity (wt.%) | at 1 bar (°C)
LaNis LaNisHg 1.37 295
FeTi FeTiH, 1.89 185
Mg Ni MgyNiH, 3.59 255
ZrMnsg ZrMnoH, 1.77 440

Table 1.4: Properties of some of the most common intermetallic metal hydrides [135])

However, the use of intermetallic hydrides is rather limited for on-board vehicular
applications since intermetallic hydrides have low hydrogen storage capacities by weight,
slow kinetics, and complicated activation procedure. It is not possible to attain a hy-
drogen storage capacity greater than 3wt.% based on the intermetallic hydrogen storage
materials currently available [138]. Thus, much effort has been made to optimize the
composition, morphology and size distribution of the metal hydride particles, modify the
hydride particles surface and optimize the surface oxides via various synthesis routes in
order to achieve a good compromise between degradation, kinetics and hydrogen storage
capacity of the intermetallic hydrides [143]. Based on the chemical formula A,, B, H,, the

partial substitution of A, B or both will alter the hydrogenation kinetics and equilibrium
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pressure of the metal hydride without affecting its hydrogen storage capacity [144].

1.5.4.5 Complex hydride

The main disadvantage of conventional metal hydrides such as intermetallic hydrides
is their low gravimetric hydrogen storage capacities [145]. Complex hydrides composed
of light elements such as lithium (Li), bor (B) and sodium (/Na) have gained significance
as hydrogen storage materials since conventional metal hydrides are mostly composed of
heavy elements. Lightweight complex hydrides emerge as potential candidates for hydro-
gen storage applications due to their high hydrogen storage capacities (up to 18wt.% H; for
LiBH,), high hydrogen storage densities, as well as mild dehydrogenation pressures and
temperatures [146]. The gravimetric storage capacity and dehydrogenation temperatures

for some selected complex hydrides are shown in Table 1.5.

Complex | Desorption temperature | Hydrogen storage
compound Tues (°C) capacity (wt.%)
LiBH, 380 18.4
NaBH, 400 10.6
KBH, 500 7.4
LiAlH, 125 9.5
NaAlH, 210 7.4
KAIH, 270 5.7
Mg(AlHy), 140-200 9.3
Ca(BHy)s 320 11.5

Table 1.5: Dehydrogenation temperature and gravimetric storage capacities of complex
hydrides [79, 147, 22]

Group III complex hydrides such as alanates and borohydrides are able to bond
four hydrogen atoms with an alkali metal, ionic compound or partially covalent com-
pound [148]. 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 [149]. More importantly, most of these complex hydrides do not fulfill the targets
set by the United States Department of Energy since they have high thermodynamic sta-
bility and slow kinetics during hydrogen cycling [150].

However, these problems can be compensated to a certain extent by thermodynamic desta-
bilization, 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. Nanoconfinement

or the addition of catalysts can also be used for thermodynamic destabilization[151].
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1.5.4.6 Chemical hydrides

Differ than conventional metal hydrides, chemical hydrides are typically composed
of lighter elements [152]. This result in higher gravimetric hydrogen storage capacities,
along with ease of hydrogen release which is similar to complex hydrides [153]. Chemical
hydrides can exist in either solid or liquid state, and can be heated directly, passed through
a catalyst containing reactor, or combined with water (i.e. hydrolysis) or other reactants to
produce hydrogen. Unlike reversible complex hydrides, chemical hydrides are irreversible
and generally intended as one-way single-use fuels. Besides, the left-over by-product must
be removed from the vehicle for off-board regeneration [154]. Among chemical hydrides,
ammonia borane is reported as a potential material for hydrogen storage due to its high
hydrogen capacity.

Ammonia borane (NH3BHj or simply known as AB) has garnered considerable
attention from scientists and researchers due to their favorable properties which can be
exploited for on-board hydrogen storage applications [155]. According to Lee and McKee
[156], N H3BHj has high hydrogen content up to 19.6wt.% and it is really stable in basic
or neutral aqueous solutions. However, N H3 B H3 suffers from a number of disadvantages:
(1) NH3BHj3 hydrolyzes easily in acids [156], (2) the synthesis of NH3BHj is a com-
plex process, and (3) the decomposition of NH3zBHj results in the formation of By Hg
impurities. In spite of these drawbacks, N H3 B Hj is still one of the leading materials for
hydrogen storage with assured stability [157]. The exothermic decomposition of N H3 B Hj

is a multi-step reaction which is given by equation 1.2 to equation 1.4 [158]:

(NH,BH,), — [NHBH|, + «H, (1.3)
INHBH), — BN + xH, (1.4)

In addition, the rate of hydrogen released from N H3B Hj is sluggish at moderate tempera-
tures below 373K . The hydrogen gets entrapped by the discharge of harmful by-products
due to energy barriers and side reactions. Various techniques have been proposed and
implemented to overcome these issues, which include the addition of catalysts or chemical
promoters which will improve the hydrolysis reactions, as well as chemical modifications

of NH3BHj by the substitution of its amine protonic hydrogen with metal cations [155].

Among several options presented so far, solid-state storage systems based on metal

hydrides have been recognized as one of the most feasible solutions to store hydrogen in
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hydrogen-powered systems. However, there exist serious challenges with using hydrides.
Hydrides violently react with moist air and can cause skin or eyes irritation. Also, impu-
rities will be absorb during the H, uptake in the tanks which is troublesome to counter
and recycle. This problem results in the reduction of the tank’s lifetime as a result of
the impurities occupying the spaces that were occupied by hydrogen. Additionally, the
existence of air and O,, hydrides require high temperature to desorb Hj, which is an
indication of slow desorption kinetics and reactivity [159, 160]. For complex hydrides,
the safety handling of the hydride is difficult as it may decompose to form highly stable
elements [149].

1.6 Summary

The hydrogen storage technology is rapidly emerging as a fast alternative to fossil
fuels but it needs further improvements in terms of infrastructure and applications which
in turn depends on the energy density, storage capacity, efficient hydrogen storing system,
least safety requirements and finally low investment cost. Hydrogen economy cannot be
attained through a single route as there are many variables that are taken into consid-
eration in order to achieve the target of attaining a clean and renewable economy which

would depend entirely on hydrogen.

Compressed hydrogen storage is beneficial for fuel purpose but requires a high pres-
sure 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 gravi-
metric capacity, fast hydrogen adsorption and desorption cycles. Problems like metal
clustering, adsorption at low temperature or high pressure and weak interaction with the
H, molecules limits their use. Also, metal hydrides (chemical storage) offer high gravi-
metric capacity but require high pressure and temperature for hydride formation and
hydrogen release. A comparison of properties, benefits and limitations of the different

hydrogen storage methods is given in Table 1.6.

Among the methods of hydrogen storage reviewed in this chapter, storage in metal
hydrides seems an interesting method due to its high safety under operating conditions
and the high gravimetric capacity that some hydrides exhibit. An overview of the storage
materials developed through the Centers of Excellence of the US Department of Energy

H, storage program is presented in Figure 1.12.
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Parameters Compressed storage Liquid storage Chemical storage Physisorption
Gravimetric 13 Varies <18 20
capacity
(wt. %)
Volumetric <40 70.8 150 20
capacity
(Kg.m~?)
Temperature 273 21.5 373 — 573 Varies
(K)
Pressure 800 1 1 100
(bar)
System cost 12 - 16 6 8 —16 100/60
($kW/h)
Method Compressed gas storage Cryogenic storage Chemical storage Physical adsorption
of storage by porous materials
Lightweight, highly Volumetrically and High storage density Fully reversible process,
Benefits beneficial for fuel purpose, | gravimetrically efficient, and low reactivity no accumulation of
occupies smaller space long term hydrogen and short storage time impurities, fast cycle
and energy effective storage life and refilling time
limitations Requires high-pressure Requires compressed Reacts violently with Clustering problem,
cylinder, volumetrically tanks, suffers from moist air, cumbersome requires low
and gravimetrically large energy loss to handle, absorption of temperature
inefficient due to liquefaction impurities, lack of or exceedingly high
and boil off process reversibility, desorption pressure and shows
and high tank cost at elevated temperature weak interaction with
and slow kinetics of the Ho molecule
dehydrogenation

Table 1.6: Comparison between the various hydrogen storage methods [17].

From Figure 1.12, Mg based hydrides can be considered as an efficient hydrogen stor-

age. Magnesium (Mg) and its alloys received greater attention due to their highly Hs

storage capacity by weight 7.66wt.% and as well as being inexpensive material [22], also

their hydrides have an excellent quality for functional properties which are heat-resistance,

vibration absorbing, reversibility and recyclability [161]. However, it suffers from slow ki-

netics and a high decomposition temperature and several approaches have been adopted

to improve its performance. In next section we will focus on this attractive material.
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Figure 1.12: Gravimetric hydrogen capacity and sorption temperature of various hydro-
gen storage materials [162].

1.7 Magnesuim hydride MgH,

Mg is one of the most efficient metals to store hydrogen in various metal hy-
dride forms, such as intermetallic hydrides (M goNiH, ), complex hydrides (M g(AlHy),
Mg(BH,)2) and elemental hydride (MgH,). Among them, elemental hydride revealed
an advantages of having higher volumetric (110 H/l) and gravimetric (7.6wt.%) hydrogen
capacities than intermetallic hydrides, and higher reversibility than the complex hydrides
[23, 163, 164]. However, it has not been widely adopted commercially, mainly because of
its high thermodynamic stability, high desorption temperature and slow hydrogen sorp-
tion (both absorption and desorption) kinetics [23].

Several studies have attempted to overcome the thermodynamic and kinetic limita-
tions of M gH, for the past few decades. Common areas of study included the reduction
of MgH, size [16, 29] and the employment of novel catalysts. At present, many types of
catalyst materials, such as metals [24, 165, 25], metal oxides [25, 166, 167, 168, 169], al-
loys [26, 170, 171, 172], carbon-based structures [27, 173, 174, 175], and other compounds
[28, 176, 177], were employed with MgHs, to accelerate the sorption kinetics and decrease
the desorption temperature. However the progress made to date is not enough in the
catalyzed Mg/MgHj, to meet the US-DoFE requirements [23].
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1.7.1 Properties of MgH,

1.7.1.1 Structural properties of MgH,

M g is the ninth most abundant element in the universe and lightly packed (1.738¢g/cm?)
solid material [178]. The element is a group-2 alkaline earth metal with a hexagonal close-
packed crystal structure, and is a potential candidate to store hydrogen.

Magnesium forms a stoichiometric dihydride M gHs which crystallizes in two polymor-

phic forms. Stable at ambient conditions, a-MgH> has a tetragonal 77O, rutile-type
structure. This hydride, at high applied pressures exceeding 0.39G'Pa (3.9kbar) [179],
transforms into a metastable, at normal conditions, 7-M gH, which crystallizes with an
A [-MgH, cubic modified CaF, structure has

been also reported, observed experimentally using in situ synchrotron diffraction, which

orthorhombic a-PbOs-type structure.

is stable at very high pressure [179]. More structural details are given in Table 1.7.
During hydrogenation, the hexagonal close-packed (HCP) lattice of magnesium ex-
pands and leads to a transformation into the deformed body-centred cubic sub-lattice.
Because of the deformation, this sub-lattice becomes tetragonal for a-MgH, and or-
thorhombic for v-M gH,. In what follows we are interested in the rutile-phase (stable) of

this compound.

Type of Space group Unit cell Atomic coordinates Shortest distances Size of
hydride symmetry parameters (A) interstice
and type A) Dpyrg—nu Du_nu Tint (A)
a— MgH»> P4y /mnm a = 4.5025 2Mg in 2a: 0,0 ,0 1.948 2.471 A:0.35
TiO, ¢ = 3.0123 4 H in 4f: 0.306 , x ,0
B — MgH> Pa3 a = 4.6655 4 Mg in 4c: 0,0 ,0 1.906 2.489 A:0.37
Deformed CaF 8 H in 8c: 0.3429 , x , x
v — MgH> Pbcn a = 4.5051 4 Mg in 4a: 0, 0.3313 , 1.915 2.489 A:0.34
a — PbO2 b = 5.4197 8 H in 8d: 0.273 , 0.109 , 0.079
c = 4.9168

Table 1.7: Crystal structure data for « — MgH,, § — MgHs and v — MgH, [180].

1.7.1.2 Thermodynamic and kinetic properties of MgH,

As for the other conventional hydrides, the equilibrium pressure of the a(Mg-
HCP) <— B(M gH,-rutile) transition (Figure 1.10) is given by the Van’t Hoff equation[180]:

5]

where AH and AS are, respectively, the formation enthalpy and entropy, F, is the equi-

AH AS

 RT R (15)

librium pressure, T is the temperature and R is the gas constant.
Magnesium hydride is considered to be a stable hydride, with a heat of formation
of —=74.5kJ/mol.H2 and entropy variation of —0.135k.J/mol.H. Figure 1.13 shows the

variation of plateau pressure as a function of temperature for magnesium hydride.
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Figure 1.13: Temperature dependence of the dissociation pressure of MgH, [180].

One can see that to desorb hydrogen under 1bar of pressure, magnesium hydride has to
be heated to at least 550/ . Similarly, magnesium could not absorb hydrogen below a
pressure of 10bar if the temperature is higher than about 640K [180]. It is thus clear that
magnesium hydride could only operate at high temperature. The challenge is thus to
reduce its temperature of operation while keeping as much as possible its high hydrogen
storage capacity.

The reaction of Mg with hydrogen involves a number of different steps, such as
physisorption, dissociation and chemisorption, the diffusion of hydrogen into subsurface
sites and bulk lattice sites and finally the nucleation and growth of the hydride phase.
During desorption, M g itself has to be nucleated and hydrogen atoms have to diffuse to
the subsurface and surface and recombine there to hydrogen molecules, which have to be
physically desorbed back into the gas phase. The overall hydrogen sorption kinetics is
determined by the slowest step in this reaction chain [181]. While the diffusion constant
of hydrogen in Mg has been found to be of the order of 1073m?/s at 300K, H-diffusion in
MgH, is found to be at least three orders of magnitude lower [176]. Hence, it is expected
that the sorption kinetic in magnesium hydride is significantly slow.

There are three factors that inhibit the hydrogen absorption/desorption kinetics of M g[182]:

o The first factor is the formation of a magnesium oxide (M gO) layer, resulting from
oxidation of the M g surface. This layer forms a barrier which cannot be penetrated
by hydrogen. However, the M gO layer can be broken down by performing several
cycles of annealing at ~ 673K, which is a form of heat treatment, in both vacuum

and hydrogen environments.

o The second factor is the limited dissociation rate of the hydrogen molecules on the

M g surface. However, the dissociation rate can be improved by the addition of a
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small amount of catalyst.

o The third factor is the low hydrogen mobility of the magnesium hydride (MgH>)
phase, which hinders further hydrogen absorption when the catalysed M g begins to
absorb hydrogen [183].

Much effort has been made to overcome the thermodynamic and kinetic limitations
of MgH, [184]. A number of techniques have been devised to achieve this goal, which
includes alloying, surface modifications, doping the materials with catalysts, as well as
the development of nano-crystalline and amorphous M g-based alloys [185, 186]. In the

subsequent sections, we explain some of these approaches.

1.7.2 Improvements on the thermodynamic and kinetic proper-
ties of MgH,

1.7.2.1 Improvement on surface properties and mechanical ball-milling

A critical factor for hydrogen absorption by metals is the metal surface, which
activates dissociation of hydrogen molecules and allows easy diffusion of hydrogen into
the bulk. Diffusion is not the limiting step initially because no material has been reacted
and there are sufficient active sites available [187], but chemisorption is the slowest step
for pure Mg at this point [188]. As the reaction progresses, hydrogen diffusion takes place
and the hydride layer grows, producing a nearly impermeable layer. Diffusion through
this hydride layer becomes the rate-limiting step in the hydride formation process [188].
In addition to formation of a compact hydride layer, exposure to oxygen also lowers
absorption rates due to the formation of a highly stable oxide layer [159]. Andreasen et
al. [189] have reviewed the kinetics in terms of apparent activation energies and apparent
prefactors of Mg-based hydrides. It was suggested that variations in apparent activation
energies correlate with the presence of M gO surface layer inhibiting diffusion of hydrogen.
Thus, oxidized samples show large apparent activation energies and well activated samples
show smaller activation energies.

The ball-milling creating fresh surfaces during processing is an economic process
that is widely applied to metal hydrides to achieve good surface properties [22]. The
main effects of ball-milling are increased surface area, formation of micro/nano-structures
and creation of defects on the surface and in the interior of the material. The induced
lattice defects may aid the diffusion of hydrogen in materials by providing many sites with
low activation energy of diffusion. The induced micro-strain assists diffusion by reducing
the hysteresis of hydrogen absorption and desorption [190]. The increased surface con-

tact during ball-milling leads to fast kinetics of hydrogen transformations. It is possible
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to control properties of the store material, according to specific applications. These in-
clude changing the alloy composition, surface properties, micro-structures and grain size
by ball-milling without the additional cost of catalyst and with minimal loss of storage

capacity[191].
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Figure 1.14: Hydrogen desorption curves of unmilled MgH, (solid symbols) and ball-
milled (hollow symbols) MgH, under a hydrogen pressure of 0.15bar [192].

Huot et al. [191] investigated the structural difference between milled and unmilled
MgH,. The specific surface area is decreased by milling 10-fold. Faster hydrogen desorp-
tion kinetics, reduction in activation energy and enhanced kinetics observed for the milled
M gH;y compared to the unmilled one are seen in Figure 1.14. The activation energies for
desorption were measured as 120 and 156k.J/mol for the milled and unmilled powders,
respectively.

Thus, mechanochemical synthesis using ball milling of magnesium hydride with and
without additives and alloying metals has been employed to produce defect-enhanced
potential hydrogen storage materials [180]. The high pressure, high energy impacts of
the balls and vial walls repeatedly compress, fracture and cold-weld the powder particles.
This can significantly reduce both powder and grain (crystallite) size, break the oxide
layer on magnesium powder and provide fresh surfaces, as well as dispersing additives

through the composite materials [180].

1.7.2.2 Catalysis and alloying with other elements

Catalysis is the process of enhancing the sorption kinetics of hydrogen of metal
hydride systems that facilitates dissociation of hydrogen molecules or recombination of

hydrogen atoms rapidly and effectively [1]. Lots of experiment and theoretical studies have
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indicated that the catalysts, whether mixed as additives or doped as alloying components,
could control the following factors to accelerate the hydrogen absorption rate of metal
hydrides [192]:

o the rate of hydrogen dissociation at the surface of metal hydrides;

« the capability of hydrogen to penetrate from the surface of metal hydrides which is

typically covered by an oxide layer into metal;

 the rate of hydrogen diffusion into the bulk metal and through the metal hydrides

already formed.

Effective catalysts, even added in small amounts enhance the formation of a hydride
in reasonable extent. Palladium is a good catalyst for hydrogen dissociation reaction.
The hydriding properties are enhanced by catalysis through nano-particles of Pd located
on magnesium surface [159]. The reactivity of palladium after exposure to oxygen is
recovered during exposure to hydrogen because of the easy decomposition of palladium
oxide [193]. However, high cost of palladium is the main disadvantage for the industrial
applications [22]. Zaluski et al. [194] have also reported on the Hydrogen molecules
have a strong affinity for nickel and readily dissociate and adsorb onto surface-layer nickel
clusters [195, 196]. Through the addition of 1% of nickel to magnesium, Holtz and Imam
[197] achieved a 50% increase in hydrogen capacity, a decrease in the temperature for the
onset of hydrogenation from 275 to 175°C', and a lowering of the dehydrogenation onset
temperature from 350 to 275°C.

In addition to Pd and Ni, Ge can be used for the catalysis of hydrogenation kinetics [198].
The presence of Ge decreases the hydride decomposition temperature in a range from 50
to 150C', depending on the catalyst amount. But the catalytic effect of Ge disappears
after few hydrogen absorption/desorption cycles [198].

Vanadium also acts as a catalyst for the dissociation of hydrogen molecules. It was also
reported using V' as a catalyst, hydrogen capacity can be increased up to 5.8wt.% Ho while
the thermodynamic parameters of MgHs were not altered [199], as shown in Figure 1.15.
Titanium and vanadium block the oxidation of the alloy surface, and therefore, increase
the discharge capacity over multiple cycles [200]. A nano-crystalline M¢1.97%0.1 N4 alloy
shows good absorption kinetics at room temperature [201].

Experimentally, some transition metal atoms were identified to be doped into M gH-
lattices and replaced the Mg ions to form new phases, which resulted in the enhanced
dehydrogenation kinetics or lowered desorption temperature. For example, Chen et al.
[202] found that the M gHy — Fe composite, with the formative new phases FeHy/FeHs,

had the maximum amount of hydrogen released within 5 min at 340°C'.
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Figure 1.15: Hydrogen desorption curves of mechanically milled MgH, at 5%V com-
posite (hollow symbols) and MgH, (solid symbols) under 0.15bar [192].

Eskandarany et al. [203] reported that the MgHs — 5.5wt%Ni composite, prepared
by gradual doping N1 particles into M gH; powders, was a reversible hydrogen storage
material with a cyclic capacity of 5.5wt.% Hy over 100 cycles at 275°C'. Furthermore, Chen
et al. [204] reported that the M g Hy —4wt% Ni nano-fibres nanocomposite dehydrogenated
completely (7.02wt.%H,) within only 11 min at 325°C.

Metal oxides can also be used as catalysts material such as V205 [205] and Cry03
[206, 207]. These metal oxides can be acted as the refining agents during milling process,
which are conducive to reducing the crystalline size and activation energy of MgHs.
More importantly, the catalysts play a decisive role in improving the de/hydrogenation
ability of MgH, by attaching them on MgH, surface and/or reacting with MgH, to
form some new phases. For instance, after ball-milling of MgH,; with ZrO, for 20 h,
MgH, — 5wt%ZrOy exhibited a lower activation energy for the hydrogenation reaction.
Notably, this composite had a hydrogen storage capacity of 6.73wt.%H, at 423K within
100s and still absorbed 4.0wt.% H, under room conditions (298K’) [208].

1.7.2.3 Nanostructuring (2D and 3D)

Subsequently, researchers demonstrated the advantages of pursuing dimensional in-
vestigations on Mg/ M gH, for kinetic and thermodynamic changes. According to authors
of many works [16, 209, 210, 211, 212], metal clusters stability and reactivity are a func-
tion of their size, especially in the nanoscale range, which presents a new area of practical
solid-state hydrogen storage. Nano-materials generally have substantially distinct proper-
ties in contrast to the coarse-grained counterparts because of their increased surface area,

shorter diffusion distances and multiplied grain boundary atoms.
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Generally, the Mg and MgH, bulk particles were transformed to 3D nano-structured
particles by employing the top down mechanical (ball) milling technique, using various
types of ball mills [213, 214, 215, 216]. During the ball milling process, nano-structured
building blocks are formed by the controlled mechanical attrition of the larger particles.
The ball milling technique was used to decrease the crystallite size, particle size, defects
on the surface, and distribution o catalyst materials on Mg/M gH, in Mg-based hydrogen
storage materials [137, 213, 217].
Many efforts have already been made to decrease the particle size of M g/M gH, through
various ball milling techniques [213, 214, 215, 216]. Most of these studies reported that
the ball milled Mg/MgH, particle size decreased to the sub-micron scale. Tian et al.
[218] reported that the average particle size of ball milled TiC catalyzed MgH, was in
the range of 200 — 400nm, while the average size of Mm-oxide catalyzed Mg/M gHy was
reported to have decreased to < lum [213]. Pourabdoli et al. [219] prepared 50nm to
1pm sized Mg particles through a mechanical milling process with catalyst additives.
Figure 1.16 represents the isothermal desorption kinetic curves of (a) MgH, at
350 °C, (b) ball milled MgH, at 350°C and catalyzed M gH, at various temperatures (c)
250°C, (d)300°C, (e) 350°C, and (£)380°C. As seen in Figure 1.16, at constant temperature
and pressure the isothermal desorption kinetics of nano-size M gH> is comparatively faster
than that of the larger-sized particles [219]. Similarly, a noticeably lower onset desorption
temperature (105°C lower), from 410°C for the bulk material to 305°C for the ball milled
catalyzed M gH,, is observed [220]. This considerable change is due to the decrease in the

particle sizes and occurrence of new active surfaces of Mg/ MgH,.

101

100 — oo o coemie o .
T ] ‘ I

99 s
98 § &

97

Weight Loss wi%

9% 4 1

95

B e ST ]

94

0 1000 2000 3000 4000
Time (5)

Figure 1.16: Isothermal hydrogen desorption kinetic curves of (a) as-received MgHs.
(b) ball milled MgH, (without catalyst) (e) ball milled M gH, (with catalyst) at 350°C,
and (c), (d), (f) ball milled MgH, (with catalyst) at 250, 300, 380°C, respectively [16].
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Decreasing the particle sizes to 3D nano-structures through the mechanical milling
process is one of the known ways to increase the feasibility for further on board ap-
plications. Nevertheless, the 3D smaller-sized particles, with or without catalyst, were
only helpful to enhance the hydrogen sorption reaction kinetics, but not the significant
changes in AH and AS [215]. In this regard, to further continue research in this field,
2D dimensional was made to change the thermodynamic stability of the M gH, system.

2D nano-structured materials can be prepared by externally controlling the syn-
thesis of the desired structure. The preferred 2D nano-structured material for hydrogen
storage properties is a Mg-based thin film [29, 221]. The 2D nano-structured Mg films
were synthesized through different feasible techniques such as electron beam evaporation
[29, 222], direct current (DC) and radio frequency (RF) magnetron sputtering deposition
[220], and plasma sputter and pulsed laser deposition [221]. Relatively, the thickness of
M g film can have a ranging from micro- to nano-size, due to the externally applied con-
ditions of divergent deposition techniques. For instance, Mg films with an approximate
thickness of 100nm were prepared through ultra-high vacuum (UHV') sputtering tech-
niques [220]. Barawi et al. [29] prepared various thicknesses (between 45 and 900nm) of
Mg films on SO, substrates, through e-beam evaporation.

The thickness also plays a major role in the hydrogen absorption kinetics of Mg
films due to the interface effects between the SiOs substrate and the Mg film. Tan et
al. [222] synthesized the 4wt%Fe-doped Mg thin film on Al,O3 and Si substrate by an
e-beam evaporation technique. They have found that the AH and AS of the Mg system,
together with its thermodynamic stability, significantly decreased when using Fe-doped
Mg film. The reported AH of the Mg film for hydrogen absorption and desorption is
42.7 £ 3.2 and 66.9 + 4.1k.J/mol, respectively [222]. In brief, these reported studies show
that the AH of hydrogen absorption and desorption of 3D bulk Mg/ MgH, are 73.940.7
and 77.7+0.8k.J/mol, respectively [215], and are considerably higher than those of the as-
prepared 2D nano-structured Mg/M gH, film. In the same way, the isothermal hydrogen
absorption kinetics of M g-based thin film is 56 £ 3kJ/mol [222].

The dimensional changes on Mg films have essentially improved the sorption kinetics
and thermodynamic changes in Mg due to the thickness and surface properties of 2D

nano-structured film.
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1.8 Conclusion

Hydrogen fuels are an attractive alternative source of energy since they are clean,
non-toxic and renewable, making them suitable for use as substitutes for petroleum-
derived fuels in vehicular applications. However, the greatest challenge in making hy-
drogen fuel-based transportation a norm in the future lies in the development of safe,
compact, portable and cost-effective hydrogen storage systems with high energy densi-
ties for on-board vehicular applications. Conventional hydrogen storage technologies such
as high-pressure compression at about 70M Pa, liquefaction at cryogenic temperatures
(7T7K) are impractical for this purpose, and a more feasible alternative is to store hydro-
gen in solid form by either absorption in metal hydrides or adsorption on high surface
area materials such as carbon nanotubes (CNT5s) and metal organic framework (MOFs)
systems.

M gH, is a promising hydrogen storage material due to its high volumetric and gravi-
metric hydrogen storage capacities (Table 1.8.), low cost and abundance of Mg element.
However, the undesirable thermodynamics, sluggish kinetics, less environmental stability
and poor cycle properties of Mg/MgH, limits its practical application. According to
the previous reports, both catalysis and nano-structuring (nano-sizing) are considered as
the most promising options for address these issues to form the future clean, renewable,

alternative and sustainable energy storage systems.

System Density | H atoms per unit | Weight %H
(g/cm?) | volume (x10%%/cm?)
Gas 0.008 0.5 100.0
Liquid Hs 0.07 4.2 100.0
H>0 (liquid) 1.0 6.7 11.2
MgH, 1.4 6.7 7.6

Table 1.8: Comparison of gravimetric and volumetric hydrogen capacity between M gH,
and other modes and system (adapted from [224]).

Many researchers have studied the effects of various kinds of catalysts including
metals and oxides on hydrogen storage properties of MgH,. Based on the experimental
studies, the metal catalysts doped in MgH, will generate lots of defects and/or newly
phases, as well as facilitate the formation and decomposition of Mg — H bonds, leading
to an enhanced de/hydrogenation kinetics of MgH;. However, the addition of metal
catalysts will inevitably lower the total hydrogen storage capacity of MgH, due to the
nature of heavy element of metals. Recently, the alternative 2D nano-structured M gH,
such as MgH, thin films can be prepared through viable synthetic techniques. The
activation energy and formation heat values are significantly lowered to MgH> nano-
films when compared to bulk MgH, structure. All efforts to downscale the Mg/MgH,
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particle/crystallite size to the nano-metre range are extremely positive in improving the
kinetics of the reaction with hydrogen.

Several theoretical calculations were performed to study 3D Mg/MgH, properties
with and without various kinds of catalysts materials, but few studies were made on other
advanced structures such as Mg films. Moreover the observed catalytic mechanism is still
not adequately explained.

Then, through methods (chapter 2) such as ab-initio calculations and Monte Carlo sim-
ulations we propose a model to simulate and study the thermodynamic (chapter 3) and
kinetic (chapter 4) properties of MgH,. Moreover, substitution and nano-structuring

approaches to tune the thermodynamic and kinetic problematic of M gH, are presented.
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2.1 Introduction

The thermodynamic and kinetic properties of solids are macroscopic properties that
are collectively determined by the underlying atomic interactions. An understanding of
these macroscopic properties requires an understanding of the environment and behavior
of atoms that form the solids. This means that in theory, we should solve the quantum
mechanical equations that govern the behavior of these elementary particles in solids to
understand the thermodynamic and kinetic properties. However, this is extremely difficult
in practice. Fortunately, statistical mechanics serves as a bridge between the atomic-scale
description of solids and their macroscopic properties, and allows the prediction of ther-
modynamic and kinetic properties from the first principle.

In last decades, some approaches have been developed to predict qualitatively or quanti-
tatively the thermodynamic and kinetic properties. This chapter is dedicated to describe
the methods and procedures used for this purpose: ab-initio calculations that will allow us
to determine the structural and thermodynamic properties of our systems including the
formation energy and desorption temperature and the Kinetic Monte Carlo simulations

that will be used to reproduce the kinetics of hydrogen ab/desorption in our hydrides.

2.2 The procedure to predict thermodynamics and

kinetics

It is well known in statistical mechanics that the macroscopic thermodynamic and
kinetic properties of a solid are the weighted mean of the values of the specific property
within each micro-state as the solid samples. Each micro-state s has an energy F, as-
sociated with it which is an eigenvalue of the Schrodinger equation of the solid. The
weight, according to the statistical mechanics then, is the probability that a system is in

a particular state s, and is given by [225, 226]:

_ exp(—E./KgT)

P
A

(2.1)

where Kp is the Boltzmann constant, 7" is the temperature and Z is the partition function
defined as:

Z =Y exp(—E,/KsT) (2.2)

Equation 2.1 represents a distribution function that assigns the relative importance of
different micro-states in the determination of thermodynamic averages and reflects the

fraction of time that a solid resides in each micro-state. In this way, the average thermo-
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dynamic properties can be evaluated as:
A=Y AP, (2.3)

where A is a macroscopic thermodynamic quantity and A, is the value of that quantity
when the solid is in micro-state s. Also, a prediction of phase stability requires a compari-
son of free energies of different phases at finite temperature. The free energy G of a system

for example is formally related to the partition function Z according to equation[226]:
G=—-KzTln(Z) (2.4)

The knowledge of E, for all excited states s of the solid, which includes configurational,
vibrational, and electronic excitation are required to the evaluation of equation 2.1 to
equation 2.4.

In the systems studied in this thesis, the degrees of freedom of configuration arise
from all the possible ways of distributing hydrogen on the interstitial sites of the metal
hosts in the MgH, system and all the possible arrangements of the dopant atoms M
(M = Al,Ti,V, Fe and Ni) in the doped systems. Vibrational and electronic excitations
are often neglected in studies of thermodynamic and kinetic properties by first principle
in multi-component solids [227, 228, 229, 230, 231, 232, 233, 234, 235], so, in this thesis,
we will neglect the electronic excitation for the the studied compounds and we will study
thermodynamic properties without vibration.

The energies of activation F, must be calculated from the first principle, but as the
number of excitations is very important, it is necessary to resort to a simple model which
allows us the computation of the energies for different configurations. Once energy barri-
ers are calculated, a statistical physics technique such as Kinetic Monte Carlo simulations
(KMC') can be used to evaluate kinetic properties at finite temperature.

Thus, the methods used in this thesis to calculate the thermodynamic and kinetic proper-
ties by DF'T calculations and K MC' simulations in M gHy and M doped M gH, systems

can be divided into next steps:

o First, the total energies are calculated by first principles for the pure MgH, and
M doped MgH, systems for various concentration and various doping atoms (M =
Al,Ti,V, Fe and Ni).

o By using these energies the thermodynamic properties of the different compounds

are deducted in particular heat of formation and decomposition temperature.

o Then, we calculate a variety of total energies for various arrangements of hydrogen

atoms in the Mg host.
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o These energies are then used to calculate the activation barriers for dissociation,

diffusion and adsorption process.

o Finally, the energy barriers are implemented in Monte Carlo algorithm to calculate

the kinetic properties of our hydrides.

2.3 Total energies by first principle

Total energies are essential data for any analysis of phase stability and diffusion and
must be calculated from the first principles at 0K by solving the Schrodinger equation
independent of multi-body time:

HU = EV (2.5)

where W is the many-body wave function of electrons, F is the total energy of solid, and H
is the Hamiltonian operator for the whole system of electrons and nuclei, which is defined
as:

v, L1

; Y%
H=-> _Z 2M1 Z

2m,

Z Z[ZJ€2
1¢]|T1_T]| [¢J|RI—RJ|

26
Zm Rz| )

where, h is Planck’s constant devised by 27, e and m, denote the charge and the mass of
a stationary electron, M; and Z; indicate respectively the mass and the charge (atomic
number) of the nucleus (ion) and R; and r; 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 (7,) and the nuclei (7,,) while the reminder terms indicate, respectively,
the Coulomb interactions of electron-electron (internal potential Vj,;), nucleus-electron
(external potential V,,;) and nucleus-nucleus (V,,,). So the Hamiltonian describing the
solid simply reads as:

H=T,+ T+ Vint + Van + Ve (2.7)

And the corresponding time independent Schrodinger equation with this Hamiltonian is
given by:
HY(R;,r;) = EV(Ry, 1)) (2.8)

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 V;,; and V,,. So, some approximations for this problem,
depending on some physical considerations are required. Some of them will be briefly

explained in next sections.
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2.3.1 Born-Oppenheimer approximation

The first approximation was introduced by Born-Oppenheimer in 1927 [236]. In this
approach, the many body wave function ¥ of the coupled nuclei-electrons system can be
separated as result of the huge difference in motion between the nuclei and the electrons.
Its validity is based on the fact that the mass of the nuclei, except in the case of the
lightest elements, are generally four to five orders of magnitude, much larger than the
mass of the electrons. Therefore their kinetic energy T,,, which is inversely proportional
to the mass of the nucleus My, is relatively small and can be then ignored.
Consequently, the nuclei can be considered as frozen at fixed positions R; and the
nucleus-nucleus Coulomb interaction term V,,, (the fourth term in the Hamiltonian) be-

comes just a classical constant E,, and the total Hamiltonian then simplifies to:
H~T, 4 Vi +Vees + E, ~ H+ E, (2.9)

Under this assumption, the many body wave function ¥ can be then expressed as a

product of the electron wave function and the nuclear wave function:

V(Ry,r;i) = Y(Rr,m:)Yn(Rr) (2.10)

This involves that the many electron wave function ¥ depends explicitly on the electronic
degrees of freedom r; while it depends upon the nuclear positions R; as parameters but not
as variables. So, the electronic Hamiltonian and the corresponding Schrodinger equation
are given by:

H =T, + Vit + Vear (2.11)

H¢(T1,T2,...) = Ee@/)(’f’lﬂ"g,...) (212)

The total energy FE,, is then the sum of E, and the constant nucleus-nucleus Coulomb

interaction energy F), that comes from the constant potential energy V,,:
Etot =< H > +En - Ee + En (213)

It is important to note, from the electronic Hamiltonian equation 2.11, that the specific
information of the system is completely determined by the third term V,,; (i.e. the number
of electrons N, and the charges Z; and positions R; of the nuclei). However, the first
two terms can be considered universal, due to the fact they are entirely independent on
the kind of the system. Additionally, Born-Oppenheimer approximation is also called

adiabatic because it separates the lattice vibrations problem from the electronic ones.
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2.3.2 Wave Function Approaches

Electronic structure methods, which are the numerical solutions of the equation 2.12,
are distinct from other forms of modeling because they are first-principles in nature.
These methods of calculations contain no external parameters other than a most basic
description of the system. The fundamental classification of these calculations of matter
can be made according to the quantity that is being calculated. In fact, several methods
are developed, that aim either to compute the electron wave function or the electron
density. There are many methods where the object of the calculation is to compute the

full electron wave function that will be the subject of the following sections.

2.3.2.1 Hartree approximation

Hartree proposed to simplify solving the many-electron problem by considering the
electrons as non-interacting particles (i.e independent particle model) and each electron
then has its own individual wave function [237]. Consequently, the Schrodinger equa-
tion 2.12 can be written as a one-electron equation and the many-electron wave function

can be expressed as a product of all one-electron wave functions:

(1,1, . rN) = H W(ry) (2.14)

According to the variational principle in quantum mechanics which states that for
any trail wave function ® the minimal approximate energy F corresponding to this wave

function is given by:
<dlflo>_ p (2.15)
< ¢lo >

where Fj is the ground state energy solution of the Schrodinger equation, when E[¢] = Ey

Elg] =

then ® is the gound state wave function. By applying this principle with the wave function
in Hartree form and the Hamiltonian equation 2.12 the Hartree equation can be written

as:

\Yi
22_2‘7’2 RI’"{'Z/drﬂw TJ _

T i) | Yi(r) = e (ri)  (2.16)
i i T |

Due to this approximation each independent electron 7, moves in an effective poten-

tial, representing the attractive Coulomb interaction term of the nuclei and the average
effect of the repulsive Coulomb interactions of the other electrons that can be given by
the integration over their densities. For this reason, this approximation is called a mean

field approach in which the complicated many-body problem, due to the Coulomb many
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body term V.., is replaced by n simpler problems in a mean field potential.

Since the effective potential for each wave function depends on the solution of all other
wave functions, this problem (equation 2.16) is, in principle, self-consistent with N simul-

taneous integro-differential equations and then its solution can be achieved iteratively.

2.3.2.2 Hartree-Fock approximation

In Hartree approach, the electron spins and their fermionic nature are excluded in
Hartree wave function and then the Pauli principle is not satisfied as well. In fact, this
many-electron wave function, for electron as Fermi particles, must be antisymmetric by

exchange of electrons:

w(rl, T2, ...7“3', Tk, ...TN) = —w(rl, T2, ...TL, T‘j, ...TN) (217)

In order to incorporate the fermionic nature of electrons into the many-electron
wave function v (r;) and to guarantee its antisymmetry, Fock assumed that this many-
electron wave function should be, approximately, expressed by a single Slater determinant

[238, 239] instead of the product in Hartree approach, as follows:
¢1(7“1<71) ¢2(7“1<71) ¢N(7“1<71)

Y(rioy..rNvoN) = (2.18)

2

¢1(7’N0'N) ¢2(TNON) QSN(TNO_N)

where, N is the total number of electrons and the coefficient (1/v/N!), is simply a normal-
ization factor. In this determinant, each column and each line correspond, respectively,
to a certain one-electron state, and a certain position in space. The interchanging of two
electrons is equivalent to the interchanging of the corresponding two lines or columns
in the determinant, which changes its sign (the wave function is antisymmetric). More-
over, this wave function representation ensures that the Pauli principle is satisfied, i.e. if
two lines or columns are identical (two electrons have the same quantum state) then the

determinant vanishes.

The corresponding Hartree-Fock equation is, also, derived from the variational prin-

ciple by looking for the minimum of the many-electron Schrodinger equation 2.12 with
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this single Slater determinant. This equation can be written as:

DRV AR | d’"j(’jf“”m—m"”(”)] o032 | f e gt e =i
7 J

j
(2.19)

This equation has one extra term compared with the mean field equation of Hartree,
the last one called the exchange potential term which describes the effects of exchange
between electrons that is included in Hartree-Fock many-electron wave function.

The solution procedure of these equations is similar to the iterative self-consistent method

that is outlined in Hartree approach.

2.3.2.3 Beyond Hartree-Fock approaches

Even though the Hartree—Fock approximation includes the electron spins and pro-
vides an exact description of electron exchange, the electrons correlation property is en-
tirely ignored (i.e. each electron is affected by the motion of other electron in the system).
The energy associated with this approach, consequently, must be different from the exact

energy by an energy difference that is called the correlation energy.

Therefore, many approaches which are more sophisticated and accurate than Hartree-
Fock method were developed to include such energy. These approaches often described
the electron correlation by mixing the wave function with some configurations in which

the electrons are excited or promoted from lower energy to higher energy orbitals.

Furthermore, these methods are divided into groups based on the number of Slater deter-
ment that can be used. The first group uses a single Slater determinant as the reference
wave function and excitation are made from that wave function. The methods belonging
to this group are known as post-Hartree-Fock methods such as the configuration inter-
action (CT) [240], coupled cluster (C'C') [241], Moller—Plesset perturbation theory (M P)
[242], and the quadratic configuration interaction (QCT) approach [243]. Another meth-
ods that used more than one Slater determinant are the N-electron valence state pertur-
bation theory (N EV PT) [244], multi-configurational self-consistent field (M CSCF') and
the multi-reference single and double configuration interaction (M RDCT) methods|[245].
All these methods, are potentially very accurate, however they are currently applied for

small system due to their high computational cost that increases rapidly with system size.
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2.3.3 Density Functional Theory

Density functional theory (DFT) is one of the most powerful, popular and suc-
cessful quantum mechanical tools that solve the many-electron problem obtained from
Born-Oppenheimer approximation in previous section (equation 2.12).

The basic concept of this method is to deal with a formulation of this many-electron
problem that involves the total density of electrons instead of using the many-electron
wave function without any loss of information. In fact, a huge simplification can be made
by reducing the many-electron problem of N electrons with 3N degrees of freedom to 3
degrees of freedom only. It turns out that such a method will be as accurate as beyond
Hartree-Fock approaches but with a low computational cost.

Consequently, physical and chemical properties of large molecular and solid systems can

be, possibly, calculated and could challenge, quantitatively, the experimental ones.

Before going through this method, it would be useful first to give some basic defini-
tions. Generally, the term functional means a function of a function which is in this case
the total electron density. This total electron density for a system of electrons is defined

from the wave functions as follows:
N
n(r) = Z/.../drl...dww*(rl, o )85 — PV, ooy ) (2.20)
i—1

And the integral of this density over all space provides the total number of electrons:

/n(r)dr - N (2.21)
This density is also a non-negative function with the property:

n(r — 00) =0 (2.22)

The following sections are devoted to explain, briefly, the original density functional
theory of Thomas—Fermi-Dirac, the basic aspects of the modern density functional theory
including Hohenberg-Kohn theorems, Kohn-Sham one-electron equations (that put this
theory into practice) and the exchange-correlation approaches. The calculation methods,
which are used in this thesis and some technical and related details, are discussed later

o1.
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2.3.3.1 Thomas-Fermi-Dirac approach

The earliest method of density functional theory was proposed in 1927 by Thomas
[246] and Fermi [247]. In their method, the total energy is represented, by terms defining
the kinetic energy, the Coulomb interactions of electron-electron (internal potential Vj,;),
nucleus-electron (external potential V,,;), as an explicit functional of the total density of

electrons.

3 )2/3 )5/3 n(r)n(r’)
ETF[?’L] = E / /d?"n / +/d?"‘/€xtn 2 /d dr /m (223)
The original Thomas and Fermi formulation ignored the exchange and correlation between
the electrons that has been added latter by Dirac in 1930 [248] who defined the local
exchange approximation term. The energy functional, for electrons in an external V_,(r)

potential, is written using Thomas—Fermi—Dirac approach as:

Erpp[n] = Erp(n] ( )1/3/617“71 4/3 (2.24)

The ground state energy and density will be determined by minimizing the functional
E[n] in this equation for all possible n(r) in which the integral of the density over all
space provides the total number of electrons.

The electronic density, in this approach, assumed to be local at any given point like a
density of non-interacting electrons in a homogenous gas. That means that only one or
two points of the density are required to get the terms in the equation, which makes a
very efficient calculation with a low computational cost.

Several important improvements on this method are given by Weizsacker in 1935
who introduced the effects of inhomogeneous electron gas [249] and Wigner in 1938 who
formulated an expression for the electrons correlation [250].

This approach has been applied to equations of state of element [251] but it was unable
to predict some essential physical and chemical findings such as shell structures of atoms

and binding of molecules.

2.3.3.2 The Hohenberg-Kohn theorems

The modern density functional theory has been, formally, established in 1964 by
the two central Hohenberg-Kohn theorems [252]. The first theorem indicates that the
many-electron wave function, as a fundamental and complicated quantity in quantum
mechanics, can be replaced in the many-electron problem by the ground state electron
density without any loss of information.

The second one defines a variational principle for an energy functional, which depends
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on the ground state electron density, rather than the many-electron wave function. This
variational principle is almost the equivalent of the standard variational principle in quan-
tum theory.

The two theorems can be stated as follows:

» Theorem 1: For any system of interacting particles in an external potential V. (),
the potential V., (r) is determined uniquely, except for a constant, by the ground

state density ng(r).

+ Theorem 2: A universal functional for the energy E[n] in terms of the density nr)
can be defined, valid for any external potential V,,.(r). For any particular V_,(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 ng(r).

In order to get more explanations and implications from these theorems, it is im-
portant to remind that the first two terms in the electronic Hamiltonian (equation 2.11)
are completely universal. However, the third term, the external potentia V_,;, which is
associated with the parameters N, Ry, Z;, uniquely specifies this Hamiltonian. As result
from this unique specification, the many-electrons wave function and the included infor-

mation for all ground and excited states will be determined.

In fact, the three parameters N, Ry, Z;, which are required for the unique specification of
the Hamiltonian can be deduced from the ground state electron density making the first
theorem feasible.

Firstly, as noted before, the total number of electrons N can be provided by integrating
the density over all space. Secondly, at the positions of the nuclei R; the density has

maxima which are closely to the charge Z; of these nuclei [253].

Therefore, the first theorem implies that the ground state electron density uniquely de-
termines this external potential V,,; and as an immediate consequence from this theorem
is that any property of the system can be completely, specified as a unique functional (i.e.
a function of a function which is the electron density in this case) of the exact ground

state electron density.

In this way, the ground state energy functional associated with the electronic Hamiltonian

can be written as follows:
Enx(n] = T.[n] + Eina[n] + Eeutln] = Fux[n] + / () Visedr (2.25)
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Fui[n] = T.[n] + Einn) (2.26)

where Eyk[n] denotes the Hohenberg-Kohn functional which is universal for any many-
electron system and contains the functionals of the kinetic energy and the electron-electron
interaction terms.

However, the major problem now is only how to find such ground state density. The
second theorem tackles this problem effectively by indicating that the Epyx[n| reaches its
global minimum value for the corresponding exact ground state electron density associated

with V... This theorem is nothing more than the variational principle:

Euk[n] = Fyk[n] + /n(r)thdT > Ey (2.27)

It should be mentioned that the Hohenberg- Kohn formulation works at 7" = 0K.
An extension and generalization have been made by Mermin in 1965 [254] on this for-
mulation to finite temperature canonical and grand canonical ensembles. However, such
extension has not been widely used due to the difficulty of constructing good approximate
functionals for the entropy. Other popular and powerful extensions of Hohenberg-Kohn

formulation are spin and time-dependent density functional theory.

Moreover, although the Hohenberg-Kohn theorems indicate that the electron density
can rigorously be considered the central quantity of the many-electron problem, they are
pure theorems of existence and give any information about constructing the functionals
and finding such exact electron density.

However, these major issues can be treated in light of the ingenious Kohn-Sham ansatz

which is the subject of the following section.

2.3.3.3 Kohn-Sham equations

Kohn and Sham [255] introduced, in 1965, the notion that the true density for the
system of interacting electrons with a particular external potential V,,; may be identical
with the density for a reference system of non-interacting electrons moving in an effec-
tive potential Vig from all other electrons. In other words, the problem of solving the
difficult interacting many-electron system is mapped to solve an auxiliary system of non-
interacting electrons in the effective potential Vg having the same ground state density.
In this way, Kohn-Sham approach leads to independent electron equations which can be
solved exactly by numerical means. Actually, the calculations are performed on the auxil-

iary system of non-interacting electrons with an exact kinetic energy Tk and an effective
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local potential Vg described by the Hamiltonian:

Hgs =Tks + Vks (2.28)

1 N
Tis = —52 < @; ‘ \Y%& | O > (229)

For this system the classical Coulomb interaction term of the electronic density interacting

with itself can be defined by Hartree energy Ey as:

1 n(ryn(r')
E = - / drdr’ ————= 2.30
[n] 5 | drdr | (2.30)
By applying the first Hohenberg-Kohn theorem to this system, there exists a unique

energy functional:
Exs[n] = Txs[n] + /VKS(T)NKS(T)dT (2.31)

where the ground state electron density ngg(r) of this system, which is identical with the

interacting one n(r), can be expressed as:

nis(r) =32 | 6i(r) [P=n(r) (2.32)

The N occupied orbitals satisfy the Schrodinger-like equations are given by the N lowest

energy solutions of:

V2
-

-+ VKS(T)] ¢i(r) = Eigi(r); By < By < ... (2.33)

These equations are called the Kohn-Sham equations and the ground state wave function
is just a Slater determinant of the N orbitals, the so-called Kohn-Sham orbitals. The
main problem now is to determine the form Vig(r) that must take in order that the

ground state electron density (equation 2.32) is fulfilled.
For a system of N interacting electrons in an external potential V,,;, Kohn and Sham

introduced the following approach to rewrite the Hohenberg-Kohn ground state energy

functional of the interacting many-electron problem as:

Eks[n] = Tks[n] + /Vemt(r)n('r)dr + Eyn| 4+ Egcln (2.34)
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where this equation incorporates all the difficult many-electron terms into an exchange-

correlation functional of the density as:
Ey[n] = To[n] + Tks[n] + (Ein] — Ex(n]) (2.35)

These last equations show that E,.[n] must be a functional, since the right-hand sides of
these equations are functionals. In fact, this universal functional E,.[n] contains every-
thing that is unknown about the real system. It represents the difference of the kinetic
and Coulomb interaction energy terms between the interacting and non-interacting sys-
tems.

According to the second Hohenberg—Kohn theorem, the density n(r) that minimizes the
functionals is the ground-state density. Thus by taking the variation of the equation 2.31
and equation 2.32 with respect to the electron density, the resulting Kohn-Sham one-

electron equations are rewritten as:
v2
<_2 + V;It + VH(T) + ‘/:r,;c) ¢Z(T) = Elgbl(’l") (236)
where Vi (r) and V,.(r) are Hartree and the exchange-correlation potentials, respectively.

We can highlighting a few points about the Kohn—-Sham ansatz:

o Firstly, it provides an explicit algorithm to calculate the ground state energy and

density of the interacting system.

» Secondly, it is formally exact, supposing that the exact exchange-correlation poten-

tial V. is provided.

« Additionally, the solution of the interacting N-electron problem is given in terms of
non-interacting electrons in an external potential V¢ which is an extremely useful

simplification.

Consequently, it is relatively easy to solve for Kohn—Sham orbitals (a Slater determinant
of N orbitals) even for a big system with a few hundreds electrons. In analogy with
Hartree approach, the solutions of the Kohn-Sham equations equation 2.36, have to be
found self-consistently, the only difference being the presence of the exchange-correlation
potential term.

In fact, an initial trial electron density can be chosen, for example, as a superposition
or perturbation of atomic densities to find a trial form Vkg. The Kohn-Sham equations
can now be solved and the orbitals ®;(r) then give the electron density according to

equation 2.32 above to find the next iteration for n(r). When this cycle has been repeated

69



a sufficient number of times that no further changes occur (or the difference between two
successive densities is no larger than a predefined criterion), then a solution for n(r) has
been found and self-consistency is reached.

An additional advantage of this approach is the simultaneous introduction of useful tools
for physical interpretation including the electronic charge density, the density of states

and the electronic band structure of the system.

2.3.3.4 The exchange-correlation energy

Although the Kohn—Sham ansatz is formally exact and provides an exact expression
for the total energy, unfortunately it introduces the central problem of DF'T which is the
unknown form of the universal exchange-correlation functional V..

From a practical viewpoint, approaches of this functional are unavoidable to solve the
Kohn-Sham equations. In fact, many approximations have been devised to get an explicit
form for this functional among them the local density approximation LD A and the gener-
alized gradient approximation GG A. These two are the most widely used approximations
in solid state physics. In this section, the approximate expressions for exchange-correlation

functional including LD A and GG A are briefly presented.

2.3.3.5 The Local Density Approximation

The first and simplest approximation for the exchange-correlation energy functional
is the Local Density Approximation LDA [256, 257]. In fact, the mean idea behind this
approximation is revealed from a homogeneous electron gas. In the LD A 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 F,. can

be then given by summing the contributions of each point in space as:
BEPA ] = [ n(r) Bucln(r)Jdr (2.37)

In this equation, F,.[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 [255], 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 cor-

rectly, or with a systematic deviation. However this approximation underestimates the
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band gap, and also overestimates the binding energy of solids and molecules which leads

usually, to an underestimation of the bond lengths [256].

This approximation can be extended to treat magnetic cases, by taking into account
the spin-polarization of the material and it is then called the Local Spin-Density Approx-
imation LSDA:

BEP gy = [ 0(r) Buclny () my () ar (2.38)

2.3.3.6 The Generalized Gradient Approximation

In real materials the density varies in space, so a logical improvement of LDA
approximation would be to include also extra information of this rate of change in the
functional. This can be achieved by adding gradient terms. This approach is called the
gradient-expansion approximation GGA [257, 258, 259].

This approximation goes beyond LDA by including not only the information about the
density at a specific point (n(r)) but also by introducing the density in the local vicinity
through the dependence on the gradient (Vn(r)). Consequently, the non-homogeneity
of the true electron density is taken into account within this approximation and the

exchange-correlation energy functional is then given as:
ESOA] = [ n(r) Buln(r), Vn(r)dr (2.39)

The current generalized gradient approximations (GG A) seem to provide reliable results
for all main types of chemical bonds binding energies. .. etc than LDA and are popular
in computational physics and chemistry.

There are various forms of GG A functionals that are used in many different calculations.
Two widely used are the form of Perdew and Wang (PW91) [260] and the form of Perdew-
Burke-Enzerhof (PBE) [261]. In this thesis, we used GGA — PBE for all calculations.

2.3.4 Electronic structure of solids

In order to apply DFT to real crystals, the Kohn-Sham equations should be solved
for all these particles present in the system (A regular three dimensional (3D) solid con-
tains almost 10? electrons and ions per cm?). This task is computationally an impossible.
Therefore, to solve this problem, the periodicity of the crystal must be used.

According to the periodic symmetry of crystal, the calculation problem can be signifi-
cantly, reduced to only those electrons and ions that are contained only in the unit cell.

By solving the Kohn-Sham Hamiltonian for the atoms in this unit cell, the electron eigen-
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states for solid can be calculated.

According to the Bloch theory, the electrons move in a periodic potential rather than
a free space. This potential is generated by the periodicity of the solid and is invariant
by translation. Therefore, the effective potential Vg, in the Kohn-Sham equation will be

periodic for all lattice vectors R of the crystal and can be written as:
Viks(r) = Vks(r + R) (2.40)

Bloch’s theorem states that the eigenstates ® of a one-electron Hamiltonian has the form

of a plane wave times a lattice-periodic function wu,(r) as follows:
D, (r) = exp(ikr)un,(r) (2.41)

Here, k denotes the wave vector that is chosen in the first Brillouin zone due to the
translational symmetry, n stands for the band index which labels different solutions for a
given k.

For all R in the crystal the lattice-periodic function is written as
Unk (7 + R) = upng(r) (2.42)
Another equivalent form of Bloch’s theorem is also given by:
D,k (1 + R) = exp(ihr)Ppi(r) (2.43)

The energy values are periodic also in the reciprocal space, so if E,(K) is an energy

eigenvalue, then E, (K +G) is also an eigenvalue for all vectors G of the reciprocal lattice.

In case of large systems, the spectrum of k-points is quasi continuous therefore, an
integration over k is required to calculate properties such as the density or energy of the
system. According to Bloch’s theorem the problem of infinitely many-electrons has been
converted to a problem of infinitely many k-points inside the first Brillouin zone (due to
the symmetry). As the wave functions of closely located k-points are nearly identical, a
small region can be sampled by one single k-point. It is sufficient, generally, to solve the
Kohn-Sham equations in a unit cell, using only a finite discrete number of k-points, and
the electronic part of the total energy can be then calculated to a good approximation.
This leads to bands of eigenvalues and energy gaps where no eigenstates can be there. By
taking the symmetry of the system into account, the number of k-points can be further
decreased by restricting the k-points to the so-called irreducible Brillouin zone. The

required number of k-points that is needed to get a good description of a system depends
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not only on the type and size of such system, but also particularly on the studied property.
For example in isolators case only a few k-points are required as all bands are filled, while
for metals more points are needed for bands that cross the Fermi level. Therefore, the
convergence of any calculation should be checked with respect to the k-point grid.
Different schemes are developed in order to sample appropriately the Brillouin zone with
a set of k-points that give the best estimate of the full integral such as the most widely
scheme proposed by Monkhorst and Pack in 1976 [262].

There are several methods for calculating the electronic structure in material. All
these methods can be, essentially, categorized in three basic types. There are no funda-
mental disagreements: all agree when applied carefully and taken to convergence. Indeed,
each one leads to instructive, complementary ways to understand electronic structure and
each can be developed into a general framework for accurate calculations. Furthermore,
each one has its advantages and pitfalls.

The common point of these methods is the solution of Kohn-Sham equations in self con-
sistent way. However, their specificities are given in the representation of the potential,
electronics density and, especially, the mono electronic Kohn-Sham orbitals. Some of

these calculation methods are schematized on Figure 2.1.
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Figure 2.1: Schematic representation of the different calculation methods based on DF'T

In chapter 3, somme of the above DFT methods will be used to study the elec-

tronic structures of the pure and doped MgH, and evaluate the hybridization between
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the different elements composing the systems and interpret the stability of the studied
hydrides.

2.3.5 Equilibrium Position of Atoms: The Force Theorem

Another practical and important task is the equilibrium position of atoms in the
material, so in order to determine the equilibrium geometry of a system, it is necessary
to calculate the forces on the nuclei in this system. The particular set of equilibrium
position that minimizes the total energy is found when all forces are vanishing. Therefore
the derivative of the total energy with respect to the ionic positions must be calculated

and this should be zero for the equilibrium position:

OE,
Fr=—22t 2.44
I oR, 0 (2.44)

These forces can be calculated by applying the force theorem stated by Hellmann [263]
and Feynman [264]:

- om == (vl gh 1w} (sl HI Go) -5 )

According to the variation principle, the first and the third term on the right vanish and

the only non-zero terms come from the explicit dependence of the nuclear positions this

equation can be written as:

8Et aEn
Fr=——= 2.46
=g = (vl g 19} - o2 (2.46
The force is independent on the pure electronic terms and it is given upon the following
terms: OV ext(r) SE
ext(r
Fr=— / —dr — =" 247
7 =3k~ ag, (2.47)

From this expression, it is clear that, the forces on the nuclei only depend on the ground
state electron density and the positions of the other nuclei and can be then calculated if

the electron density is known.

2.3.6 FPLO code

In this thesis, we perform the first-principle total energy calculations with the
FPL0O9.00 — 34 ab initio simulation package [265, 266] based on the all-electron full-
potential local-orbital minimum-basis scheme in which all the electrons are explicitly used

in the computation within a full-potential, which means that there is no shape restriction
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to the potential, as in pseudopotentials and muffin-tin based methods. This all-electron
method is considered among the most accurate schemes for band structure calculations
of crystalline solids. In this part, the electronic structure method used to calculate the
electronic structure in this thesis is briefly presented.
FPLO code is based on the optimized LC'AO method [267], in which the Kohn-Sham
orbitals are projected on local atomic orbitals and these orbitals are written in terms of
radial functions and spherical harmonics as:

oa(r—R—s)=¢ (|lr—R—s|)Y,(r— R—s) (2.48)
where, R stands for a Bravais vector, s is a site vector in the unit cell, and v is a multi-
index which is denoted either by the non-relativistic quantum numbers as v = (n, [, m;)
or by the relativistic ones as v = (n, k, u).

The periodic boundary conditions grant that the Bloch functions ®;,, are eigenfunctions
of the Kohn-Sham Hamiltonian:

= > Oy (r— R — s)exp(ik(R + s)) (2.49)
Rys,v
These Bloch functions are used in the self-consistent Kohn-Sham ansatz which leads to a
matrix equation with an eigenvalue problem. It should be emphasized that in the case of
too small basis, its completeness is achieved by adding more states. Moreover, the core
states are assumed to be orthogonal to each other, so the overlap between core states of
distinct sites is neglected. However, semi-core, and valence states may have a non-zero
overlap. Due to this distinction between core, semi-core, and valence states, the diago-
nalization effort is, effectively, reduced.
Recalling that, the matrix diagonalization scales as the cube of the matrix size. Con-
sequently, this method can achieve high accuracy relies on a relatively small number of
basis states in comparison with plane-wave based codes, which use a high number of plane

waves to get such accuracy.

The essential feature which allows for the use of a minimum basis is that the basis is
not fixed in the course of iterations, instead it is adjusted to the actual effective crystal
potential in each iteration step and it is even optimized in the course of iterations. In
fact, all non-core orbitals are compressed by adding to the crystal potential, spherically,

averaged around the site center s, a confining potential:

peond = () (2.50)
To
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with,

o — (W)w (2.51)

Here, ryy(s) is the nearest neighbor distance, and xy denotes the parameter which is
optimized in every iteration step. The parameters zy and ryx(s) are determined by
minimizing the total energy. There are two main effects of this potential: firstly, the
counterproductive long tails of basis orbitals are suppressed and secondly, the orbital
resonance energies are pushed up, providing the optimal curvature of the orbitals and
avoiding insufficient completeness of the local basis.

The resulting potential and density are expanded in spherical harmonics at each lattice

site s, as follows:

vir)= > va(r—R—s|)Y,(r—R—5s) (2.52)
R+s,v

n(ry= Y nu(lr—R—s|)Y,(r—R—s) (2.53)
R+s,v

This method of calculation will be used firstly to obtain the thermodynamic prop-
erties such as the equilibrium parameters, heat of formation and the decomposition tem-
perature of the studied systems (chapter 3) and afterwards calculated the energy barriers
which will be implemented in the Kinetic Monte Carlo algorithm (K MC) to simulate the
diffusion kinetics of hydrogen in pure and doped magnesium hydride (chapter 4). The
next part will be dedicated to Monte Carlo method.

2.4 Monte Carlo method

Monte Carlo is a wide term that covers a numerous family of approaches with one
simple central idea in common: the resolution of complex problems using random num-
bers. Given the versatility of the concept, it is no surprise that Monte Carlo based ap-
proaches have gained popularity in computational chemistry and materials science [268],
most prominently for the simulation of ensemble properties using Metropolis Monte Carlo,
or methods derived from the latter. In addition to equilibrium properties, the Monte Carlo
idea can also be exploited to tackle dynamical properties. In this sense, a number of ap-
proaches emerged over the decades under different names, until the term kinetic Monte
Carlo (KM C) became universally used in this context.

Nowadays K MC is a popular tool to describe a variety of phenomena related to e.g.
transport (diffusion), structures and properties of materials (e.g. crystal growth) or equi-

librium and non-equilibrium chemistry (catalysis). KM C' is an essential method to bridge
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the gap between the microscopic world (elementary processes such as atomistic diffusion
jumps or the making and breaking of chemical bonds) and the meso- to macroscopic world

(e.g. a diffusion constant or a reaction rate).

2.4.1 Conventional Monte Carlo simulation

Monte Carlo (MC) methods are a class of numerical algorithms that use randomness
in sampling. They are used in many cases of applied mathematics, including finance [269],
infrastructure [270], medicine [271, 272], physics [273] and chemistry [274], or to solve
purely deterministic problems by taking random samples from a probability distribution.
One thing in common for these algorithms is that they are run for many iterations and
use the law of large numbers and other properties to get the results [275].

Ordinary M C may have problems when used in many physical and chemical pro-
cesses, because of large size or complex probabilities. In these cases, the Markov Monte
Carlo chain (MCMC) is better suited, where random sampling comes from a Markov
chain, the probability of each variable depends on its closest predecessor, with a desired

stationary distribution. One common way to this is Metropolis-Hastings Monte Carlo
(MMC)[276, 277].

2.4.1.1 Markov chain

Markov chains are a fundamental feature of any Monte Carlo algorithm so it is

necessary to give at least an elementary explanation of the concept here.
A Markov process is one that only depends on the intial state of the system and does not
need any information about the past to make a prediction about the future [278]. MCMC
generates a sequence of events that satisfy the condition of being a Markov process. This
property states that the probability of selecting a value for the next event depends only
on the value of current event. It is much more common to see a Markov process in physics
because it usually does not matter how a system arrived at a state. If the intial state is
provided a prediction can be made about the future of the system. For example, given
position and momentum of a particle, the equations of motion can be used to determine
all of its future position and momentum states.

Let us consider an evolving statistical set (for example a crystal in which atoms
diffuse). Call {X;}, the system configuration in step i. We can define in {X;}, transitions
(a transition is an elementary process that the system can undergo in the configuration
7). In the case of an alloy, the processes to be considered are of a physico-chemical nature
(dissolution, oxidation, etc.) likely to occur at the atomic level. The realization of a
transition (for example the diffusion of an atom) brings the system from one configuration

{X;} to another configuration {X; 1}. The evolution of the system is of Markovian type
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if the sequence of configurations {X;} verifies the following properties [279, 280]:
o Fach {X;} configuration of the system depends only on the previous {X;_ 1},

o Each new configuration {X;} of the system belongs to the configuration space { X},
i.e. the set of feasible configurations: {Xi, Xs, ..., X,,}

o If P,;(X; — Xj) is the transition probability of the system from the state X; to the
state X, the process keeps the total probability, that is to say > P;(X; — X;) =1

[Py is the system transition matrix for a given configuration. An element P; of the
matrix gives the transition probability P;;(X; — X;) of a state i to a state j. An ergodic
Markov chain is a string in which each state can be reached from another state.

The probability of the system being in the configuration i at time ¢ is called W (i, t). The
Markovian process implies that the probability of going from a configuration ¢ at time ¢
to a configuration j at time ¢ + 1, does not depend on the configurations of the system
for earlier times. Call P(i — j), the transition probability ¢ — j. The evolution equation

of the system is given by the following master equation:

Wit +1) = W(i, 1) + 32 [P( = ))W(j,t) = P(i = j)W (i, 1) (2.54)

There are additional properties that must be fulfilled for the sample mean to converge to
the expected value.

2.4.1.2 Ergodic theorem

The Ergodic theorem for Markov chains [279, 280] states some properties for which
the sample mean of the Markov chain converges almost surely to the expected value.
These properties ensure that the transition rates are independent of time, that all states
are reachable from any starting state and that there is no periodicity in when states are

reached [281].

Let X be the set of all possible values for the stochastic variables.

Definition 1: A Markov chain is time-homogeneous if:
PXiy1=b|Xi=a)=Ty;, Vi Vabe X (2.55)
for some stochastic matrix 7T'.

Definition 2: A probability density function 7 is a stationary distribution with respect
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to a transition matrix 7" if:

7T =7 or equivalently Z Tl =m Vbe X (2.56)
aeX

Definition 3: A Markov chain is irreducible if Va,b € X 3t > Osuch that
PX;=b| Xo=a)>0 (2.57)
Definition 4: A Markov chain is aperiodic if Va € X
gedlt | P(Xe =a| Xg=a) >0/ =1 (2.58)

where gcd denotes the greatest common divisor.

The aperiodicity ensures that there are no regular repetitions of how many steps

the chain must take to be able to return to a given starting variable.

Definition 5: A sequence of random variables {X;} is said to converge almost surely
to a value X if:
P <hm X; = X) —1 (2.59)
1—00

Almost surely convergence is denoted by

X; &5 X (2.60)

With these properties defined the Ergodic theorem can be stated
Theorem 1: If {X;} = {Xo, X1,..., X,,} is an irreducible, time-homogeneous, discrete

Markov chain with stationary distribution 7 then:

n

>0 F(X) =2 E[f (2)] (2.61)

1
n;3

as n — 00, where x ~ 7 for any bounded function f : X — R. Furthermore if (X;)
aperiodic then P(X,, =z | X = 2y — 7(z) Yz, x0.

Definition 6: An irreducible, aperiodic, time-homogeneous, discrete Markov chain is

called an Ergodic Markov chain.

As the sample mean of a MCMC' converges to the expected value of the function
over its stationary distribution, the chain must be constructed so that the stationary dis-

tribution is the desired sample distribution. A property that helps in the construction is
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detailed balance.

Definition 7: A probability density function m on X satisfies detailed balance with

respect to a transition matrix 7" if Va,b € X.

7-raT’ab = 7Tbiz_’boz (262)

A probability density function that satisfies detailed balance is also a stationary

distribution since:

Tolay = T lha = Z T lap = Z Ty Lba = T (263)
aceX aeX

A method to construct a Markov chain with desired stationary distribution is Metropo-

lis algorithm explained in the next section.

2.4.1.3 Metropolis algorithm

The purpose of this section is to expose the algorithmic principle of this method by
given a concrete example.
The most famous Monte Carlo technique in physics is the Monte Carlo Metropolis tech-
nique named after its inventor [276, 282]. A two-dimensional network of Ising spins is
the most widespread illustration, the objective in this example being to obtain the most

stable system existing.

e Starting from an arbitrary initial configuration, the system evolves according to
established rules cited above. The choice of Monte Carlo is to converge the total
energy of the system to a maximum or minimum value depending on the case
considered. For the Ising model, the event chosen to tend towards a convergence is

the spin reversal.
A site (spin) is chosen randomly in the initial configuration.

o If the chosen event (i.e. spin reversal) allows the system to gain energy, i.e. AE =

Enew configuratuin — Eold con figuratuin < 07 then the event is realized.

o In the opposite case, if AE > 0, the Monte Carlo Metropolis rather than simply
rejecting the event, submits it to an Acceptance criterion denoted A, that is to say

a probability of being accepted, determined statistically and therefore realistically,
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by the expression Maxwell-Boltzman:

AFE

where K is the Boltzman constant and 7" is the temperature. To decide, a random
number ¢ distributed niformly in the range [0,1] is generated, then the event is

accepted if £ < A and it is refused if £ > A as shown in Figure 2.2.

A

—AE
P\ T, T

o%
always E
accept :
accept d’E
0 AE >AE

Figure 2.2: Schematic representation of the acceptance in Metropolis Monte Carlo al-
gorithm.

The loop thus is repeated (Monte Carlo steps) until the parameter considered has

reached the desired value or convergence (the total energy in the case of Ising model).
Despite the effectiveness of this algorithm M MC', in some numerical simulations in ma-
terials physics, the Metropolis algorithm has some limitations:

o The rejection rate during the pulling of transitions can sometimes be high, which

can lead to a considerable slowdown in the evolution of the process.

o The time taken into account is a number of iterations and does not correspond to a

real time. So, it gives no information on how the system evolves over time.

For simulations of a process over time, Kinetic Monte Carlo (KM C) is used by using

transition rates as probabilities in the formation of the Markov chain [283, 284].
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2.4.2 Kinetic Monte Carlo simulation

The Monte Carlo simulation mentioned above is used to predict the equilibrium
thermodynamic properties. It allows to manage a KM (' time which can be connected
to the experimental time, thus allowing a comparison with the experimental kinetics.
In order to investigate the kinetic properties such as hydrogen diffusion in MgH, as a

function of time, kinetic Monte Carlo simulation is a powerful tool.

The statistical concept under the kinetic Monte Carlo is a continuous-time Markov
chain, more specifically, a Poisson process. In this Poisson process the individual hop
occurs instantaneously and the time between two successive hops is exponentially dis-
tributed with the mean 1/T',, where I';,; is defined as [285]

Ftot - ZFZ (265)

where I'; is the migration frequency of hop ¢ and I';, is the sum of all individual proba-
bilities T;.
For a specific hop, we can calculate the migration probability I'; within the harmonic

transition state theory [286], which gives:

(2.66)

Fi = Vp; eXp <—AEG(Z)>

KT

where vy; is the vibration prefactor for hop i, E,(i) is the activation energy for hop i
required to move the hopping atom(s) from the initial stable state to the activated state;
k is Boltzmann’s constant and 7' is the absolute temperature in degrees Kelvin.

In contrast to the Metropolis method in which changes are related to random variations
of positions that do not necessarily have a precise physical meaning, the K M (' is based
on the identification of the basic physical processes that may occur in the system. Each of
these processes is associated with activation energy (sometimes called the energy barrier).

In our study, this barrier represents the energy which must be provided to:
« a molecule of hydrogen to be adsorbed at the surface of the host Mg.
« ahydrogen atom to diffuse between two interstitial sites, or leave the system (M gHs).

Activation energy can be thought of as the magnitude of the potential barrier separating
minima of the potential energy pertaining to the initial and final thermodynamic states

as shown in Figure 2.3.
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Figure 2.3: Activation energies of atom diffusing between two interstitial sites.

The attempt frequency vy for a specific hop is calculated as:

3N-3

[I v
i=1

3N—-4

IT v
i=1

(2.67)

where N is the number of sites involved in the hop (N = 2 if the hop involves one atom
and one vacancy, N = 3 if the hop involves two atoms and one vacancy), v; is the normal
vibration frequency at the stable state and v} is the normal vibration frequency at the
activated state.

According to the stochastic theory, each individual hop will occur with the possibility:

T
P =" 2.68
I‘tot ( )
In the simulation, the time At between two consecutive hops can be defined as:
Inwv
At = — (2.69)
Ftot

where v is a uniformly distributed random variable between (0, 1]. It can be easily proved
that At, which is defined by equation 2.69, is an exponentially distributed random vari-
able with the mean 1/T';.

For the realization of this type of Monte Carlo code, one must know in advance the

physico-chemical elementary reactions that interact in the studied system. In the case
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of diffusion of hydrogen in MgH, these events or elementary process are: adsorption,
dissociation, diffusion and desorption.

The knowledge of the mechanisms involved in the evolution of the system is the main
difficulty of this type of code. The ab initio calculations allow us the collect of data
needed to create this list of mechanisms and then implement it in the algorithm. These
data are used as input parameters.

A limitation of KM (' is that the real reaction rates for the involved steps is hard to
calculate, as these systems may be very complex. Instead different estimates of the
activation energy barrier are used [287, 258, 289]. In chapter 4 we will see how we can
calculate barriers energies of the different mechanisms that the system involves and the
detailed model used to simulate the kinetics of ab/desoption of hydrogen in the pure and
doped MgH,.

2.4.2.1 KMC algorithm

The practical implementation of the KMC algorithm is very simple and it is given

as follows:

o Make a list of possible processes for the system to escape the current state, with

associated rate I';:
e calculate the cumulative function I';y;
o draw two random numbers u, v € |0,1];

e extract process q, which has to fulfill the constraint:
qg—1

q
Zfz Z UFtot Z Z FZ (270)

i=1 i=1

o execute randomly drawn process;

update clock: ¢ <t — In(v)/To

The KMC algorithm flowchart is shown in Figure 2.4:
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Figure 2.4: KMC algorithm flowchart.

85



2.5 Conclusion

In this chapter, we have outlined the different methods used in this thesis to study
the thermodynamic and kinetic properties of M gH, namely ab-initio calculations and
Kinetic Monte Carlo simulations.

By using DFT calculations, the total energies are calculated for the pure MgH,
and M doped MgH, systems for various concentration and various doping atoms (M
=Al, Ti, V, Fe and Ni) then the structural (equilibrium positions and parameters) and
thermodynamic properties (stability and desorption temperature) are deduced (chapter3).

Thereafter, we proposed a model to simulate the absorption and desorption kinetics
of the pure magnesium hydride and to study the effect of the dopant elements (Al, T4,
V', Fe and Ni) on its kinetics properties (chapter 4). For this purpose, the activation
energies for the different elementary process such as adsorption, dissociation, diffusion

and desorption are needed and are calculated by first principles.
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Chapter 3

Study of the thermodynamic
properties of magnesium hydride by

ab-initio calculation
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3.1 Introduction

Up to day, magnesium hydride is one of the most attractive materials for hydro-
gen storage applications due to its high gravimetric and volumetric capacities 7.65wt.%
and 110g.H, /1, respectively [60, 290, 209, 291, 292]. However, this material shows slow
hydrogen absorption/ desorption kinetics as well as high stability and high dissociation
temperature 573 — 673K . These characteristics reduce its application regarding its use as
a hydrogen storage material [291, 293].

Various attempts were made in order to improve magnesium hydrogen absorbing-

desorbing characteristics. Experimentally, it was shown that the ball-milling with a
small amount of transition metals (T'M) or their oxides drastically accelerate the hydro-
gen kinetics. Moreover, they reduce also the decomposition temperature of the hydride
[291, 292, 294, 295, 296].
On the other hand, several theoretical calculations were performed to clarify and under-
stand the relevant mechanism dealing with the alloying effects on the thermodynamic
properties on magnesium hydride [297, 298, 299, 300, 301, 302, 303, 304, 305, 306]. Un-
fortunately the observed catalytic mechanism is still not adequately explained.

In this chapter, a study of hydrogen storage properties of Magnesium Hydride by
first principle calculation is proposed to study and understand the mechanisms that op-
erate in this material and that make it very stable thermodynamically.

The stability of the studied compound is estimated by computing the heats of formation
and desorption temperature. The obtained results are supported by an analysis of the
density of states (DOS).

Thereafter, a substitution approach to tune the problematic of M¢gH,’s thermodynamic
is presented. Ab initio calculation were used to investigate the effect of the substitu-
tion of magnesium by M = Al,Ti,V, Fe and Nt inside M gH lattice. In addition, the
vibrational, thermodynamics properties and electronic structure were investigated to ex-
plore the mechanical stability and the possibility of lowering the hydrogen desorption

temperature of substituted magnesium hydride structure.

3.2 Thermodynamic properties of the pure MgH, from
DFT method

3.2.1 Computational method

In order to determinate the different properties of the studied material, ab initio
calculations based on the all-electron full-potential local-orbital minimum-basis scheme
FPLO9.00 — 34 [265, 266] was used to solve the Kohn-Sham equations using the scalar-
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relativistic and the full four-component relativistic schemes. The parameterization of
the exchange-correlation energy was done within the generalized gradient approximation
GG A [261]. To ensure a high accuracy in our calculation, self-consistent criteria for both
the energy and the density with precisions of 107® Ha and 1076 Ha~'.A~3 respectively are
used. A mesh of (12 x 12 x 12) k —points in the irreducible part of the first Brillouin zone
was used in our calculations. The total energy is calculated using the scalar-relativistic
scheme, for all configurations.

The hydride MgH, crystallizes in the rutile-type structure (P4s/mnm, space group
N°136) at ambient conditions [307]. The primitive cell (Figure 3.1) has two Mg atoms,
one at the corner and the other in the centre of the cell at (1/2,1/2,1/2) plus four
hydrogen atoms at (z,x,0), (—z, —z,0), (1/2—xz,1/2+21/2) and (1/2 4+ 2,1/2 —2,1/2)
with © = 0.304. The lattice parameters used, in our calculation before relaxation, are the
experimental values a = 4.501A and ¢ = 3.01A [307].

Figure 3.1: Crystal structure of M gH in primitive cell

3.2.2 Thermodynamic properties of MgH,
3.2.2.1 Equilibrium lattice parameters

Before discussing the thermodynamics of M gH, structure, which include desorpo-
tion temperature and formation heat, firstly its equilibrium lattice parameters are de-
termined using the relaxation method. Indeed, the MgH, structure is optimized by
evaluating the total energy as function of unit cell volume, Figure 3.2. Using GGA ap-

proximation and fitting the obtained values with respect to a generic polynomial of the
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second order, the equilibrium parameters which correspond to the minimum energy are
a =b=4.5094A and ¢ = 3.0163A. They are in good agreement with those cited in the
literature [307, 308].
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Figure 3.2: Total energy as a function of unit cell volume of M gH,

3.2.2.2 Heat formation and decomposition temperature

The heat of formation (AH) is the most important thermodynamic parameter used
to identify and classify hydrogen storage materials. This is due to the fact that it can be
used to determine if the predicted phases are likely to be stable or not (AH < 0 hydride
is stable and vice versa).The AH of hydride can be defined as the difference between the

total energies of products and reactants [300]:
AH = Y E(products) — X Ey(reactants) (3.1)

To get the enthalpy of formation (AH) of the pure MgHs, the following reaction (equa-
tion 3.2) related to the formation of the hydride is considered:

To calculate AH related to the reaction of formation (equation 3.2), the total energies of

the pure element Mg and the hydrogen molecule are subtracted from the total energy of
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M gH, hydride obtained from the relaxation method:
AH = Ei(MgHs) — Eior(Mg) — Eior(Hz) (3.3)

The total energies of the pure element Mg and Hs; are obtained using the parameters
listed in the Table 3.1.

The molecule of hydrogen is simulated by putting the center of the molecule in the center
of a giant cube of parameter a = 30A, to reduce the interaction between the molecules,
while respecting the distance of 0.74A which separates the centers of the two H atoms,

see Figure 3.3.

Figure 3.3: Molecule of hydrogen isolated in a cube with a = 30A.

Element | Space group | Crystalline Parameters Total energy (Ry/f.u)
structure (A) Our calculation Literature
Mg 194-P63/mmc Hep a=0=3.21 —400.6683 —400.6670 [308]
¢ = 5.21 [310] —400.6675[305]
H, Pl molecule 0.74A as -2.33 2.32 [297, 309]
molecular distance

Table 3.1: Structural parameters and total energies of Mg element and Hs molecule.

As shown in Table 3.1, using DF'T calculation, the total energies of hydrogen
molecule and Mg pure are in good agreement with those reported in theoretical works
[297, 309]. This confirms the validity of our model.

Moreover, the calculated heat of formation of MgH, (equation 3.3) is -63.18 k.J/mol.Hs.
It is close to some calculated theoretical values -62.301 k.J/mol.Hs [296], -75.99 kJ/mol.H,
[297], -69.51 k.J/mol.Hy [299], -82 k.J/mol.H [311]. On the other hand, our result is close
also to the experimental values -76.15+9.2 k.J/mol.H, obtained in ref.28. We think that

this small difference is due to DFT method calculations.
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To get the decomposition temperature Ty.s, we use the well known thermodynamical
relation:

AG = AH — TAS (3.4)

where AG denotes the change in free energy. Since ab initio calculations operate at

T = 0K, then AG = 0 and the decomposition temperature can be estimated using:

AH

T, —=—"
des AS

(3.5)

During heating, the entropy change of the solid is very small compared to that of the
gas, so the entropy change during the decomposition reaction is primarily due to the H,
evolution. At the standard pressure and temperature, for most simple metal hydrides,
the entropy is taken to be AS = AS(H;y) = 130.7J/mol. K, corresponding to the entropy
change due to a mole of gas transforming into the solid [307]. For most of the dehydrogena-
tion reactions, it is estimated that AS is in the range of 95J/mol. K < AS < 140.J/mol. K
312].

Taking the above value of AH and the value of the entropy 130.7.J/mol.K obtained at
standard temperature and pressure [307], we get Ty, = 482.52K. Tt is in agreement with
other values reported in [297, 308].

System Parameters Volume | Formation Desorption | Gravimetric | Volumetric
a=0b(A) | ¢(A) (A3) enthalpy temperature capacity capacity
(kJ/mol.Hs) (K) (wt. %) (9-H2/1)
MgH, 4.5094 | 3.0163 61.34 -63.18 482.52 7.66 109.52

Table 3.2: Summary of the obtained results.

As shown in the Table 3.2, magnesium hydride has high gravimetric and volumet-
ric capacities (7.66wt% and 109.52¢.H,/l respectively) which make it a very promis-
ing material for hydrogen storage. However, MgH, has a high energy of formation
(—63.18k.J/mol.Hs) and high decomposition temperature (482.53K’) making it thermo-
dynamically stable which prevents its application for mobile hydrogen storage.

This high stability will be confirmed by vibrational properties and electronic structure

investigations in next sections.

3.2.2.3 Lattice dynamic stability

To further study the mechanical stability of M gHs compound, first-principles phonon
calculations are carried out using the software PHONOPY [313]. The phonon density of
states is presented in Figure 3.4. According to harmonic approximation, this is possible
when all the phonons have real and positive frequencies. Negative or imaginary frequen-

cies of phonons indicate that crystal is dynamically unstable [313]. In our present study,
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from Figure 3.4 little bit negative frequencies are observed for the pure M gH, compound.
This means that the compound is mechanically stable. The phonon density of state shows
three branches of optical phonons separated from the phonon branches of lower frequen-
cies. The reason for separation of these branches is from the lower mass H present in the
compound. The peak in the lower energy region corresponds to the acoustic branches in
the dispersion plot. The next separated higher energy peaks represent the coupled optical

phonon branches.
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Figure 3.4: Phonon density of states of M gH,.

3.2.2.4 Lattice Thermodynamic properties

Knowledge of the thermodynamic properties is essential for studying crystal, for
that the thermodynamic parameters of (M gH,) such entropy (S) and internal Energy (FE)
constant-volume specific heat(Cy) as a function of temperature are determined through
quasi-harmonic approximation (QQH A) using the phonopy package [313] then Gibbs free
energy G is computed through the obtained internal energy E and entropy S. The
calculated values at temperature from 0K to 1500/ are illustrated in Figure 3.5.

The thermodynamic stability of a crystal structure depends on the Gibbs free energy.
This is the minimum free energy of a crystal structure where the unit cell is allowed to
change in response to temperature. The smaller the values of Gibbs free energy, the
better the thermal stability of material will be. In our case, the free energy is found to be

positive (90K J/mol) at 0K and decreases with increasing temperature while the entropy
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increases in same temperature range, see Figure 3.5.
It can be seen from Figure 3.5 that the lattice heat capacity increases slowly with the
temperature in the initial stage. The lattice heat capacity approaches almost linear when

the temperature exceeds 600K .
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Figure 3.5: Gibss free energy, entropy and Cy for MgH, as function of temperature.

3.2.3 Electronique structure

The electronic structure calculations are performed to obtain density of states (DOJS)
which is the main tool used to elucidate the chemical bonding characteristics of the studied
systems and therefore understand and explain the both high stability and desorption tem-
perature in M gH,. For this purpose, the total (DOS) and the partial (PDOS) densities
of electronic states of M gH, were calculated and plotted and Figure 3.6.

On one hand, the electronic structure of the pure MgH, is non-metallic with the
energy gap of 3.745eV (Figure 3.7), which is smaller than the experimental value 5.16eV/
[314] or 5.6eV [315] while it is closer to the theoretical value 3.6eV reported in [304]. We
believe that this difference between the experimental results and our calculation is due to
the GG A approximation which overestimates the interaction energies between the states

of Mg and H atoms. Thus, it leads to a large valence band (V' B) and a smaller band gap.
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Figure 3.6: Total and partial DO.S for the pure MgHs.

It is well known that first-principles calculation based on the density functional theory
suffers from the errors in the calculated band-gap.

On the other hand, it follows that there are two parts in the valence band (V' B). In the first
part, the band with energy range from —7eV Ry to —3.8eV is called highV B composed
mainly of strongly hybridized H — s and Mg — 3p states. The second part concerns the
band energy ranging from —11eV to —7eV which is called lowerV B originating almost
from Mg — s and H — s states. While the contribution of the lowest conduction band
(C'B) is fully from Mg —p, Mg — s and few H — s states.
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This indicates that there is a strong hybridization between the H and Mg atoms which
can explain the high heat of formation obtained in section 3.2.2.2 and consequently high
stability and high decomposition temperature.

So to reduce this stability, we have to find a way to reduce this strong hybridization
between Mg — H, which we will try to explore in the next section by studying the effect
of substitution by Al and transition metal like 7%, V, Fe and Ni.

3.3 Effect of doping in hydrogen storage properties
of MgH2

The aim of this part is to study, using first principles calculations, the hydrogen
storage properties of MgH, doped with different metal M (M = Al,Ti,V, Fe and Ni)
in order to reduce the strong hybridization between magnesium and hydrogen and conse-

quently reduce the high desorption temperature.

3.3.1 The model

To perform such computations, calculations are carried out using a supercell con-
taining 15 Mg atoms, 1 M atom (M = Al,Ti,V, Fe and Ni) and 32 H atoms, denoted
henceforth as M g;5 M1 Hss as shown in Figure 3.7. This choice corresponds to an M doped
concentration of 6.25%.The lattice parameters used in all calculation are the relaxed pa-

rameters see Table 3.3.

Figure 3.7: Supercell presented M g,5M;H3so; red atoms are Mg, H atoms are the bleu
sphere and M is in green.
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3.3.2 Thermodynamic properties of doped MgH; from DF'T method

In order to study the thermodynamics properties of M gg.9375Mo.0625H2 (M= Al, T4,
V', Fe and Ni) systems including heat of formation and desorption temperature, we first
determine the equilibrium lattice parameters using the relaxation method. Indeed, we
optimize the M gg 9375 Mo.0625Ho structures by evaluating the total energy as function of

super-cell volume. The results of relaxed parameters, volume and storage capacities are
listed in Table 3.3.

Systems Parameters Volume Cg Cv Elements | Molar
aand b c (A3) (wt%) | (g.Ha/l) mass
A | A (g/mol)
M gH, super-cell 9.0188 | 6.0272 | 490.245 7,660 | 109.619 Mg 24.3
Mgo.9375Alo. 0625 H2 | 9,0616 | 6,0599 | 497.594 | 7,611 | 108.000 Al 27
Mgo.9375T10.0625H2 | 8,9416 | 5,9796 | 478.082 | 7,253 | 112.408 T4 47.9
M go.9375V0.0625 Ha 9,0020 | 6,0200 | 487.837 | 7,203 | 110.160 \% 51
Mgo,9375F60_0625H2 8, 9416 5, 9796 478.082 7,127 112.408 Fe 55.8
Mgo.9375Nig.0s25Ho | 8,9719 | 5,9999 | 482.962 | 7,081 | 111.272 Ni 58.7

Table 3.3: The lattice parameters and hydrogen storage quantities of M gg 9375 Mo.0625Ho
(M = Al,Ti,V,Fe and Ni.)

It follows from the obtained results (Table 3.3) that the addition of M atoms gen-
erates a small variation of the lattice parameters leading to an expansion of volume in
the case of Mg substitution by Al, and a contraction when the Mg is substituted by
transition metal T, V, Fe and Ni.

The expansion of the volume leads to a small decreases in the volumetric capacity of
MgH, : Al from 109.619 to 108¢.Hs /I, while the volume contraction leads to an increase
in volumetric capacities for M gH, doped T, V, Fe and Ni.

Contrariwise, the substitution of Mg by M = Al,Ti,V, Fe and Ni decreases slightly the
gravimetric capacities since the molar mass of M atoms are greater than that of Mg, but

the acquired capacities remain in the standards proposed by the DOFE [316, 317].

To calculate the heat of formation and the desorpotion temperature, we consider the
following reaction related to the formation of the substituted compounds M gg.9375 Mo.0625 Ho
(M = Al,Ti,V, Fe and Ni) which reads as:

0.9375M g + 0.0625M + Hy — M go.9375 Mo.0625 H2 (3.6)

And we subtract the total energies of the pure element Mg, the atom M (M = Al,T4,V, Fe

and Ni) and the hydrogen molecule from the one of M gg 9375 Mo 0625 H2 obtained from re-
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laxation method:
AH = Etot<M90.9375M0.0625H2) — 09375Et0t(Mg) — 00625Et0t(M) — Etot(H2) (37)

Using the value of total energies reported in Table 3.1 and Table 3.4, the resulting heats
of formation of the studied system are listed in Table 3.5. Thus, the decomposition tem-
peratures, which are presented in Table 3.5, were obtained by using the equation 3.5 and
taking the value of the entropy AS = 130.7.J/mol [307].

Elements | Crystalline | Total Energy
structure (Ry/u.f)
Al fee -485.643646
Ti hep -1707.633885
\Y% bee -1898.644689
Fe bee -2545.56838
Ni fee -3041.671468

Table 3.4: Crystalline structure and total energies of substitution elements.

It is shown, in one hand, that AH = —62.76kJ/mol.Hy for M gH, super-cell is close
to the one measured previously for M gHs unit cell. On the other hand, the addition of
the element (M = Al,T4,V,Fe and Ni) to MgH, reduces its tability, which can lead
to an improvement of the dehydrogenation temperature. This agrees well with the trend
observed experimentally [297] and theoretically [297, 299]. More than, this improvement
effect occurs in the following order T, Al, Fe,V, Ni and without unduly influenced the
hydrogen storage capacities. Especially for hydride magnesium doped with 6.25% of Ni,

the temperature of decomposition decreases to a value equal to 313.42K (see Table 3.5).

Systems AH Ties

(KJ/mol.Hy) | (K)
M gH, super-cell -62.76 461.49
M go.9375 Alo.o625 Ho -47.95 352.55
M go.9375T"0.0625 Ho -51.42 378.07
M go.9375V0.0625 H2 -43.60 320.60
M go.9375 F'eq 0625 Ha -44.97 330.68
Mg().9375NZ.0.0625H2 -4262 31342

Table 3.5: Heat of formation and dehydrogenation temperature of studied compounds.
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3.3.3 Electronic structure of doped systems

The density of state has been used to analyze and explain the effect of the addition of
M elements (M = Al, T4, V, Fe and Ni) on both the stability and desorption temperature
in Mgy _,M,Hs, x = 0.0625. For this purpose, the total (DOS) and the partial (PDOS)
densities of electronic states of M gH, doped with M metals were calculated and plotted
in Figure 3.8 to Figure 3.10.
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Figure 3.8: Total and partial DOS for MgOA9375Alo‘g625H2.

The electronic structure of M gg.g375Mo.ogo5Ha (M = Al Ti,V, Fe and Ni) shows
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that the states of d orbitals of transition metal TM (7%, V, Fe and Ni) and p states of

Al are localized in the band gap. The main contribution to the total DOS comes form

the M elements. In addition of hybridization Mg — H, there is a weak hybridization on
the one hand between T'M(d) and H(s) (Figure 3.9 and Figure 3.10) on the other hand
between Al(p) and H(s) orbitals (Figure 3.8) unlike the pure M gH, where is mainly com-

posed a single strong hybridization between the H and Mg atoms occurs (Figure 3.6).

Moreover, no hybridization between T'M and M g atoms has been observed, while a weak

hybridization between Al(p) and Mg occurs.
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Figure 3.9: Total and partial DOS for Mg0.9375TZ'0.0625H2 and Mgo.9375%.0625H2.

This ascertainment is in agreement with the results of section 3.3.2, where the

addition of Al and TM (Ti,V,Fe and Ni) in MgH, decreases the stability and the
desorption temperature of the mixtures. We note that the MgH; doped Ni material

exhibits the heigest density of state near the Fermi level.
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Figure 3.10: Total and partial DOS for MgO.9375NZ.0.0625H2 and Mgo.9375F60.0625H2.

3.3.4 Effect of doping concentration in thermodynamic proper-

ties

In this part, we propose to study the effect of the concentration of the doping element
on the formation energy and desorption temperature. For this purpose the super-cell
denoted M g14 My Hss illustrated in Figure 3.11 is considered. It contains 32 H atoms, 14
Mg atoms and 2 M atoms (M = Al,Ti,V, Fe and Ni) positioned in the positions 0., 0., 0.
and 0.5, 0.5, 0.5 respectively, corresponding to an M doped concentration of 12.5%.

The formation reaction (equation 3.8) of MggsrsMo195Hs (M = Al T4, V, Fe and

Ni) is considered and the heat formation is calculated according the equation 3.11.

0.875M g + 0.125M + Hy — M gos75 Mo 105 Ho (3.8)

AH = Etot<MgO.875M0.125H2) — 0875Et0t(Mg) — 0125Et0t(M) — Etot(HZ) (39)

The resulting heats of formation and desorption temperature are listed in Table 3.6.
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Figure 3.11: Super-cell presented M g14M5H3s; red atoms are Mg, H atoms are the bleu
sphere and M is in green.

A comparison of the results of both concentration 6.25% and 12.5% is required, so the
heat of formation and desorption temperature formation of Mg, _, M, Hy according to the

x concentration of the substitution are plotted in Figure 3.12 and Figure 3.13 respectively.

Systems AH (KJ/mol.Hy) | Thyes (K)
M go.575 Alg.125Ho -33.49096514 246.257097
M go.s75T"10.125 H> -40.42841536 297.26776
M go.575Vo 125 Ho -24.81962365 182.497233
M go.srsFeq.105 Ho -27.40775187 201.527587
M go.875 Nig.125 Ho -23.06708948 169.610952

Table 3.6: Heat of formation and desportion temperature of M ggg75 Mo 105Hs where
M = Al,Ti,V, Fe and Ni.

It is shown in Figure 3.12 and Figure 3.13 that when the concentration is increased,
the heat of formation increase linearly with a specific slope for each dopant, see Table 3.7.
Consequently for each doped element concentration, the stability and the desorption tem-
perature decrease compared to those of the pure MgH, (x = 0%). In fact the hydrogen
capacities are influenced by the addition of materials with a heavy mass compared to that
of Mg, see Figure 3.14.

It follows, that the value of the heat of formation and decomposition temperature can
be controlled by varying the concentrations of the doped elements to reach the optimum
range 289 — 393K for the practical use of a PEM FC [317].
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Figure 3.12: Energies of formation of Mg, _,M,H, according to the x concentration of
the substitution.
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Figure 3.13: Desorption temperature of Mg, _, M, Hs according to the concentration x
of the substitution.

The linear variation of the formation enthalpies as function of the dopant concen-
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Figure 3.14: Gravimetric capacities of M g;_, M, H, according to the concentration x of
substitution

tration x can be described according to the equation 3.10 where the specific slope for each

dopant element is given in Table 3.7.
AH = —62.7 + Slope x x (3.10)

For optimal use, it is advisable to use a hydrogen storage material whose energy of for-
mation is about —40K.J/mol.Hs [317]. By introducing this value into equation 3.10 and
using the calculated slop values (Table 3.7), we can determine the concentration of each
element that allows us to reach the optimal enthalpy. The resulted concentrations and

the corresponding capacities are listed in Table 3.7.

Systems Slope Standard | Concentration Cg
(K J/mol.Hy) error x (wt.%)
Mg, Al Ho 234.18 1.66 0.097 7.58
Mgy ,Ti,.Ho 178.68 1.65 0.127 6.87
Mg, .V, Ho 303.55 1.75 0.075 7.11
Mg, _.Fe,Hy 282.84 1.04 0.08 6.99
Mgy, .Ni,Hy 317.57 2.68 0.071 7.01
Table 3.7: Concentrations x and gravimetric capacities corresponding to AH = -40
K J/mol.H,.
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It can be noticed that the gravimetric capacities are preserved above the DOF target for
2025 [1] and round the DOE ultimate target (Table 1.3) even though MgH, is doped
with heavy elements. Following our study, we remark that the N presents the smallest

concentration and then it is the most appropriate element for better hydrogen storage.
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Figure 3.15: Total and partial DOS of M ¢, _,Fe,H, where = 12.5% as a concentration
of substitution.

The electronic structure of M gg g75 Mo.125H2 shows the same behavior observed when
M gHy is doped with 6.25% of M with one significant difference which is the density states

of M atoms.

105



As an example, it is observed in the DOS of M ggg75Feg.125 H2 shown in Figure 3.15 that
the states intensity of substitution element are higher then those observed for the con-
centration 0.0625 (Figure 3.10), which means that there are more M atoms that have a
weak bond with H and suddenly hydrogen is released more easily which leads to an im-
provement in the thermodynamic properties of the hydride. The same things are observed
for the other elements Al, T4,V and Ni. These findings are in good agreement with the

calculated values of heat of formation and desorption temperature listed in Table 3.6.

3.4 Nano-structuration effect in the thermodynamic

properties of MgH,

Nowadays, it is well known that nanostructuring materials leads to new physical
phenomena and/or improve their physical properties. Experimentaly, MgHs based thin
films shows improved hydrogen sorption performance than MgH, bulk [215, 29, 318, 319,
320, 321, 322, 323, 324, 325, 326, 327]. Lu H-B et al. [215] reported that AH of hy-
drogen absorption and desorption of bulk Mg/MgH, are 73.94+0.7 and 77.74+0.8 k.J/mol
respectively and are considerably higher than those of 2D nanostructured M g/M gHo film.
Barawi et al. [29] and Baldi et al. [318] found that the thickness plays a major role in the
hydrogen absorption kinetics of Mg films due to the interface effects between substrate
and the Mg film. Even more, studies conducted over a decade or so [321, 322], showed
that 50 —100nm thick M gH based thin films reduced stability. Thus, the improved dehy-
drogenation properties of Mg/M gH,—based nanocomposites mentioned above certainly
depend on the interface misfit and strain energy [323, 324, 325, 326, 327]. However, the
origins of the tuned thermodynamics and kinetics properties of M gH, with different size
and under strain have not been systematically investigated.

To address these issues, the properties of the nanostructured M gH, thin film and the

effect of biaxial strain are studied using first principles calculations.

3.4.1 Size dependent thermodynamic properties

The effect of nanostructuring on the thermodynamic properties of MgH, was in-
vestigated by studying the size dependent hydrogen desorption in Mg hydride thin films
with different thickness (1nm,4nm,5nm and 22nm, Figure 3.16).

The magnesium hydride thin films are modeled by considering a (3 x 3 X z) supercell
with different size along Z direction. Periodic boundary conditions are applied along the
X, Y —directions and a vacuum of 35A was used along Z—direction to isolate the system

of layers, see Figure 3.16.
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The total energies of Mg and M gH> thin films are calculated. Therefore, the heat
of formation can be deduced following the equation 3.11 for thin film model and the

corresponding desorption temperature by using equation 3.5:
AH = Etot<MgH2>nano - Etot(Mg)nano - (n/Q)Etot(H2>7 (311)

where n is the number of H atoms contained in M gH, thin film.
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Figure 3.16: Structures of bulk and M gH, thin films.

The effect of the size of M gH, on the sorption temperatures and enthalpy of forma-
tion are shown in Figure 3.17.
By reducing the size, a significant enhancements in both heat of formation and sorption
temperature are observed from —0.715eV/Hy; 542K for the bulk to —0.56eV/Hy, 414.75
and —0.515eV/ Hy, 380K corresponding to 22nm and 1nm thickness, respectively. These
results are in line with the reported findings[16, 29, 328, 329]. Krozer et al. [329] showed
that Mg thin film has smaller heat of formation 60.3 £ 6.7k.J/mol.Hy than the bulk
MgH,. Barawi et al. [29] reported that the desorption temperatures Ty.s = 435°C' are
slightly lower (AT ~ 58°C') in thickest hydrogenated films (d < 150nm). Such a result
confirms that the size’s change of M gH, films improves the sorption and thermodynamic
properties of Mg due to the thickness and surface properties of 2D nanostructured film.

By assuming that sorption behavior of the thin films along the Z axis, it is necessary,
for efficient hydrogen storage, to aim for nanometer sizes of thin layers. The remaining
axis(X,Y) may be reserved for the application of a stress on M gH, thin films with 22nm

thickness in order to investigate the effect of such a stress on de/hydrogenation properties.
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Figure 3.17: Variation of sorption temperatures and enthalpy vs thickness of the M gH,.

3.4.2 Strained MgH, thin film properties

In order to simulate the extrinsic effect of the stresses which can be observed exper-
imentally by the mismatch, a biaxial tensile/compressive strains are applied to the 22nm
thin film along the [100] and [010] direction according to the equation 3.12 [330, 331, 332].

a(b) — ao(bo)

Eaa(P0) = 8yy(%> = ao(bo) )

(3.12)
where the lattice constants a(b) of M gHs(22nm) supercell are restricted to different values
ranging from —2.7% to 1.8% by step of 0.1%; ag(by) are the equilibrium lattice constants.
The ¢ parameter is obtained by relaxing atomic positions under each strain. Figure 3.18

shows the stability of 22nm M gH, thins film system under strain.

The maximum of stability was found for the relaxed parameters and this stability is
reduced considerably when we apply the strain. Even more, the lattice constant ¢ increases

under biaxial compressive strain while it decreases under the tensile one.
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afen3

Figure 3.18: The effect of stress (variation of lattice a and b) on the stability of MgH,

thin film (thickness 22nm).

Figure 3.19 shows the calculated ¢/a ratio and cell volume of M gHj (22nm thickness)

under biaxial strains. Based on the two indexes, the lattice distortion of strained M gH>

can be evaluated.
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Under biaxial compressive strain, the lattice constant of MgH, along Z axis direction
is elongated, which results in an increasing ratio c¢/a relative to that of strain-free state
(0.667). The maximal ratio of ¢/a reaches 0.684 for a compressive strain of —2.7%.
Comparatively, the lattice of MgH, along Z axis direction shrinks under biaxial tensile
strain, yielding a decreasing ratio of ¢/a relative to that of strain-free state. A minimum
of 0.6543 is obtained at a tensile strain of +1.8%. As MgH, expands or contracts under
biaxial tensile or compressive strain its cell volume increases or decreases nearly linearly
as the magnitude of strain as shown Figure 3.19. So it can be derived that either biaxial
tensile or compressive strain is likely to cause structural deformation of M gHs crystal, or
its lattice distortion becomes severe with increasing magnitude of biaxial strain.

The effect of strain on the thermodynamic properties of M gHs thins films (thickness
of 22nm) can be summarized in Figure 3.20. This figure shows that the application of the
strain on M gH, thin films systems reduces its stability compared to that of strain-free
one, which can improve its storage properties. This can be understood as follows: in the
case of compressive strain, the distance between atoms is too small; this can lead to a
strong interaction and therefore reduces the stability of the system. On the other hand,
the H atoms can diffuse easily when we apply a tensile strain and consequently a decrease

of the heat of formation.
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Figure 3.20: Formation enthalpies and desorption temperatures of MgHs thins films
(22nm) as a function of strain e.

The obtained results are partially comparable with the ones found by J.Zhang [330]
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who states that strain lowers the enthalpy and decomposition temperature of the bulk
MgH,. Furthermore, the decrease observed in the case of the compressive strain is totally
different than that of tensile one, whereas in our work both strain (compressive and ten-
sile) symmetrically decrease the heat formation and desorption temperature for strained
MgH5(22nm) thin film relative to the free strain. The finding behaviors are similar to
the results of Benzidi et al. [332], who showed that the free strain LiBH, involves a high
stability that is lowered by applying biaxial tensile or compressive strain, which leads to
a decreasing of the hydrogen desorption enthalpy of LiBH, compound.
Finally, due to the contribution of strain, the stability and the decomposition temperature
for strained M gHs thin film hydride are reduced relative to that of strain free system,
which is a great enhancement of M gH, storage properties. The calculation results of this
study show that T, decreases significantly with increasing magnitude strain to a value
equal to 398 K which is close to the optimum range 289 — 393K for the practical use of a
PEMFC [317].

In conclusion, the nanostructuring of the bulk added to a biaxial strain applied a
beneficial improvement to the storage properties of M gH,. So, the stress concept validated
via numerous experiments [323, 324, 325, 326, 327| could have general implications on

destabilization of other types of metal hydrides for Hy storage application.

3.5 Conclusion

First-principles calculations were used to investigate the mechanical stability, stor-
age capacities, heat of formation and temperature of desorption in the pure MgH; and
Mg, o M,Hsy (x = 0.0625 and 0.125; M = Al, Ti,V, Fe and Ni) systems. Using the DFT
method, we have shown on the one hand that the doped MgH, system improves the

thermodynamic properties of the material as summarized in what follow:

o The pure MgH, has high gravimetric and volumetric storage capacities (7,660 wt.%
and 109.619 g.H, /I respectively).

o The pure MgH, presents a high stability (-62,018 k.J/mol.Hs) and a high decom-
position temperature (483,521 K).

o The obtained values are in agreement with those obtained experimentally and the-

oretically in other works.

o The stability and the decomposition temperature reduce considerably when doping

MgH, with a small amount of TM (T'M = T4%,V, Fe and Ni) and Al.

o The high stability of the pure M gHs is due to the strong hybridization between Mg

and H atoms. Such hybridization is reduced by the addition of a small amount of
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M = Al,Ti,V, Fe and Ni, which improves the hydrogen storage properties of the

magnesium hydride.

Following our study, we remark that the Nt presents the highest performances and is the
most appropriate element for better hydrogen storage.

On the other hand we have shown that at nanoscale:

e The nanostructuring from bulk to thin films improves considerably its thermody-
namic properties. AH = —0,56eV/mol.Hy and T; = 414, 75K for a thickness of

22nm.

e The biaxial tensile or compressive strain tends to lead to the structural deforma-
tion of MgH, crystal, and the lattice distortion becomes severe with increasing

magnitude of strain.

e Due to the contribution of strain energy, the stability and the decomposition temper-
ature for strained M gH, thin film hydride are reduced relative to that of strain free
system, which is beneficial for the improvement of the dehydrogenation properties
of MgH,.

In this chapter, a complete study of the M gH, storage properties hase been realized
namely: the storage capacities, stability and desorption temperature. We have explained
what makes based magnesium hydride materials thermodynamically stable and the role
of additives in improving their properties.

The kinetics of absorption and desorption of hydrogen inside M gHs, which remains
to be studied, are relevant properties for potential applications. Many experimental stud-
ies have addressed the subject and show that these materials exhibits a slow hydrogena-
tion/dehydrogenation kinetics but to the best of our knowledge, there are no theoretical
investigation performed previously and the mechanism which causes this slow kinetic is

still not adequately explained.
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Chapter 4

Simulation of the kinetics of

hydrogen diffusion in MgH-> and its

derivatives by kinetic Monte Carlo

method

Contents

4.1 Introduction . ... ... ... ...t e oo 114
4.2 Model and computational methods . . . . . ... ... .. ... 114
4.2.1 Kinetic Monte Carlo calculation . . . ... ... ... ..... 114
4.2.2 Density functional theory calculations . . . .. ... ... ... 118
4.3 Resultsand discussions . . . . . .. ... . 00 0o . 119
4.3.1 Kinetic Monte Carlo study of the pur MgHs . . . . . .. ... 119
4.3.1.1 Activation energies . . . . . . ... ... oL 119
4.3.1.2  Absorption/desorption times of the pur MgHs . . . . 120
4.3.1.3 Temperature effect in the kinetic of MgHs . . . . . . 122
4.3.1.4 Equilibrium time . . . . .. ... .00 124
4.3.2 Effect of doping in the kinetic of ab/desorption of MgHy . . . 126
4.3.2.1  Activation energies for the diffusion of H atoms . . . 126
4.3.2.2  Activation barrier for the dissociation of Hy . . . . . . 128

4.3.2.3 Ab/desorption times of the doped MgHy by Kinetic
Monte Carlo simulation . . . . .. ... ... ..... 128
4.3.2.4 Effect of concentration . . .. ... ... .. ..... 132
4.4 Conclusion . ... .. ... i e e e 133

113



4.1 Introduction

The kinetics of absorption and desorption of hydrogen inside MgH, are relevant
properties for potential applications, but to the best of our knowledge, there are no the-
oretical investigation performed previously. So, the aim of this work is to present numer-
ical investigations of the hydrogen storage ab/desorption kinetic properties for the pure
MgHy and M gH, doped with different metal M (M = Al,T%,V, Fe and Ni) by combin-
ing density-functional theory (DFT) and Kinetic Monte Carlo (KM C') simulations. In
particular, we dealt with the different mechanism appearing in ab/desorption phenomena.
To perform such computations, the activation energies for different elementary processes
and thermodynamical quantities, that we need, were computed by using DF'T method.
Taking into account of all the calculated quantities of interest, we study hydrogen diffusion
in magnesium hydride (such as dissociation of Hs, adsorption, diffusion and desorption)
using K M C' simulations. The effect of each elementary mechanism on the diffusion that
we characterized through density distribution of hydrogen, filling ratios, diffusion time,
temperature and pressure is analyzed. It is worth noting that this numerical method is

adopted to study the time of ab/desorption in M gHs.

4.2 Model and computational methods

In this section, we describe details of our model based on kinetic Monte Carlo method
(KMC) [333], and its application to the investigation of hydrogen diffusion in magnesium
hydride.

4.2.1 Kinetic Monte Carlo calculation

In this computation program, the activation energies calculated by DF'T method
are implemented in our algorithm to determine the rate transition of each elementary
process. By defining the relation between simulated time and Monte Carlo steps, we can
predict the hydrogen diffusion time (ad/desorption time) in our systems as function of
temperature and pressure.

In our model, we consider a supercell containing 160 magnesium atoms and 320 hydro-
gen atoms, Figure 4.1. In terms of Miller indices, the surface on which hydrogen will be
adsorbed or desorbed is given by (001), Figure 4.2. Periodic boundary conditions were

considered along X — and Y —directions as shown in Figure 4.3.
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We assume that the gas phase is an ideal gas composed of hydrogen atoms and thus
fully described by partial pressures Py, and temperature 7. The rate of hydrogen flux
can be obtained using the kinetic theory of gases providing (F') the amount of gas hitting
the unit area of a surface per unit time (particles/m?.s) [334]:

P
F=——"12 (4.1)

\/ 2, KT

where mpy,, K3 are the mass of hydrogen, and Boltzmann constant, respectively.

Absorption and desorption of hydrogen in hydride metals can be done according to
three steps. There are known by adsorption/desorption, dissociation and diffusion.
In order to study the absorption, we consider initially a supercell containing only the
magnesium atoms, Figure 4.4. Then the interstitial sites will be occupied by H atoms at
each Monte Carlo steps. Such filling of H atoms is based on the above three mentioned
processes.
The adsorption of Hs is followed by its decomposition in two H atoms. For such decompo-
sition, one needs to introduce energy barriers controlling the dissociation processes. The
calculations we performed show that the barrier energy of Hy dissociation at the surface
(001) of Mg atoms is of order 0.8eV. It is in good agreement with the energy barriers
0.75 — 1.18¢V obtained in the literature [311, 335, 336].
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Figure 4.4: Super-cell containing only Mg atoms

After dissociation, the diffusion processes take place. In this step, the H atoms can move
from an interstitial site to another one. In fact, each hydrogen atom has eleven nearest
neighbors (N.N): seven in the same plane, two in the upper adjacent plane and the re-

maining two ones are located at the lower adjacent plane (Figure 4.5).
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Figure 4.5: Representative scheme of neighbors sites. Left denotes the seven neighbors
in the same plane; right shows the four neighbors in the other planes.
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In our developed algorithm, various possible events including processes of diffusion
to the free neighbors, adsorption and desorption are considered. The mentioned events

are randomly selected at each KM (' step with a probability P;:
p=t (4.2)

The rate transition R; associated to the " jump process and the total rate transition R

are given respectively by:

e
R; = vyexp (— K;T) (4.3)
R=%N R, (4.4)

where 1 is the jump frequency (usually set to 101¥Hz) and E® the activation energy of
i" jump process taken from first-principles calculations (see section 4.2.2).
The time of hydrogen atoms displacement is incremented by At, which is defined as the

inverse of the total rate transition:

_In(w)

At =
R

(4.5)

where u is a uniformly distributed random variable between 0 < u < 1.

4.2.2 Density functional theory calculations

In order to calculate energy barriers for the different process, we have used ab-initio
calculations based on the all-electron full-potential local-orbital minimum-basis scheme
FPL0O9.00 — 34 [265, 266] to solve the Kohn-Sham equations using the scalar-relativistic
and the full four-component relativistic schemes. The parameterization of the exchange-
correlation energy was done within the generalized gradient approximation GGA [261]. To
ensure a high accuracy in our calculation, self-consistent criteria for both the energy and
the density with precisions of 10® Ha and 1076 Ha~'.A~3 respectively are used. A mesh
of (12x12x12) and (6 x 6 x 6) k— points in the irreducible part of the first Brillouin zone
was used in our calculations for the pur MgHs; and M doped MgH,, M = Al,Ti,V, Fe
and Ni. The energy barrier are calculated using the scalar-relativistic scheme, for all
configurations.

To calculate the activation energies, all hydrogen possible configuration have to be
determined. However, in the unit cell model four atoms may move to empty neighbors. To
reach the different possible arrangements of H atoms, we should break the usual symmetry
P4y /mnm settings down to the standard setting P1(1) by translating the Wyckoff position

coordinates.
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Based on this symmetry breaking and using combinatorial calculation, we obtain 304 H
atom configurations. The activation energies were obtained from the maximal energy
appearing in the possible paths between the initial position and the final one while the
energy formation and the desorption temperature have been calculated in P4y/mnm

settings (chapter 3).

4.3 Results and discussions

4.3.1 Kinetic Monte Carlo study of the pur MgH,

To apply Monte Carlo calculations for studying the kinetic properties of the studied
compound, we should calculate and implement the activation energies. These quantities

are obtained using the DF'T method based on ab-intio calculations.

4.3.1.1 Activation energies

For later use in Monte Carlo simulations, energy barriers (more than 300 activation

energies) were computed. Four situations among them are illustrated in Figure 4.6 and
Figure 4.7.
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Figure 4.6: Energy barrier for an H atom diffusing between two parallel plans.

Particularly, we have found that the energies depend on the surrounding hydrogen

atoms and the target-interstitial sites. The barriers get enlarged by increasing the hydro-

gen atom number in the system.
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Indeed, DFT calculations reveal that the energies corresponding to planar motion (001)
hydrogen atoms are lower than the energies associated with the motion between two
parallel plans. Therefore, hydrogen atom prefer to diffuse along X and Y directions

instead of moving vertically, which may affect the kinetics of the material.

4.3.1.2 Absorption/desorption times of the pur MgH,

Having determined the activation energies of the diffrent process in M gH» structure
using DF'T method, we incorporate all calculated quantities in the K MC method to
study the kinetic properties of the magnesium hydride material.

In order to determine the responsible mechanism of hydrogen storage in magnesium hy-
dride in conformity with the observed behavior in the experiment, we have used several el-
ementary events (adsorption, surface diffusion, diffusion along X —, Y'— and Z—direction,
and desorption). Along our numerical analysis, we have observed that all the mentioned
mechanisms are necessary to reproduce the behaviour obtained experimentally in litera-
ture [292, 337].

In Figure 4.8 and Figure 4.9, we present respectively the amount of the absorbed and
the desorbed hydrogen calculated (in wt.%) as a function of the reaction time using the

following equation:
I’]\fH2

= ———100
IL‘MH2 + MMg

Pm (4.6)

where Mp,, My, are the molar mass of hydrogen and magnesium respectively and where

x is the rate of hydrogen atoms placed in the supercell.
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Figure 4.8: Simulation of absorption kinetic for the pure MgH; at 633K and 10bar.
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Figure 4.9: Kinetic of desorption for MgH, at 633K and 1bar.
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Both absorption and desorption kinetics exhibit a behavior quite similar to that
observed in experimental results with a very small quantitative difference, which is due
to the used pressure values being smaller or higher than the experimental ones [292, 337].

Depending on the initial conditions and to the initial pressure applied on the ad-
sorption surface (001), the rate of hydrogen absorption in our material increases rapidly
with respect to time. Once the number of the hydrogen atoms in the system becomes
substantial, the activation energies increase. Then, the H atoms move with difficulties to
the empty sites. For this reason the amount of hydrogen increases slowly as a function
of time until reaching a limit equal to the gravimetric capacity of MgH, (p = 7.65wt.%)
where all the empty interstitial sites in the supercell are occupied by hydrogen atoms.

For the desorption process, the system does not completely desorbs all hydrogen
atoms which prefer to move inside rather leaving the system. In order to discharge all
hydrogen atoms, one needs a high vacuum, which cannot be realized within our numerical
simulations. The maximal value of dehydrogenation, which depends on the temperature
and the applied pressure, remains a little bit constant for a while. It follows that the kinetic
of desorption of the hydrogen of our system is very slow in contrast to the absorption
mechanism.

It follow that the behavior of ab/desorption of the pur MgH, agree perfectly with
the experimental results [292, 337] and the suggested material has slow kinetics even at
high temperature and pressure due to the high activation energies of hydrogen diffusion
that the material exhibits.

4.3.1.3 Temperature effect in the kinetic of MgH,

The effect of the temperature on such behavior is represented in Figure 4.10 and

Figure 4.11 for temperature values running from 600K to 630K with a step of 10K.

It is shown clearly that higher temperatures lead to significantly improved hydrogenation
as well as dehydrogenation kinetics since the reaction speed increases by increasing the
temperature. After a period of 4000s, the tank already reaches the rate of saturation for
a temperature of 630K, while it hardly exceeds the half size at 600K

Thus, the filling time depends on the temperature. It decreases exponentially with

respect to the temperature as shown in Figure 4.12.
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Figure 4.11: Dehydrogenation kinetic of M gH, at different temperature and 1bar.
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Figure 4.12: Filling time as a function of temperature for 10bar. Black dots denote the
simulation data while the fitted curve is in red.

4.3.1.4 Equilibrium time

To characterize the equilibrium in our system, the density for each plan (z =0,z =

0.25,...2z = 1) is calculated at each Monte Carlo step by:

p(z) = (4.7)

where ny(z) represents the number of residing hydrogen and where ng(z) is the total
number of interstitial sites appearing in the plan z. The system is considered to be in
an equilibrium state when the density p(z) is uniform; i.e almost the same in all plans z.
The equilibrium time, t., required to reach such equilibrium phase for different hydrogen
concentration is the sum of the filling time ¢; (the necessary time to introduce the cho-
sen concentration of hydrogen) and the relaxation time ¢, (the necessary time to have a
homogeneous distribution of hydrogen in the system).

We show, in Figure 4.13, that t., increases with respect to the hydrogen concentration
until reaching a maximal value corresponding to a concentration of hydrogen atoms close
to 90% then it goes down.

The same behavior was observed for different values of temperature (see Figure 4.14 and

Figure 4.15). The increase of t., is completely obvious. More the hydrogen concentration
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is high more we need large time ¢; to fill the tank. On the other hand, the necessary
barriers for the displacement of hydrogen atoms get larger by increasing the hydrogen

rate leading to an increment of the relaxation time t,.
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Figure 4.13: Equilibrium time as a function of hydrogen concentration for 300K . Dotted
lines are plotted for clearness.
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Figure 4.14: Equilibrium time as a function of hydrogen concentration at 500K
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We expect that the observed maximum is due to the collision of hydrogen atoms with the
upper wall (2,,4,) since the boundary conditions were applied only on X and Y directions
and not on the Z direction. It turns out that the decrease of ¢, is due to the decrease of
t, which vanishes for z = 100% (t., = t¢). Thus, ¢, vanishes when all interstitial sites in

the supercell are occupied by hydrogen atoms.

4.3.2 Effect of doping in the kinetic of ab/desorption of MgH,

In Chapter 3, we have made a complete study of the storage properties of MgH,
when it is doped with a small amount of TM (TM = Ti,V, Fe and Ni) and Al and we
have shown that doping has a good impact on the improvement of the stability and the
decomposition temperature of the material. In addition to that, in section 4.3.1 we have
explained why this hydrid has a slow kinetic.

In this part, we will invistigate the doping affects on the energies activation of hydrogen

diffusion and the reaction kinetic of M gHs.

4.3.2.1 Activation energies for the diffusion of H atoms

We have computed a large number of energy barriers among them two situations

are illustrated in Figure 4.16 and Figure 4.17.
For the same path of diffusion, we find that the H barrier energies with the M atoms
(M = Al,Ti,V, Fe and Ni) are less than that inside the pure M gH,. This finding suggests
that the H atoms are trapped more stably inside M gHs than the M gg.9375 Mo o625 Ho alloys.
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Figure 4.16: Fnergy curves for an H atom diffusing in different mixture of
Mg0_9375M0.0625H2 (M = Al, TZ, V, Fe and N’l) Motion planar.
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Figure 4.17: Energy barrier of inter-planar motion for an H atom diffusing, between
two interstitial sites localized at different plans, in M gg 9375 Mo.osas Ha (M = Al,T4,V, Fe
and Ni).
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In other words, incorporation of small quantity of Al,T%,V, Fe or Ni into magnesium
hydride can efficiently reduce the interaction between interstitial H atoms and Mg host
and thus reduce the stability of the systems, which in in agreement with the results
reported in section 3.3.2 in chapter 3.

The minimum energy required for a chemical reaction to occur can be represented by the
activation energy (FE,). The value of this energy can reflect the difficulty of the chemical
reaction. In general, the lower activation energy corresponds to the faster reaction rate.
So, the reduction of activation energy means the better hydrogen de/absorption kinetics
of MgH, [341].

4.3.2.2 Activation barrier for the dissociation of H,

The activation barriers for the dissociation of Hy were calculated by DF'T calcula-
tions in M gg 9375 Mo 0625 H2 alloys (M = Al, T4, V, Fe and Ni), and a comparison of the
obtained results with those of the pure M gH, is made and listed in the Table 4.1.

Systems H, dissociation (eV)
MgH, 0.8
M go.9375 Alo.os25 H 0.31
M go.9375T"10.0625 Ho 0.37
M go.9375V0.0625 H2 0.34
M go.9375 F'eq 0625 Ho 0.36
M go.9375 N19.0625 Ho 0.32

Table 4.1: Dissociation energy of Hj.

We remark that the barrier of dissociation of Hy molecule in the pure MgH, are higher
than those in M gH, doped with 6.25% of Al,T,V, Fe and Ni. Therefore the doping in
M gH, decreases considerably the energy necessary for Hs dissociation and this can play
a crucial role in improving the hydrogenation kinetics of the hydride.

Having determined all the barrier energies that we need using D F'T" method, we move to

apply kinetic Monte Carlo techniques to study kinetic properties as described below.

4.3.2.3 Ab/desorption times of the doped MgH, by Kinetic Monte Carlo

simulation

The amount of absorbed hydrogen as a function of reaction time calculated (in wt.
%) for M gHy and M go.9375 Mo.0s25Ho (M = Al, T4, V, Fe and Ni) is shown in Figure 4.18.
Starting from an empty cell, the rate of hydrogen filled in our material exhibits a fast
increasing with respect to time of absorption. Such behavior is due to the initial con-

ditions and the initial pressure applied on the adsorption surface. Once the number of
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hydrogen atoms increases in the system, the activation energies increase and then the H
atoms move with difficulties to the empty sites. For this reason, after a while from the
beginning the amount of hydrogen augments slowly as function of time until reaching for
each system a maximal value, which is the gravimetric capacity of the material.

As a result, our KM C simulations show that the absorption kinetic of different doped
materials M gg.9375 Mo.os25H2 at temperature 400K and pressure 10bar is very fast com-
pared to the absorption in M gH, at high temperature and pressure (633K, 10bar). This
is due to the fact that H barrier energies with the M atoms (M = Al,Ti,V, Fe and Ni)
are lower than that inside the pure MgH,.

g -

e

= 4

2

o

% 34 MgH, at 633K .

T T M9, 5.0625™o 06252 7 400K | 1
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Figure 4.18: Simulation charging kinetic for the pure MgH, at 633K and
Mg0.9375M0.0625H2 (M = Al, TZ, V, Fe and N’L) at 400K, under 10bar.

The average filling time for the pure and doped M gH; materials, which is computed
by using random Monte-Carlo sampling, is represented in Figure 4.19. It follows clearly
from this figure that the additive M element leads to significantly improved hydrogenation
kinetics even at low temperature.

For the desorption process, the addition of M atoms in M gH, improve the kinetic of
desorption at low temperature but the system does not completely desorbs all hydrogen
atoms which prefer to move inside rather leaving the system (see Figure 4.20). In order

to discharge all hydrogen atoms, one needs a high vacuum that we cannot realize within
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our K M C simulations.
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Figure 4.19: The average of filling time at 400K and 10bar for the pure MgH, and
M go.9375 Mo.o625 H2 (M = Al,T%,V, Fe and Ni).

Both absorption and desorption kinetics exhibit a behavior quite similar to that
observed in the experimental results with a quantitative difference, which is due to the
used pressure and temperatures values being smaller or higher than the experimental
ones and to the specific conditions of various experiments (its desorption was measured in
vacuum, under He flow,...etc)[292, 297, 25]. A comparison of the simulated results with

some experimental works found in the literature is given in the Table 4.2.

Systems components Hydrogen absorption Hydrogen desorption Ref.
MgHs — 10wt%Fe 20 bar, 350°C, 6.3 wt.%/4.2 min Onset temperature: ~ 170°C [342]

M go.9375 Feo.0625 Ha 10 bar, 127°C, 7.12 wt.%/25 min 1 bar, 127°C, 2.1 wt.%/50 min our cal.
MgHs — 10wt%Ni 20 bar, 350°C, 6.2 wt.%/2 min Onset temperature: ~ 130°C 342
MgHs — 5.5wt%Ni 10 bar, 50°C, 3.9 wt.%/300 min 200 mbar, 250°C, 5.8 wt.%/21 min 203
10 bar, 250°C, 5 wt.%/0.5 min 200 mbar, 270°C, 5.8 wt.%/9 min [203]

M go.9375 Nio.0625 Ha 10 bar, 127°C, 7.08 wt.%/13 min 1 bar, 127°C, 3.3 wt.%/50 min our cal.
MgHo — 5wt%V 1 MPa, 300°C, 6.0 wt.%/30 min 0.01 MPa, 300°C, 5.6 wt.%/40 min [343]

Mgo.9375 Vo.0625 H2 10 bar, 127°C, 7.2 wt.%/28 min 1 bar, 127°C, 2.2 wt.%/50 min our cal.
MgHo — 10wt%MnFea04 30 atm, 200°C, 4.3 wt.%/10 min 1 atm, 320°C, 4.6 wt.%/10 min 344
MgHo — Tmol% MnFe204 1 bar, 300°C, 5.05 wt.%/60 min 345
MgHs — 10wt%CeCls 30 atm, 280°C, 5.6 wt.%/10 min Onset temperature: 300°C 346
MgHo — 20wt%Fes Sy 3 MPa, 423 K, 3.41 wt.%/20 min | 0.001 MPa, 633 K, 4.01 wt.%/21 min 347

Table 4.2: A comparison with representative experiments related to catalysis effects on
kinetic hydrogen properties of MgHs.
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We note that upon hydrogenation of magnesium a number of structural phase tran-
sitions occur [338, 339, 340], but it is not easy to simulate within the chosen approach a
phenomenon that is accompanied by such phase transitions. To do it, a statistical model
that combines both kinetic and phase transition is needed, which will be the subject of a

future works.

However, alloying M gH, with small amounts of transition metals (T'M = Ti,V, Fe
and Ni) and Al may accelerate the kinetic of absorption/desorption without reducing
much its high hydrogen capacity (Table 3.3). We point out that the MgH; doped Ni
presents the fastest ab/desorption kinetic since it exhibits the lowest energy barriers and
gives better dehydrogenation thermodynamical quantities. This finding is quite similar
to the experimental behavior found by Shang et al. [297] who showed that the kinetics of
desorption varies with the type of the alloying elements and the addition of N¢ shows the
highest kinetics, with maximum hydrogen desorption, followed by Al, Fe, Nb, T and Cu,
whereas both the as-received M gH, and the milled M gH,, show relatively slow kinetics

compared with the alloyed mixtures.
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Figure 4.20: Simulation discharging kinetic for the pure MgH,; at 633K and
Mgo_9375M0.0625H2 (M = Al, T’L, V, Fe and N’L) at 400K, under 1bar.
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4.3.2.4 Effect of concentration

As for the study of the effect of concentration on thermodynamic properties of M gH,
discussed in section 3.3.4 in chapter 3, we will explore such effect on its absorption kinetic.

The results of KMC simulation of tank fill times are shown in Figure 4.21.

Note that the concentration of the dopant has a good effect on reducing the ab-
sorption time of hydrogen. The acceleration of absorption for a concentration of 12.5% is
slight compared to the case of doping with a concentration of 6.25%. This is due to the
fact that the diffusion barriers in the case of doping with 12.5% of M are slightly lower
than those of M gH, doped whit z = 0.0625 of M = Al, T4, V, Fe and Ni.
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Figure 4.21: Absorption time of Mg, M,Hy (M = Al,Ti,V,Fe and Ni; x = 0.0625
and 0.125) at 400K and under 10bar.
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4.4 Conclusion

In this chapter, we have suggested a model to study the hydrogen ab/desorption

kinetic properties for the pure MgHy and Mg, _, M, Hy (M = Al,T%,V, Fe and Ni; x =
6.25% and 12.5%) using Kinetic Monte Carlo (K MC') simulations.
Different process namely the absorption, desorption and diffusion have been taken into
account and all corresponding activation energies have been calculated using ab-initio
calculations. Incorporating all thermodynamical quantities of interest in our algorithm,
we have investigated the hydrogen atom diffusion in magnesium hydride and studied the
time of ab/desorption for different considered compounds. The effects of each elementary
mechanism on the diffusion that we characterized through density distribution of hydrogen
atoms, filling ratios, diffusion time, temperature and pressure have been studied.

We have shown, within K MC' calculations, that the behavior of ab/desorption of

the pur MgH, agree perfectly with the experimental results and the suggested material
has slow kinetics at high temperature and pressure.
DF'T calculations reveal that the energies corresponding to the hydrogen atom motions in
the (001) plan are lower than the energies associated with the motion between two parallel
(001) plans. Therefore, hydrogen atoms prefer to diffuse along X and Y directions instead
of moving vertically which explain the slow kinetic of this material.

Combining the DFT method, which allows the computation of energy barriers,
needed in the diffusion process, and the K MC method we have shown that the doped
M gH, system improves considerably the thermodynamic properties and the ab/desorption
kinetic of the material. The good performances exhibited in doped M gH, result from the
fact that activation barriers for the dissociation of Hs,, the barriers of diffusion and the
diffusion time of H atoms in the pure M gH, are higher than those in M gH, doped with
6.25% of Al,Ti,V, Fe and Ni.

As a consequence, it can be concluded that alloying MgH, with small amounts of tran-
sition metals (TM = Ti,V, Fe and Ni) and Al can drastically lower the stability of the
systems, the decomposition temperature and accelerate the kinetic of ab/desorption with-
out reducing much its high hydrogen capacity.

Following our study, we remark that the Nt presents the highest performances and is the

most appropriate element for better hydrogen storage.
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General Conclusion and Perspectives

In the present thesis, a theoretical investigation of the hydrogen storage properties of
magnesium hydride (MgH,) was presented. First-principles calculations have been used
to investigate the structural properties, stability and temperature of desorption. Also,
we have suggested a model to study the hydrogen storage ab/desorption kinetic proper-
ties using Kinetic Monte Carlo (KM C') simulations. The obtained results are in good
agreement with the experimental ones. Furthermore, these studies show that the absorp-
tion/desorption properties of hydrogen can be improved by: (1) the addition of catalysts

into the magnesium hydride, (2) application of the strain and/or (3) the nano-structuring.

As it is well known, the hydrogen storage technology was rapidly emerging as a fast
alternative to fossil fuels and the storage of hydrogen in solid state compounds appears
to be the most feasible solution since it is a safer and more convenient method compared
to high-pressure compression and liquefaction technologies. In this regard, magnesium
hydride is a potential compound for solid-state hydrogen storage due to its highly H
storage capacities gravimetric as well as volumetric capacities, 7.66wt.% and 110g/l.Ho
respectively. However, it suffers from slow kinetics and a high decomposition tempera-
ture which limit its use as a material for on-board hydrogen storage systems. Several
approaches have been adopted to improve its performance, among them catalysis and
nano-structuring (nano-sizing) are considered as the most promising options for address

these issues.

In order to give a deep insight of hydrogen storage in magnesium hydride like com-
pounds, understand the underlying physical mechanisms and anticipate new materials
that improve the hydrogen storage properties and meet the DoE criterions, we carried
out a theoretical investigations of the thermodynamic properties by using ab initio calcu-
lations (DFT) and the sorption kinetic properties by developing a Kinetic Monte Carlo
simulation method. Thus, we provide an examination of structural and thermodynamic
properties of the pure M gH, by first principles. The calculation results show that MgH,
has a high heat of formation and consequently a high stability and high desorption tem-

perature which agree with the experimental findings in the literature. This is a good
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agreement allowing the validation of our modeling approximations based on F'PLO using
the GG A parameterizations.

By studying the electronic structure of MgH, we have shown that this high stability is
due to the strong hybridization between magnesium and hydrogen atoms. So the addition
of a small amount of M = Al, T4, V, Fe, Ni, or a nano-structuring from bulk to thin films
and/or by applying a strain, reduces this hybridization considerably, which improves the

hydrogen storage properties of the magnesium hydride.

The investigation of the hydrogen diffusion in the pure magnesium hydride and
M gH, doped with different metals M (M = Al, T4, V, Fe and Ni) was realized by devel-
oping, for the first time for this material, a model based on kinetic Monte Carlo method
(KMC). In this numerical investigation, the activation energies calculated by DFT
method for different elementary processes are implemented in our algorithm. Thus, by
defining the relation between simulated time and Monte Carlo steps, we were able to
simulate the hydrogen ab/desorption kinetics of the pure MgH, and the doped ones as
function of temperature and pressure.
The obtained results show that the pure M gH, has slow kinetics even at high tempera-
ture, which is due on the one hand to the fact that magnesium hydride exhibits a high
activation energies of Hy molecular dissociation and slow H diffusion, on the other hand
to the energy barriers of the hydrogen atom motions in the (001) plan, which are lower
than those associated with the motion between two parallel plans. Therefore, hydrogen
atoms prefer to diffuse along X and Y directions instead of moving vertically, which ex-
plains the slow kinetic of this material.
Furthermore, we have shown that the incorporation of small amounts of Al,T%,V, F'e and
Niin M gH, system improves considerably the energy barriers needed for the dissociation
of Hy and hydrogen diffusion mechanisms and consequently leads to a great enhancement
on the sorption kinetics of the material.
Following the obtained results, we may conclude that alloying M gH, with small amounts
of transition metals (T'M = T'i, V, Fe and Ni) and Al can drastically lower the stability of
the systems, the decomposition temperature and accelerate the kinetic of ab/desorption

without reducing much its high hydrogen capacity.

Based on a combination of the first-principles calculations and kinetic Monte Carlo
simulation, the different results obtained from the investigation of the thermodynamic

and kinetic properties of M gH, hydride can be summarized in what follow:

o The pure MgH, has high gravimetric and volumetric storage capacities (7,660 wt.%
and 109.619 g.H,/1 respectively).
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The pure MgH, presents a high stability (-62,018 k.J/mol.Hs) and a high decom-
position temperature (483,521 K).

At high temperature and pressure, the results of simulations indicate that the hy-

dride involves slow kinetics.

The obtained behaviors are in agreement with those obtained experimentally and

theoretically in other works.

The high stability of the pure M gH, is due to the strong hybridization between M g

and H atoms.

The slow kinetics of this compound result from the high activation barriers of the
different elementary process that the system involves and to the fact that hydrogen

atoms prefer to diffuse along X and Y directions instead of moving vertically.

The stability, the decomposition temperature and the times of ab/desorption of
hydrogen reduce considerably when doping MgH, with a small amount of TM
(TM =Ti,V,Fe and Ni) and Al.

The addition of a small amount of M = Al, T4, V, Fe and Ni enhances the hybridiza-
tion between M g— H and reduces the dissociation and diffusion activation energies,

which improves the hydrogen sorption properties of the magnesium hydride.

The nano-structuring from bulk to thin films improves considerably its thermody-
namic properties. AH = —0.56eV/mol.Hy and T, = 414.75K for a thickness of

22nm.

Due to the contribution of strain energy, the stability and the decomposition tem-
perature for strained M gH, thin film hydride are reduced relative to that of strain
free system, which is beneficial for the improvement of the dehydrogenation prop-
erties of M gH,.

Even though the work we present in this thesis shed light on the way thermodynamic

and kinetic properties of magnesium hydride like compounds may be improve for better

hydrogen storage, there are still other open questions that are put into perspective. The

cycle life of tank is a relevant property for potential applications. Many experimental

studies have addressed the subject but to the best of our knowledge, there are no theoret-

ical investigation performed previously. It is therefore necessary to carry out a theoretical

investigation of this property and its application in magnesium and other hydrides. We

are also wondering how far the thermodynamic properties for hydrogen storage may be

improved by considering nanoparticles of magnesium hydride-like.
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First-principles calculations have been performed on lithium borohydride LiBH,4 using the
ultrasoft pseudopotential method, which is a potential candidate for hydrogen-storage
materials due to its extremely large gravimetric capacity of 18 mass % hydrogen. We
focus on an orthorhombic phase observed at ambient conditions and predict its funda-
mental properties; De-hydrogenation and electronic properties of doped Li;xB;_xH4 by Li
(with 0 < x < 0.75); to be used as a material for hydrogen-storage; are studied from density-
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calculation results show the function of Li in improving thermodynamics, which provides a
favorable thermodynamic modification.
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Introduction

As a new energy vector, hydrogen presents an attractive
alternative fuel that can be produced from the electrolysis of
water [1—3]. It is considered as a clean and renewable source
of energy since it does not release greenhouse gas emissions
[4,5]. In addition, hydrogen is considered as a good energy
carrier, thanks to its combustion which generates about three

* Corresponding author.
** Corresponding author.

times more energy than other fossil fuels [6]. All these quali-
ties make hydrogen the key to the global energy revolution.
However, the difficulties encountered in the storage and
transportation of hydrogen without risk, efficiently and safely
prevent its wide use and commercialization [7].

Among the available techniques for the storage of
hydrogen, two forms are the most known: storage of gas
under high pressure and storage of hydrogen in liquid form at
low-temperature. Each of these methods has disadvantages
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which hinder their use, such as the safety problem that occurs
when using high pressures (compression storage) and the
energy cost necessary to cool the hydrogen (cryogenic stor-
age). In recent decades, a new method of storing hydrogen in
solid materials has emerged, enabling hydrogen atoms to be
absorbed and stored in metallic matrixes such as metal hy-
drides, complex hydrides, intermetallic, Organic compounds
and porous materials (activated carbons, carbon nanotubes
and nanofibers and zeolites) [8—17].

The hydrogen-storage in complex and intermetallic hy-
drides are attracting considerable interest due to their high
gravimetric capacities. However, the release of hydrogen in
these materials requires a high temperature due to the
chemical bonding of hydrogen in the interstitial sites of the
host material for intermetallic compounds or covalent and
ionic into the crystal structure of complex hydride. The
magnesium hydride (MgH,) one of the most studied inter-
metallic hydride. It presents 7.66% wt of H,. It should be
mentioned that dual-tuning effects of the thermodynamics
and kinetics is one of the keys for hydrogen economy and
hydrogen-storage materials issues. Thus, can be partially
achieved by doping [18—21] or by reducing the particle size
using a ball milling process [22—26].

The complex hydrides LiBH, has the highest capacities
(18.3%wt of Hp) among other solid storing materials, the
structure of lithium borohydride is a combination of the stable
hydride LiH and a relatively unstable boron hydride which
forms the complex hydride. Where, the hydrogenated com-
plexes [BH,] ionically bind to the alkali-metal Li, this complex
nature (ionic and covalent binding) of lithium borohydride is
the reason for its complicated decomposition. Therefore, the
release of hydrogen involves a several steps process under
pressures of the order of 10 MPa and a very high desorption
temperature [27—29].

LiBH, — LiH + B + 3/2H, Reaction 1

LiBH, — Li + B + 2H, Reaction 2

To avoid these difficulties, different techniques are adop-
ted including, doping additives (metal halide [30], oxides [31],
amides [32,33], reactive hydride composites [34,35], Nano-
porous [36,37] are mixtures, by ball mill. For realizing a storage
system of hydrogen several objectives are targeted: (i)
increasing storage mass capacities, (ii) improving reversibility,
(iii) carrying out cycling, (iv) improving kinetics of reaction, (vi)
stabilizing the systems.

For that, various studies have been done to minimize the
temperature desorption of LiBH,, for example, Gennari et al.
examined the composite mixtures of 6LiBH, and REC] with
RE = Ce, Gd and observed an amelioration in the decomposition
temperature of LiBH, [38] Other researchers have worked on a
mixture of LiBH, by Re=Er may decrease the decomposition
temperature of about 373 K [39,40]. Widely of experimental
work based on the enhance the sorption properties of LiBH, by
nanoconfinement in porous materials [12,36,41—-50]. Inside
Nanoporous carbon or Nanoporous silica, faster de-
hydrogenation kinetics is reported for LiBH,4, accompanied by
a decrease of the de-hydrogenation temperature by at least
100°C [49]. Itis relatively difficult to remove hydrogen from the

surface of bulk crystals than from the surface of the clusters
and nanowhiskers. This result is reported by Vajeeston P. et al.
[51]. Since a chemical interaction between the products and an
intermediate compound of the LiBH, reaction steps gives an
improvement of the hydrogenation effect of the nanoconfined
LiBH,4 [52]. AU et al. [53] recorded that metal halides TiCls, TiFs,
and ZnF, strongly ameliorate the desorption temperature via
cation exchange interaction, a part of the halide doped LiBH,.
FANG et al. [54] remarked that TiF; indicate the predominant
effect of TiCl; on the reversible de-hydrogenation of LiBH,. In
addition, metal oxides have been reported to be an effective
method to reduce the hydrogen-storage performance of LiBH,.
In 2008, Yu et al. studied the effect of TiO, on LiBH, finding a
clear influence on the thermodynamic properties of LiBH,4
especially the temperature, which decreases from 220 °C to
150°C, due to the transfer of charge between B and Ti [55]. And
also, Zuttel et al. noticed that TiO, have a decorative role in
destabilizing LiBH4 with desorption of 9 %wt LiBH, [27]. The
same effectis achieved with other oxidation, but with different
variations or the stabilization changes as follows: F,03 > V.
Os > Nb,Os > TiO, > SiO, [56]. According to the study by Han
et al. [57], the de-hydrogenation temperature was reduced to
230 °C, after grinding with MoS,, which decreased by 80 °C
relative to pure LiBH,.

LiBH, is well known by the strong ionic bond between Li*
cation and anion (BHy). The removal of the charge transfer
between the anion and the cation could considerably weaken
the interactions of the ionic bonds in the complex BH,, thus
making the hydrogen more labile [58]. The B—H bond between
H and B is easy to dissociate. To disrupt the B—H bond many
efforts have been reported:

- Orimo et al. have proposed the substitution of the Li* cat-
ions by more electronegative elements, such as Mg, or Cu,
Nb [59-61] and Al [62—64] is an effective mean of lowering
the de-hydrogenation temperature of LiBH,.

- Another decisive strategy is the anion substitution, which
can stabilize the too unstable borohydrides or destabilize
the too stable borohydrides [65,66]. It is reported that a
significant improvement in the anion of LiBH, is an
important result of the substitution of BH; with C17,F~, Br~
and I” anions in LiBH, [63,66—74].

By first-principles calculation methods, Gong X] et. Al [66]
proved that the migration barrier energy declines from
4.03 eV to 3.09 eV by calculating the diffusion pathway of H
atom from one [ BH,] to the nearby [ BH,] on the clean and Mg-
doped LiBH,4 (010) surfaces, respectively. This result shows
that the H atoms easily diffuse on the Mg-doped LiBH, (010)
surface rather than on the pure surface. In addition, the
calculated average hydrogen desorption energies of Nb-doped
LiBH4 (010) surface are found to be smaller than the pure LiBH,
(010) [66]. All of this proves that enhancing the desorption
properties of LiBH4 can be effectively achieved through the
doping strategy. However, even with the aid of these tech-
nologies, the dehydriding/rehydrating properties of LiBH, are
still far below those required for practical application. This
necessitates the development of a new method/technology to
assess the potential of LiBH, for the hydrogen-storage appli-
cation. From our previous work [75], the high stability of the
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LiBH,

Liy sBo sHa

Li) 758025 H,

Fig. 1 — Crystal structures of (a) pure, (b) Li; 25Bo.75H4 () Li;.sBo.sHa (d) Lis 75Bo 2sHa. Green, pink and blue balls represent
respectively Li, B and H atoms. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article)

system LiBH, is mainly due to the high hybridization between
B and H atoms. For this reason, it was thought to have
substituted the B by the light elements such as Lithium to
reduce this hybridization and consequently reduce the energy
of formation of the system.

In this study, we present a novel substitution approach to
tune the problematic thermodynamic of LiBH,. According to
the first-principles calculation results, were used to investi-
gate the effect of the substitution of boron by lithium inside
LiBH, lattice. In addition, the vibrational and thermodynamic
properties were investigated to explore the possibility of
lowering the hydrogen desorption temperature and revers-
ibility of substituted lithium borohydride structure.

Models and computational details
To study the decomposition reaction of doped LiBH,, the cell

of Liy, x B1_x Hy (x =0, 0.25, 0.5, 0.75) (see Fig. 1) was used to
model the substitution of Li at B site in LiBH, bulk. The present

calculations have been performed using the first-principles
calculations based on a density-functional theory approach
[76] the exchange and correlation energy corrections included
through a generalized gradient approximation (PBE-GGA) [77],
with plane wave pseudopotential method (PWSCF); as imple-
mented in the Quantum Espresso code [78]. All pseudopo-
tentials are constructed using the ultrasoft pseudopotential
method [79], with a cutoff kinetic energy of 680 eV and the k-
point grids for the Brillouin zone integration are sited to be
6 x 8 x 6, these values give good convergence of the total
energy within 1 meV/atom. The atomic positions and the cell
parameters, including the cell volume, are fully optimized by
minimizing the Hellmann-Feynman forces and stresses
without any symmetry constraint. All structures are consid-
ered to be fully relaxed when the Hellmann-Feynman forces
on the atoms are smaller than 0.01 eV/A.

The vibrational density of states (VDOS) was calculated
using the software PHONOPY [80]. The phonon Eigenmodes
are obtained by solving the eigenvalue problem for the

Table 1 — Lattice parameter, volume, formation enthalpy, gravimetric and volumetric capacity of Li; . xB;_x Ha (x = 0, 0.25,

0.5, 0.75).

System Parameters (A) Volume Formation Gravimetric Volumetric
a b c enthalpy (kJ/mol) capacity (wt%) capacity (g Ho/l)
LiBH, 7,05 4,33 6,74 205,75 —-192.12 18,5 146,37
Lis 25B 0.75Ha 6,50 4,32 7,18 200.88 —174.44 18,88 132,3
Lis 5B osHa 7,54 4,03 6,67 203.1 ~141.87 19,36 130,86
Liy 75B 0.25Ha 7,93 3,93 6.65 206.59 —119.95 20,31 128,65
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Fig. 2 — Formation enthalpies from the calculated static
density-functional theory as function of atomic fraction of
Li in Liy, By xHg.

dynamical matrix which is calculated by the force-constant
using a finite displacement method based on the Parlinski-
Li-Kawazoe method. The atomic displacement is set to be
0.02 A. Several research groups have synthesized and char-
acterized LiBH4, the reported X-ray diffraction data show that
at the ambient condition the LiBH4 crystallizes in ortho-
rhombic space group Pnma (62), and lattice parameters are
a=7.178 A,b = 4.436 A, and c = 6.803 A [81]. At the first step,
the experimental crystal structure was fully relaxed without
any symmetry constraint of LiBH4 unit cell. Once the phonon
spectrum is obtained, we can easily compute the temperature
dependence of the vibrational specific, heat capacity Cv and
the entropy S at constant-volume, as described below.

For calculations of lattice properties, the Helmholtz free
energy is given by the equation below:

F=E + Hyip + TSvi» (1)

Where E, Hyip, and Sy, are the internal energy of the crystal,
harmonic phonon energy and entropy contributing to the
lattice vibration.

The harmonic phonon energy is given by the equation
below:

X -1
Hy(T) = Z% hws; + hoy [exp (%) - 1] )

Table 2 — Desorption enthalpy and temperature of

Liy,xB1_x Hy (x = 0, 0.25, 0.5, 0.75).

System First reaction LiBH, Second reaction
— LiH + B+ 3/2H, LiBH, — Li+ B + 2H,
Edes (kJ/mOI) Tdes(K) Edes (kJ/mOI) TdeS(K)
LiBH,4 75.75 658.75 96.06 835.31
Liy 25B 0.75Ha 62.38 542.49 87.22 758.44
Li; sB osHa 61.46 534.48 70.93 616.81
Li; 7sB 0.25Hs 46.854 407.42 59.97 521.52

The entropy S and the heat capacity C, at constant volume
are given by the equations below:

hoy

Sy (T) = kﬂZ% ~In [1 - exp( - Z::})] 3)

i exp (g

ho;

oE ho\2  €XPleT

(), oh) o
” [ (i) -1

where w is the phonon frequency and T is the temperature. kg

and h are the Boltzmann constant and the reduced Planck
constant, respectively.

Results and discussion
Structural properties and formation enthalpies

In order to investigate the substitution of boron by lithium, the
geometries of Lij x By xHj (with x = 0.25, 0.5, 0.75) were fully
relaxed. This substitution breaks the symmetry of LiBH,4
because of the different atomic radii of Li (1.52 A), B (0.85 A),
which causes different lattice parameters and cell volumes for
pure LiBH, and LiBH,; substituted. Consequently, create
changes on the periodicity of the crystal. As shown in Fig. 1.
The relaxed lattice parameters and volume of all the systems
are listed in Table 1. The possibility of the structure of LiBH,
substituted by Li was evaluated by calculating the formation
enthalpy of LiBH, and the related Li; ,x B;_xHa (with x = 0.25,
0.5, 0.75). The formation enthalpies are calculated based on
the equation:

LiyyxBy_xHs — (14 X)Li+ (1 — x)B +2H, (x = 0, 0.25, 0.5, 0.75)
Reaction 3

The formation enthalpy for each structure is determined
with respect to the most stable structure of the pure elements.
The calculated enthalpies are presented in Fig. 2, and reported
in (kJ/mol) unit in Table 2. In all cases, the substitution of B by
Li in the LiBH, lattice is an exothermic process. By virtue of,

) 0.25 0.5 0.75
100 — L " PR P ——— L L 100
] = —»— First reaction o
] \\ —8— Second reaction | -
"= 90 20
= 4 k
E ] E
_‘5__' an- n a0
= [
= F
2 704 =70
= E
<
= C
2 &0 ~ 60
i E
H] E
-] L
a 504 = 50
40 T T T T 40
o 0.25 0.5 0.75

% of Liin Li..Bi:Ha

Fig. 3 — Desorption enthalpy and temperature as function
of Li-substitution rate of Li, , x\B1_x Hs (x = 0, 0.25, 0.5, 0.75).
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Fig. 4 — The calculated Total and partial DOS of Li, xB:_xH4 (x = 0, 0.25, 0.5, 0.75).

negative heats of formation, the complex hydride is thermo-
dynamically stable with respect to the complete decomposi-
tion into its basic constituents (B, Li, and H,).

De-hydrogenation properties

To further investigate the effects of the substitution on the de-
hydrogenation behavior of LiBH,. The desorption enthalpy
Eges, Which is the most important thermodynamic parameter,
has been calculated and used to predict de-hydrogenation
proprieties. As seen in Table 2. For pure LiBH4 the
computed desorption enthalpies for the first reaction (partial
decomposition) is 75.7 kJ/mol H,, which agrees well with the
reported DFT calculation results [71,82,83]. Considering
reversible hydrogen-storage as finding systems for which
30 < AH < 60 kJ/mol H, and that yield significant gravimetric
quantities of H,. In view of, the de-hydrogenation enthalpy AH
is significantly less than 30 kJ/mol H,, the material will not be
easily reversible. However, for an ideal material for hydrogen-
storage, the heat of formation AH should be around 40 kj/mol
(Ho) [84].

The temperature of de-hydrogenation can be reliably esti-
mated by AH = TAS, where AH and AS are the enthalpy and
entropy change of the de-hydrogenation reaction. The en-
tropy changes estimate that 95 < AS < 140 JK-1 mol . For
almost all the intermetallic hydride the variation entropy re-
action is AS = 130 JK—1 mol . H, corresponding to the change
entropy of hydrogen gas to solid hydrogen. The stability of the

hydride can be described and compared with the enthalpy of
reaction only. For complex hydrides, the situation is a bit more
complicated and entropy of the reaction appears to be lower
and variable for different complex hydrides. Based on the
theoretical calculation, it has estimated the value of AS about
115 J/K. mol H, [85]. The predicted decomposition temperature
is 658.75 K for the first reaction (see Fig. 3) . This temperature is
still too high for practical applications. According to the
calculated desorption enthalpies listed in Table 2, The modi-
fied crystal structures after Li doping for the first equation is
nearly reduced to 62.38, 61.46 and 46.85 kJ/mol H, with
increasing the substitution level from x = 0.25 to 0.75.

Likewise, the de-hydrogenation temperature is reduced by
150 K of with about 20.31 wt% of hydrogen released at about
407.42 for Li; ;5B o 2sHa. Therefore, the decomposition reaction
following Eq. (1) is thermodynamically favorable than the
process following Eq. (2). From a thermodynamic point of
view. Generally, the stabilities of the reaction products are
dramatically reduced with increasing the percentage of Li, our
calculations show that substitution of B by Li in LiBH, struc-
ture result in a favorable modification of the thermodynamics
that essentially constraints the potential of LiBH, for
hydrogen-storage application.

Electronic structure

To understand and explain the improved performance of de-
hydrogenation process during application of substitution
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Fig. 5 — Phonon density of states of Li, 4B, xH4 (x = 0, 0.25, 0.5, 0.75).

with lithium, the density of states of pure and modified of
LiBH, structure. This study will clarify the effect of the sub-
stitution with Lithium on the hydrogenation performance of
this system.

Fig. 4 presents the total and partial densities of states for
Liy xB1_xH4 with x varied from 0 to 0.75. In these figures, the
Fermi level (Ef) is set to zero and used as a reference. The
total density of state of pure shows an insulator behavior
with the calculated energy gap of 6.79 eV. The gap energy
value is a good agreement with the experimental and
theoretical values [75,86—88]. The Valence band split into
two regions: The region I (low-energy states) which
composed of B-2s and H-1s orbitals and the region II (high-
energy states) consist of B-2p and H-1s orbitals, which show
a high hybridization. Boron atoms form covalent bonds
with surrounding four H atoms. Because there is a little
contribution of Li orbitals to the occupied states, Li atoms

are thought to be ionized as Li* cations. As expected, after
the substitution of boron by Li, the strong hybridization
between BH begins to weaken by increasing the rate of
substitution, and other states of individual hydrogen begin
to appear, it can be explained that the covalent band be-
tween B and H has broken and other binding begins to
appear to form hydrogen molecules in interstitial sites. This
translates the release of the desorption enthalpy by adding
the percentage of Li in the LiBH, structure. We should note
also that the energy band gap decreases with increasing the
percent of Li inside the LiBH, framework.

Lattice dynamic stability
To further study the lattice stability of Li;, x\B; xHa4 (x =0, 0.25,

0.5, 0.75) compounds first-principles phonon calculations are
carried out.
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According to harmonic approximation, this is possible
when all the phonons have real and positive frequencies.
Negative or imaginary frequencies of phonons indicate that
crystal is dynamically unstable [80]. In our present study, from
Fig. 5(a) any negative frequencies are not observed for the pure
LiBH,4 compound. This means the compound is mechanically
stable [89]. The phonon density of state shows three branches
of optical phonons separated from the phonon branches of
lower frequencies. The reason for the separation of these
branches is from the lower mass H present in the compound.
The peak in the lower energy region corresponds to the
acoustic branches in the dispersion plot. The next separated
higher energy peaks represent the coupled optical phonon
branches. In the case of the modified LiBH, structure Fig. 5(b, c,
d) a small phonon branches in the negative frequency range of
—15 THz (negative frequencies are representative of imaginary
frequencies. The vibration of the hydrogen is more indepen-
dent than that of the complex bond of BH,. Which explains the

reduction of desorption enthalpies for modified LiBH, lattice.
We believe applying external pressure can eliminate these
imaginary phonons.

Lattice thermodynamic properties

Thermal properties such as Helmholtz free energy, entropy
and constant-volume specific heat (Cy) as a function of tem-
perature are computed using phonopy. It can be seen from
Fig. 6 that the lattice heat capacity increases slowly with the
temperature in the initial stage. The lattice heat capacity ap-
proaches almost linear when the temperature exceeds 400 K.
Besides, with the increasing of Li-substitution concentration,
the lattice heat capacities of the modified systems have small
increases. Although Li-substitution has slight effects on the
lattice heat capacity of LiBH,, and the current framework can
be useful to characterize complicated crystal structures of
complex hydrides materials. Finally, the present framework is
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beneficial to optimize the material composition or to design a
new modified crystal of LiBH4, which could be applicable as
solid-state hydrogen-storage materials.

Conclusions

To sum up, this study points towards the idea of the substi-
tution of boron by lithium atom in the lithium borohydride
Li; xB1_xHs (x =0, 0.25, 0.5, 0.75) framework. Firstly, the pos-
sibility of the fabrication of these systems was confirmed by
the negative value of formation enthalpies and the weak soft
modes in phonon dispersion of all the systems. Furthermore,
the de-hydrogenation temperature is reduced to 521.52 K
for fully released hydrogen for Li;;sBoasHs system. The
significantly enhanced hydrogen-storage properties of the
Li;xB1-xH4 (x =0, 0.25, 0.5, 0.75) systems are attributed to the
decrease of the boron atoms in the lithium borohydride
framework, which lead to a weaker hybridization between
Boron and Hydrogen atoms, and subsequently high gravi-
metric capacities. Our theoretical calculations provide a novel
approach for effectively tuning thermodynamics of LiBH,,
a leading candidate for high-capacity hydrogen-storage.
Experimentally evidencing these theoretical predictions may
pave a new way to pursue improved hydrogen-storage prop-
erties of LiBH, and other related complex hydrides.
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First-principle calculations and kinetic Monte-Carlo simulations were performed to study
the hydrogen storage properties of the intermetallic hydrides MgNiH3;, MgCoH3 and thier
mixture namely MgCog sNig sHs.

Based on the heat of formation, desoprtion temperature, activation energies computed
from DFT calculations and KMC simulations, we show that the MgNiH; involves a fast
kinetic while it is thermodynamically unstable (—9.96 kJ/mol.Hy; 76.61 K) whereas MgCoH3
has a high thermodynamic stability (—73.32 kj/mol.H,; 560.97 K) which prevents their
application for mobile hydrogen storage.

On the other hand, the electronic structures show that the Ni weakens the strong Co—H
bonding of the mixture MgCoq sNipsHs, which enhances significantly its stability and its
desorption temperature (—45.92 kj/mol.H, and 351.33 K) without reducing its high volu-
metric capacity 133.73 g.H,/1. Kinetic Monte-Carlo simulations show that MgCog sNig sHs
exhibits a fast charging time (only 4.6 min at 400 K and 10 bar).

Thermodynamic properties including entropy S, Gibbs free energy G and thermal
expansion coefficient are predicted within the quasi-harmonic approximation. It is verified
that crystal structure of MgCoo sNig sHj is stable.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Magnesium hydride is a potentiel material for hydrogen
storage, due on the one hand to its high gravimetric and
volumetric storage capacities

* Corresponding author.

respectively) and on the other hand to its light weight [1-6].
However, on the practical level, Magnesium exhibits a very
slow absorption/desorption kinetics, excessive thermody-
namic stability (AH = —75 kJ/mol.H,) involving high desorption
temperature of 350 °C and exothermic absorption reaction

(7.6%.wt and 110 gH/1 [7—11].
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The magnesium-based intermetallics currently available
do not allow high capacities (1—4%.wt) [12,13], but they are
known by their moderate stability and therefore offer
reversibility of hydriding at lower temperatures compared to
the MgH, compound.

Currently, experimental as well theoretical investigations
are moving towards the exploration of new intermetallic
compounds such as MgNi, MgCo, MgCu and their hydrides
[14—19]. Several objectives are targeted: (i) increasing storage
mass capacities, (ii) improving reversibility, (iii) carrying out
cycling, (iv) improving kinetics of reaction [20—26].

In order to improve the properties of the intermetallic
based Magnesium MgNi, different substitutions of the Ni
element were considered [27—32]. Such substitutions modify
the properties of the intermetallics [33,34] as the metallic rays
of the different elements change. By this way, the substitution
will leads to a modification of the mesh parameters of the
compound and therefore the size of the interstitial sites where
the hydrogen is located. Particularly, the substitution may
cause variations in the volumetric storage capacity of the
compound and therefore a variation in the massic capacity.
After all, the existence of several different atoms may lead to
the dissociation of the H, molecule and then, improve the
hydration kinetic.

Recently, it has been shown that Mg—Fe/Mg,FeHs and Mg—
Co/Mg,CoHs [35] are stable thermodynamically, while MgNi/
MgNi; o,H, » and Mg,Ni/Mg,NiH, couple faster kinetics with a
reduced hydride formation enthalpy [36—38]. Especially, it was
shown that Mg—Co based hydrides are more stable [39,40]
than Mg—Ni based hydride [28]. Thus, in this paper the com-
bination between those hydrides is expected to result in a
moderate stability and high kinetics without much loss to the
storage capacity of the compound.

Mg alloys crystallize in several types of structures BCC, FCC
and HCP. The body-centred cubic (BCC) has more interstitial
space than the face-centred cubic (FCC) or the hexagonal
close-packed (HCP) structures [41—44]. Thus, BCC alloys
absorb more hydrogen and are more attractive candidates to
be explored as materials for hydrogen storage than the con-
ventional intermetallic compounds. In recent years, Ti-based
BCC phase alloys are studied intensively because of their
remarkable hydrogen capacities. However, the high costis one
of the critical drawbacks limiting their successful practical
applications [45—47].

More recently, Mg—Co and Mg—Ni BCC alloys are success-
fully synthesized by the mechanical alloying (MA) method
[48—51]. In addition, Their hydride formation energies are
calculated using a BCC lattice and a perovskite structure of
MgCoH; and MgNiH; hydrides [37,38]. Vegge and his co-
workers [52] studied the properties of the perovskite struc-
ture MgTMHj; (TM = 3d transition metals). They found that the
stability of these alloys hydrides tend to decrease from MgSc
to MgFe [52]. These observed trends were explained by a
model developed in Refs. [38,52].

The aim of this work is to study the hydrogen storage
properties of the intermetallics materials MgCoHs;, MgNiH; in
their mixture. Thus, we will present their thermodynamical
properties and their ab/desorption kinetics by using first
principale calculations and Kinetic Monte Carlo simulations.

To perform such computations, the activation energies for
different elementary processes are needed and computed by
ab initio calculations. Taking into account these calculations,
the hydrogen diffusion in intermetallics based magnesium
hydrides (MgCoHs;, MgNiHs) and their mixture are studied
using KMC simulations. The stability of the studied com-
pounds is estimated by computing the heats of formation and
desorption temperature. The obtained results are supported
by an analysis of the density of states (DOS). So, in section
Model and computational methods the model and methods to
perform our calculation are presented. Section Results and
discussion is devoted to the discussion of our numerical re-
sults. The conclusion is given in the last section.

Model and computational methods
Kinetic Monte Carlo calculation

In this subsection, model based on kinetic Monte Carlo
method (KMC) [53,54] and its application to the investigation
of hydrogen diffusion in Mg-based intermetallic hydride are
shortly described. The activation energies, for different
elementary processes are needed and calculated by DFT cal-
culations then implemented in a KMC algorithm. Depending
on temperature and pressure, the hydrogen diffusion time in
MgMTH; (MT = Co,Ni), MgCoqsNipsH; systems can be pre-
dicted by using the relation between simulated time and
Monte Carlo steps (equation (1)). Detailed model have been
reported previously in Refs. [54,55].

In(u)

At =—
N
>ovo exp(
i=1

(1)

Ef

=)

where vy is the jump frequency (usually set to 10~** Hz), E? the
activation energy of ith diffusion process (dissociation of Hy,
adsorption and diffusion) taken from first-principles calcula-
tions (see section Density functional theory calculations), N is
the total possible events in the system, K the Boltzmann
constant and u is a uniformly distributed random variable
O<u<l

To study the absorption of H, a 2 x 2 x 2 supercell is
considered containing initially only the host matrice MgCo,
MgNi and MgCogsNigs. Hydrogen is adsorbed on the (001)
surface, then the interstitial sites will be occupied progres-
sively by H atoms at each time step. Periodic boundary con-
ditions are considered along X- and Y-directions to simulate
an infinite system.

Each hydrogen atom has eight nearest available H vacancy
sites: 4 in the same plane, two in the upper adjacent plane and
two are located at the lower adjacent plane, as shown in Fig. 1.
The H atoms can move from an interstitial site to another one
depending on the corresponding activation energies (see
section Thermodynamic properties).

Density functional theory calculations

In order to study the hydrogen properties of our systems and
determine the activation energies necessary for KMC
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Fig. 1 — Representative scheme of nearest available H vacancy sites.

simulations, ab-intio calculations based on the all-electron
full-potential local-orbital minimum-basis scheme FPLO9.00-
34 [46—48,56] were used. They are performed to solve the
Kohn-Sham equations using the scalar-relativistic scheme.
The parameterization of the exchange-correlation energy is
done within the generalized gradient approximation GGA [57].
To ensure that the calculations have a high accuracy, self-
consistent criteria of the both energy and the density are
used with a precision of 107® Ha and 10°® Ha 'A°~3
respectively.

MgCo crystallize in the B2-CsCl structure (Pm-3m space
group N°221) and MgNi crystallize in two structures B2-CsCl
and the tetragonal CuTi type (P4/mmm, N° 123) [38,52].
Those structures contain two atoms, i.e. a magnesium atom
placed at the corner (0,0,0) and a Co or Ni atom at the centre
(0.5, 0.5, 0.5). For hydride systems, three additional hydrogen
atoms are placed at octahedral sites at (0.5, 0.5, 0.0), (0.5, 0.0,
0.5) and (0.0, 0.5, 0.5) (perovskite structure [52]).

All calculations were conducted usinga 2 x 2 x 2 supercell,
see Fig. 2 (which allows us to reach the desired mixture system
MgCogsNigs) and 6 x 6 x 6 k-point mesh to accurate Brillouin
zone integrations. The lattice parameters are optimized using
the relaxation method for all systems and their hydrides (see
Table 1). The calculated equilibrium values agree with results
obtained in previous works [38,52].

In order to access the stability of MgCoq sNig sHs, the ther-
modynamic properties such as internal energy, entropy and
Gibbs free energy were calculated using the software PHO-
NOPY [58].

Results and discussion
Crystal structure
The lattice parameters are optimized using the relaxation

method for all systems (intermetallics and their hydrides) (see
Table 1). The calculated equilibrium values and cells volume

are consistent with the results obtained in previous studies
[38,52].

The introduction of the hydrogen induces an expansion in
the cell volume which increases following the order
MgCoHj3 < MgCoq sNip sHs < MgNiH;.

Formation enthalpy of binary intermetallics

Before discussing the properties of the intermetallic hydrides,
firstly the stability of the intermetallic hosts without hydrogen
are discussed. The reaction related to the formation of binary
intermetallics is as follows:

Fig. 2 — Supercell presented MgCo, sNiy sHs; Magnesium
atoms are in red, Cobalt atom in yellow, Nickel atom in
blue dark and hydrogen atoms in blue. (For interpretation
of the references to color/colour in this figure legend, the
reader is referred to the Web version of this article.)
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Table 1 — Relaxed lattice parameters, space group and equilibrium volumes (V); a.q: our calculation.

Systems Parameters Space-group Volume V (A%
MgNi 8eq = 3.050 221-Pm-3m 28.37 (exp. 28.44 [38])
MgNi a = 2.987; c = 3.127 [38] 123-P4/mmm 27.90 [38]
MgCo 3eq = 3.026 (3.07 [52]) 221-Pm-3m 27.70
MgCoo sNip 5 @eq = 3.035 221-Pm-3m 27.95
MgCoHs 8eq = 3.310 (3.33 [52]) 221-Pm-3m 36.26
MgNiH; 3eq = 3.370 (3.39 [52]) 221-Pm-3m 38.27; 37.01 [38]
MgCoo sNig sHz 8eq = 3.340 P1 37.25
energies of binary intermetallic hydrides were calculated from
. the difference of the total energies between the products and
Mg + TM — MgTM (TM = Co, Ni) 2

To calculate the heat of formation of the reaction (equation
(2)), the total energy of the pure element Mg and the transition
metals Co or Ni are subtracted from intermetallics binary
energy:

AH (METM) = Exor (METM) — Exor (Mg) — Exor (TM) €)

Where, Eiotai(Mg) and Eiorai(TM) are respectively the total
energy of magnesium and simple elements Co or Ni.
Eiotai(MgTM) is the binary intermetallic energy. The different
energies are listed in Table 2 and compared with other results
obtained in previous works.

Several models have been developed to predict the stability
of a metal compound. Miedema proposed a mathematical
model to calculate the effect on the thermodynamic stability
of an additional element(s) to the metallic compound [59,60].
Bouten and Miedema relied on this theory to calculate the
enthalpy formation of pure metal hydrides and deduced from
there the formation enthalpy of an intermetallic hydride
knowing only the enthalpy of formation of the intermetallic
compound. They observed that more unstable intermetallic
compound more its hydride is stable and vice versa [18].

As shown in Table 2, the binary intermetallic MgCo is un-
stable while MgNi is stable. Following the empirical model of
Miedema et al. [18], the stability of their hydrides can be pre-
dicted from the heat of formation of intermetallic compounds
without any calculations. So, the MgCo hydride (MgCoHs) will
be stable while MgNiH; will be unstable, which is in agree-
ment with our results (see Table 2). This fact will be confirmed
later by our calculations in section Stability of intermetallic
hydrides: formation energy.

Stability of intermetallic hydrides: formation energy

Formation energies are an excellent way to determine if the
predicted phases are likely to be stable. The formation

reagents involved in the following reaction:
MgTM + 3/2H, — MgTMHj; avec TM is Co or Ni (4)
AH (MgTMHs;) = Etot(MgTMHs) — Etot(MgTM) — 3/2Etot(H,) (5)

The calculated energy of the molecule H, is Etot
(H,) = —2.320 Ry [61].

The heat of formation obtained for MgNiH;, AH = —9.96 kJ/
mol.H,, is in good agreement with the value obtained in pre-
vious works [38,52]. This value indicates that this system is
thermodynamically unstable whereas MgCoH; has a high
thermodynamic stability due to its high formation enthalpy
AH = -73.32 kJ/mol.H, (see Table 2), which is in agreement
with the measured values —79.00 kJ/mol.H,<AH < —70.00 kJ/
mol.H, of some Mg—Co—H systems [36,40]. It can be seen that
the hydride formation energy is strongly related to the sta-
bility of the intermetallic compound, which is a confirmation
of the Miedema model criteria (Table 2).

To enhance the stability of MgCoH; and MgNiH3; we suggest
preparing a mixture of MgCoH; and MgNiH; that reaches a
desirable heat of formation value comprised between the ones
of the two systems. For this purpose, we study the mixture
MgCoo.sNig sHs.

The formation energy of MgCoq sNig s Hs is given in Table 2.
This energy is required to form the hydride phase following
the reaction:

MgCoo sNip s + 3/2H, — MgCoq sNig sHs (6)

The enthalpy of formation of MgCoq sNig sHj is calculated
according to the following expression:

AH = Et(MgC00.5Nip sHz) — Etot(MgC0o.5Nio s) — 3/2Eiot(Hz) (7)

It follows that the mixture of MgCoH; and MgNiH; en-
hances the heat of formation from —9.96 kJ/mol.H, for MgNiH3

Table 2 — Total energies and formation energies of binary intermetallics and their hydrides.

Intermetallics
systems

Total energy (Ry/f.u) AH (KJ/mol)

Intermetallics hydrides

Total energy (Ry/f.u)  AH (KJ/mol.H,)

MgCo (Pm-3m)
MgNi (Pm-3m)
MgNi (P4/mmm)
MgCoo sNig 5 (P1)

—3187.59359812
—3442.36916607
—3442.36878846
—3314.98032812

—4.740
—40.19; —41.97 [38]
—38.61; —42.16 [38]
~21.08

MgCoH3 —3191.15717351 —73.32; —62.72 [52]
MgNiH; —3445.86055489 —9.96; —8.68 [52]
MgCoo sNig sH3 —3318.51283574 —45.92
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and from —73.32 kJ/mol.H, for MgCoHj; to reaches the value
—45.92 kJ/mol.H, for MgCoyq sNig sH; (see Table 2) which is close
to the optimum value —40 kJ/mol H, proposed in Ref. [62].
Thus, the stability of the compound is enhanced.

Desorption temperatures

In this section, the formation energies obtained in section
Stability of intermetallic hydrides: formation energy are used
to estimate the desorption temperature of the studied com-
pounds according to the following equation (8):

AH = TAS (8)

Where, the variation of the entropy is taken at standard
pressure and temperature to be equal to AS = AS(H,) = 130.7 ]/
mol.K [63—65].

The results listed in Table 3 show that MgNiH; has a very
low decomposition temperature equal to 76.61 K while
MgCoH; has a high desorption temperature of order 560.97 K.
This prevents their application for mobile hydrogen storage.

A mixture of MgCoH; and MgNiHj; can have a great effect in
enhancing the stability of the compounds, leading to a
decomposition temperature of 351.33 K without a drastic
reduction to their high volumetric capacity 133.73 g.H,/1 (see
Table 3).

Willems et al. [66] suggest that more the hydride is stable
more its volume variation relative to its intermetallic volume
compound is low. The same principle can be applied here to
the desorption temperature which decreases as a function of
volume variation of the compounds AV/V (%) (see Fig. 3).

It can be concluded that the intermetallic hydride
(MgCoo sNig sHs) satisfies several hydrogen storage criteria
(stability —40 kJ/mol.H, [62], decomposition temperature
289—393 K for a PEMFC [67] and volumetric capacity 70 g.H,/1
[68,69]) and therefore very advantageous as a material for
hydrogen storage, except for the gravimetric capacity which
remains limited 3.49 wt%. This compound is therefore well
suited for applications where the gravimetric of the system is
not a priority constraint, such as stationary applications in
accordance with Sandia National Laboratories [70].

Thermodynamic properties

Knowledge of the thermodynamic properties is essential for
studying crystal, for that the thermodynamic parameters of
MgCog sNig sH; such entropy (S), internal Energy (E) and the
thermal expansion coefficient were determined through
quasi-harmonic approximation (QHA) using the phonopy
package [58] then Gibbs free energy G is computed through the
obtained internal energy E and entropy S. The calculated

Table 3 — Desorption temperatures and storage capacities
for MgCoH;, MgNiH; and MgCo, sNig sHs.

Systems Desorption Cv Cg
temperatures (K) (g.Hy/l) (Wt %)
MgCoHj3 560.97 this work; 482.42 [52] 137.38 3.483
MgNiH; 76.61 this work; 66.80 [52] 130.01 3.478
MgCoo sNipsHs  351.33 this work 133.73 3.488
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Fig. 3 — AV/V (%) percentages of the volume variation as

function of desorption temperature for MgCoH3;, MgNiH;
and MgCog sNig sHs.

values at temperature from 0 K to 1000 K are illustrated in
Fig. 4 and Fig. 5.

The thermodynamic stability of a crystal structure de-
pends on the Gibbs free energy. This is the minimum free
energy of a crystal structure where the unit cell is allowed to
change in response to temperature. The smaller the values of
Gibbs free energy, the better the thermal stability of material
will be.

In our case, the free energy is found to be negative and
decreases with increasing temperature while the entropy in-
creases in same temperature range, see Fig. 4.

The coefficient of thermal expansion (CTE) is another
important thermodynamic quantity. It relates the change in
volume of a material to change in temperature and it is given
by:

w-3()

A negative value for CTE indicates a contraction on nega-
tive thermal expansion (NTE) while a positive value indicates
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Fig. 4 — Gibss free energy and entropy for MgCo, sNio sH; as
function of temperature.
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Fig. 5 — Volume variation and thermal expansion for
MgCoo sNig sH; as function of temperature.

a positive thermal expansion (PTE). From Fig. 5, it is found to
be dependent on temperature and remains negative in the
whole range of temperature. This results is confirmed by the
volume decrease as function of temperature which indicates a
contraction of cell parameters.

Absorption time by kinetic Monte Carlo simulation

As is well known, the first principles calculations are limited
to T = 0 K. It can inform us about the structural parameters,
the total energies of the systems then the energy of formation
and desorption temperature are computed through the ob-
tained energies. But the kinetic absorption properties could be
derived by using Kinetic Monte Carlo simulation at tempera-
ture different to 0 K.

To study the absorption kinetic of ours hydride systems by
KMC simulation, a large number of energy barriers are
computedin a2 x 2 x 2 supercell for each studied systems and
regrouped by range in Table 4.

Our calculations show that energies depend on the sur-
rounding H and host atoms. When the number of hydrogen
atoms increases in the system, the barriers get enlarged. For
the same ath of diffusion, the H diffusion barrier energies
decrease in the following order: MgCoHs, MgCoq sNip sH3 and
MgNiH3. This means that H atoms can move more easily in-
side MgNiH3 than MgCoy sNip sHz and MgCoHs. In other words,
the interaction between interstitial H atoms and Mg—Ni host
is less strong than the interaction in MgCoHs. Moreover,
incorporation of Ni with Mg—Co—H weakens the interaction
between interstitial H atoms and Mg—Co and thus enhances
the stability of the systems, which is in agreement with the
results reported in sections Stability of intermetallic hydrides:
formation energy and Desorption temperatures. This will be

Table 4 — Activation energies intervals for H diffusion

process in MgCoH3, MgNiH;, and MgCog sNig sHs.

Systems Activation range energies
MgCoHs 0.065_0.67
MgCoo sNig sHs 0.064_0.66
MgNiH; 0.056_0.65

confirmed later by the analysis of electronic structures in
sections Electronic structure.

Having determined the activation energies, the KMC
method can be applied to study the kinetic properties of
MgNiH3, MgCoH; and MgCog sNig sHs. The absorption times at
400 K and 10 bar are represented for each system cited above
in Fig. 6.

It can be noticed from Fig. 6 that the MgNiH; has a fast
charging kinetic even at a temperature of 400 k. This can be
explained on one hand by the low stability of the system (see
sections Stability of intermetallic hydrides: formation energy)
and on another hand by the fact that the calculated diffusion
barriers for MgNiH; are very small compared to those of
MgCoH; and MgCo, sNip sHs. The fast absorption time could
have a great advantage for hydrogen storage but the low sta-
bility (—9.96 kJ/mol.H,) and the low desorption temperature
(76.61 K) which exhibits MgNiH; hinders its application.

However, in previous sections we have shown that the
mixture between MgNiH; and MgCoH; has great effect in
enhancing its hydrogen storage properties. Thus, that in-
creases the charging time but the absorption kinetic is still fast
enough to fill the tank in only 4.6 min at 400 K and 10bar (see
Fig. 6). This finding is pretty much similar to results of L. Xie
et al. [71]. They show that the nanostructured Mg,Ni;_xCoyx
compounds present superior sorption kinetics then Mg2Ni.

The effect of the temperature on the charging kinetic is
represented in Fig. 7 for MgCoHj for 10 bar and a temperatures
ranging from 410 K to 450 K with a step of 10 K. It showed
clearly that the reaction speed increases significantly by
increasing the temperature.

For a temperature of 430 K the system already reaches the
rate of saturation in only a period equivalent to 4.5 min.

In order to emphasize the fact that the MgCog sNig sHj is
one of the potential candidates for mobile application, we
summarize in Table 5 [26] the absorption times for Mg based
alloys obtained in our previous works.

We observe from Table 5 that the studied system in this
paper MgCog sNigp sHs presents the shortest charging kinetic
time compared to our previous work results.
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Fig. 6 — Charging kinetic for MgNiH;, MgCo, sNio sH; and
MgCoH; at 400 K and 10 bar.
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Table 5 — The charging kinetic times at 400 K and 10bar of
our previous work results.

System at 400 K and 10bar Absorption times (s)

MgH, (MgycHs,) at 633 K 4175.54004
MgisAlHz, 2532.40894
MgisTiHs, 1948.09314
Mg;sVHs, 1695.13867
MgisFeHs, 1461.11255
Mg;sNiHs, 740.96338

MggCo4NisHy4 This work 276.52100

Electronic structure

The electronic structure calculations are performed to
obtain density of states (DOS) which is the main tool used to
elucidate the chemical bonding characteristics of the

studied systems. For this purpose, it is interesting to study
the effects of doping MgCoH; by Ni on the stability of this
hydride.

The total DOS and the partial density of states (PDOS) of
MgCoH; and MgCog sNigsH; are plotted in Fig. 8 and Fig. 9,
respectively.

It follows from Fig. 8 that there are two parts in the valence
band (VB). The first part covers the band energy range from
—10.00 to —5.00 eV, which is called the “lower VB” and is
composed of a strong hybridization between H-s, Mg (s,p) and
Co-3d states. The second part, with an energy ranging from
—4.00 to 0.00 eV, is called the “high VB”, originating almost
exclusively from Mg (s,p) and Co-3d states.

However, the DOS of MgCoq sNig sH; exhibits a VB divided
into the following three distinct regions (see Fig. 9): a lower VB
with a band energy ranging from —10.00 to —5.00 eV composed
of H (1,2,3)-s, Mg (s,p) and the 3d states of Co(1,2) and Ni(1,2);
the second part with an energy range from —4.0 to —2.5eV is
called the “middle VB” and presents a weak hybridization
between Mg(s,p), Col-3d, Co2-3d and the N;1-3d, N;2-3d states;
and the last part is the “high VB” (from —2.50 eV to 0.00 eV),
which exhibits strong hybridization between the Co-3d and
Ni-3d states. Beyond the Fermi level, the DOS is dominated by
the Mg(s,p) states. Moreover, the analysis of the MgCoH; DOS
reveals the occurrence of the following three bonds: a weak
bond between Mg—Co, another very weak bonding between
Mg—H, and a strong bond between H—Co that reinforces the
stability of this system. In addition to the above mentioned
bonds, the DOS of MgCoq sNip sH; exhibits a new very strong
bond between Co—Ni, whereas the Co—H form a very weak
bond because the hybridization between the orbital of Co and
H atoms is not relevant.

Thus, the H atoms are trapped more stably inside MgCoHj;
than MgCo, sNig sHs alloys because the strong hybridization
between Co and Ni weakens the H—Co bond. In other words,
incorporation of 50% of Ni into intermetallic hydride can
efficiently reduce the interactions between interstitial H
atoms and the Mg—Co host, which leads to a reduction in the
system stability; this observation may explain the results re-
ported in previous sections.
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Fig. 8 — Total and partial DOS of MgCoH; compound.
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Fig. 9 — Total and partial DOS of the MgCog 5oNio.s0H3 compound.

Conclusion

First-principle calculations and kinetic Monte-Carlo simula-
tions are performed to study the hydrogen storage properties
of the intermetallic hydrides MgNiH;, MgCoH; and MgCog s.
NipsHs. Based on KMC simulations, heat of formation and
desortion temperature, we have shown that the fast absorp-
tion kinetic of MgNiH; could have been a great advantage for
hydrogen storage but its low stability (—9.96 kJ/mol.H,) and its
low temperature (76.61 K) hinders its use. However, preparing
a mixture between MgNiH; and MgCoH; has great effect in
enhancing its hydrogen storage properties. Thus, we have
shown that mixture enhances the stability (AH = —45.92 kJ/
mol.H,) and desorption temperature (T = 351.33 K) of
MgCog sNip sH; without decreasing its high volumetric capac-
ity 133.73 g.Hy/l and the absorption kinetic that exhibites is
still fast enough to fill the tank in only 4.6 min at 400 K and
10 bar. Finally, thermodynamic properties including entropy
S, Gibbs free energy G and thermal expansion coefficient are
obtained and analyzed.
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The study of phonons describes the thermodynamic properties behavior of compounds
with small atoms because phonons have an important influence on its properties. Lithium
borohydride, LiBHy, is one of the suitable materials for hydrogen storage solid state.
Although the transformations of Lithium borohydride LiBH, were repeatedly studied by
experiments and fundamental side, these transformations are still under discussion. In the
present work, the mode vibrational analysis of orthorhombic and hexagonal LiBH, struc-
tures were considered with ab initio lattice-dynamics based on the quasi-harmonic
approximation approach as implemented in Phonopy code. The results show that the
orthorhombic structure is thermodynamically stable, while the hexagonal structure is
unstable owing to the presence of negative mode frequency. The thermal expansion
behavior and various thermodynamic properties stability like heat capacity, entropy and
Helmholtz energy were also studied and the obtained results are in good agreement with
experiments. This shows a deep connection between stability and strength and helps re-
searchers to estimate accurately the thermodynamic performance of LiBH, materials.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

according to temperature. Therefore, basic research studied
the crystal structure of LiBH, at several temperatures and
pressures and the complex phase transition scheme was

Lithium borohydride is known as a considerable potential
candidate for solid hydrogen storage state, owing to its
competence to store 18 wt% of hydrogen, which is substan-
tially larger than the DOE roadmap value for 2015 [1]. Never-
theless, the phase transition mechanisms of LiBH, have not
fully understood. Consequently, it is important to explain in
detail the thermodynamic properties behavior of LiBH,4

analyzed [2,3]. At ambient conditions, lithium borohydride
crystallized in the orthorhombic structure (Pnma, 62) and go
through a first-order phase transition on heating at 381K to a
hexagonal high-temperature phase (P6smc, 186). At ambient
temperature, a phase transition into a high-pressure phase
(Ama2) is observed around 0.6 GPa and a second transition at
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18 GPainduce to a cubic phase (Fm-3m) [4]. The melting of the
compound appears at around 550 K. All reported experimental
structural studies of LiBH, have mentioned a tragic increase in
hydrogen thermal displacements by almost 2 orders of degree
from 4 to 400 K. This was attributed to dynamical disorder in
the hexagonal high-temperature phase [5,6]. Buchter et al. [7]
reported that for the energies smaller than ~ 15 meV, the
phonon density of states of LiBH, in the low-temperature
phase depends quadratically on the phonon energy although
for the high temperature phase a continuous dependency is
examined, affirming a high lattice anharmonicity in the high-
temperature phase. First-principles calculations were very
acknowledged to augur structures properties of LiBH, poly-
morphs. Despite the fact that, most calculations were realized
for the ground state at the zero temperature, a recent advance
in computational technique enables us to determine the
entire phonon dispersion of solids. Thus, can compute specific
heats, vibrational entropy, furthermore many thermody-
namic quantities according of temperature. The present study
purpose of clarifying the origin of phase transition in LiBH, by
first principles lattice dynamics calculations. Also, the ther-
modynamics properties of the LiBH, were be calculated in
order to compare the phase transition temperature between
orthorhombic and hexagonal structure. In section
computational method, the details and methods to perform
our calculation are given. Section result and discussion is
devoted to the presentation, the discussion and the compar-
ison of numerical results. In the last section, the conclusion is
given.

Computational method

The first-principles calculations within the density functional
theory (DFT) [8] were performed using the Quantum Espresso
program [9]. The generalized gradient approximation (GGA)
[11] in the form of the Perdew-Burke-Ernzerhof (PBE) func-
tional [10] was used to solve the Kohn-Shame equation. The
structures were optimized by a full relaxation of the ion po-
sitions as well as the volume of the unit cell, the electronic
ground-state steps were allowed to converge to an accuracy of
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107 Ry. During each of the electronic steps, a plane-wave
energy cutoff of 50 Ry was used for all calculations. The Bril-
louin zones of the unit cells are represented by Monkhorst-
Pack special k-point scheme with 8 x 10 x 8 for ortho-
rhombic LiBH4 (o-LiBH,4) and 10 x 10 x 8 for hexagonal LiBH, (h-
LiBH4) grid meshes. Computational settings such as plane
wave cutoff energy, the number of k-points, and convergence
criteria were carefully chosen for high numerical accuracy.
Once the converged structures for the both orthorhombic and
hexagonal structure were obtained, in order to access the
stability of materials, the vibrational density of states (VDOS)
was calculated using the software PHONOPY [12]. The VDOS is
evaluated using a finite displacement method based on the
Parlinski-Li-Kawazoe method. Displacements of 0.02 A were
used for the calculation of the force constants in the
displacement method [13]. A larger displacement was used to
avoid possible numerical inaccuracies in the system. A com-
plete force constant matrix was obtained, and the phonon
frequencies (w) were then calculated by diagonalization of the
dynamical matrix, over the electronic density of states. The
Helmholtz energy was thus obtained by combining them with
the 0 K total energy calculated within (Plane-Wave Self-
Consistent Field method).

Result and discussion
Crystalline structures and optimizations

Using first principles calculations, two LiBH, phases (o-LiBH,
and h-LiBH,) were built by using crystallographic data in
Ref. [14], then, their cell parameters and atomic positions were
optimized. As a result, the corresponding total energies as
function of the unit cell volume are obtained and plotted in
Fig. 1. The relaxed lattice constants and atom positions of
LiBH,4 phases along with the experimental data are summa-
rized in Table 1. The optimized lattice parameters of both
structures are in good agreement with previous theoretical
and experimental results [14—16].

Furthermore, the bond length between two different atoms
is also calculated and the results are listed in Table 2. This
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Fig. 1 — Total energy versus primitive unit cell volume of o-LiBH, (left) and h-LiBH, (right).
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Table 1 — Lattice parameters and positions for hexagonal and orthorhombic symmetries. Experimental results are included

for comparison.

Parameters Positions

Calculated Experimented [14] Calculated Experimented [14]
0-LiBH, Li 0.1567 0.250 0.1015 0.157 0.250 0.1015
a 7.2145 7.1785 B 0.3092 0.250 0.4275 0.304 0.250 0.4305
4.3652 4.4368 H 0.8090 0.250 0.9275 0.900 0.250 0.9560
[« 6.6180 6.8032 H 0.4102 0.250 0.2719 0.404 0.250 0.2800
H 0.2085 0.024 0.4270 0.172 0.054 0.4280

h-LiBH, a 4.1898 4.2763 Li 1/3 2/3 0.1107 1/3 2/3 0
b 4.1898 4.2763 B 1/3 2/3 0.5362 1/3 2/3 0.5530
[« 7.3072 6.9484 H 1/3 2/3 0.3697 1/3 2/3 0.3700
H 0.174 0.349 0.5927 0.172 0.344 0.6240

Table 2 — Interatomic distances (A) of hydrogen and other neighboring atoms. Experimental results are included for
comparison.

System Interatomic distances (A)
Calculated (at 0 K) Experimented [7,17]
Li-H B-H H-H Li-B Li-H B-H H-H Li-B
o-LiBH, 1.9831 1.2234 1.9691 2.3408 1.980 1.25 1.80 2475
2.0516 1.2273 1.9934 2.5229 2.090 1.28 1.73 2.521
2.0516 1.2289 2.0167 2.5237 2.150 1.04 2.13 2.542
2.2499 2.289
2.3162 2.380
h-LiBH, 1.8924 1.2164 1.9919 2.4796 2.300 1.27 213 2.49%
2.0999 1.2219 2.1978 = 2.570 1.29 274 3.106
2.0999 2.9138 2.629
2.9922 2.870

result is in good agreement with recent theoretical results
obtained by ab initio calculations [17] where the relative dif-
ferences between the theoretical and experimental of the
interatomic distances are essentially due to the larger differ-
ence of the temperature factors.

Phonon dispersion

Once the converged structures for each phase were obtained,
the vibrational density of state (VDOS) are evaluated with a
method utilizes a phonon calculation at 0 K to see if there are
imaginary phonon modes, also called soft mode. The unit cell
of orthorhombic (o-LiBH,4) structure holding four formula
units have 72 modes, while the hexagonal (h-LiBH,) structure
holding two formula units have 36 modes. The Fig. 2 shows
the density of states of phonons in both structures of LiBH,
which is divided into three regions for o-LiBH4 (Fig. 2a) and
four regions for h-LiBH4 hexagonal phase (Fig. 2b). Similar to
the previous works [18,19], the present study shows that h-
LiBH,4 (P6smc) phase (Fig. 2b) has a phonon with an imaginary
frequency which indicates that the hexagonal structure is
unstable. Or, the absence of any imaginary phonon fre-
quencies in the entire Brillion zone of Fig. 2a confirms that o-
LiBH4 (Pnma) structure is dynamically stable.

In the phonon PDOS (Fig. 3) for o- and h-LiBH,, the region at
low frequencies are composed of Li, B and H atoms states, by
reason of the heavy weight of B and Li which is greater than
hydrogen atoms and the vibration frequency of these atoms is

visibly below than that of the hydrogen atom. While between
30 and 40 THz, two peaks are observed and composed of H
atoms and a small fraction of states of B atoms. The apparent
peaks at high frequencies are mostly composed of H states
since its atomic mass is much lighter than those of the other
atoms. The only noticeable difference between the ortho-
rhombic phase (Fig. 3a) and hexagonal (Fig. 3b) is that the peak
composed of H atoms appear at negative frequencies for h-
LiBH,.

In the phonon PDOS (Fig. 3) for o- and h-LiBH,, the region at
low frequencies are composed of Li, B and H atoms states,
while between 30 and 40 THz, two peaks are observed and
composed of H atoms and a small fraction of states of B atoms.
The apparent peaks at high frequencies are mostly composed
of H states since its atomic mass is much lighter than those of
the other atoms. The only noticeable difference between the
orthorhombic phase and hexagonal is that the peak composed
of H atoms appear at negative frequencies for h-LiBH,.

Thermodynamic properties

Based on the phonon frequencies, the thermodynamic func-
tions of LiBH, phases can be obtained. The Helmholtz free
energy could be written as:

F=E + Hyp + TSvip (1)

where, E, Hyip, and Syib are the static electronic energy of the
crystal, internal energy and entropy contributing to the lattice
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Fig. 2 — Phonon density of states of o-LiBH,4 (a) and h-LiBH, (b).
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vibration. Within the harmonic approximation these contri-
butions are given by:

1 ho -1
Hyip (T) = Zf hw; + how; [exp (%) - 1]

i

@]

hoy

Suin(T) = kﬂZ% —~In {1 - exp( - %‘,)} 3)

T exp

ks T

where the sums run over vibrational frequencies, kg is the
Boltzmann factor and T is the absolute temperature. The zero-
point energy ZPE can be recovered from equation (2) in the
limit Hys, (T = 0); the Fig. 4 plots the calculated Hy;, and Sy, of
LiBH,4 phases as a function of temperature. Although having
different structures, the Hy;, and Sy, exhibit similar temper-
ature dependencies for both structures. From Fig. 4a, it is
noticed that the ZPE of h-LiBH, is about 7 k] mol~* lower than

that of o-LiBH4. Above 300 K, the internal energies Hyj, in-
crease almost linearly with temperature, tending to display
kpT behavior. Even more, at low temperature, the entropy Syi,
of h-LiBH, is higher than that of 0-LiBH,, while increasing the
temperature the o-LiBH; entropy becomes superior (see
Fig. 4b).

The zero-point, enthalpy and entropic contributions to the
free energy of the different phases are summarized in Table 3.
As a further test of our computational methodology, there, our
calculations results are compared to other values reported in
the literature [20,22] and find good agreement.

The molar heat capacity has an importance in terms of
energy, time and costs involved in changing temperatures of
objects. Hence it is important as it will present a notion of how
much energy will be appropriate to heat or cool an object of a
given mass by a given supply. This will give information as to
how long the heating or cooling process will take under a

Please cite this article in press as: Benzidi H, et al., Vibrational and thermodynamic properties of LiBH, polymorphs from first-principles
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Table 3 — Comparison of vibrational enthalpy and entropy results with experimental data.

System ZPE = Hyjp (T = O) ZPE other Evib = Hyipb—ZPE [ [20] Svib (T = 300K) Svib [20]
(&) mol ™) works [20,22] ( mol* K
0-LiBH, 106.03 107.1106.5, 10.8 (300 K) 10.8 73.97 63.6
108.1
h-LiBH, 99.9 = 21.2 (450 K) = 75.57 =

given supply. The molar heat capacity at constant volume C,
and at constant pressure C, are given by equations (4) and (5)
and the results are presented in Fig. 5 and Table 4:

(g)u_zkg(z;‘;f_[ i ()

) femp () -

)

#G(T,p)
Co(T,p) = *TT

(T, V(T,p)) + TLP) (T V)

oT ov

©)

V=V(Tp)

At constant pressure, some of the heat goes into
expanding the system, which does external work, and
therefore leaves less energy available for raising the tem-
perature. The heat capacity depends on the temperature, it
increases with increasing temperature and this translates an
accumulation of energy in the vibrational movement.
Beyond room temperature, experimental values for the
molar heat capacity of orthorhombic and hexagonal phases
of LiBH, were realized by many authors. El Kharbachi et al.
[23] deliberate the heat capacity from ambient temperature
to approaching the melting point of the compound at 553 K
using calorimetric measurements and found the following
value C;, (285.6 K) = 76.6 + 0.9 J K" mol . At lower temper-
atures (i.e. 15—-303 K), Hallett and Johnston [24] found the

values of C, (298.15 K) = 82563 ] K'' mol* and S
(298.15 K) = 75.860 + 0.125 ] K~* mol~™. Kim et al. [25] calcu-
lated by ab-initio methods the molar heat capacity for the
hexagonal and orthorhombic phases from 0 to 1000 K. The
agreement with the experimental data is limited, mainly at
high temperatures. In fact, at room temperature, the value of
Cp for the orthorhombic phase is around 10J K~ * mol~* lower
than that obtained experimentally, while for the hexagonal
phase at 450 K there is a difference about 23 ] K™ mol™. At
constant volume, all the heat that goes into the system in-
creases the temperature of the system and no external work
is done. According to the phase diagram for LiBH, composi-
tion [3], at high temperature a coexistence of different phase
(H, gas, LiH solid, B solid) can be observed between 450K and
850K then the LiH decomposes and transforms to Li-liquid. A
regular theory of heat capacity for liquids has not been
accomplished and is still arich area of research [27]. Thus, we
find that we need more heat to raise the temperature of unit
mass of the system over 1 K under constant pressure con-
ditions, compared to the heat required to increment the
temperature of the same unit mass of the system through 1K
and under constant volume conditions.

The coefficient of thermal expansion (CTE) relates the
change in volume of a material as a function of temperature
change under constant pressure, and it is given by:

1 /ov
heat capacity of LiBH, by adiabatic calorimetry and proposed, W=y (ETT) ©®)
for the standard molar heat capacity and entropy at 298.15 K, P
200
200 - —h-LiBH4
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Fig. 4 — Vibrational enthalpy (a) and entropy (b) as function of temperature of both LiBH, structures.
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Table 4 — Calculated heat capacity of o-LiBH, and h-LiBH, at constant pressure and constant volume compared with other
calculated and experimental data.

Cy(J K™t mol™)

C, other works

System Cp(J K " mol ™) Cp other works

o-LiBH,4 69.03 (300 K) 76.6 + 0.9 (285.6 K) [23] 59.45 (300 K) =
81.51 (298 K) [26]

h-LiBH, 86.87 (450 K) 95.43 (450 K) [26] 85.23 (450 K) -
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Fig. 6 — The coefficient of thermal expansion as function of temperature of o-LiBH, and h-LiBH,.
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A negative value for CTE indicates a contraction on nega-
tive thermal expansion (NTE) while a positive value indicates
a positive thermal expansion (PTE). From Fig. 6, it is found to
be strongly dependent on temperature but remains negative
for 0-LiBH, (~2.5 x 107°) and positive for h-LiBH, (1,6 x 107%)
until to 500 K. Above 500 K for both phases are near ZTE.

Conclusion

First-principles DFT calculations combined with a quasi-
harmonic approximation method were used to investigate
phonon contribution of LiBH,; polymorphs. The obtained
optimized structural parameters of Pnma and P63mc struc-
tures are in good agreement with other results. Computed
vibrational properties were used to illustrate thermodynamic
properties of LiBH, phases (orthorhombic and hexagonal) like
the vibrational enthalpy, entropy and the molar heat capacity
etc. these properties are collected in order to compare other
theoretical and experimental finding to our ab-initio calcula-
tion. Our obtained results are in good agreement with existing
data. Thus, allowed us to understand some properties of a
small atom like hydrogen which are not observable
experimentally.
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ARTICLE INFO ABSTRACT

Keywords:

Double substituted MgH, sorption kinetic is studied by combining density functional theory (DFT) and Kinetic

MgH, Monte Carlo (KMC) simulations. The DFT calculations were performed to compute the energy barriers of the

Double substitution

Density functional theory calculations
Kinetic Monte Carlo simulations
Activation energy

Hydrogen ab/desorption kinetic

relevant elementary processes, which will be used as a database for the KMC simulations. The study provides a
discussion of the mechanism behind the hydrogen reaction path on magnesium hydride (adsorption, dissocia-
tion, surface migration, penetration, and diffusion) as we took into account the density distribution of hydrogen
atoms as well as the filling ratios, the diffusion time and finally the temperature. Based on the obtained results,

the double substitution not only improves MgH, stability and desorption temperature but also its adsorption and
desorption kinetics. Among the studied systems Mg;4ZnLiH3, exhibits the best results with the fastest ab/des-
orption kinetic, in addition to its ideal heat of formation AH=-38.27 kJ/mol and high gravimetric capacity

7.25 wt%.

1. Introduction

The need for an alternative, -sustainable and clean- energy, source is
becoming more pressing, as the world faces serious challenges such as
global warming, depleted energy sources (i.e. fossil fuels) and over-
population. Hydrogen, as an energy carrier, has attracted researchers’
attention for its exceptional characteristics, like its high energy density,
abundance and environmental friendliness. Although hydrogen appears
as the most versatile and viable alternative; its storage remains the
biggest hurdle to its practical applications.

Magnesium hydride (MgH>) is one of the promising candidates for
on-board hydrogen storage, due mainly to its high gravimetric capacity
7.65 wt% [1]. However its industrial application is hindered by its high
stability, desorption temperature as well as slow hydrogenation/dehy-
drogenation kinetics [2]. Many experimental and theoretical re-
searches, have been carried out to assess MgH, hydrogen, storage
properties improvement, through different approaches like “Mechan-
ical alloying [3,4]; alloying with transition metals oxides [5,6]; simple
substitution [7-11]; double substitution with transition metals [12,13].
In addition to these works, other studies investigated hydrogen sorption
kinetic improvement [14,15].

In our previous studies [9-12] we investigated the influence of
single and double substitution, with different elements from the peri-
odic table, on MgH, hydrogen storage properties. The improvement of
MgH, thermodynamic properties was very apparent, in all the studied
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E-mail address: elkhatabi.maryem@gmail.com (M. El Khatabi).

https://doi.org/10.1016/j.commatsci.2018.05.051
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cases. However, it was shown that the stability is improved at the ex-
pense of the gravimetric capacity or vice versa. Yet in the case of double
substitution, the stability was reduced and the gravimetric capacity was
maintained around that of MgH,. For Mg;4ZnLiH3, and Mg;4TiAlH3,
their heats of formation were AH = —38.27kJ/mol and
AH = —37.26 kJ/mol respectively [12], far below MgH, heat of for-
mation AH = —62.57 and close to the heat of formation required for
hydrogen storage materials AH = —40kJ/mol (H2) [16], and their
gravimetric capacities were 7.25wt% and 7.21 wt% respectively, in-
deed below MgH, gravimetric capacity of 7.65 wt%,as the doping ele-
ments are heavier (Transition metals), however above the DOE target
for 2017 (5.5wt%) and around the DOE optimum target (7.5 wt%)
[17]. Since the effect of double substitution, on MgH, thermodynamics,
was displayed via the decrease of the stability and desorption tem-
perature, its effect on MgH, kinetics remains to be identified.

The objective of this paper is assess the effect of double substitution
on the sorption kinetics of MgH,.This is through an investigation of the
absorption/desorption kinetic of Mg;4ZnLiH3, and Mg;4TiAlH;, by
combining density functional theory (DFT) and Kinetic Monte Carlo
(KMC) simulations. Throughout the DFT calculations, the energy bar-
riers, of the elementary processes, were computed so to be later used as
a database for the KMC simulations.
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Fig. 1. Representative scheme of neighbor’s sites. Left denotes the seven neighbors in the same plane; Right denotes the four neighbors in the upper and lower

adjacent plane.

2. Computational method and model

MgH, crystallizes in a rutile structure. Its space group is (P42/mnm,
N°136), and lattice parameters are: a = b = 4.501 A and c=3.01A
[18]. Mg and H wyckoff positions are 2a (0, 0, 0) and 4f (0.304, 0.304,
0) respectively. In this study, a 2 X 2 x 2 supercell consisting of 16 Mg
atoms and 32H atoms has been used. In this atomic representation, two
Mg atoms are substituted by Li and Zn in the first system whereas in the
second system they are substituted by Al and Ti, which correspond to a
concentration of 12.6%. All lattices parameters are relaxed.

2.1. Kinetic Monte Carlo simulations

To investigate the hydrogen diffusion in our systems, we apply KMC
method [19] to our model described in detail in the reference [14]. We
consider a large super cell and periodic boundary conditions along X
and Y-directions to simulate an infinite system. Each hydrogen atom
has eleven nearest neighbors, seven in the same plane and four in the
upper and lower adjacent plane Fig. 1.

Various possible events including processes of dissociation, ad-
sorption, diffusion to the free neighbors and desorption are considered.
At each KMC step one of the above processes is randomly selected with
a probability:

(€3]

The rate transition R; associated to the i process and the total rate
transition R are given respectively by:

Ef
R = voexp(K ‘T]
B

(2)

3

where v, describes the jump frequency (usually set to 10" Hz), Ef the
activation energy of i process taken from first principles calculations
(see Section 3.1) and K the Boltzmann constant. The time of hydrogen
atoms displacement is incremented by t, which is defined as the inverse
of the total rate transition:

In(u)
At = ——

R (4
where u is a uniformly distributed random variable between
0<u<l
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The adsorption of the hydrogen molecule, which is located at the
surface (00 1) of a super-cell, containing initially only magnesium and
(Li, Zn) for the first system and (Al, Ti) for the second, start by its de-
composition into two H atoms that diffuse from an interstitial site to
another according to the corresponding activation energies. These en-
ergies are obtained from the DFT calculations and implemented in the
KMC algorithm.

2.2. Density functional theory calculations

For each material more than 300 configurations are required to
determine the different energy barriers for the hydrogen diffusion. In
order to compute such barriers, we have used ab initio calculations
based on the all-electron full-potential local-orbital minimum-basis
scheme FPL0O9.00-34 [20,21] to solve the Kohn-Sham equations using
the scalar-relativistic. The parameterization of the exchange—correla-
tion energy has been done within the generalized gradient approx-
imation GGA [22]. To ensure a high accuracy in our calculation, we
used self-consistent criteria for both the energy and the density with
precision of 10~® Ha and 10, respectively. A mesh of (6 x 6 X 6) k-
points in the Brillouin zone was used in our calculation. The total en-
ergy is calculated using the scalar-relativistic scheme, for all config-
urations.

3. Results and discussion

The DFT calculations are performed to compute the heat of forma-
tion as well as the energy barriers of the relevant elementary processes,
so to be used as a database for the KMC simulations.

As previously mentioned this study is a follow up study. Based on
our previous founding [12], double substituted MgH, systems exposed
excellent thermodynamic improvement, as well as great gravimetric
capacities, compared to pure and single substitution MgH, (Table 1).
The aim of this study is to assess the effect of double substitution, as

Table 1
Calculated heat of formation (kj/mol H,) and gravimetric capacities (wt%).

System Gravimetry (wt%) Heat of formation (kJ/mol Hy)
MgH, 7.65 —62.57
Mg15TiHs, 7.25 —51.24
Mg14TiAlH;, 7.21 —37.26
Mg15ZnHs, 6.97 —53.04
Mgq4ZnLiH3, 7.25 —38.27
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Fig. 2. Activation energy curves of hydrogen atom migration between two in-
terstitial sites.

well, on the sorption kinetics of MgH,.

3.1. Activation energy

According to our proposed model [14], each hydrogen atom has
eleven nearest potential H vacancy sites: seven in the same plane, two
in the upper adjacent plane whereas the remaining two are located at
the lower adjacent plane. The migration of H atoms between interstitial
sites, after dissociation, is done within the restraints of the activation
energies. These energies vary according to the surrounding atoms and
the target-interstitial sites.

From Fig. 2 we notice that, for the same hydrogen migration path,
MgH, exposes the highest activation energy compared to single and
double substituted MgH, systems. The material that exposes the lowest
activation energy is Mg;4ZnLiH3,. Since MgH, exposes the highest ac-
tivation energy as well as the highest stability among the studied sys-
tems, while Mg;4ZnLiH3,, the closest system to the optimum heat of
formation, features the lowest activation energy. We may conclude,
from the obtained results (Table 1 and Fig. 2), that the activation en-
ergy is strongly linked to the stability of the system. In other words the
existence of the doping elements in the system influence the bond’s
strength between Mg and H, the weakening of Mg-H bond gives more
freedom to the hydrogen atoms and thereby reduces the activation
energy.

For the present study the activation barrier for the pure MgH, is
0.57 eV which is higher than the theoretical values (0.37 eV, 0.38 eV
and 0.39 eV) listed in [23-25] respectively. As for the difference, be-
tween our activation barrier values, we assume that it may be mostly
due to the difference in the used methods for the calculations; in our
case we used the FPLO code based on “Full-potential”, whereas for the
referenced articles, the code used is the VASP code based on “pseudo-
potential”.

3.2. The sorption time by kinetic Monte Carlo simulation

Following the computation of the different heat of formations and
activation barriers, we implement the obtained result in our KMC
model, in order to plot the sorption kinetic curves of the studied sys-
tems. The kinetic curves are performed at 633 K and 400 K for the pure
MgH,, and for the doped/co-doped systems respectively. The difference
in the simulating temperatures is mainly due to the fact that the doped/
co-doped systems release/uptake hydrogen at lower temperatures
compared to the pure MgH,.

Fig. 3 gives the different curves of the hydrogen absorption kinetic
for the studied systems. As mentioned in the figure the KMC simulations
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Fig. 3. Hydrogen absorption curves of pure MgH, at 633k and single/double
substituted MgH, at 400 k.

were performed under a pressure of 10 bar for all the systems and a
temperature of 400K except for MgH, pure where the temperature
equals 633 K. The curves can be divided into two distinct parts. The first
part, in which starts the filing process of the system, exposes a fast rate
of hydrogen absorption in function of time. This is mainly due the high
availability of potential hydrogen vacancy sites in addition to the
temperature and pressure applied on the adsorption surface. For the
second part and as the gravimetric capacity of the systems increase, the
number of hydrogen vacancy sites decrease causing an increase of the
activation energies and therefore resulting in a slowdown of hydrogen
absorption in function of time. As shown in the figure MgH, pure ex-
hibit the slowest absorption kinetic among the studied systems whereas
Mg,4ZnLiH3, exposed the best absorption kinetic.

To assess the improvement in the absorption kinetic of MgH,, we
plotted in Fig. 4 the average filling time for the single and double
substituted systems. For comparison, we included results from previous
studies where MgH,-Ni exhibited the best average filling time [15]. As
shown in the Fig. 4, Mgy4ZnLiH3, exposed the fastest absorption ki-
netics with an average filling time under 500 s. It can also be seen that
the double substituted system “Mg;4ZnLiH3,” exposed an average
filling time about 9 times faster than the single substituted system
“Mg15ZnH3,”. From the obtained results, it can be concluded that
double substitution with Li-Zn does greatly improve the absorption
kinetics of MgHo.

The curves of the hydrogen desorption kinetic for the different

3000 +
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500 4
*

T T
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Fig. 4. The Average filling time of single and double substituted MgH, at 400 k
and 10 bar. Result from previous theoretical study is included for comparison.

“Reference [15].
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Fig. 5. Hydrogen desorption curves of pure MgH, at 633 k and single/double
substituted MgH, at 400 k.

systems is plotted in the Fig. 5, the KMC simulations were performed
under the same condition- pressure and temperature- as for the case of
absorption kinetic. At the beginning of the desorption process, and as
seen in the figure, we observe, a fast release of the hydrogen atoms in
function of time. As time goes by the rate of hydrogen released de-
creases in function of time. We note that a certain amount of hydrogen
remained in the materials. The unreleased hydrogen atoms move inside,
by occupying the newly vacant sites, instead of leaving the materials.
For a complete desorption of hydrogen, the systems should be put under
high vacuum, the preformed KMC simulation could not meet with such
extreme condition. Based on these results single and double substitution
of MgH, not only improved MgH, thermodynamics but also its sorption
kinetics.

Compared to single substituted systems, the double substituted
systems exposed generally the best results taken into account the im-
provement of all properties: the thermodynamics, the sorption kinetic
and also the gravimetric capacities.

The hydrogen absorption/desorption kinetic curves, in pure MgH,,
exhibits a behavior similar to the ones observed in experimental find-
ings with a quantitative difference. The difference is due to Various
factors, such as the difference in the operating pressures and tempera-
tures and also to some specific conditions like (measurement in va-
cuum, under He flow, ...etc) [26,27].

4. Conclusion

Combining density functional theory (DFT) and Kinetic Monte Carlo
(KMC) simulations, the effect of double substitution on MgH, sorption
kinetic was investigated. Throughout this study it was confirmed that,
double substitution improves MgH, thermodynamic properties as well
as its sorption kinetic, in addition to preserve high gravimetric capa-
cities. Among the studied system Mg;,ZnLiH3, exposed the best ab/
desorption kinetic in addition to exposing the heat of formation,
AH = —38.27 kJ/mol, and the gravimetric capacity 7.25 wt%.
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Using the first-principles calculations based on density functional theory (DFT), the
structure, stability, thermodynamic and kinetic properties of complex hydride LiBH, under
different biaxial strains have been investigated. The results show that the free strain LiBH,4
involves a high stability and the biaxial tensile or compressive strain lowers the hydrogen
desorption enthalpy of this system. Further, the diffusion activation energy of hydrogen
atom in LiBH, is also decreased which can accelerate the hydrogenation kinetic of LiBH,.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Newly, it has been more focus on sustainable and renewable
sources of energy as alternatives to the actual use of fossil
fuels [1]. In many ways, hydrogen is the perfect fuel, it is
abundant, the most efficient and produces no emissions when
used in a fuel cell or combustion engine [2]. However,
hydrogen potential has not been realized even partially
mainly because up of storage and commercial production
difficulties [3—5]. A complex hydride LiBH, is a favorable

* Corresponding author.

prospect for solid-state hydrogen storage material capable of
releasing the DOE target, because of the attractive volumetric
capacity 121 kg.Hy/m?, and the highest gravimetric capacity at
room temperature exists 18.3 wt% [3,6]. LiBH, liberates
hydrogen in different reaction step, a partial decomposition of
LiBH, yields 13.5 wt% [7] of hydrogen through reaction:

LiBH, — LiH + B + 3/2H, )

The low-temperature desorption for orthorhombic phase
liberates only a 0.3 wt% of hydrogen, and LiBH, can liberate
13.5 wt% of hydrogen only at high-temperature phase above
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674 K. Further, the rehydrogenation is achieved at 350 bar H,
and 873 K [8]. High desorption conditions, kinetics, and
irreversibility limit his application for hydrogen storage. The
formation enthalpy of reaction (equation (1)) is 74 kJ/mol.H,
and the corresponding entropy of reaction is 115 J/mol.K
based on the pressure-concentration temperature (PCT)
isotherm measurement [9]. To reduce hydrogen desorption
enthalpy several approaches have been performed. The
most used approach is the addition of catalysts metal, metal
halides [10], oxides [11,12], amides [13] or metal hydride to
complex hydride LiBH, [14,15]. The addition of oxide SiO, to
the pure LiBH4 could reduce hydrogen desorption tempera-
ture to 473 K with 10 wt% of hydrogen desorbed [16]. Haiz-
hen Liu et al. [17] assume that hydrogen desorption
properties of LiBH, can be improved by the addition of Al
and AlH;, and the 2LiBH; + AlH; composite achieved
11.2 wt% of Hydrogen and the desorption temperature is
reduced by more than 303 K. Moreover, mixing the metal
hydride MgH, with complex hydride LiBH, with TiCl; cata-
lyst leads to a reversible system which could store 8.1 wt%
and reduce relatively hydrogen desorption enthalpy about
25 kJ/mol [18]. The recent approach used is nanoengineering
to confine LiBH, in Nanoporous [19,20] or mix LiBH,; with
nanotubes [21]. For example, Vajeeston P. et al. [22] reported
that is relatively easier to remove hydrogen from the surface
of the clusters and nanowhiskers than from bulk crystals
and (010) surface is the most stable. Another study of
confined LiBH, nanoparticles revealed that the reason for
the improved (de)hydrogenation effect of nanoconfined
LiBH, is a chemical interaction between the products and an
intermediate compound of LiBH, reaction steps [23]. Gross
et al. [24] declared that LiBH, incorporated within Nano-
porous carbon induce to 6.4 wt% of hydrogen desorbed be-
tween 573 and 800 K and LiBH, rehydrated at 600 K under
100 bar of hydrogen. In order to use Lithium borohydride as
an energy carrier in mobile applications, it is necessary to
ameliorate the thermodynamics properties of hydrogen
storage in LiBH, without reducing its high gravimetric ca-
pacity (18.3 wt%). In this study, the role of biaxial strain on
the particles of LiBH, and their effect on the stability, ther-
modynamic properties, and hydrogenation kinetics was
investigated. In section computational methods, the details
and methods to perform our calculation are given. Section
Results and discussion is devoted to the presentation, the
discussion and the comparison of our numerical results
with those obtained experimentally. In the last section, the
conclusion is given.

Computational methods

At ambient conditions, LiBH, crystallizes in the orthorhombic
structure with space group Pnma (No. 62) [25], see Fig. 1. The
lattice constants are a = 7.178 A, b = 4.437 A, c = 6.803 A. Li, B,
H1, H2 and H3 atoms occupy the 4c (0.1568, 0.25, 0.1015), 4c
(0.3040, 0.25, 0.4305), 4c (0.900, 0.25, 0.956), 4c (0.404, 0.25,
0.280) and 8d (0.172,0.054, 0.428) sites respectively [25]. In this
structure, each anion [BH4] * is surrounded by four lithium Li*
and each Li* cations surrounded by four anions [BH4]" in both
tetrahedral configurations.

o

(=)
o
L
e & @.0

Fig. 1 — Orthorhombic structure (a) and density of state (b)
of LiBH,.

Once the crystalline structure of the unstrained unit cell of
LiBH, was fully relaxed, the mechanical biaxial strain is
imposed on the relaxed LiBH, unit cell along x[100] and y[010]
directions according to equation (2); [26]:

a(b) — ao(bo)
(ao(bo))

where the lattice constants a(b) of LiBH, unit cell are con-
strained to several different values, differing from the equi-
librium lattice constants ag(bo) by fractions ranging from —6%
to 6% by step of 1%. The lattice constant c is obtained by
allowing all atomic positions to relax to a minimum energy
state under each strain. All atomic positions in each strained
LiBH,4 unit cell with constrained lattice constants ‘a’ and ‘b’
were fully optimized to obtain the lattice constant c using the
Broyden—Fletcher—Goldfarb—Shanno (BFGS) method [27]. In
general, the negative value of e(eyy) represents the
compression strain state in the x and y-axes, although the
positive value of e(eyy) indicates that the model under a
tensile strain [28].

All calculations were carried out in the context of density
functional theory (DFT). The generalized gradient approxi-
mation (GGA) in the form of the Perdew—Burke—Ernzerhof
(PBE) functional [29] and plane wave pseudopotential method
(PWSCF) implemented in the Quantum Expresso code are used
to solve the Kohn—Shame equation [30]. Energy cutoff of 50 Ry
and k-point samplings of 6 x 8 x 6 were used for all the cal-
culations. To ensure a high accuracy in our performed com-
putations, both self-consistent criterions of the energy and
the density together with a precision of 10~% Ry and 10~° Ry
respectively were used. Atomic and parameters relaxation
was performed with an energy convergence of 10~” Ry and a
force convergence of 10~* Ry per Bohr.

The energies of (un)strained LiBH, unit cell are calculated
then the desorption enthalpies are deduced from Equation (3):

exx(%) = eyy (%) = 2

. 3
AHges = Etot(B) + Etot (LiH) + =E¢ot(H2) —

5 Eiot(LiBHy) (3)

where E..(LiBH,) presents the total energy of strain-free and
strained LiBH4 and Eio¢(B), Etot(LiH), Etor(H,) are the total energy
of boron, lithium hydride, and hydrogen molecule respec-
tively. The used lattice parameters and the calculated energies
are given in Table 1.

The molecule Hydrogen energy E.(H,) = —2.330 Ry are in
good agreement with that obtained by FLOP in Refs. [31,32].
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Table 1 — Lattice parameters, total energy of each
component.

Component LiH B H, LiBH,
Crystalline structure Cc Rhomo hcp Ortho
Parameter a(A) 401 490 364  7.15
Parameter b(A) 4.01 4.90 3.64 4.36
Parameter c(A) 4.01 1255 343 6.61
Total energy (Ry/f.u) -16.06 —6.288 —2.330 -25.93
Desorption Enthalpy (kJ/mol.H,) 75.73

Results and discussion

Structural and thermodynamics properties of (un)strained
LiBH,

Before studying the thermodynamic properties of LiBH, under
deferent biaxial strains, first, the results of the structural
optimization and desorption enthalpy of the free strain LiBH,
are presented. The cell parameters of the relaxed structure are
a=7.151A,b=4.361A, c =6.610 A, the difference between the
experimental and calculated unit cell parameters a, b and c
are around 0.38% using PWSCF method. This difference is in
good agreement with previous first principles studies
[25,33—37]. Then the desorption enthalpy of reaction (1) was
calculated from equation (3).

The calculated enthalpy of the strain-free LiBH, is 75.73 kJ/
mol.H,, which is close to other value obtained experimentally
and theoretical [34—38]. The relaxed LiBH, presents a high
desorption enthalpy and to explain that result the electronic
density was calculated and illustrated in Fig. 2.

The electronic structure of the LiBH, exhibits a non-
metallic character with a large energy band gap of 6.8 eV,
which is closer to the theoretical and experimental values
[23,25,34]. Total DOS of free-strain LiBH, is divided into three
distinct regions, two regions in the valence band, region I from
—7.15 to —5.76 eV, region II from —2.67 eV to fermi level and
the third one is the conduction band (region III: from 7 to
16.2 eV). Region I is mainly contributed by B-s and H-s states
while the region Il is contributed by H-s and B-p states. Partial

20 T T T T T T T T

DOs

E-Ef (eV)

Fig. 2 — Total and partial DOS of free-strain LiBH,.

Dos in region Il show a high hybridization of the orbitals by B-
P, B-s and Li-s with orbital H-s, which contributes to covalent
mixed ionic interactions between [BH4]  and Li*. The B-p and
H-s states are energetically degenerate in region II, which
clearly facilitates the formation of the hybridization condition
for the appearance of the complex covalent bonds of the hy-
dride structure.

To reduce the high stability of the compound, a biaxial
tensile/compressive strain was applied along the [100] and
[010] directions (equation (2)). The effects of the strains in the
lattice parameter ¢ and volume of LiBH, are represented in
Fig. 3a. This figure shows that for the maximum biaxial
compressive strain of —6% the lattice parameter ¢ of complex
hydride LiBH, takes the highest values then decreases by
increasing strain rate applied by 1%. On the other side, the
volume increases in the opposite direction by increasing the
strain applied to LiBH,4, the same behavior is seen for MgH,
under strain [26]. So, it can be concluded that the biaxial
tensile or compressive strain is likely to cause deformation of
the crystal structure of LiBH, and its lattice distortion becomes
severe with increasing the biaxial strain.

As well, Figs. 3b and 4 show the total energy and desorption
enthalpy as a function of biaxial strain in LiBH, unit cell
respectively. Generally, the structural stability of crystal is
associated with its total energy, and the minimum total en-
ergy indicates the most stable crystal structure [25]. It can
notice that the total energy of strained LiBH, increased
compared to the total energy of pure-strain LiBH4. Therefore,
either compression or biaxial tensile cause destabilization of
the LiBH, structure. According to Fig. 4 it is noted that the
desorption enthalpy decreases during the application of
biaxial strain on the LiBH, structure relative to that of strain-
free of LiBH,. This suggests that either the tensile or

B
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765432101234 567
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Fig. 3 — Representation of (a) c parameter and volume; (b)
energy as a function of biaxial strain on LiBH,.
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Fig. 4 — The hydrogen desorption enthalpy according to
biaxial strain ¢ (%) in the structure on LiBH,.

compressive strain is applied improve the thermodynamic
dehydrogenation because of the contribution of strain energy.
The results show that hydrogen desorption enthalpy reduced
from 75.73 kJ/mol.H, for the free-strain LiBH, structure to
65 kJ/mol.H, for the LiBH, structure under the compression of
6% strain. Therefore, a gain of 20.73 kJ/mol.H, was obtained by
application of biaxial strain on the LiBH, structure.

Activation energies for hydrogen diffusion in LiBH,

After dissociation, the hydrogen atoms can move from one
site to interstitial site according to the corresponding activa-
tion energies. based on our model, each hydrogen atom has
four nearest neighbors available sites in the same distance,
which is represented by the first path and the second path is
the hydrogen atom displacement anion [BH4]* to another
anion [BH4]" neighbors. Fig. 5a and b shows the diffusion of
energy barriers of H corresponding to the first path and second
one respectively in the (un)strain structure of LiBH,. The free-
strain diffusion activation energy of hydrogen atom for the
first path is 665.702 kJ/mol but for the second path, the energy
diffusion activation of a hydrogen atom is 92.873 kJ/mol which
is lower. It can be concluded that the hydrogen atom easily
moves along the second path relative to the first path.
Particularly Fig. 6 shows that the diffusion activation energy of
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Fig. 6 — Activation energies for hydrogen diffusion.

hydrogen atom along the first path decrease under tensile
strain from 665.702 kJ/mol to 603.241 kJ/mol. Otherwise, for
the second path, the diffusion activation energy of hydrogen
atom decreases by increasing the compression, from
92.873 kJ/mol value to 86.361 kJ/mol. This increases favorably
the kinetics of hydrogen desorption in complex hydride LiBH,.

Electronic charge density of (un)strained LiBH,4

The calculation of the electronic charge density which is
usually presented in a plane or in a direction, informs us about
the charge transfer and therefore on the ionic or covalent
nature of the liaisons. Therefore, to see the nature of the
character of bonds considered hydrides, the charge density
was calculated in the (001), (100) and (010) planes. Fig. 7 shows
a contour map of the charge distribution for the most stable
state (0%) and strained state (5%, —5%). The amount of elec-
tronic charge at every point in space is determined and all
points having the same value for the electron density in the
plane is joined by a line, a contour line. In the first hand for the
free-strained state, an equal sharing of density was observed
between bore and hydrogen atoms which are interpreted by
covalent binding. In anion [BH4]" the electronic charge is
heavily concentrated in the internuclear region where it forms
a bridge of high density between the three nuclei. In the other
hand, the anion [BH4]" and Li* cations form an ionic bonding
because the bond formed between the anion and cations have

Fig. 5 — Energy curves for diffusing hydrogen between two interstitial sites along the first path (a) and second path (b).
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Fig. 7 — The three-dimensional (3D) electron density contour maps for (100), (010), (001) planes according to rate strain.

very different affinities for the electronic charge density. The
calculation shows that there is a continuous distortion of the
original atomic density distributions, a distortion which in-
creases as the internuclear distance decreases. The contours
maps demonstrate that the compressive strain (—5%) cause
the greatest decrease in electron density of [BH4]" and Li*
bonds of complex hydride LiBH,. Due to these effects, the
transfer of charge density from lithium cation to anion is very
evident, in this case, the system becomes unstable and it's
easy to remove hydrogen atoms which could explain the
decrease of desorption enthalpy under compressive strain.

Conclusions

The first-principles plane-wave pseudopotential method
based on density functional theory was used to study strain
effect on complex hydride LiBH,. Improving thermodynamic
properties and kinetics hydrogenation in the hydride LiBH,
are summarized in the following:

- Biaxial tensile or compressive strain tends to result in the
deformation of the crystal structure of LiBH4, and the
destabilization of the structure becomes severe with
increasing biaxial strain.

- When the compressive or tensile strain applied on the
LiBH, structure the enthalpies desorbing Hydrogen of hy-
dride LiBH, are reduced relative to that of free-strain LiBH,,
which is beneficial to improve the thermodynamic prop-
erties of LiBH,.

- The DFT calculations show that the energy barriers for
different paths decrease according to the hydrogenation
kinetics of LiBH,.
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The effect of single and double substitution with lightweight elements Boron (B) and
Lithium (Li) on the thermodynamic properties of MgH, are investigated by using first
principles calculations. Our results show an improvement of hydrogen storage properties
of double substituted MgH,, in contrast to the case of single substitution, along with a
remarkable increase of its gravimetric and volumetric capacities which exceed those of
pure MgH,. Given that Mg,LiBH;, exposes a heat of formation around —32.03 kj/mol as well
as a gravimetric and volumetric capacity of 9.45 wt% and 123.08 gH,/1 respectively, it may
be considered as a potential candidate for hydrogen storage transportation applications. A
detailed analysis of the density of states and charge transfer, of the studied systems, is
presented to understand the underlying mechanisms behind MgH, thermodynamics
improvements.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

temperatures, and a recycling high tolerance. Alternative
methods have been proposed including high pressure gas
cylinders, liquid hydrogen, physisorption of hydrogen on

Nowadays, Hydrogen is one of the most promising renewable
energies that has emerged as a solution to overcome the rarity
of fossil fuels and to protect the environment. It is the most
abundant element on earth and its energy density is three
times that of diesel. Moreover the outcome of its combustion
is water. These qualities make hydrogen the ideal energy of
tomorrow.

Hydrogen storage method should involve high volumetric,
gravimetric capacity, a fast sorption rate at relatively low

* Corresponding author.
E-mail address: benyous.a@gmail.com (A. Benyoussef).
http://dx.doi.org/10.1016/j.ijjhydene.2016.04.122

materials with a high specific surface area, and hydrogen
storage through hydrides. Among the different methods for
hydrogen storage, the solid storage proves to be the best.
The magnesium based hydride (MgH,) is one of the most
promising materials for hydrogen storage applications due to
its high gravimetric and volumetric capacities (7.65 wt% and
110 gH,/1, respectively) [1]. However, the rather slow hydrogen
sorption proprieties, as well as the high desorption

0360-3199/© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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temperature (573—673 K) hinder its commercial applications
[2]. That is why various attempts have been made in order
improve MgH, hydrogen absorbing and desorbing
characteristics.

Experimentally, Nobuko Hanada et al. (2003) clarified the
correlation between hydrogen storage and crystallographic
properties in nanostructural magnesium hydride MgH, pre-
pared by mechanical milling under hydrogen gaseous atmo-
sphere. At the early stage of milling process, the rapid
decrease in powder size leads to lowering the hydrogen
desorption temperature (by 70 K), while the reduction of
crystallite size of MgH, during milling dominates and controls
the decrease in hydrogen storage capacity from 7.3 to 6.1 wt%
[3].

Recently, it has been reported that adding additives or
catalysts is considered as one of the most effective strategy to
decrease the metal-hydrogen bonds energy and reduce the
stability and desorption temperature of MgH, [4—19] by facil-
itating the Mg—H dissociation. Especially, the transition
metals additive including their oxides.

Various theoretical calculations have been performed to
understand the relevant mechanism dealing with the ther-
modynamic properties on magnesium hydride [20-22].
Combining the density functional theory (DFT) and Kinetic
Monte Carlo simulation we have shown, in a previous work,
that the pure MgH, presents a high stability and a high
decomposition temperature [23,24]. At high temperature and
pressure, the results of simulations indicate that the hydride
involves slow kinetics [24].

On the other hand alloying MgH, with small amounts of
transition metals mixture TM (TM = Ti, V and Fe, Sc, Zn)
[23,25—27] or alkaline metal AM (AM = Ca, Sr and Ba) [28] or Al
[25] improve the stability and the desorption temperature of
hydrogen in Mg with decrease in the storage capacity from
7.65 wt% for the pure MgH, to 6.97 wt% for Mg;sZnH, [26]. Also
we have proposed a double substitution, with Al and Li as a
second element due to their small weight, firstly to decrease
the heat of formation and also the desorption temperature,
and secondly to preserve the gravimetric storage capacity of
MgH, [26].

The aim of this paper is to improve the thermodynamic
properties of MgH, while increasing its storage capacities by
studying the effect of substitution by lightweight metals like Li
and B. This approach was proposed to overcome the drop of
the gravimetric and volumetric capacities, which occurs in the
large case cited above.

In the first part of the calculations we initiate a single
substitution, where the system is doped by either Li or B
(MgsLiHq5, MgsBH;,). The results show a decrease of MgH,
stability and desorption temperature, however the results
were not sufficient to reach the optimum values of heat of
formation [29] and desorption temperature for a PEMFC (Pro-
ton Exchange Membrane Fuel Cells or Polymer Electrolyte
Membrane Fuel Cells) [30]. In the second part we study the
effect of double substitution with Li and B (Mg,LiBH;,) as an
approach to improve the results already obtained. Indeed,
such approach leads to an important improvement of the
thermodynamic properties accompanied by an increase of the
gravimetric and volumetric capacities from 7.65 to 9.45 wt%
and from 110 to 123.08 g H,/1 respectively.

Computational details

In this paper, we used ab initio calculations based on the all-
electron full-potential local-orbital minimum-basis scheme
FPL0O9.00-34 [31,32]. This has been performed to solve the
Kohn—Sham equations using the scalar-relativistic scheme.
The parameterization of the exchange-correlation energy has
been done within the generalized gradient approximations
[33]. To ensure a high accuracy in our performed computa-
tions, we used both self-consistent criterions of the energy
and the density together with a precision of 1078 Ha and
107° Ha=' A~ respectively. For an accurate Brillouin zone
integration, we considered a 12 x 12 x 4 K-point mesh.

MgH, has a tetragonal symmetry (P4,/mnm, Group No.136).
Mg and H atoms occupy the Wyckoff positions (0, 0, 0) and
(0.304, 0.304, 0) respectively. MgH, lattice parameters are
a=b=4501Aandc=3.010 A [34]. A supercell of 1 x 1 x 3 of
MgH, unit cell has been used for this study. For the case of
single substitution 1 Mg atom was substituted by either B or Li
(MgsLiHq,, MgsBH;,), whereas for double substitution two Mg
atoms were substituted by B and Li respectively (Mg4BLiH;5,).
The different systems are presented in Fig. 1.

Results and discussion

First of all, we relax the lattice parameters using the relaxation
method, then we calculate the total energies and deduce the
heat of formation and desorption temperature for each sys-
tem. Finally, based on the charge exchange values and the
density of states, we discuss the effect of doping on the sta-
bility of the systems.

Equilibrium structure and storage capacities
The systems relaxed lattice parameters are listed in Table 1,

our calculated values are in fair agreement with other works
results [23,35].

(b)

Fig. 1 — Crystal structures of (a) pure, (b) M-doped MgH,
where M = B or Li; (c) Co-doped MgH,. Red, blue, green and
yellow balls represent respectively Mg, H, Li and B atoms.
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)
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Table 1 — Relaxed lattice parameters, equilibrium volumes (V) and gravimetric and volumetric capacities.

System a =b(A) c (A) Volume V (A%) Gravimetric capacity (wt%) Volumetric capacity (g Ho/l)
MgesH1, 4.545 9.006 186.037 7.65 107.11 (110.00)
4.585 [23]
4.465 [35]
MgsBH,, 4.435 8.78 172.696 8.31 115.38
MgsLiH;, 4.462 9.112 181.415 8.54 109.84
Mg,BLiH;, 4.373 8.466 161.896 9.45 123.08

As the atomic radius of atoms decreases in this order Mg
(159.9 pm) > Li (152 pm) > B (79.5 pm), the lattice parameters
decrease in the same order when we replace one or two Mg by
Li, B and Li—B. As a consequence, a reduction in the cell vol-
ume leads to an increase in the volumetric capacity from
110 g Hy/l for MgH, (pure MgH,) to 123.08 g H,/1 for the co-
doped system.

Along the increase of the volumetric capacity, a remark-
able increase of the gravimetric capacity from 7.65 to 9.45 wt%
is noticed, which is mainly due the lightweight nature of the
doping elements B and Li.

Thermodynamic properties

The heat of formation AH is the most important thermody-
namic parameter used to identify and classify materials for
hydrogen storage. This is due to the fact that it allows both
determining the heat of the hydrogenation reaction (if AH < 0
the hydride is stable and vice versa), and deducing the
desorption temperature of hydrogen. This quantity AH could
be defined as the difference between the sum of total energy of
products and reactants [36]. However for an ideal material, for
hydrogen storage transportation applications, the heat of
formation AH should be in the range 20—40 kj/mol (H,) [37].

The reactions related to the formation of hydrides in our
study are:

6Mg + 6H2 - MgGH‘lZ (1)
SMg + M + 6H, — MgsMHy, (M = B or Li) @)
4Mg + B + Li + 6H, — Mg,BLiH, 3)

Based on these reactions, we have calculated the heat of
formation of pure, single doped and co-doped MgH, according
to the following formulas:

AH = E¢or (Mgsle)_6Etot (Mg)—GEtot (H2) (4)

AH = E¢ot (MgSMle)*SEtot (Mg)*Etot (M)_GEtot (Hz) (5)

AH = Eior (Mg4BLiH15)—4E ot (Mg)—Etot (B)—Etot (Li)—6Etot (H2)(6)

The value of the total energy of the H, molecule is
Ewt(Hz) = —2.320 Ry, was taken from Refs. [38,39]. The total
energies of pure elements have been calculated using their
lattice parameters given in Ref. [40]. And the temperature of
dehydrogenation can be estimated by Refs. [23-28,44]:

Ty = AH/AS (7)

The heats of formation and desorption temperatures of the
studied systems are listed in Table 2.

The calculated heat of formation and decomposition tem-
perature of MgH, are comparable to those obtained in previ-
ous works [23—28]. MgH, exhibits high stability and also high
decomposition temperature. The single substitution of Mg by
Li and B increases the heat of formation for MgsLiH;, and
MgsBH;, (Table 2), which reduces the stability and the
decomposition temperature of the hydride. The obtained
value for the substitution of Mg by Li is in good agreement
with the measured value —48.3449 kJ/mol H, given in Ref. [43].
Unfortunately, such performances are not satisfying accord-
ing to the optimum values of heat of formation and desorption
temperature advised by the department of energy DOE
(AH = 20—40 kJ/mol H,, T = 300 K). We remark that the sub-
stitution with Li element doesn't lead to a significant
decreasing of the desorption temperature since the heat of
formation doesn't get a significant decreasing (Table 1) and
then the system keeps a relatively high stability.

Thus, as an approach to improve these results, we propose
to study the effect of double substitution with Li and B
(Mg4LiBHj,). It can be stated that the system exhibits a sig-
nificant improvement of the dehydrogenation thermody-
namics, for a co-doping by B, Li as compared to the single
doping (Table 1), accompanied by a remarkable increase of the
gravimetric capacity due the lightweight nature of the doping
elements (Table 2) (Table 3).

In order to assert the approach used in this work, some of
the best results obtained in different studies on hydrogen

Table 2 — Heat of formation and desorption temperature
for pure, single and double substituted MgH,.

System Heat formation Desorption
(kJ/mol Hy) temperature (k)
MgeH;, —62.95 475.83
—79.577 [23] 482.52 [24,25]
—63.018 [24,25] 460.12 [26—28]
—62.57 [26—28]
MgsBH;, —15.95 122.03
MgsLiHy, ~56.17 429.83
Mg,BLiH;, —32.03 271.64
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Table 3 — Summary of our previous work results.

heat of formation and desorption temperature previously
mentioned.

System Gravimetric Heat of
capacity (wt%) formation (kJ/mol H,) .
Charge analysis
Mgi6Hs, This work 7.65 —62.95
Mg14AlZnHs, [26] 6.94 —38.87 . . .
Mg14AlTiHs, [26] =51 _37.96 Given th?t, the bondmg nature between ele'm'ents is defined
Mg1aLiZnHs, [26] 7.5 _38.27 from their charge density. Hence, MgH, exhibits a mixture of
MguaSroHs,  [28] 7.07 —33.85 an ionic-covalent bond [26], which is in agreement with our
MgisVHs,  [25] 7.20 —43,601 results, Mg>%* and H%7>*" (Table 4). In the present study
MgsNiHs,  [25] 7.08 —42,625 MgH, is either doped or co-doped with Boron and Lithium,
xgﬁiggi E;} (75-22 *zi'gz thus we observe a decrease of the charge density of both Mg
815 32 . —40. . .
Mg.BH,z This work g Py and H (Table 4). This result may be e.xplalned by the charge
MegsLit,, This work 854 _56.17 tr‘ansfer between the elements forml.ng the systems. Espe-
MgBLiH;, This work 9.45 ~32.03 cially, between Hydrogen and Magnesium (Mg—H), Hydrogen

storage in MgH, are collected, for comparison, in Table 4.
Throughout these different studies [25—28], MgH, was either
doped or co-doped by a variety of elements of the periodic
table. It was proved that single substitution as well as double
substitution improved MgH, thermodynamics properties.
However the nature of the doping atoms, which mostly are
heavy elements, affects negatively the system gravimetric
capacities which may increase considerably if the MgH, is co-
doped by lightweight elements B and Li without losing the
performances of the thermodynamic properties of the hy-
dride. Thus, we show that Mg,BLiH;, exhibits the best
hydrogen storage properties.

Density of states

To understand the co-doping effect on the hydrogenation
performances, we calculated the density of states of MgH, and
Mg,BLiH;,. The total and partial density of state (TDOS and
PDOS) of both pure and double substituted MgH, are shown in
Fig. 2 and Fig. 3 respectively.

From the total and partial DOS of the pure MgH, (Fig. 2), we
can see that the hydride exhibits a strong orbital hybridization
between Mg(3s-3p) and H(1s) orbitals which explains its high
heat formation obtained in Section Thermodynamic
properties and consequently its high stability. On the other
hand, the PDOS and TDOS of Mg,BLiH;, (Fig. 3) show the cre-
ation of a new orbital hybridization between Li(2p)-Mg(3p),
B(2s,2p)-Mg(3s,3p) and Li(2p)-H(1ls) in addition to a weak
orbital hybridization between B(2p)-Li(2p). The apparition of
new bonding between the different elements weakens the
strong bonding between Mg and H which may explain the
destabilization of the system and as a result the decrease of

and Boron or Lithium (B—H or H-Li).

We note that the stability and also the desorption tem-
perature of the systems depend on the charge quantity
received by the hydrogen [41]. When the charge received by H
decreases, the stability and decomposition temperature
decrease. As shown clearly from Table 4, the charge decreases
as follows: MggH;, — MgsLiH;, — Mg,BLiH;; — MgsBH;,
which is the same order of the system's destabilisation. The
charge decreases, particularly for Hydrogen atoms located
near Boron and Lithium atoms, indicating that MgH, ionic
bonding becomes weaker, which therefore explains the
improvement of its dehydrogenation performances [42].

Conclusion

First-principles calculations have been performed to investi-
gate the heat of formation, temperature of desorption of the
pure MgH,, MgsMH;, (M = B and Li) and Mg,BLiH;, systems. We
have shown that the co-doping improves considerably the
thermodynamic properties and the storage capacities of the
material since the co-doping with B and Li weakens the Mg—H
bonds due to the strong hybridization between Mg and M p
orbitals. The analysis of the charge transfer between different
elements shows that the charge received by H decreases lead-
ing to a decrease of stability and desorption temperature. The
study we performed shows that the double substitution with Li
and B (MgyLiBH;,) leads to an important improvement in the
thermodynamic properties accompanied by an increase of the
gravimetric and volumetric capacities from 7.65 to 9.45 wt%
and from 110 to 122.65 gH,/1 respectively. In addition, the ob-
tained values of heat of formation (—32.03 kJ/mol H,) and
desorption temperature (271.64 K) are in concordance with
those advised by the department of energy DOE (AH = 20—40kJ/

Table 4 — Heat of formation and the charge density of the different elements in the studied systems. The +(—) sign indicates

that charge is transferred (received).

System MggH1, MgsLiH;, Mg,BLiH;, MgsBH;,
AH (kJ/mol H,) —62.95 —56.17 —32.03 —15.95
Charge Mg 1.509* Mg 1.478" Mg 1.486" Mg 1.449%
Li 0.852" Li 0.872*
B 0.717" B 0.717+
HelosestLi 0.607~ Helosest-B 0.549" Helosest-B 0.535"
H 0.754~ H 0.736~ H 0.715~ H 0.757~
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Fig. 3 — Total and partial density of states for Mg,BLiH;,.

mol H,, T = 300 K). Thus, it appears that MgyLiBH;, stands as
one of the best material for hydrogen storage due to its
outstanding characteristics. To the best of our knowledge, such
compound haven't yet implemented and synthesized. It is
worth to achieve an experimental analysis of its thermody-
namics properties and test its potential applications.
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Hydrogen storage ab/desorption kinetic properties of MgH, and MgH, doped with different
metal M (M = AlTi,V,Fe and Ni) are investigated by using both DFT method and kinetic
Monte-Carlo simulations. The first principles calculations show that the energy barriers
decrease considerably when doping with a small amount of M element leading to a
decreasing of both the stability and the decomposition temperature of the material. Based
on the activation energies computed from DFT calculations, we show within the kinetic
Monte-Carlo method that the ab/desorption time is reduced considerably without reducing
much the hydrogen storage capacity of the material. From our analysis, we observed that
the Ni element exhibits the most appropriate thermodynamical properties for hydrogen
storage and the best kinetic of hydrogen absorption/desorption.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

However, the development of hydrogen faces a significant
problem concerning its storage. Indeed, hydrogen storage
method should involve high volumetric, gravimetric capacity,

Nowadays, hydrogen is considered as one of the most prom-
ising energy carriers alternatively to the fossil fuels including
coal, oil and natural gas. The energetic sources will be
depleting and also they are involved in the global warming.

* Corresponding author. Tel.: +212 661299306.

E-mail address: loulidi@fsr.ac.ma (M. Loulidi).
http://dx.doi.org/10.1016/j.ijjhydene.2015.02.137

a fast sorption rate at relatively low temperatures, and a
recycling high tolerance. Alternative methods have been
proposed including high pressure gas cylinders, liquid
hydrogen, physisorption of hydrogen on materials with a high

0360-3199/Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
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specific surface area, and hydrogen storage through hydrides
(e.g. Boron and Magnesium hydrides). The latter is very
promising due to its high hydrogen storage capacities [1-5].

More recently, it has been shown that magnesium hydride
is one of the most attractive materials for hydrogen storage
applications due to its high gravimetric and volumetric ca-
pacities (7.65 wt.% and 110 gH,/l, respectively) [5]. However,
this material shows slow hydrogen absorption and desorption
kinetics as well as high dissociation temperature 573—-673 K.
These characteristics reduce its application concerning the
hydrogen storage [4,6].

In a previous work, we have studied the hydrogen storage
ab/desorption kinetic properties for the pure MgH, using Ki-
netic Monte Carlo simulation, then we have characterized it
through density distribution of Hydrogen, filling ratios, diffu-
sion time, temperature and pressure. The behavior of ab/
desorption agree with the experimental results. The simu-
lated computations show that the material has slow kinetics
at high temperature and pressure [7]. Various attempts have
been made in order to improve magnesium hydrogen
absorbing-desorbing characteristics. Experimentally, it has
been shown that the ball-milling with a small amount of
transition metals (TM) or their oxides drastically accelerate
the hydrogen kinetics. Moreover, they reduce the decompo-
sition temperature of the hydride [4,5,8,9]. In recent experi-
ment, it was shown that adding MnFe,O, nanoparticles
improve considerably the thermodynamic dehydrogenation
properties of ball-milled MgH, doped with 7 mol% MnFe,04
[10].

Various theoretical calculations have been performed to
understand the relevant mechanism dealing with the alloying
effects on the thermodynamic properties on magnesium hy-
dride [11-13]. Based on density functional theory (DFT), we
have shown, in a previous work, that alloying MgH, with small
amounts of transition metals mixture TM (TM = Ti,V and Fe) or
alkaline metal AM (AM = Ca,Sr and Ba) improve the stability
and the desorption temperature of hydrogen in Mg [14,15].

The aim of this work is to study, using Kinetic Monte Carlo
simulation (KMC) based on first principles calculations, the
hydrogen storage ab/desorption kinetic properties of MgH,
doped with different metal M (M =ALTi,V,Fe and Ni). To
perform such computations, the activation energies that are
needed for different elementary processes are estimated by
performing ab-initio calculation. The hydrogen diffusion in
magnesium hydride (such as dissociation of H,, adsorption
and diffusion of hydrogen) is then studied using KMC simu-
lation. The paper is organized as follows: in sec. 2, we briefly
review our calculation method while sec. 3 is devoted to the
presentation and discussion of our numerical results which
are compared with those obtained experimentally. The
conclusion is given in the last section.

Model and computational methods
Kinetic Monte Carlo simulation
The application of the kinetic Monte Carlo (KMC) method [16]

to our system is shortly described in this subsection since the
detailed model based on has been reported previously in Ref.

[7]. The filling of the H atoms is based on adsorption/desorp-
tion dissociation and diffusion processes. The adsorption of
H,, which is located at the surface (001) of a super-cell con-
taining initially only magnesium and M atoms (M = Al, Ti, V, Fe
and Ni), is followed by its decomposition into two H atoms that
diffuse from an interstitial site to another one depending on
the corresponding activated energies. Such activated energies
are obtained from DFT calculation and implemented in the
KMC method. Periodic boundary conditions have been
considered along X and Y-directions to simulate an infinite
system.

Defining the relation between simulated time and Monte
Carlo steps (eq (1)), we can predict the hydrogen diffusion time
in Mgo.9375Mo.0e25H2 (M = Al Ti,V,Fe and Ni) systems as function
of temperature and pressure such that:

In(u)
S )

where v, is the jump frequency (usually set to 10'® Hz), E? the
activation energy of i™ diffusion process (dissociation of H,,
adsorption and diffusion) taken from first-principles calcula-
tions (see sec. 2.2), N is the total possible events in the system,
Kp the Boltzmann constant and u (0<u<1) is a uniformly
distributed random variable.

At=—

(1)

Density functional theory calculations

For each material more than 300 configurations are needed to
determine the different energy barriers required for hydrogen
diffusion. In order to compute such barriers, we have used ab-
initio calculations based on the all-electron full-potential
local-orbital minimum-basis scheme FPL0O9.00-34 [17,18] to
solve the Kohn—Sham equations using the scalar-relativistic.
The parameterization of the exchange-correlation energy
has been done within the generalized gradient approximation
GGA of the Perdew, Burke, Ernzerhof [19]. To ensure a high
accuracy in our calculation, we used self-consistent criteria
for both the energy and the density with precision of 10~8Ha
and 10 °Ha A2 respectively. A mesh of (6 x 6 x 6) k-points
in the Brillouin zone was used in our calculation. The total
energy is calculated using the scalar-relativistic scheme, for
all configurations.

The hydride MgH, is crystallized in the rutile-type structure
(P4,/mnm, space group N°136) at ambient conditions [20]. All
our calculations are carried out using a super-cell containing
15 Mg atoms, 1 M atom (M = Al,Ti,V,Fe and Ni) and 32 H atoms,
denoted henceforth as Mg15MH32 as shown in Fig. 1. This
choice corresponds to an M doped concentration of 6.25%.

The lattice parameters used in all calculation are the
relaxed parameters (see Table 1) and the activation energies
have been obtained from the maximal energy appearingin the
possible paths between the initial H position and the final
empty one.

Results and discussion

To apply Monte Carlo calculations in modeling H diffusion, we
should implement some parameters including
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Fig. 1 — Super-cell presenting Mg15MH32; red spheres are
Mg atoms, H atoms are the blue spheres and the green
sphere is the M atom. (For interpretation of the references
to colour in this figure caption, the reader is referred to the
web version of this article.)

thermodynamical ones. A priory, there are many ways to get
such parameters. However, we follow DFT method based on
ab-initio calculations.

Thermodynamic properties from DFT method

In order to study the thermodynamic properties of
Mgo.9375Mo.062sH2 (M =AlLTi,V,Fe and Ni) systems including
heat of formation and desorption temperature, we first
determine the equilibrium lattice parameters using the
relaxation method. Indeed, we optimize the Mo 9375Mo.0625H2
structures by evaluating the total energy as function of super
cell volume. Our results are listed in Table 1, which indicates
that the equilibrium parameters for the pure MgH, system are
a=b=4.5094 A and c = 3.0163 A being in good agreement with
those obtained in the literature [14,20]. The addition of M
atoms generates a small variation of the lattice parameters.To
get desorption temperature, we need also to consider the
following reaction related to the formation of the hydride
M9o.9375Mo.0s25H2 (M = Al,Ti,V,Fe and Ni), which reads as:

0.9375Mg + 0.0625M + H; — Mgo 9375 Mo 0625 H 2

To calculate the heat formation of the reaction (eq (2)) we
subtract the total energies of the pure element Mg, the atom M
(M =ALTi,V,Fe and Ni) and the hydrogen molecule from its
hydride Mgo 9375Mo 0625H2 Obtained from relaxation method:

AH = Ey (Mgo_9375M0v0525H2) — 0.9375Et(Mg) — 0.0625E,:(M)
— Et(Ha) ®3)
Using the value of hydrogen total energy E(H,) = —2.330Ry

reported in Refs. [7], the resulting heats of formation of the
studied systems are listed in Table 1. It is shown, on the one

hand, that AH = —63.018kJ/mol.H, for MgH, structure is close
to the theoretical values obtained using different methods:
~63.18kJ/mol.H, [11], —75.99 kJ/mol.H, [12], —69.51 kJ/mol.H,
[13], —82 kJ/mol.H, [21], —54.4 KJ/mol.H, [22], —71.98 KJ/mol.H,
[23] and also close to the experimental value —76.15 + 9.2kJ/
mol.H, obtained in Ref. [24]. The difference between these
values is due to the different methods used in the different
calculations (FP-LAPW, PAW and FPLO). On the other hand,
the addition of the M atom (M = Al Ti,V,Fe and Ni) to MgH, re-
duces the stability of MgH,, which can lead to an improvement
of the dehydrogenation kinetics. Such results well agree with
the trend observed theoretically [11—-14,22,23]. Moreover, our
results show that the destabilization effect is enhanced in the
following order Ti,Al,Fe,V,Ni and without unduly influenced
the storage capacities (see Table 1).

The temperature of dehydrogenation can be estimated
from the thermodynamical relation AH = TAS. During heating,
the entropy change of the solid is very small compared to that
of the gas, so the entropy change during the decomposition
reaction is primarily due to the H, evolution. At the standard
pressure and temperature, for most simple metal hydrides,
the entropy is taken to be AS=AS(H2) = 130.7 J/mol.K, corre-
sponding to the entropy change due to a mole of gas trans-
forming into the solid [25]. For most of the dehydrogenation
reactions, it is estimated that AS is in the range of 95J/
molK < AS < 140J/molK [26]. If one approximates the entropy
AS of the system at the standard pressure and temperature by
AS(Hy) = 130.7 J/mol.K as mentioned above, the obtained
decompostion temperatures are underestimated. Indeed, the
obtained decomposition temperature of the pure MgH, is
Taes =482.52 K and it decreases significantly with a small
amount of Al,Ti,V,Fe and Ni. It is worthwhile to note that for
AS =95]J/molK we obtained Tgs = 663.35 K for MgH,, which is
in good agreement with other values reported in Refs.
[4,6,12,14] and it reaches a significant decreasing for the hy-
dride magnesium doped with 6.25% of Ni(Tges =448.95 K).

Electronic structure

The density of state has been used to analyze and explain the
effect of the addition of M elements (M = Al,Ti,V,Fe and Ni) on
both the stability and desorption temperature in Mg, MH,.
For this purpose, the total (DOS) and the partial (PDOS) den-
sities of electronic states of MgH, with and without M metals
have been calculated and plotted in Figs. 2—4.

The electronic structure of the pure MgH, exhibits a non-
metallic character with energy gap of 3.745 eV (Fig. 2a),
which is smaller than the experimental value 5.16 eV [27] or
5.6 eV [28] while it is closer to the theoretical value 3.6 eV re-
ported in Ref. [29]. We believe that this difference between the

Table 1 — The lattice parameters and the thermodynamical quantities of Mgg.9375Mo.0625H> (M = Al,Ti,V,Fe)

Systems Relaxed parameters (A) Cg (Wt %) AH(KJ/mol.H,) H, dissociation (eV)
MgH, super cell a=b=9.0188; c =6.0272 7.660 —63.018 0.8
Mgo.9375Al0.0625Ha a=b=9.0616;c = 6.0599 7.611 —47.947 0.31
Mgo.9375Ti0.0625H> a=b=8.9416;c = 5.9796 7.253 -51.417 0.37
M0o.9375Vo.0625H2 a=b=9.0020;c = 6.0200 7.203 —43.601 0.34
Mgo.9375F€0.0625Ha a=b=8.9416;c = 5.9796 7.127 —44.972 0.36
Mgo.9375Nio.0625H2 a=b=8.9719;c=5.9999 7.081 —42.625 0.32
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experimental results and our calculation is due to the first
principles calculations based on the density functional theory
which usually suffers from the errors in the estimation of the
band-gap.

The electronic structure of Mgo.9375Mo.0625Ha (M = AL Ti,V,Fe
and Ni) shows that the states of d-orbitals” of transition metal
TM (Ti,V,Fe and Ni) and “p-states” of Al are localized in the
band gap. The main contribution to the total DOS comes form
the M elements. This indicates that there is a weak hybridi-
zation on the one hand between TM—d and H-s on the other

hand between Al-p and H-s orbitals unlike the pure MgH,
where a strong hybridization between the H and Mg atoms
occurs. Moreover, no hybridization between TM and Mg atoms
has been observed, while a weak hybridization between Al-p
and Mg occurs. This ascertainment is in agreement with the
results of sec. 3.1, where the addition of Al and TM (Ti,V,Fe and
Ni) in MgH, decreases the stability and the desorption tem-
perature of the mixtures. We note that the MgH, doped Ni
material exhibits the highest density of state near the Fermi
level.

Activation Energies
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Fig. 5 — Energy curves for an H atom diffusing between two interstitial sites along different paths in different mixture of
Mgo.9375Mo.0625H2 (M = Al Ti,V,Fe and Ni).
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Activation energies

Based on our model [7], each hydrogen atom has eleven
nearest available H vacancy sites: seven in the same plane,
two in the upper adjacent plane and the remaining two ones
are located at the lower adjacent plane. After dissociation, the
H atoms can move from an interstitial site to another one
depending on the corresponding activated energies.

For later use, a large number of energy barriers has been
computed. Among them two situations are illustrated in Fig. 5.
In particular, we have found that the energies depend on the
surrounding atoms and the target-interstitial sites. Increasing
hydrogen atom number in the system, the barriers get
enlarged. Indeed, DFT calculations reveals that the energies of
planar motion of Hydrogen atoms (in plans (001)) are lower
than the energies associated with the motion between two
parallel plans for all cases. Therefore, hydrogen atom prefer to
diffuse along X and Y direction instead of moving vertically.
For the same path of diffusion, we find that the H barrier
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Fig. 7 — The average of filling time at 400 K and 10 bar for
the pure MgH, and Mgo 9375Mo.0625H2 (M = AL Ti,V,Fe and Ni).
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Fig. 8 — Simulation discharging kinetic for the pure MgH, at
633 K and Mgp.0375Mo.0625H2 (M = Al,Ti,V,Fe and Ni), under
1 bar.

energies with the M atoms (M = Al Ti,V,Fe and Ni) are generally
less than that inside the pure MgH,. This finding suggests that
the H atoms are trapped more stably inside MgH, than
M(9o.9375Mo.0625H2 alloys. In other words, incorporation of small
quantity of AL Ti,V,Fe or Ni into magnesium hydride can effi-
ciently reduce the interaction between interstitial H atoms
and Mg host and thus reduce the stability of the systems,
which is in agreement with the results reported in Thermo-
dynamic properties from DFT method section.

Having determined the thermodynamic properties of MgH,
structure using DFT method, the KMC method may be applied
to study the kinetic properties of metal doped MgH, as
described below.

The ab/desorption time by kinetic Monte Carlo simulation

The amount of absorbed hydrogen as a function of reaction
time calculated (in wt. %) for MgH, and Mg .9375Mo 0s25H2
(M=ALTi,V,Fe and Ni) is shown in Fig. 6. Starting from an
empty cell, the rate of hydrogen filled in our material exhibits
a fast increasing with respect to time of absorption. Such
behavior is due to the initial conditions and the initial pres-
sure applied on the adsorption surface. Once the number of
hydrogen atoms increases in the system, the activation en-
ergies increase and then the H atoms move with difficulties to
the empty sites. For this reason, after a while from the
beginning the amount of hydrogen augments slowly as
function of time until reaching a maximal value for each
system, which is the gravimetric capacity of the material (see
Table 1).

As a result, our KMC simulations show that the absorption
kinetic of different doped materials Mgo 9375Mo.0625H2 at tem-
perature 400 K and pressure 10 bar is very fast compared to the
absorption in MgH, at high temperature and pressure
(633 K,10 bar). This is due to the fact that H barrier energies
with the M atoms (M = Al Ti,V,Fe and Ni) are lower than that
inside the pure MgH,. The average filling time for the pure and
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Table 2 — The dehydrogenation thermodynamical quantities of MgH, + 7mol% MnFe,0, [10] and MgH, doped Ni

Systems Hydrogen released (wt %) at 1 bar Activation energy (KJ/mol.H,) Taes(K)
MgH, + 7mol% MnFe,0,4 [10] 5.05in 1 h and 573K 64.55 573.15
Mo .9375Nio.0625H2 3.33in 1/2 h and 400 K 42.625 326.13 < Tges < 448.95

doped MgH, materials, which is computed by using random
Monte-Carlo sampling, is represented in Fig. 7. It follows
clearly from this figure that the additive M element leads to
significantly improved hydrogenation kinetics even at low
temperature. For the desorption process, the addition of M
atoms in MgH, improve the kinetic of desorption at low tem-
perature but the system does not completely desorbs all
hydrogen atoms which prefer to move inside rather leaving
the system (see Fig. 8). In order to discharge all hydrogen
atoms, one needs a high vacuum that we cannot realize
within our KMC simulations. Both absorption and desorption
kinetics exhibit a behavior quite similar to that observed in
experiments with a quantitative difference, which is due to
the used pressure and temperatures values being smaller or
higher than the experimental ones and to the specific condi-
tions of various experiments (if desorption was measured in
vacuum, under He flow, ... etc) [5,12,30]. In addition, upon
hydrogenation of magnesium a number of phase transitions,
which we are not able to simulate within our approach, occur
[31—-33]. The simulation of such structural phase transitions
needs more appropriate model and some sophisticated and
laborious methods, which we hope develop later.

However, alloying MgH, with small amounts of transition
metals (TM = Ti,V,Fe and Ni) and Al may accelerate the kinetic
of absorption/desorption without reducing much its high
hydrogen capacity (Table 1). We point out that the MgH, doped
Ni presents the fastest ab/desorption kinetic since it exhibits
the lowest energy barriers.

Conclusion

First-principles calculations have been used to investigate the
heat of formation, temperature of desorption, diffusion bar-
rier and time of diffusion of interstitial hydrogen atoms in the
pure MgH, and Mgo.9375sMo.0e25sH2 (M = Al Ti,V,Fe and Ni) sys-
tems. Combining the DFT method, which allows the compu-
tation of energy barriers, needed in the diffusion process, and
the KMC method we have shown that the doped MgH, system
improves the thermodynamic properties and the ab/desorp-
tion kinetic of the material as summarized in what follow:

- The pure MgH, presents a high stability and a high
decomposition temperature. At high temperature and
pressure, the results of simulations indicate that the hy-
dride involves slow kinetics.

- The stability and the decomposition temperature reduce
considerably when doping MgH, with a small amount of
TM(TM =Ti,V,Fe and Ni) and Al

- DFT calculations reveal that the energies corresponding to
the hydrogen atom motions in the (001) plan are lower than
the energies associated with the motion between two
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parallel (001) plans. Therefore, hydrogen atoms prefer to
diffuse along X and Y directions instead of moving
vertically.

- The activation barrier for the dissociation of H,, the barrier
of diffusion and the diffusion time of H atoms in the pure
MgH, are higher than those in MgH, doped with 6.25% of
Al,Ti,V,Fe and Ni.

As a consequence, it can be concluded that alloying MgH,
with small amounts of transition metals (TM = Ti,V,Fe and Ni)
and Al can drastically lower the stability of the systems, the
decomposition temperature and accelerate the kinetic of ab/
desorption without reducing much its high hydrogen capac-
ity. Following our study, we remark that the Ni presents the
highest performances and is the most appropriate element for
better hydrogen storage. It is worthwhile to note that our
theoretical study predicts that the MgH, doped Ni gives better
dehydrogenation thermodynamical quantities compared to
those obtained experimentally for MgH, doped MnFe,0,
nanoparticles [10](For comparison see Table 2).
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Ab-initio calculations are carried out to analyze the improvement of hydrogen storage
properties, in Mg-based hydrides, through a double substitution (Mg;sTMAIH3;, and
Mg14TMLiH3, TM = Ti, Sc, Zn). The calculations are performed using the all-electron full-
potential local-orbital minimume-basis scheme (FPLO9.00-34). Our results indicate a
decrease of the heat of formation and desorption temperature, while preserving the
gravimetric storage capacity around 7.6 wt%, these outcomes are probably due to the
second substitution, Al or Li, which are characterized by their light weights. Discussions of
the charge exchange and the density of states are done, to offer more possible explanations
of our results.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

ideal energy of tomorrow. Among the different methods for
hydrogen storage, the solid storage has proven to be the best.
The magnesium based hydride (MgH,) is one of the most

With the raising worldwide awareness of the environment
and rarity of fossil fuels, new generation of energies, partic-
ularly clean and renewable energies, has emerged as a solu-
tion. Hydrogen is one of these energies, accurately as an
energy carrier. It is the most abundant element on earth. Its
energy density is three times that of diesel and the outcome of
its combustion is water. These qualities make hydrogen the

* Corresponding author.

promising materials for hydrogen “solid” storage applications
due to its high gravimetric and volumetric capacities
(7.65 wt.% and 110gH,/1, respectively) [1]. However, the rather
slow hydrogen sorption proprieties, as well as the high
desorption temperature (573—673 K) hinder its commercial
applications [2]. That is why various attempts have been made
in order to improve MgH, hydrogen absorbing and desorbing
characteristics. Experimentally, it has been reported that
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mixing magnesium or magnesium hydride with small
amounts of transition metals (TM), including their oxides,
radically accelerate the hydrogen kinetics along a consider-
able decrease of desorption temperatures [3—10]. Also several
theoretical studies have been carried out to predict effects of
substitution on the thermodynamic properties of the
magnesium-based hydrides [11-21]. The obtained results are
in a good agreement with experimental investigations.

The aim of this paper is to contribute to these works by
studying the effect of substitution on the hydrogen sorption
proprieties of MgH,. In the first step of the calculations we
initiate a single substitution, where the system was doped
with 6.25% of transition metals (Mg;sMHs;, where M = Ti, Sc
and Zn). The results were satisfying but were not sufficient to
reach the optimum values of heat of formation —40 kJ/mol H,
[11] and desorption temperature 289—393 K for a PEMFC (Proton
Exchange Membrane Fuel Cells Or Polymer Electrolyte Membrane
Fuel Cells) [22]. In the second step we increased the amount of
TM in the system, 12.5%, as an approach to improve the re-
sults already obtained. However, this has led to an important
decrease of the gravimetry. For example in the case of
Mg,4Ti,Hs, the gravimetry dropped to 6.88wt% instead of
7.25 wt% and 7.6 wt% for Mg;sTiH3, and MgH, respectively. To
prevent this decrease of the gravimetry, we proceeded by a
double substitution, TM and either Li or Al. Our approach was
based on the proprieties that characterize Al and Li, particu-
larly their small weight. The systems studied in this paper are
(Mg, TMAIBH;, and Mg;,TMLiBHs,, TM = Ti, Sc and Zn). The
heat of formation and desorption temperature are calculated,
and also the orbital hybridization and the exchange of charge
between elements. These calculations are carried out to
explain the effect of double substitution on the dehydroge-
nation proprieties of these systems. In Sec. 2 we present the
computational detail carried using ab-initio calculations,
while Sec. 3 is devoted to the obtained results and their dis-
cussion. Our conclusion is given in Sec. 4.

Computational details

In this paper, we used ab initio calculations based on the all-
electron full-potential local-orbital minimum-basis scheme
FPLO9.00-34 [23,24]. This has been performed to solve the
Kohn—Sham equations using the scalar-relativistic scheme. The
parameterization of the exchange-correlation energy has been
done within the generalized gradient approximations [25]. To
ensure a high accuracy in our performed computations, we used
both self-consistent criterions of the energy and the density
together with a precision of 10~ Ha and 10~ ® respectively. For an
accurate Brillouin zone integration, we considered a
12 x 12 x 12K-point mesh. The valence basis state sets are (3s,3p)
and (1s) for the Mg and the H respectively. Lattice parameters
“a = b and ¢” have been optimized, for each Mg based hydride
(Mg14TMAIH3, and Mg;4,TMLiH3,), using the relaxation method.

Results and discussion

First of all, we relaxed the lattice parameters using the relax-
ation method, then we calculated the energies of formation,

and deduced the desorption temperature. Finally we discussed,
based on the charge exchange values and the density of states,
the effect of doping on the stability of the systems.

Structural parameters and relaxation

MgH, exhibits a rutile structure. Its space group is (P42/mnm,
N°136), and lattice parameters are: a = b = 4.501 A and
¢ =3.01 A [26]. The Wyckoff position of Mg and H are 2a (0, 0, 0)
and 4f (0.304, 0.304, 0) respectively.

The relaxed lattice parameters are listed in Table 1, our
calculated values are in fair agreement with other works re-
sults [14,17].

In order to reach small concentrations, we use a large
primitive supercell, 2 x 2 x 2 of MgH, unit cells. In this atomic
representation, one Mg atom, is replaced by transition metals
TM (TM = Ti, Sc or Zn) and another one is replaced by either Al
or Li atoms. These replacements create changes on the peri-
odicity of the crystal. The new system symmetry structure is
(Cmmm space group N°65) with 17 non-equivalents site.

Hydprides stability: heat of formation

The heat of formation AH, which is the most important ther-
modynamic parameter, has been calculated and used to pre-
dict the stability of the studied systems. For AH < 0 kJ/mol(H,)
the system is stable, and for AH >0 kJ/mol(H,) the system is
unstable. However, for an ideal material for hydrogen storage,
the heat of formation AH should be around —40 kj/mol (H,)
[11].

This quantity AH can be defined as the difference between
the total energy of products and reactants [9]:

AHyr = Y Eror(products) — 3 Eoi(reactants) (2)

The reactions related to the formation of the hydrides
MgH, and Mg;,TMAHj, are:

Mg + H, — MgH, )

Table 1 — Wyckoff positions of no equivalent atoms.

No. Element X Y Z
1 Ti 0 0.5 0

2 Li 0 0 0.5
3 Mg 0 0.75 0.25
4 Mg 0.25 0.5 0.25
5 Mg 0.75 0.25 0

6 Mg 0 0 0

7 Mg 0 0.5 0.5
8 Mg 0.75 0.25 0.5
9 H 0 0.65215 0
10 H 0 0.84785 0
11 H 0.34785 0.25 0.25
12 H 0.75 0.40215 0
13 H 0.09785 0 0.25
14 H 0.40215 0 0.25
15 H 0 0.65215 0.5
16 H 0 0.84785 0.5
17 H 0.75 0.40215 0.5
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Table 2 — Theoretical and Experimental heat of formation
for MgH,.

Theoretical works Experimental work

~79,577 [17] —74,3 £ 0,5 [29]
—55.648 to —65.196 [33] —81,2 [30]
—71.1[32] ~76.15 + 9.2 [14,31]
—62.57 This work —68.00 + 9.2 [32]

Table 3 — Gravimetry and heat of formation for single and
double substituted MgH,.

Systems  Gravimetry (wt Heat of formation (kJ/mol de
%) Hy)
Mgi6Hs, 7.65 —62.57
Mg;4AIScHs, 7.26 —44.25
Mg14AlZnHs, 6.94 —38.87
Mg14AlTiH3, 7.21 —37.26
Mg14LiScHs, 7.6 —57.99
Mgq4LiTiHs;, 7.55 —47.06
Mg1,LiZnHs, 7.25 -38.27
Mg1sTiHa, 7.25 ~51.24
Mg;sZnHa, 6.97 ~53.04
Mgi5ScHs, 7.30 —58.63

14 Mg + TM + A + 16 H, — Mg;sTMAHSs, (A = Al or Li and
TM = Ti, Sc, Zn) (3)
Based on these reactions, we have calculated the heat of
formation of MgH, and Mg;,TMAH;, according to the
following formulas:
AH = Emt(MgHz) - Etot(Mg) - Etot(H2) (4)
AEpr = Etor(Mg14TMAH3;) — 14E0(Mg) + Etot(TM) + Eror(A)
— 16Eot(Ho) (5)
The value of the total energy of the H, molecule is
Ewt(H2) = —2.320 Ry, was taken from Refs. [5,27]. The total
energies of pure elements have been calculated using their
lattice parameters given in Ref. [28].
Based on the all-electron full-potential local-orbital mini-
mum-basis scheme method, implemented in FPLO9.00-34

version, we calculated the total energy and the heat of for-
mation of MgH, using the optimized lattices parameters. The
obtained results are listed in Table 2.

As previously mentioned single substitution, with different
elements, was one of the various methods suggested to
destabilize MgH, [2-8,17,19,20]. In this study, and through
single substitution, we found that the heat of formation of
Mg;1sTMH3;, (TM = Sc, Zn and Ti) are —58.63, —53.04, —51.24 kJ/
mol H, respectively, which indicate the destabilization of the
parent system MgH, (—62.57 kJ/mol H,). However increasing the
percentage of TM, known for their heavy weight, in the system
can affect negatively the gravimetry and the volumetry. That is
why, In order to meet the ideal heat of formation —40 kj/mol H,,
without decreasing the gravimetry, we proceeded by a double
substitution. The first element is one of the transition metals
and the second is either Li or Al. Our choice “Li and Al” was
based on their proprieties especially small weight.

The heat of formation calculated for these systems confirm
our choice of double substitution, since for the systems
Mg4AITMHs, AH values are between —37.26 and —44.25 kJ/
mol H,, also for Mg;4,LiTMH3, the values are between —38.27
and —57.99 kJ/mol H,. As it has been expected, the heat of
formation decreased, while the gravimetry remained almost
unchanged, around 7.6 wt%. See Table 3.

The substitution with small amounts of alloying, TM and Al
or TM and Li, within MgH, reduces its stability leading to an
improvement in term of the heat of formation and the
desorption temperature which will be discussed below.

Desorption temperature

The thermodynamic properties of the hydrides are described
by the standard Gibbs energy [34]:

AG = AH — TAS, (AS = AS (Hy) = 130.7 J/mol K) (6)

where AH and AS are the heat of formation and the entropy
change of the dehydrogenation reaction respectively. At the
decomposition temperature T; and the constant pressure, the
standard Gibbs energy AG becomes zero. Therefore, the tem-
perature of dehydrogenation can be estimated by:

Ty = AH/4S @)

Table 4 — Desorption temperature and the charge of the different elements in the studied systems.

Systemes MgH, Mg,4AlScH3, Mg,4AlZnH;3, Mg14AITiH3,
Temperature (k) 460.12 325.39 285.86 274.03
Charges Mg 1.509° Mg 1.453" Mg 1.465" Mg 1.454"
Al 1.405" Al 1.419" Al 1.439"
H 0.754 Sc 1.687" Zn 1.111° Ti 1.568"
H 0.688~ H 0.686~ H 0.685~
Systems MgH, Mgq4LiScH3, Mgq4LiZnH;, Mg14LiTiH3,
Temperature (k) 460.12 426.42 281.44 346.06
Charges Mg 1.509" Mg 1.480" Mg 1.482" Mg 1.476"
Li 0.862" Li 0.848" Li 0.860"
H 0.754~ Sc 1.954" Zn 1.144" Ti 1.818"
H 0.743~ H 0.699~ H 0.739~
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According to the Equation (7) the decomposition temper-
ature of pure MgH, is 460.12 K, which is in agreement with
other works values 573—673 K [1,5,17]. This temperature is still
high for practical use since the optimum ranges are 289393 K
for a PEMFC [22].

As mentioned earlier, the double substitution has a great
impact on the heat of formation. The same behavior is insight
at the desorption temperature, as the decrease of T4 is around
15—-30% see Table 4.

The result may be explained by the charge transfer between
the elements forming the systems. Specially, between the
Hydrogen and the Magnesium Mg—H, the Hydrogen and the
transition metals H-TM (TM = Ti, Sc or Zn) and between the
hydrogen and Lithium or Aluminum H-Li, H—Al We note that
the stability and also the desorption temperature of the sys-
tems depends on the charge quantity received by the
hydrogen. When the charge, received by H, decreases the sta-
bility decreases and also desorption temperature decreases.

Generally the charge transfer between two elements de-
fines the type of the binding between them. For MgH, crystal,
it is reported that the nature of binding Mg—H is a mixture of
covalent and ionic bonds. However the binding is more ionic
than covalent. As shown clearly from Table 4, the charge
transfer decrease as follows: Sc—Ti—Zn for Mgy4LiTMHj3,,
and Sc— Zn — Ti for Mg14AITMHs,. The decrease of this charge
transfer, particularly between Mg—H, indicate that the ionic
bonding becomes weaker, which therefore help improve the
dehydrogenation performance of MgH,.

MgH, (H%”**") — Mg;4LiScHs, (H*7**") — Mgy4LiTiHs,
(H°73°7) — Mg4LiZnH,, (H**%")

MgH, (H%7>*") — Mg;4AlScHs, (H>®%8") — Mg,4AlZnH3,
(H*®%57) — Mgu,AlTiHs, (HO%%)

State density analysis

To understand and explain the improvement of the hydro-
genation performances, during the double substitution, we
calculated the density of states of MgH,, Mg,TMAIH;, and
Mg, TMLiH3,. This study will help to clarify the effect of the
co-doping on the hydrogenation performances of these
systems.

Through the study of the total and partial density of state
(DOS and P-DOS) of pure (Fig. 1) and double substituted MgH,
(Figs. 2—3), we conclude that the pure MgH, (Fig. 1) has an
insulator feature, with a wide band gap Eg = 4.06 eV. This
value is better than our previous results Eg = 2.74 eV [17],
where the study was carried out by the KKR-CPA code, and
still in fair agreement with other theoretical [33,32,35] and
experimental works Eg = 5.16 eV [36] or 5.6 eV [37]. In the
valence band for MgH, (see Fig. 1), we observed two parts: the
first one is characterized by a high hybridization between 3p
and 1s orbital of Mg and H respectively, and the second one is
characterized by a small hybridization between 3s and 1s
orbital of Mg and H respectively.

To predict the nature of the bonding created, after substi-
tution in MgH, parent, we analyzed the location of the ele-
ment's orbital. The partial and total density of states of
Mg;sTM—LiHs, (TM = Ti, Sc and Zn) (Fig. 2) show the creation of
a very weak hybridization between Li—Mg and Li—H. However
noticeable hybridizations appear between TM-Mg and TM-H,
but are still weaker than the ones between Mg—H. This re-
flects the creation of the bonding between TM and both Mg and
H, at the expense of the current bonding between Mg and H.

In the case of Mg;sTMAIH;, (TM = Ti, Sc and Zn) (Fig. 3) the
partial and total density of states show a better hybridization
between Al and both Mg and H than the ones between Li—Mg
and Li—H. Also hybridizations between TM and all elements
except hydrogen were observed.

{ MgH

total

0 +—1F 1t

1sH

00 T F T T T T

8 7 6 5 -4 3 2 -1 0

T
1 2 3 4 5 6 7 8

Energie (eV)

Fig. 1 — Total and partial density of states for MgH,.
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Fig. 2 — Total and partial density of states for (a)
Mg14ScLiHs,, (b) Mg14TiLiH3, and (c) Mg14ZnLiHs,.

These observations may explain the destabilization of the
system and then confirm the decrease of heat of formation
and desorption temperature previously mentioned.

It is worth noting that, Li and Al help destabilizing the
studied systems, yet Al shows better results in term of the
decrease of stability than Li, which is probably due to the
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Fig. 3 — Total and partial density of states for (a)
Mg14ScAlH3,, (b) Mg14ZnAlH3, and (c) Mgq14TiAlH3,.

hybridization between it and the other transition metals, a
hybridization that didn't appear in the case of the substitution
with Li. To summarize, the highly likely new hybridizations,
created between the different elements in the systems,
weakened the bonding between Mg and H.
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Conclusion

In this work, we have investigated the Hydrogen desorption
mechanism within Mg based hydrides using DFT calculations.
We have proposed a double substitution, with Al and Li as a
second element due to their small weight, firstly to decrease
the heat of formation and also the desorption temperature,
and secondly to preserve the gravimetric storage capacity of
MgH,. This approach was proposed to overcome the drop of
the gravimetry, which occurs in the case of large amount of
TM, for single substitution. Through our results we proved the
feasibility of this approach, as we observed the destabilization
of the systems, which consequently, led to the decrease of the
desorption temperature. Furthermore the evaluations of the
charge transfer between the different elements, as well as the
interpretation of the density of states of the studied systems,
allowed us to offer some likely explanations to our results.
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Abstract.  Using ab initio calculations, we predict the improvement of the desorption temperature and the hydrogen
storage properties of doped Mg-based hydrides such as, Mg;sAMH3; (AM = Ca, Sr and Ba) as a super cell 2 x 2 x 2
of MgH;. In particular, the electronic structure has been obtained numerically using the all-electron full-potential
local-orbital minimum-basis scheme FPLO9-00-34. Then, we discuss the formation energy calculations in terms of
the material stabilities and the hydrogen storage thermodynamic properties improvements. Among others, we find
that the stability and the temperature of desorption decrease without reducing significantly the high storage capacity
of hydrogen. Moreover, it has been observed that such a doping procedure does not affect the electronic behavior
as seen in MgH,, including the insulator state in contrast with the transition metal hydrides, which modify the

electronic structure of pure MgHj.

Keywords.
principle calculations.

1. Introduction

The magnesium (Mg) based hydride is one of the most attrac-
tive materials for hydrogen storage applications due to its
high gravimetric and volumetric capacities (7-65 wt% and
110 g Hy/l, respectively) for the stochiometric binary MgH,
(Shang ef al 2003; Lakhal et al 2013). However, it has rather
slow hydrogen absorption. The desorption kinetics as well as
high dissociation temperature 573—-673 K essentially reduces
its application for hydrogen storage (Liang ez al 1999). Vari-
ous attempts have been made to improve the absorption and
the desorption characteristics of magnesium hydride. Exper-
imentally, it has been reported that mixing magnesium or
magnesium hydride with small amounts of transition metals
(TM) including their oxides radically accelerates the hydro-
gen kinetics (Mintz et al 1978). However, a slight decrease
of the desorption temperatures has been observed (Song et al
2002; Rivoirard et al 2003; Charbonnier et al 2004; Shang
et al 2004; Spassov et al 2005; Shao et al 2009; Xiao et al
2009).

In addition, the study of the electronic structure of
Mg-based alloys hydrides is done to predict further

*Author for correspondence (elkenz@fsr.ac.ma)

Electronic structure calculations; MgH,; formation energy; hydrogen storage capacity; DFT; first

modifications destabilizing the corresponding hydrides by
lowering the desorption temperature and enhancing the
hydrogen kinetic characteristics. Several theoretical studies
have been carried out to clarify the mechanisms with the help
of alloying effects on the thermodynamic properties of the
magnesium-based hydrides. The obtained results are in good
agreement with the experimental literature (Moyses Araljo
and Ahuja 2005; Hou 2006; Alapati et al 2007; Bouhadda
et al 2007; Gremaud et al 2007; Velikokhatnyi and Kumta
2007; Xiao et al 2009; Bhihi et al 2012).

The aim of this work is to contribute to the improvement
of hydrogen storage properties including absorption and des-
orption temperatures by studying the electronic structure
of Mg-doped hydride with 2nd group (Mg;sAMH3, where
AM=Ca, Sr and Ba) using ab initio calculations based on
the DFT techniques. As far as we know, it is the first time
that such Mg-doped hydride material is considered to reduce
the stability of the system. It is worth noting that the usual
way has been devoted to exploring only the transition met-
als. Using an explicit calculation based on FPLO code, the
formation energy and their hydrogen storage thermodynamic
properties are explicitly computed. In particular, we discuss
the hybridization between orbitals using density of state tech-
niques. It follows that the doped system is less stable than
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the pure MgH,. Moreover, it has been shown that such a
doping procedure allows the system to preserve the same
electronic behavior as seen in MgH,, including the insulator
state in contrast with the transition metal hydrides, which
usually modify the electronic structure of pure MgH,.

2. Calculation method

In this paper, we use ab intio calculations based on the all-
electron full-potential local-orbital minimum-basis scheme
FPLO9-00-34 (www.fplo.de, Koepernik and Eschrig 1999).
This has been done to solve the Kohn—Sham equations using
the scalar-relativistic scheme. The parameterization of the
exchange-correlation energy has been done within the gen-
eralized gradient approximations (Perdew and Wang 1992).
To ensure a high accuracy in our computations, we have
used both self-consistent criterions of the energy and density
together with a precision of 10~% Ha and 107 Ha~' A3,
respectively. To accurately perform Brillouin zone integra-
tions, we have considered a 12 x 12 x 12 K -point mesh. The
valence basis state sets are (3s, 3p) and (1s) for Mg and H,
respectively. Lattice parameters ‘a=b and ¢’ have been opti-
mized for each doped Mg-based hydride (Mg;sAMHs3;)
using the relaxation method, which will be discussed in the
next section. Such parameters may be modified depending on
the doped elements.

3. Results and discussion

3.1 Structural parameters and relaxation

We first relax the structural parameters using the relaxation
method presented in our previous work (Bhihi et al 2012).
In this calculation, we assume that the experimentally sta-
ble rutile structure of MgH, (P42/mnm, space group No.
136) is obtained with the Wyckoff position of Mg and H 2a
(0,0,0)and 4 £ (0-304, 0-304, 0). First, we consider the lattice
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Figure 1. Total energy as a function of volume (V) of primitive
cell.

M Bhihi et al

parameters as a = b = 4.501 A and ¢ = 3.01 A (Bortz
et al 1999). Before performing the calculation, we start by
relaxing our parameters; see figure 1. Indeed, we minimize
the total energy to optimize such parameters. The calculated
equilibrium values agree with results obtained by other
groups (Bouhadda et al 2007; Bhihi et al 2012). Our results
are given in table 1.

In order to reduce the overall doped atom concentrations,
larger primitive supercells with 2 x 2 x 2 stacked original
MgH, unit cells have been used. In this atomic representa-
tion, one Mg atom, among the 16 existing in the supercell,
is replaced by alkaline metal AM (AM =Ca, Sr and Ba)
atoms. This corresponds to a 6-25% doping concentration.
The concentration 12-5% has also been considered, see table 2.

This has been considered to investigate the influence of
substitution on the total energy and the electronic structure.
This new system will involve a special crystal symmetric
structure (Cmmm space group no. 65) with 17 non-
equivalents site; see figure 2. This structure will allow us to
compute the minimal total energy of the doped system to pre-
dict the heat of formation. The latter is needed to determine
the stability of hydrides.

3.2 Hydrides stability: heat of formation

In this study, the heat of formation A H of Mg-based hydride,
which is the most important thermodynamic parameter, has
been calculated and used in order to predict new materials
adopted to hydrogen storage. This can be obtained from the
fact that it allows determining the heat of the hydrogenation
reaction (AH < 0 hydride is stable and vice versa), and
deducing the temperature of desorption of the hydrogen in
the studied system. We recall that the quantity AH of the
hydride can be defined as the difference between the sum of
total energy of products and the reactants (Xiao et al 2009):

AHyr = Z E\ (products) — Z E (reactants). (1)

The reaction related to the formation of the hydride MgH,
and Mg ;sAMH3; is as follows:

Mg + H, — MgH,, 2)
15Mg + AM + 16H, — Mg,sAMHj3;. 3)
Table 1. Minimal total energy for optimized parameters of
MgH,.
Minimal
energy Emin(Ry) a=b(A) c¢/a  Reference
—403-03609 4.524  0-66874 This work
—403-042937 4.519  0-66873 Bouhadda et al
(2007)
—403-04777 4.585  0-6572 Bhihi ef al (2012)
- 4.5176  0-6686 Maark er al (2012)
402-39 (i.e. 5474-854 eV) 4.5124 0-6701 Zhang et al (2010)
- 4.495  0-6685 Li et al (2006)
4.533  0-6686 Liang (2003)
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Table 2. Total energy, heat of formation and desorption temperature of Mg;sAMH3, (AM:

alkaline metal).

Heat of formation Desorption

System Concentration (%) Total energy (Ry) kJ/mol (Hy) temperature (K)
Mg6H3o —6448-577 —62-57 460-12
Mg 5CaH3; 6-25 —7408-684 —60-82 447-19
Mgi4CarHzp 12-5 —8368-791 —59.05 434.24
Mg 5SrHzp 6-25 —12407-445 —48-17 354.23
Mg 4SroH3) 12:5 —18366-3144 —33-85 248-90
Mg sBaHs3; 6-25 —22326-185 —20-79 152-84
Mg 4BayHz, 12:5 —38203-8 —9-83 72-29

Figure 2. Crystal structure of Mg;5AMH3; in primitive cell.

On the basis of these reactions, we have calculated the heat
of formation of MgH, and Mg;sAMH3;, based on hydride
according to the following formulas:

AH = Ex(MgH,) — E((Mg) — E (Hy), 4)

AEyr = Eiq(Mg;sAMHs;) — 15E(Mg)
+ Eit (AM) — 16E (Hp) . Q)

The value of the total energy of the H, molecule E(Hy) =
—2-320 Ry has been taken from Shang et al (2004) and
Nakamura et al (1998). The total energies per atom for pure
elements have been calculated using the lattice parameters of
Mg, Ca, Sr and Ba given in Kittel (1986).

Based on the all-electron full-potential local-orbital
minimum-basis scheme FPLO9-00-34 method, the calcu-
lated total energy and the heat of formation, in the mag-
nesium hydride for optimized parameters structure, are

—6448-577 eV and —82-33 kJ/mol (H,), respectively. These
values are comparable with those obtained experimentally
AH=-743 £+ 0-5 kJ/mol H, (Friedlmeier and Bolcich
1988), —81-2 kJ/mol H; (Klose and Stuke 1995), —76.15 £
9.2 kJ/mol H, (Vajeeston et al 2002) and A H=—68-00 £ 9-2
kJ/mol (Liang 2003). Such results, which are in good agree-
ment with the experimental ones and with some theoreti-
cal values including A H=—-55-648 to —65-196 kJ/mol H,
(i.e. —0-577 to —0-676 eV/Hy) (Zhang et al 2010) and
AH=-T71-1 kJ/mol H,, obtained recently in the literature
(Liang 2003), validate our modeling approximations and the
result obtained in our previous work (Bhihi er al 2012).
The complete calculations of total energy, as well as the
heat of formation of the studied new hydride, are listed
in table 2. To reduce such values, in order to get unstable
behavior, we have doped the system using the alkaline met-
als for 6:25% and 12-5% concentrations. For 6-25%, the total
energy, and the heats of formation of the studied new hydride
are —60.82, —48-17 and —20-79 kJ/mol H, for Mg;sCaH3,,
MgsSrH3; and Mg;sBaHs;, respectively. The same physi-
cal quantities have been given for 12-5%, see table 2. The
obtained results show that when we increase the concen-
tration of doping element the stability decreases. This is in
agreement with the results reported by Bouaricha et al (2000)
and Tanniru et al (2010) who found that for high concentra-
tions (i.e. of greater than 10% of Al), these kinetics become
increasingly important. Moreover, Shang et al (2003) have
used concentration up to 10% of Nb to obtain good results.
Also Shabhi et al (2013) have used transition metals (TM: Ti,
Fe and Ni) with different concentrations, they found that
5 wt% of TM gave the best results.

It follows from these calculations that the concentration
also plays a crucial role in decreasing the stability (see table
2). The implementation of the alkaline earth metals to MgH»
reduces the stability of MgH,, leading to an improvement of
the dehydrogenation kinetics.

3.3 Desorption temperature

The thermodynamic properties of the hydrides are described
by the standard Gibbs energy:

AG = AH — TAS, (6)
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where AH and AS(AS =~ AS (Hp) = 130-7 J/mol K) are
the heat formation and the entropy change of the dehydro-
genation reaction, respectively. At the decomposition tem-
perature for a constant pressure, the standard Gibbs energy
becomes zero. Therefore, the temperature of the dehydro-
genation can be estimated according to AH = T AS (Bhihi
et al 2012).

The calculations presented in this study show that for pure
MgH, the decomposition temperature is equal to 460-12 K,
which is close to other values 573-673 K found in Shang
et al (2003, 2004) and Bhihi er al (2012). On the other
hand, alloying MgH, with small amounts of alkaline met-
als can have a great effect in destabilizing the parent com-
pound MgH, by lowering the decomposition temperature,
without significantly reducing its high hydrogen capacity
(see table 3).

It has been observed that the temperature of desorption
decreases according to the augmentation Z number of the
elements appearing in the second group and in decreasing
order of the electronegativity. It follows from figures 3—6
and tables 4 and 5 that the band gap decreases from Mg
to Ba. This could be explained by the decreasing of the
electronegativity.

3.4 Electronic structure

The density of state has been used to understand and explain
the nature of metals in the alloys hydride Mg;sAMH3;. In

Table 3. Gravimetric hydrogen capacities of
Mgi5AMH3; (AM = alkaline metal).

Gravimetric hydrogen

System capacities (Wt%)
MgisH3z 7-65
Mg5CaHsz, 7-38
Mg 5SrHz, 6-66
Mg;5BaH3, 6-04
1 g,
20 -
10 /—/I-W
0
% — st
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064 —— 3s Mg1
0.4 —— 3p Mg1
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Figure 3. Total and partial DOSs of MgH.
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Table 4. Electronegativity per atom for alkaline

metal.

Electronegativity in
Elements Pauling unit
Mg 131
Ca 1-00
Sr 0-95
Ba 0-89

Table 5. Energy gap and width of valance band for each system,
Mgi5AMH3; (AM= alkaline metal).

Width of valance Gap energy
System band (VB) (eV) V)
MgH,» 6-426 4.059
Mg15CaH32 6-466 4.052
Mg5SrH3; 6-586 3-850
Mg;sBaHz; 7147 3-116

particular, it has been explored to clarify their effect on the
stability and the kinetics of hydrogen absorption—desorption.

For this reason, the total (DOS) and the partial density of
electronic states (P-DOS) of MgH,, with and without addi-
tional metals (AM=Ca, Sr and Ba), have been calculated.
Our calculation is plotted in figures 3—6. On the one hand, it
follows from figure 3 that there are two parts in the valence
band (VB). In the first part, the band with energy range from
—1-8 to 0-0 eV is called ‘high VB’ composed mainly of
strongly hybridized H-1s and Mg-3 p states. The second part
concerns the band with energy range from —6-42 to —1-8 eV
which is called ‘lower VB’ originating almost from Mg-3s
and H-1s states. While the contribution of the lowest conduc-
tion band (CB) is fully from Mg-3p, Mg-3s and few H-1s
states. On the other hand, we can observe that the obtained
energy gap (Eg) is 4-06 eV, which is typical for an insu-
lating system. Up to a difference of the order of 1 eV, our
value and those obtained by the GGA approximation 3-9 eV
(Kelkar ef al 2008; Zhang et al 2010), 4-0 eV (Li et al 2006)
and 4-2 eV (Vajeeston er al 2002) are close to the experimen-
tal one 5-16 eV given in Yu and Lam (1988). Indeed, this
value has been improved by using the GW approximation
5-58 eV (Zhang et al 2010).

For MgH, doped with alkaline metal, we start by study-
ing the effect of the nature of the alkaline metals (AM)
on the electronic structure of MgH,. To make a compari-
son between the nature of this metal and MgH,, we plotted,
in figures 4-6, the total and partial DOSs of MgH,-doped
alkaline metals (AM=Ca, Sr and Ba). From these figures,
we observe that the overall shapes of the total DOSs for
Mg;sAMH3, (AM=Ca, Sr and Ba) are similar to each other.
When doping with alkaline metals, the system preserves
the same electronic behavior as seen in pure MgH, (Maark
et al 2012). In particular, the doped system keeps the
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insulator state. In contrast, the transition metal hydrides
modify the electronic structure of MgH, which is converted
to a metallic structure as reported in Xiao et al (2009) and
Li et al (2006).

The only small difference between different components is
seen in the hybridization between H-1s and p state of metal
elements. It becomes more and more localized near the Fermi
level according to the following order:

Mg — Ca — Sr — Ba. (@]

Moreover, the valence band is mainly attributed to H-1s
states and the introduction of the doped element has
increased the width of the VB according to the above order
(7). Comparing the density of states of the second group
alkaline metal hydrides including Mg;sCaHs,, Mg;sSrH3,
and Mg;sBaHs,, we find that the Mg;5CaH3; has the small-
est DOS localisation near Fermi level due to the hybridiza-
tion between Ca-3p and H-1s. While for Mg;sSrH3,, the
hybridization between Sr-4 p and H-1s is more localized than
the Ca one. Then, this localization of H orbital becomes
very important for Mg;sBaHs,, resulting from hybridization
between Ba-5p and H-1s. This indicates that the localization
of H-1s states comes from strong local hybridization between
AM-p and H-s states. Also the hybridization between Mg-
s and H-s states, which constitutes the lower VB becomes
slightly weaker. This leads to a decreasing of the stability
of the hydride. This is consistent with heat of the forma-
tion energy calculations listed in table 2. Moreover, we can
see that the obtained energy gap (E,) decreases following
the same order as in (7). For each element, the energy gap
calculation is summarized in table 5.

4. Conclusions

In this paper, we have discussed the H desorption mechanism
within the hydrides using the electronic structure calculations
based on the ab-initio method. Among others, we have found
that the localization of H-s states near Fermi level, obtained
from the hybridization between AM and H atoms, is mainly
responsible for the gap width tuning and the destabilization
of the system. Moreover, the comprehension of hydrogen
desorption allowed us to estimate the formation energy and
the temperature values of the H desorption. The calculated
quantities agree with the experimental data given in Shang
et al (2003, 2004). Such estimated values allow us to con-
sider that the component Mg;5SrH3; is the most appropriate
material for H desorption near room temperature without los-
ing much in terms of storage capacity. Moreover, we have
observed that the stability system decreases in accordance
with the decreasing of the electronegativity of the doped ele-
ments. In particular, it has been realized that such doping
procedures with alkaline metals, in contrast to the transition
metals (Li et al 2006; Xiao et al 2009), do not change the
electronic structure as seen in MgH, including the insulator
state.
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In this work, the hydrogen storage properties of the Mg-based hydrides, i.e., Mg1_;M;Hy (M=Ti, V, Fe, 0 <
z < 0.1), are studied using the Korringa—Kohn—Rostoker (KKR) calculation with the coherent potential approximation
(CPA) approximation. In particular, the nature and the concentrations of the alloying elements and their effects are
studied. Moreover, the material’s stability and hydrogen storage thermodynamic properties are discussed. In particular,
we find that the stability and the temperature of desorption decrease without significantly affecting the storage capacities.

Keywords: first-principles calculation, formation energy, electronic structure, hydrogen storage
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1. Introduction

Up to date, the magnesium is one of the most
attractive materials for hydrogen storage applications
due to its high gravimetric and volumetric capacities
(7.65 wt.% and 110 gH2/1, respectively) in the form of
stoichiometric binary MgH,.[!) However, its slow hy-
drogen absorption and desorption kinetics as well as
the high dissociation temperature of 573—673 K, es-
sentially limit its application for hydrogen storage.!
Numerous attempts have been made to improve the
magnesium hydrogen absorbing-desorbing character-
istics. Experimentally, it has been reported that the
mixing magnesium or the magnesium hydride with
small amounts of transition metals (TM) or their ox-
ides drastically accelerates the hydrogen kinetics, and
a slight decrease of the desorption temperature was
observed.[3—9

Electronic structure studies of Mg-based alloy hy-
drides are performed to predict further modifications
that destabilize the corresponding hydrides by low-

ering the desorption temperature and enhance the

TCorresponding author. E-mail: elkenz@fsr.ac.ma

DOT: 10.1088/1674-1056,/21/9/097501

hydrogen kinetics characteristics. Several theoretical
studies have been carried out to clarify the mecha-
nisms of the alloying effects on the thermodynamic
properties of the magnesium-based hydrides.!'0—16]
On the other hand, the observed catalytic mechanism
is still not adequately explained.

The aim of this work is to study the elec-
tronic structures of Mg-based hydrides Mg;_, M, Ho
(M=Ti, V, Fe) with 0 < z < 1 by using the
Machikaniyama2000 KKR, (Korringa-Kohn-Rostoker)
code package from Akai of Osaka University.['718] The
code package is based on the coherent potential ap-
proximation (CPA), and provides an intuitive yet ac-
curate approach when combined with the generalized
gradient approximation (GGA) methods, and it gives
very good results for alloying systems. The obtained
results are used to discuss the hydrogen storage ther-
modynamic properties. In particular, we find that the
stability and the temperature of desorption decreases

without significantly affecting the storage capacities.

(© 2012 Chinese Physical Society and IOP Publishing Ltd
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2. Computational methods

To solve the density functional theory (DFT)
one-particle equations, we use the multiple-scattering
theory, i.e. the KKR Green’s function (KKR-GF)
method and the KKR-CPA for low impurity concen-
trations. The coherent potential approximation is em-
ployed to describe the random disordered distribution
of impurities. The relativistic effects are taken into ac-
count by using the scalar relativistic approximation.
The crystal potential is approximated by a muffin-tin
potential, and the wave functions in the respective
muffin-tin spheres are expanded in real harmonics up
to I = 3, where [ is the angular momentum quan-
tum number defined at each site. In our calculations,
1000 k-points in the irreducible part of the first Bril-
louin zone are used. For the present KKR-CPA calcu-
lations, the package MACHIKANEYAMA2000 coded
by Akail'® is used. In this study, the KKR method
within the GGA and the GGA91 for parameterization

(19]

of the exchange energy!™” is applied. Table 2 shows

3. Results and discussion

3.1. Structural relaxation

We first study the effect of doping on the struc-
ture relaxation. The total energy of the system
computed by the DFT method depends on the nu-
cleon positions, hence we can minimize the energy
The to-
tal energy of MgH, as a function of lattice param-

functional with respect to the positions.

eter a before and after doping with a certain el-
ement (Ti, V, and Fe), has been calculated using
the Hellmann-Feynman method®® in the KKR-CPA
method with the GGA91 parameterization.'¥) Our
results are given in Fig. 2. The equilibrium po-
sitions corresponding to the minimal energies for
both cases (MgH, and MgH,:TM) are determined
by Geq = 4.585 A and the ratio c/a = 0.6572.
These values are comparable to those obtained ex-

perimentally (¢ = 4.501 A and ¢/a = 0.6687)122

that the calculated values are in good agreement with —805.97 1 ('a)
L, i
those obtained by the Wien2K code.['420-22] 2 —805.99} ‘\\ ]
The hydride MgHs crystallized in the rutile-type E L "\__l 3
. — 3 *, 4
structure (P4s/mnm, space group N°136) at ambi- g 806.01 N yd
ent conditions.[23] The Wyckoff positions of Mg and i; —806.03f kS /'{ ]
H are 2a (0, 0, 0) and 4f (0.304, 0.304, 0), respec- E s \\.\ i .
3 -
tively (Fig. 1). The lattice constants used as the in- —806.05¢ \\_%___/ ]
put for our calculation are the experimental values, 76 80 31 8% o2
a = 4.501A and ¢ = 3.01A.[23] The lattice constants of a/Bohr
Mg, Ti, V, and Fe (Table 1) are taken as reference.
= —552.830f = (b)
. L ]
=] ",
< —B52.840F ]
> F i\ 4
& _552.850} A
= L -, yar
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2 _552.860F N <
: - N
~ —552.870¢[ \\ y
5 F ot ]
£ —552.880} ]
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Fig. 1. (colour online) Crystal structure of MgHs in the 5 \'\._ - ]
primitive cell. g _617.570 \\ I ]
= ’ e, ,/
g i_w'r 7
Table 1. Lattice parameters of simple elements. B —617.580 1
Element Space group Crystalline structure a/A ¢/A 4.0 I 4)2 I 4.I4 IA 4.I6 I 4;8 I 5.0
Mg  194-P63/mmec Hcp 3.21 5.21 a/A
Ti 194-P3 /mmc Hep 2.95 4.68 Fig. 2. Total energies of (a) MgH2, (b) Mgo.9Vo.1Hz, and
v 227-Im3m Bee 3.03 3.03 (c) Mgo.9Fep.1Hz each as a function of parameter a of the
Fe 227-Im3m Bece 2.87 2.87 primitive cell.
097501-2
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and (¢ = 4.515 A and ¢/a = 0.6686).126] This means
that the volumetric capacity is the same for MgHs
and MgHy:TM. This good agreement allows validating
our modeling approximations based on the KKR-CPA
method with the GGA91 parameterization.

3.2. Hydrides stability: heat of forma-
tion

We now evaluate the heat of formation (AH) of
hydride MgHs before and after doping with certain
transition metals to study the stability of these hy-
drides. The heat of formation AH is the most impor-
tant thermodynamic parameter used to identify and
classify hydrogen storage materials. This is due to the
fact that it can be used to determine the heat of the
hydrogenation reaction (AH < 0 hydride is stable and
vice versa) and deduce the temperature of desorption
of hydrogen from the system. The AH of hydride can
be defined as the difference between the sums of total

energies of products and reactants/'®!

AHyr = Z Eiot(products) — Z Eiot(reactants). (1)

The reaction related to the formation of hydride

MgHs reads
Mg + Hs — MgH,. (2)

To calculate the heat of formation of reaction (2),
we subtract the total energies of the pure element Mg
and the hydrogen molecule from that of hydride MgH,

AH = Etot(MgHz) - Etot(Mg) - Etot(H2)~ (3)

The value of the total energy of the Hs molecule,
Eio(H2) = —2.320 Ry, has been taken from Refs. [6]
and [27], and that of Mg is calculated and is equal
to —400.6670692 Ry, which is comparable to that ob-
tained in Ref. [28].

The calculated enthalpy of formation based on
the KKR-CPA method for the magnesium hydride
with the optimized and the experimental struc-
ture parameters are —85.709 kJ/mol|cdotHy and
—79.577 kJ /mol-Ha, respectively (see Table 2). These
values are comparable to those obtained experimen-
tally, —74.3 £ 0.5 kJ /mol-Hy,[?”) —81.2 kJ /mol-H,, 3]
and —76.15 + 9.2kJ/mol-Hy.?? This good agreement
allows validating our modeling approximations based
on the KKR~-CPA method with the GGA91 parame-

terization.

Table 2. Total energies and heats of formation obtained with experimental and optimized parameters of MgHs.

Total energy/Ry-f.u.~!

Formation heat/kJ-mol~!-Ha

Element
Our cal. Literature Our cal. Literature
Mg —400.6670692 ~400.6675[33] - -
Ha 2.32015,26]
MgH®) —403.0477706 —79.577
§h2 ~403.042937(13] —74.3 + 0.5(27
MgHo?) —403.0524479 ~85.709

a)with experimental parameters, P)with optimised parameters

In order to destabilize the MgHs systems, transi-
tion elements have been introduced, which are known
for their role in the destabilization of magnesium

hydridel®28 following the reaction
MgHy + M — Mg, _,M,Hs + zMg. (4)

Based on this reaction, we can calculate the enthalpies
of formation of doped Mg-based hydrides according to

the following formula:
AFEyur = Eiot(Mgy_, M, Hs) + x(Etor (Mg)
- Etot(]‘/—[)) - Etot (1\/,[gH2), (5)

where the total energies per atom for the pure ele-

ments are calculated and listed in Table 3. The total

energies as well as the resulting heats of formation of
the studied hydrides are listed in Table 4. It is shown
that the addition of the transition metal to MgH, gen-
erally reduces the stability of MgHs, which can lead to
an improvement of the dehydrogenation kinetics. This

agrees well with the trend observed experimentally!®]

[6,28] This destabilization effects on

and theoretically.
MgHs> obtained in this work increase in the order of
Fe, Ti, and V according to the values of heat of for-
mation of the mixtures. It follows from Eq. (5) that
we can control the value of the heat of formation in
Mg;_. M, Hy (M=V, Ti, and Fe, 0 < z < 1) by vary-

ing the concentrations of the doped elements. In fact,

097501-3
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it is shown in Fig. 3 that when we increase the con-
centration, the heat of formation decreases linearly
with a specific slope for each dopant. Consequently,
for each doped element, the stability increases until
it reaches the one associated with MgHsy according
to its specific concentration Cs in the following or-
der: Cs(MgHs:Fe)<Cs(MgH2:V)<Cs(MgHs:Ti), see

Table 5.

Table 3. Total energy per atom for pure elements.

Element Total energy/Ry-f.u.~!
Mg —400.6670692
Ti —1707.629854
A\ —-1898.637153
Fe —2545.544327

Table 4. Total energy and heat of formation of Mgj_,M,Hs (M=Ti, V, and Fe) with z = 0.01, 0.05, and 0.1.

System Total energy/Ry Heat of formation/kJ-mol~!-Hs
MgH» ~806.104896 ~85.709
Mgo.95 Tio.05Ha 936.82869 18.05273336
Mgo.95Vo.05Ha ~955.932961 —20.37647298
Mgo.95Feo.05 Ha ~1020.63547 ~28.11172472

Table 5. Concentration limits (Cs) and gravimetric hydrogen capacities of Mgi_,M,Ho (M=Ti, V, and Fe).

Cg 31.01% 26.7% 18.57%

Gravimetric Mgi_cgMcgHz 5.994 5.208 6.264

hydrogen capacities Mgo.05Mo.osHa 7.330 7.289 7.225
wt. % MgH, 7.658
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Fig. 3. (colour online) Heat of formation as a function of
concentration for MgHo doped with Ti, V, and Fe.

3.3. Desorption temperature

The thermodynamic properties of the hydrides
are described with the standard Gibbs energy AG =
AH — TAS, where AH and AS are enthalpy and
entropy change of the dehydrogenation reaction, re-
spectively. For a complex hydride, when the material
is heated, the entropy factor slowly overcomes the en-
thalpy contribution. At the decomposition temper-
ature and under a constant pressure, the standard
Gibbs energy is zero. So the temperature of dehydro-
genation can be estimated by AH = TAS. During
heating, the entropy change of the solid is very small
compared to that of the gas, so the entropy change

during the decomposition reaction is primarily due to
the Hy evolution. At the standard pressure and tem-
perature, for most simple metal hydrides, the entropy
is taken to be AS ~ AS (H3)=130.7 J/mol-K, cor-
responding to the entropy change due to a mole of
gas transforming into the solid.[?! For most of the de-
hydrogenation reactions, it is estimated that AS is
in the range of 95 J/mol-K< AS < 140 J/mol-K.13%
Therefore AH is, to some extent, a reliable predic-
tor of the dehydrogenation temperatures for various
metal hydrides.[34

400 T T T T T T T T T T
—a—Mg,,Fe,H /
[ —*—Mgi_,V,H, / _
00l —=—Mg;_,Tit,Hs 1
I /'
o _ J
L o
200+ ]
-/.
100+ ]
; 0.08  0.10

Fig. 4. (colour online) Desorption temperature as a func-
tion of concentration for MgHs doped with Ti, V, and
Fe.

The calculation results of this study show that
for the pure MgHs, the decomposition temperature is
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equal to 655.76 K, which is close to values 573-673 K
in the other works.2:6) On the other hand, alloying
MgH;, with small amounts of transition metals can
have large effect on destabilizing the parent compound
MgHs by lowering the decomposition temperature (see
Fig. 4) without reducing significantly its high hydro-
gen capacity (listed in Table 5).

We can show that with the increasing concentra-
tion, the temperature also increases until it reaches
that of MgHs, the specific concentrations are Cgs =
31.01%, 26.7%, and 18.57% for MgHs:Ti, MgH:V,
and MgHs:Fe, respectively. Therefore, iron is the
best doping element, because it reduces the desorp-
tion temperature at a concentration smaller than that
in the other doping elements without excessively re-
ducing the storage capacity, see Table 5.

3.4. Electronic structure

The density of state has been used to understand
and explain the effect of the nature and the concentra-
tion of the transition metal on both the stability and
the kinetics of the hydrogen absorption-desorption in
Mg, M,Hs. For this purpose, the total (DOS) and
the partial (PDOS) densities of electronic states of
MgH, with and without transition metals (M=Ti, V,
and Fe) have been calculated.

Figure 5 shows the total density of states of MgH,
as well as the partial DOS related to Mg-s, Mg-p, and
H-s. We find that there are two parts in the valence
band (VB). In the first part, the band in the energy
range from —0.062 eV to —0.31 eV is called the high
VB and composed mainly of strongly hybridized H-s
and Mg-3p states. The second part is the band with
the energy ranging from —0.31 eV to —0.57 eV, which
is called the lower VB and originated mainly from Mg-
s and H-s states. While the contribution to the lowest
conduction band (CB) are from Mg-p, Mg-s and few
H-s states. We can see that the interactions of p (Mg)
and s (H) lead the top of the VB to move to a higher
energy and make the bottom of the VB move to a
lower energy, which increase the width of the VB and
consequently decrease the band gap, providing a per-
fect argument for the discrepancy between our calcu-
lation result of 2.745 eV and the experimental results
of 5.16 eV in Ref. [35] and 5.6 €V in Ref. [36]. This
is related with the result obtained using the GGA ap-
proximation, which overestimates the interaction en-
ergies between states of Mg and H. So it leads to a
large band width and a smaller band gap, and it is
well known that the first-principles calculation based

on the density functional theory suffers from the errors
in the calculated band gap.
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Fig. 5. (colour online) Total and partial DOS of MgH>
system.
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Fig. 6. (colour online) Total and partial DOS of (a)

Mgo.95Tio.05Hz, (b) Mgo.g5Vo.05H2 and (c) Mgo.g95Fe0.05Ha.

For MgH, doped with transition metals (M=Ti,
V, and Fe) with concentrations varying from 1% to
10%, we find the same behavior. For this reason, we
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plot in Figs. 6 and 7 only the total and the partial
DOSs of MgHs doped with 5% of M. These figures
show that the five orbits of the d state are divided
into two energy levels, called tog and egs. The tog
energy level is below that of eps. The appearance of
these levels is accord with the crystal field theory in
the case of transition metals inserted in the octahedral
symmetry, 37 which is the case in our compound. The
tog and eg, states are localized in the band gap. This
indicates that there is a weak hybridization between
M-d and H-s unlike the case of pure MgHs, where
there is a strong hybridization between H and Mg.
Moreover, there is no hybridization between M and
Mg, which is consistent with the consideration that no
binary MgM exists after releasing the hydrogen.3%l
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Fig. 7. Total DOS of Mgg.95 Mo.0sH2 (M=Ti, V, and Fe).

Figure 8 shows that the positions of the two lev-
els (tog and egg) of the impurity shift to the valence
band, and consequently the offset between the energy
level toz and the VB decreases in the order of Ti, V,
and Fe. This observation accords with the results of
our calculations of heat formation, which increases in
the same order. This shows that for all concentra-
tions, the mixture MgHs:Fe is most stable (MgHs,:
Fe>MgH,:V>MgH,:Ti) (see Fig. 4).

In order to explain the increases of both the sta-
bility and the hydrogen desorption temperature with
the increasing concentration of the transition metal
in hydrides based on Mg (Mgy_,M,Hs, M=Ti, V,
and Fe, 0 < z < 0,1), we plot the d states of these
transition metals with different concentrations on the
same figures (Figs. 8(a)-8(c)). For all systems, we ob-
serve that the more the concentration increases, the
more the d state of the transition metal shifts to the
valance band, which indicates that stability increases
with the increasing concentration. This is accord with
our calculation of heats of formation for different con-

centrations.
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Fig. 8. (colour online) Partial DOSs of d states for the
transition metals (a) Ti, (b) V, and (c) Fe in Mgi o MH>
with 0 < z < 0.1.

4. Conclusion

In order to improve the hydrogen storage proper-
ties of the Mg-based hydrides, such as Mg;_, M, Hs,
(M=Ti, V, and Fe), we have perfomed the first-
principles theoretical studies based on the KKR-CPA
method. The calculations results of heats of formation
for MgHy and MgHo:TM as well as their electronic
structures confirm that alloying TM (Ti, V and Fe)
can lower the stability of MgH,. It is favorable for
the improvement of the dehydrogenating properties of
MgH,. As a consequence, it can be concluded that al-
loying MgH, with small amounts of transition metals
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ABSTRACT

In this work, we propose a model to investigate the hydrogen storage ab/desorption kinetic
properties for the pure MgH, using Kinetic Monte Carlo (KMC) simulations. To do such
computations, the activation energies for different elementary processes have been esti-
mated. Moreover, the different thermodynamical quantities of interest are determined by
performing the ab-initio calculations. Then, we discuss the hydrogen diffusion in mag-
nesium hydride (such as adsorption, diffusion and desorption). More precisely, we study
the effect of each elementary mechanism on the diffusion that we characterize through
the density distribution of hydrogen atoms including filling ratios, diffusion time, tem-
perature and pressure. Among others, we show that all elementary mechanisms are
needed to reproduce a behavior of ab/desorption which correlates well with the experi-
mental results reported in literature. In particular, at high temperature and pressure, the
results of simulations indicate that the studied material involves slow kinetics.
Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

high tolerance. Alternative methods have been proposed
including high pressure gas cylinders, liquid hydrogen, phys-

Recently, hydrogen has been considered as one of the most
promising energy carriers alternatively to the fossil fuels
including coal, oil and natural gas. It faces a significant prob-
lem concerning its storage. Indeed, hydrogen storage method
should involve high volumetric, gravimetric capacity, a fast
sorption rate at relatively low temperatures, and a recycling

* Corresponding author. Tel.: +212 (0)661299306.

isorption of hydrogen on materials with a high specific surface
area, and hydrogen storage through hydrides (e.g. Boron and
Magnesium hydrides). The latter is very promising due to its
high hydrogen storage capacities [1—4].

More recently, it has been shown that the magnesium
hydride is one of the most attractive materials for hydrogen

E-mail addresses: loulidim60@gmail.com, loulidi@fsr.ac.ma (M. Loulidi).
0360-3199/$ — see front matter Copyright © 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
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storage applications due to its high gravimetric and volu-
metric capacities (7.65 wt.% and 110 gH,/l, respectively) [5].
However, this material shows a slow kinetics, as well as high
dissociation temperature 573—673 K, which reduces solid
hydrogen storage in normal conditions of pressure and tem-
perature [4,6].

Various attempts have been made in order to improve
magnesium hydrogen absorption/desorption properties.
Experimentally, it has been shown using mechanical grinding
with a small amount of transition metals (TM) or their oxides
that the hydrogen kinetic is accelerated and the decomposi-
tion temperature of the hydride is reduced [4,5,7,8]. On the
other hand, various theoretical calculations have been per-
formed to understand the relevant mechanism dealing with
the alloying effects on magnesium hydride thermodynamic
properties [9—11]. Based on density functional theory (DFT),
we have shown, in a previous work, that alloying MgH, with
small amounts of transition metals mixture TM (Ti, V and Fe)
can drastically decrease the decomposition temperature
without reducing significantly its high hydrogen capacity [12].
This has been obtained from the location of the two levels “t,g
and e,” of the impurity (d state) in the band gap. In that work,
we have dealt only with the stability properties and the tem-
perature of desorption for Mg-based hydrides such as
(Mg1_xTM,H, TM =Ti, V, Fe, 0 < x < 0.1). More details on such
developments can be found in [13-22].

The aim of this work is to present numerical investigations
of the hydrogen storage ab/desorption kinetic properties for
the pure MgH, by combining density-functional theory (DFT)
and Kinetic Monte Carlo (KMC) simulations and shed light on
the different mechanisms appearing in ab/desorption phe-
nomena. To perform such computations, the activation en-
ergies for different elementary processes and
thermodynamical quantities we need have been computed by
using DFT method. Taking into account of all calculated
quantities of interest, we study hydrogen diffusion in mag-
nesium hydride (such as dissociation of H,, adsorption,
diffusion and desorption) using KMC simulations. The effect
of each elementary mechanism on the diffusion that we
characterized through density distribution of hydrogen, filling
ratios, diffusion time, temperature and pressure is analyzed. It
is worth noting that this numerical method is adopted to
study the time of ab/desorption in MgH,. Thus, in section 2, we
shortly give our calculation methods. Section 3 is devoted to
the presentation and the discussion of our numerical results
that we compare with those obtained experimentally. In the
last section, we give our conclusion.

2. Model and computational methods
2.1. Density functional theory calculations

In order to the calculate different energy barriers, we have
used ab-initio calculations based on the all-electron full-po-
tential local-orbital minimum-basis scheme FPL09.00-34
[23,24] to solve the Kohn—Sham equations using the scalar-
relativistic and the full four-component relativistic schemes.
The parameterization of the exchange-correlation energy has
been done within the generalized gradient approximation

233

GGA [25]. To ensure a high accuracy in our calculations, we
used self-consistent criteria for both the energy and the den-
sity with precisions of 10" Ha and 10 ° Ha~* A ~3 respectively.
A mesh of (12 x 12 x 12) k-points in the irreducible part of the
first Brillouin zone was used in our calculations. The total
energy is calculated using the scalar-relativistic scheme, for
all configurations.

The hydride MgH, crystallizes in the rutile-type structure
(P4,/mnm, space group N°136) at ambient conditions [26]. The
primitive cell has two Mg atoms, one at the origin and the
other in the centre of the cell at (1/2, 1/2, 1/2) plus four
hydrogen atoms at (x,x,0), (—x,—x,0), (1/2—x, 1/2 4+ x 1/2) and (1/
2 + x, 1/2—x, 1/2) with x = 0.304. The initial lattice parameters
used, in our calculations, are the experimental values
a=4501A and c = 3.01 A [26].

To calculate the activation energies, all hydrogen possible
configurations have to be determined. However, in the unit cell
model four atoms may move to empty neighbors. To reach the
different possible arrangements of H atoms, we should break
the usual symmetry P4,/mnm settings down to the standard
setting P1(1) by translating the Wyckoff position coordinates.
Based on this symmetry breaking and using combinatorial
calculation, we obtain 304 H atom configurations. The activa-
tion energies have been obtained from the maximal energy
appearing in the possible paths between the initial position
and the final one while the energy formation and the desorp-
tion temperature have been calculated in P4,/mnm settings.

2.2. Kinetic Monte Carlo calculation

To investigate the hydrogen diffusion in magnesium hydride,
we apply the KMC method [27] to the model we suggest. Thus,
the activation energies calculated by DFT method are imple-
mented in our algorithm to determine the rate transition of
each elementary process. By defining the relation between
simulated time and Monte Carlo steps, we can predict the
hydrogen diffusion time (ad/desorption time) in MgH, as
function of temperature and pressure.

In our model, we consider a supercell containing 160
magnesium atoms and 320 hydrogen atoms. In terms of Miller
indices, the hydrogen will be adsorbed or desorbed on the
(0O1)surface. Periodic boundary conditions have been
considered along X- and Y-directions. We assume that the gas
phase is an ideal gas composed of hydrogen atoms and thus
fully described by partial pressures Py, and temperature T.
The rate of hydrogen flux can be obtained using the kinetic
theory of gases providing the amount of gas hitting (F) the unit
area of a surface per unit time [28].

Absorption and desorption of hydrogen in hydride metals
can be done according to three steps: adsorption/desorption,
dissociation and diffusion. In order to study the absorption,
we consider initially a supercell containing only the magne-
sium atoms. Then the interstitial sites will be occupied by H
atoms at each time step. Such filling of H atoms is based on the
above three mentioned processes. The adsorption of H, is
followed by its decomposition in two H atoms. For such
decomposition, one needs to introduce energy barriers con-
trolling the dissociation processes. The calculations we per-
formed show that the barrier energy of H, dissociation at the
surface (001) of Mg atoms is of order 0.8 eV. It is in good
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agreement with the energy barriers 0.75—1.18 eV obtained in
the literature [29—31].

Each hydrogen atom has eleven nearest neighbors (N.N):
seven in the same plane, two in the upper adjacent plane and
the remaining two ones are located at the lower adjacent
plane (Fig. 1). After dissociation, the H atoms can move from
an interstitial site to another one depending on the corre-
sponding activated energies. It is the diffusion process.

In the algorithm we developed, various possible events
including processes of diffusion to the free neighbors,
adsorption and desorption are considered. At each KMC step
one of the above process is randomly selected with a
probability

Pi=— @

The rate transition R; associated to the ith jump process and
the total rate transition R are given respectively by:

Ea
R; = v €Xp (K;T) 2

N
R=Y"R 3)

where v, describes the jump frequency (usually set to 10 Hz)
and the activation energy of ith jump process taken from first-
principles calculations (see section 2.2). The time of hydrogen
atoms displacement is incremented by At, which is defined as
the inverse of the total rate transition:

3 @

where u is a uniformly distributed random variable between
O<u<l.

3. Results and discussions

To apply Monte Carlo calculations for studying the kinetic
properties of MgH,, we should implement some thermody-
namical parameters and the activation energies. Such

quantities are obtained using the DFT method based on ab-
intio calculations.

3.1 Thermodynamic properties of MgH, structure from
DFT method

Before discussing the thermodynamics of MgH, structure,
which includes the desorption temperature and the enthalpy
change of formation, we first determine its equilibrium lattice
parameters using the relaxation method. Indeed, we optimize
the MgH, structure by evaluating the total energy as function
of the unit cell volume. Using GGA approximation and fitting
the obtained values with respect to a generic polynomial of
the second order, the equilibrium parameters which corre-
spond to the minimum energy are a = b = 4.5094 A and
¢ = 3.0163A. These values are in good agreement with those
obtained in the literature [12,26].

To get the desorption temperature and the enthalpy of
formation AH, we have to consider the following reaction
related to the formation of the hydride MgH:

Mg + H, — MgH, (5)

To calculate AH related to the reaction of formation (5) we
subtract the total energies of the pure element Mg and the
hydrogen molecule from its hydride MgH, obtained by relax-
ing the system:

AH = Eot(MgHy) — Etot(Mg) — Eror(Ha) (®)

Using DFT calculation, we find that the total energy of
hydrogen is Eot(H,) = —2.330 Ry. It is in good agreement with
the one reported in [10,32]. Moreover, the calculated heat of
the formation of MgH, is AH = —63.018 kJ/mol.H,. It is close to
previous theoretical values obtained using different methods:
—62.301 kJ/mol.H; [9], —75.99 kJ/mol.H, [10], —69.51 kJ/mol.H,
[11], —82 kJ/moLH, [33]. On the other hand, our result is close
to the experimental value —76.15 + 9.2 kJ/mol.H, obtained in
[34]. We believe that such small difference between different
values is due especially to the different methods used in DFT

) ) @ T @ . 4 (@\@ B
> 74 \T:\/ —— @;e<°@ X
TN ] ©e@wo©

Fig. 1 — Representative scheme of neighbors sites. Left denotes the seven neighbors in the same plane; right shows the four

neighbors in the other planes.
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calculations. The decomposition temperature Tge. can be
estimated using the well known thermodynamical relation

AH

S 9
Taking the above value of AH and the value of the entropy

AS = AS(Hy) = 130.7 J/mol.K obtained at standard temperature

and pressure [25], we get Tgec = 482.52 K. It is in agreement

with other values reported in [10,12].

Taec =

3.2.  Activation energies

For later use in Monte Carlo simulations, energy barriers (more
than 300 activation energies) have been computed. Four situ-
ations among them are illustrated in Fig. 2. Particularly, we
have found that the energies depend on the surrounding
hydrogen atoms and the target-interstitial sites. The barriers
get enlarged by increasing the hydrogen atom number in the
system. Indeed, DFT calculations reveal that the energies cor-
responding to the hydrogen atoms motionsin the (001) plan are
lower than the energies associated with the motion between
two parallel (001) plans. Therefore, hydrogen atoms prefer to
diffuse along X and Y directions instead of moving vertically.

3.3. Kinetic Monte Carlo study

Having determined the thermodynamic properties of the MgH,
structure using DFT method, we incorporate all calculated

-401.18 - : 1
/_."‘\ 0 o
/ \\ o
-401,19 / \ 069 '
/!
/ A
- / \
g /
& -401,20 \ i
5 / 0,04157 Ry \
@
=
w M,
-401 21 // \ |
/ \
/ Y
EF-E B N
Sy
T T T * T
00 0.2 04 06 08 10
Migration path
-401,17 - ! - : ‘
-
/ \
-401,18 \ ! ° g
/ 5 oo
/ \
-401,19 J,f \ ]
= / Y
o / b,
- /
5 -a01.20 4 . \\
2 / 0,05621 Ry \ 4
Y AN
40121 / \
-401.22 P S
—— ~
T T T T
0.0 0.2 04 06 08 10

Migration path

thermodynamical quantities in the KMC method to study
the kinetic properties of the magnesium hydride material.

3.3.1.  Absorption/desorption times
In order to determine the responsible mechanism of hydrogen
storage in magnesium hydride in conformity with the
observed behavior in the experiment, we have used several
elementary events (adsorption, surface diffusion, diffusion
along X-, Y- and Z-direction, and desorption). Along our nu-
merical analysis, we have observed that all the mentioned
mechanisms are necessary to reproduce the behavior ob-
tained numerically in literature [5,35].

In Fig. 3, we present the amount of the absorbed and the
desorbed hydrogen calculated (in wt.%) as a function of the
reaction time using the following equation

XMy,

=—2_-100 8
Mg + XM, ®

Pm
where My,, My are the molar mass of hydrogen and magne-
sium respectively and where x is the rate of hydrogen atoms
placed at the supercell.

Both absorption and desorption kinetics exhibit a behavior
quite similar to that observed in the experimental results with
a very small quantitative difference, which is due to the used
pressure values being smaller or higher than the experimental
one [5,35].

Depending on the initial conditions and to the initial
pressure applied on the adsorption (001) surface, the rate of
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Fig. 2 — Energy curves for an H atom diffusing between two interstitial sites along different paths.

235



8354

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 38 (2013) 8350—-8356

T " T . T
0 1000 2000 3000

time (s)

T
4000

0 T T T T T T T T
14 A
S AN J
E
,g‘ 4
=
I3 N
44 .
5 e
a 1000 2000 3000 4000 5000 OO0 TO00 8000
time (s)

Fig. 3 — Simulation charging/discharging kinetic for the pure MgH, at 633 K and 10 bar/1 bar.

hydrogen absorption in our material increases rapidly with
respect to time. Once the number of the hydrogen atoms in
the system becomes substantial, the activation energies in-
crease. Then, the H atoms move with difficulties to the empty
sites. For this reason the amount of hydrogen increases slowly
as a function of time until reaching a limit equal to the
gravimetric capacity of MgH, (o, = 7.65 wt.%) where all the
empty interstitial sites in the supercell are occupied by
hydrogen atoms.

For the desorption process, the system does not completely
desorbs all hydrogen atoms which prefer to move inside
rather leaving the system. In order to discharge all hydrogen
atoms, one needs a high vacuum that we cannot realize
within our simulations. The maximal value of dehydrogena-
tion, which depends on the temperature and the applied
pressure, remains a little bit constant for a while. It follows
that the kinetic of desorption of the hydrogen of our system is
very slow in contrast to the absorption mechanism.

The effect of the temperature on such behavior is repre-
sented in Fig. 4 for a supercell of (4 x 4 x 5) and temperature
values running from 600 K to 630 K with a step of 10 K. It is
shown clearly that higher temperatures lead to significantly
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Fig. 5 — Filling time as a function of temperature for 10 bar.
Black dots denote the simulation data while the fitted
curve is in red. (For interpretation of the references to color
in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4 — Charging/discharging kinetic at different temperature and 10 bar/1 bar.
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improved hydrogenation as well as dehydrogenation kinetics
since the reaction speed increases by increasing the tem-
perature. This result is in good agreement with the behaviors
reported in [36,37]. After a period of 4000 s, the tank already
reaches the rate of saturation for a temperature of 630 K,
while it hardly exceeds the half size at 600 K. Thus, the filling
time depends on the temperature. It decreases exponentially
with respect to the temperature as shown in Fig. 5.

A 5 goes0ms v T T T T T T
1,80E+018 - -.'---.. B
L ' p
1.60E+018 - . Lo
L ] 4
1.4DE+018 - - E
.
1 20E+016 - - _
— LI
2 1 00E+018 3 B
E "
= BODE+D1T - ; 4
6 00E+017 - E
. [
4 00E+017 4 = 4
20064017 4 e .
0.00E+000 ’ r ; ;
50 &0 T 80 90 100
H Concentration(%:)
b S000000 T T T T T T
8000000 - x ]
4 . ..-
7000000 : L
1 - .
6000000 - ) L
4 L ]
. 5000000 - " e
i ] :
2 4000000 4 o
3000000 -
1 s
2000000 o E
1000000 - = g
0 . ' ' y , r . . .
50 &0 0 BO €0 100
H Concentration{%)
C
120 . : r
11}
[ L [ ]
100 o L] LY B
L]
-
80 4 -
- L]
L] {
- L]
L 6o =
E ]
40 4
.
20 1
u
o T T T T
50 =] T0 &0 80 100

H Concentration(%!)

Fig. 6 — Equilibrium time as a function of hydrogen
concentration for different temperatures: a-300 K, b-500 K
and c-700 K. Dotted lines are plotted for clearness.
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3.3.2.  Equilibrium time

To characterize the equilibrium in our system, the density of H
atoms in different plans (z=0, z=0.25,... z = 1) is calculated at
each Monte Carlo step by

nu(Z)

p(Z) = ns(Z) ©
where ny(z) represents the number of residing hydrogen and
where ng(z) is the total number of interstitial sites located in
the z plan. The system is considered to be in an equilibrium
state when the density p(z) is uniform; i.e almost the same
in all plans z. The equilibrium time, teq required to reach
such equilibrium phase for different hydrogen concentra-
tion is the sum of the filling time t; (the necessary time to
introduce the chosen concentration of hydrogen) and the
relaxation time t, (the necessary time to have a homoge-
neous distribution of hydrogen in the system). We show, in
Fig. 6, that t.q increases with respect to the hydrogen con-
centration until reaching a maximal value corresponding to
a concentration of hydrogen atoms close to 90% then it
goes down. The same behavior has been observed for
different values of temperature (Fig. 6). The increase of teq is
completely obvious. More the hydrogen concentration is
high more we need large time t; to fill the tank. On the other
hand, the necessary barriers for the displacement of
hydrogen atoms get larger by increasing the hydrogen rate
leading to an increment of the relaxation time t,. We expect
that the observed maximum is due to the collision of
hydrogen atoms with the upper wall (zmax) since the
boundary conditions have been applied only on X and Y
directions and not on the Z direction. It turns out that the
decrease of teq is due to the decrease of t, which vanishes for
X = 100% (teq = ty). Thus, t, vanishes when all interstitial sites
in the supercell are occupied by hydrogen atoms.

4. Conclusion

In this paper, we have suggested a model to study the
hydrogen storage ab/desorption kinetic properties for the pure
MgH, using Kinetic Monte Carlo (KMC) simulations. Different
process namely the absorption, desorption and diffusion have
been taken into account and all corresponding activation en-
ergies have been calculated using ab-initio calculations. After
having incorporated all the calculated thermodynamical
quantities of interest in our algorithm, we investigated the
hydrogen atom diffusion in magnesium hydride and studied
the time of ab/desorption in MgH,. The effects of each
elementary mechanism on the diffusion that we character-
ized through density distribution of the hydrogen atoms, the
filling ratios, the diffusion time, the temperature and pressure
have been studied. We have shown, within KMC calculations,
that the behavior of ab/desorption is in good agreement with
the experimental results and the suggested material has slow
kinetics at high temperature and pressure. Then, we have
revealed that the equilibrium time exhibits a maximum at
about 90% of the hydrogen atom rate to fill in the system
whose relaxation time vanishes at very high hydrogen
concentrations.
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