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Abstract VII 

 

Abstract  

Hydrogen storage has become progressively important due to increasing energy demand. Magnesium 

(Mg/MgH2) is one of the most promising elements of hydrogen uptake, however, the slow kinetics and 

need for high temperatures during dehydrogenation make this material challenging for mobile appli-

cations. Meanwhile, Titanium (Ti/TiH2/TiO2) draws attention due to its catalytic effect in hydrogenation 

of other metals with higher capacities. A comprehensive way to quantitatively characterize the kinetics 

of hydride formation in both systems (Mg and Ti) is shown here. A technique allowing a large range of 

pressures and temperatures (room temperature to 300 °C and from 0.05 bar up to 100 bar) is devel-

oped successfully. Thin films (50-1000 nm), deposited by ion beam sputtering (PVD), are used because 

of their smooth surface and defined structure. In order to study hydrogen transport precisely, X-ray 

diffraction (XRD), electron microscopy (SEM/FIB/TEM) and electric resistance measurements are used. 

In the case of Mg, while a Pd coating is used as catalyst, the hydride is formed from the surface towards 

the substrate and transformation in the morphology is observed. Parabolic law is followed and the 

diffusion coefficient of hydrogen in MgH2 is obtained at room temperature (2.67 · 10-17 cm2/s). Addi-

tionally, a model is created to fit the experimental change in resistance during hydrogen loading and 

shows the changes in the behavior of thicker layers. The interface between Pd/Mg is discussed, since 

Mg5Pd2 and Mg6Pd are formed at high temperatures and are most dominant over dehydrogenation. 

However, at room temperature, this interface appears to be more stable. The activation energy of 

hydrogenation is calculated experimentally from an Arrhenius plot to be equal to Ea = 22.6 ± 2.0 kJ/mol 

and the pre-factor D0 = 3904 cm2/s. Additional attention is given to magnesium hydride as an anode 

electrode in Li-ion batteries. TEM investigations of thin film electrodes demonstrate the complete lithi-

ation of the material however, with drastic volume changes, leading to bad reversibility. In Ti the thin 

oxide layer naturally formed on the surface, appears to play a dominant role in the kinetics of hydrogen 

transport leading to a linear kinetics. A pressure dependency is observed, while an experimental eval-

uation of the permeation coefficient in the oxide is also discussed. Important information on the hy-

drogen transport is obtained in both systems, giving an input for further improvements of such hy-

drides.  

 

 

  



 

 



Kurzfassung IX 

 

Kurzfassung 

Die Wasserstoffspeicherung ist aufgrund des steigenden Energiebedarfs zunehmend wichtig gewor-

den. Magnesium (Mg / MgH2) ist eines der vielversprechendsten Elemente der Wasserstoffaufnahme, 

die langsame Kinetik und der Bedarf an hohen Temperaturen während der Dehydrierung machen die-

ses Material jedoch zu einer Herausforderung für mobile Anwendungen. Auch macht Titan (Ti / TiH2 / 

TiO2) aufgrund seiner katalytischen Wirkung bei der Hydrierung anderer Metalle mit höheren Kapazi-

täten auf sich aufmerksam. Ein umfassender Weg zur quantitativen Charakterisierung der Kinetik der 

Hydridbildung in beiden Systemen (Mg und Ti) wird hier gezeigt. Eine Technik, die einen großen Bereich 

von Drücken und Temperaturen (R.T. bis 300 ° C und von 0,05 bar bis 100 bar) ermöglicht, wurde er-

folgreich entwickelt. Dünne Schichten (50-1000 nm), abgeschieden durch Ionenstrahl-Sputtern (PVD), 

werden wegen ihrer glatten Oberfläche und definierten Struktur verwendet. Um den Wasser-

stofftransport genau zu untersuchen, werden Röntgenbeugung (XRD), Elektronenmikroskopie (SEM / 

FIB / TEM) und elektrische Widerstandsmessungen verwendet. Im Fall von Mg wird, wenn Pd als Kata-

lysator an der Oberfläche verwendet wird, das Hydrid von der Oberfläche in Richtung auf das Substrat 

gebildet. Gleichzeitig wird eine Veränderung der Morphologie beobachtet. Ein parabolisches Zeitge-

setz wird befolgt und der Diffusionskoeffizient in MgH2 wird experimentell bei R.T. (2.67 · 10-17 cm2/s) 

bestimmt. Darüber hinaus wurde erfolgreich ein Modell erstellt, um die experimentelle Widerstands-

änderung während der Wasserstoffbeladung zu berücksichtigen und die Veränderungen im Verhalten 

dickerer Schichten zu zeigen. Die Grenzfläche zwischen Pd / Mg wird diskutiert, da Mg5Pd2 und Mg6Pd 

bei hohen Temperaturen gebildet werden und die Dehydrierung kontrollieren. Bei R.T. scheint diese 

Grenzfläche jedoch stabil zu sein. Die Aktivierungsenergie der Hydrierung wird experimentell aus ei-

nem Arrhenius-Diagramm berechnet, zu Ea = 22 ± 2 kJ/mol bei einem Vorfaktor von D0 = 3904 cm2/s. 

Zusätzliches Augenmerk wird auf Magnesiumhydrid als Anodenelektrode in Li-Ionen-Batterien gelegt. 

TEM-Untersuchungen von Dünnschichtelektroden zeigen die vollständige Lithiierung des Materials, je-

doch mit drastischen Volumenänderungen, die im Laufe der Zeit zu einer schlechten Reversibilität füh-

ren. In Ti scheint die natürlich gebildete dünne Oberflächenoxidschicht eine dominante Rolle in der 

Kinetik des Wasserstofftransports zu spielen, was zu einer linearer Kinetik der Hydridbildung führt. Die 

Druckabhängigkeit wird beobachtet und der experimentelle Bewertung des Permeationskoeffizient im 

Oxid ebenfalls quantifiziert. Wichtige Information über den Wasserstofftransport in beiden Systemen 

wird so erhalten, was wesentlichen Input für weitere Verbesserungen solcher Hydride liefert.  
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1 INTRODUCTION 

Imagining a world without connection to energy seems impossible in our highly technological society. 

Switching on the light, opening our fridge, switching on our phones, driving to work, are actions taken 

for granted, but they represent a stage in the chain of a long technological process.  Energy is the motor 

of our modern, industrial society and as such, a foundation for its progress. Since the industrial revo-

lution, energy consumption has increased by a factor of 80, while the world population has grown only 

6 times [Je03]Φ Lƴ ǘƻŘŀȅΩǎ ǿƻǊƭŘΣ renewable energies and replacement of fossil fuels are of great im-

portance, not only to industry, but to human nature as well.  

Hydrogen seems to play a big role in this evolution. As the lightest and most abundant element in the 

universe, it has been a great focus of research since its discovery. As an alternative fuel, standing in its 

ability to power fuel cells with zero-emission, industries and governments turn their focus to this im-

portant element. The dream of a clean environment, sustainable energy and greener transportation 

seems to burn brightly in the promise of hydrogen-based materials. 

Fire was civilizationΩǎ ŦƛǊǎǘ ƎǊŜŀǘ ŜƴŜǊƎȅ ƛƴǾŜƴtion and wood was the main fuel for a long time, until the 

Chinese first burnt coal for heating and cooking. Later, Europeans built wheels in rivers and streams to 

harness water energy. Persians built the first windmills in 1000 A.D., which reached a more efficient 

form in the hands of Dutch engineers towards the 16th century. Using only green energy, water and 

wind, was for centuries a reality.   

While Roman engineers used pumps in mines centuries ago, in the early 17th century, the progress of 

pumps made coal mining more intensive since water could be removed from the mines more easily. 

²ƛǘƘ ¢ƘƻƳŀǎ bŜǿŎƻƳŜƴΩǎ ƛƴǾŜƴǘƛƻƴ of the steam engine in 1712, the British discovered how coal 

could be burned in order to power heat engines and has produced major fuel this way in their industry 

for the last centuries. It was clear that burning coal provided significantly larger amounts of power, 

than what muscle, water or wind could offer. Therefore, coal began to replace other fuels and became 

the main energy source of civilization, without considering at the time, the negative effects it might 

have on nature.  

It was much later, in 1776 that hydrogen was first identified as a separate element by the British sci-

entist Henry Cavendish. A few years later, in 1800, Alessandro Volta invented the first electrical battery 

and discovered methane. In the same year, another important invention, the process of electrolysis 

was discovered, when English scientists, William Nicholson and Sir Anthony Carlisle, applied an electric 

current to water and produced hydrogen and oxygen gases. This discovery was an important historical 

step in the development of hydrogen as an energy fuel. In 1838, William Robert Grove developed the 

ŦƛǊǎǘ άƎŀǎ ōŀǘǘŜǊȅέ, while using a platinum (Pt) electrode immersed in nitric acid and a zinc electrode in 
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zinc sulfate generated electricity in this way. Later in 1889, Charles Langer and Ludwig Mond developed 

DǊƻǾŜΩǎ ƛnvention and built the first fuel cell device using air and industrial coal gas, a device they 

ƴŀƳŜŘ άŦǳŜƭ ŎŜƭƭέΦ !ǘ ǘƘŜ ǎame time, while hydrogen technologies were evolving, in 1850 the first oil 

well was drilled in Titusville in Florida and the industrial evolution had just started growing. 

Hydrogen had become a fascinating element, promising only more to society. A big event however, 

gave a shock to the hydrogen world. In 1937 the Hindenburg Zeppelin, LZ 129, was destroyed by fire 

and crashed upon landing in New Jersey. This event alarmed the population about the use of hydrogen 

as gas. The unfortunate mystery crash was only solved in 1997, when studies showed that the 

explosion was not due to the hydrogen gas. The silver colored canvas of the exterior of the airship had 

been treated with solid rocket fuel, which was then ignited due to weather related static electric 

discharge. Meanwhile, the discovery of the Ghawar oil field in 1948, ƎŀǾŜ ǊƛǎŜ ǘƻ ǘƘŜ ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ 

petroleum deposit in Saudi Arabia, producing 5 million barrels of oil daily. The same year, the first 

nuclear reactor generated electricity for the first time in Oak Ridge Tennessee (USA). Today, more than 

160 nuclear reactors have a capacity of over 1.000 MW, and many other provide electricity worldwide. 

The fear of using hydrogen as a fuel source partially exists in our culture to this day.   

In the competition of renewable energies versus oil discoveries over the years, NASA played an 

important role in the hydrogen world with the use in their space program, mostly for rocket propulsion 

and fuel cells. In 1959, engineer Francis T. Bacon was the most interesting figure to innovate fuel cell 

technology. While early designers were using expensive Pt electrodes and corrosive sulfuric acid as 

electrolytes, he improved the system with cheaper, Ni electrodes and less corrosive alkaline 

electrolytes. Hydrogen fuel cells, based upon his design (called ά.ŀŎƻƴ ŎŜƭƭsέύ, were developed by 

General Electric (GE) and were the first cells used to generate on-board electricity, heat and water for 

astronauts aboard the famous Apollo spacecrafts. Though his technology found no use outside of space 

applications, because of its requirement for pure hydrogen and oxygen, its success was a technological 

example and inspiration to research on many other fuel cell operating systems [Ei09]. 

Car manufacturers raced to manufacture products that took advantage of the technological 

advancements. General Motors was the first to release an Electric Car in 1966 available to public. Other 

major car manufacturers also started production of electric vehicles using hydrogen and today, more 

and more people accept the new technology as an alternative to current fuels. The first hydrogen fuel-

ing stations in Europe opened in Germany in 1999 and today many countries have hydrogen initiatives 

in place for a long-term vision of hydrogen fuel societies. Billions are devoted to hydrogen research 

and vehicle demonstration projects. By the end of 2017, there were 56 hydrogen refueling stations in 

Germany (45 for public access) [fu]. Hydrogen energy and fuel cell power promises a clean, abundant, 

reliable and affordable replacement for fossil fuels.  
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The fact that hydrogen can solute in metals has been well-studied over centuries. A first appearance 

occurred in 1808, when Gay-Lussac and Thenard obtained metal hydrides using purely chemical meth-

ods. As with many other inventions, metal hydrides first started as curiosity tests in a laboratory and 

took some time before becoming technically important. As one of the carbon-free renewable energy 

carriers, hydrogen can be fabricated (via electrolysis), stored and consumed in a recyclable process. 

Storing hydrogen however, is one of the challenges industry faces in our days, since demand and reli-

ability is important, but safety is also a big issue.  

Hydrides are compounds were hydrogen is bonded to another element. Having the entire periodic 

table of elements available, finding the best element combination remains a challenge. Some complex 

hydrides, such as potassium borohydride are better used as reducing agents. Other metals, such as Pd, 

Ni and other transition metals are mainly of interest due to their catalytic effect, since they have high 

affinity to hydrogen [Fa62]. Hydrides of alkali metals show no electric conductivity, whereas other bo-

rohydrides and closoboranes are considered good ionic conductors and suitable for solid-state elec-

trolyte applications in Li and Na ion batteries.  

A well-known and well-studied hydride, not only for hydrogen storage applications, but also for elec-

trochemical storage, is Magnesium hydride (MgH2). Mg is a remarkable material, essential for ocean 

life, terrestrial plants and humans. As the third most abundanǘ ƛƻƴ ƛƴ ǎŀƭǘ ǿŀǘŜǊΣ ƛǘΩǎ ƴŜŎŜǎǎŀǊȅ ŦƻǊ ŎƻǊŀƭ 

ǊŜŜŦ ŦƻǊƳŀǘƛƻƴ ƛƴ ǘƘŜ ƻŎŜŀƴǎΦ ²ƛǘƘƻǳǘ aƎΣ ŎƘƭƻǊƻǇƘȅƭƭ Ŏŀƴƴƻǘ ŎŀǇǘǳǊŜ ǘƘŜ ǎǳƴΩǎ ŜƴŜǊƎȅ ŦƻǊ ǇƘƻǘƻǎȅƴπ

thesis in plants. Animals, from humans to dogs need magnesium for healthy bones, muscles and livers. 

Today, Mg can also be an indispensable element for storing energy. 

Magnesium hydride is a cost-efficient material, which has been studied intensively since 1959. Along 

with its low cost, the hydride has a high gravimetric and volumetric hydrogen density of 7.6 wt% (110 

kg/m3) and 110 g H/l respectively [Cr16a]. This, in principle, reversible storage system, MgH2 ς Mg, 

however, has some drawbacks. Hydrogen (H) acts as an ion (H-) in this so-called, ionic hydrides and 

this makes the stable compound able to release hydrogen at 1 bar of H2 pressure at about 300 °C. This 

high stability of the hydride and the consequent necessity of high temperatures for releasing hydrogen, 

make it challenging for industrial large-scale applications, which is why research is still ongoing. Fur-

thermore, despite the great range of available characterization tools in our days, broad scatter in dif-

fusion coefficients appear, since studying bulk materials or thin films, different temperatures or differ-

ent pressures appears to need a challenging adjustment.  

Even though challenging and still under intense investigations, some companies believe in the material 

and have been supplying solutions of energy storage based on magnesium since 2008. Such companies 

are, for example, McPhy and Hydrexia. They do not use Mg in iǘΩǎ ǇǳǊŜ ŦƻǊƳ, but in an alloy, mostly 

with transition metals (TM). This improves the material in an acceptable way for some applications, 

mostly stationary. In general, mechanical modifications by ball milling [Fl13], [Hu13] or severe plastic 
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deformation [Cr16a], alloying [ZFS15] and nanoconfinement [Zl13] are some of the techniques studied 

today in order to modify the sorption properties of Mg.  

Likewise, research has shown that transition metals can improve the kinetics properties [Do06] as well 

as protect MgH2 from surface oxidation. Relevant transition metals are titanium (Ti) [Ei11], [Ju14], 

[Ve08], [Zh15], [Sh00] and its oxide (TiO2) [CGW10] and palladium (Pd) [GKC13], which are studied also 

during this work. Titanium is discussed intensively today as a catalyst to accelerate the hydrogenation 

kinetics of hydrogen storage materials.  It is, however, known that H absorption in Ti decisively depends 

on the surface conditions (presence or absence of the natural surface oxide). Considerable scattering 

among the experimental data available in literature shows the uncertainty and lack of information in 

this field. Therefore, focus is given on understanding the hydrogenation of Ti and the impact of the 

oxide on hydrogen diffusion in Ti and TiH2 in this work.  

In order to improve these systems, it is important to understand the reason for the slow kinetics of 

hydride formation. Thin films provide a useful tool to analyze essential mechanisms. With a smooth 

surface and a well-defined geometry, one can quantify the atomic transport through the layers more 

easily than in powders. Thin films also enable us to monitor the growth process of the hydride inside 

the metal and to see how hydrogen affects the structure of the layer and the phase transformation. 

1.1 Aim of this thesis 

The goal of this work is to study the hydrogen transport and phase transformation in the two systems 

separately as demonstrated in Figure 1-1: Mg ς MgH2 and Ti ς TiH2 in thin films. For the first time, 

investigations over a wide range of temperatures (room temperature ς 300 °C) and pressures (0.001 ς 

100 bar), should provide information for the kinetics of hydride formation in both systems.  

By observing the formation process of the hydrides, with the help of X-ray diffraction (XRD), resistance 

measurements, cross sections by focused ion beam (FIB), scanning electron microscopy (SEM), trans-

mission electron microscopy (TEM) as well as electron diffraction, it is possible to derive relevant quan-

titative transport coefficients for both systems. Due to the extensive temperature range, an Arrhenius 

plot could be obtained in the case of Mg and the activation energy for the MgH2 is experimentally 

determined. These results are of importance, since this is the first time that experiments could be 

carried out in such a temperature precision and range using a single sample geometry. Quantified data 

will be presented revealing the diffusion coefficients of hydrogen into the hydrides at different tem-

peratures. Furthermore, the permeation coefficient, in the case of TiO2 will be measured, while the 

effect of increasing pressure in the system is also studied. Even though rutile-TiO2 is a well-studied 

material, the hydrogen permeation coefficient has never been experimentally obtained.  

Additional interest is given in magnesium hydride (MgH2) as an anode electrode material in Li-ion bat-

teries. Despite its high theoretical capacity, a drastic decrease of 70% capacity loss is observed over 
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the first cycle [Be17]. During this work, investigations of the microstructure during the first lithiation 

provide information on the stability and changes of the material over cycling.  

Both systems are of considerable interest, contributing to the understanding of key issues and open 

questions related to the technological application of hydrogen storage materials.  

 

Figure 1-1: Overview of the samples investigated in this work. Both systems, Mg and Ti are studied in a large 

range of temperatures and pressures with X-ray diffraction and electron microscopy. Additional resistance 

measurements are carried out for the Mg system as well as electrochemical tests. 
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2 FUNDAMENTALS 

This chapter focuses on the fundamental details of solid-state hydrogen storage. The thermodynamics 

of hydride formation and the different categories of hydrides will be discussed. Further attention is 

devoted to the kinetics of diffusion of hydrogen inside a metal (linear and parabolic regime), as it will 

be useful for the later calculations. A brief bibliography information on each system (Mg-MgH2 and Ti-

TiH2-TiO2) is also given, providing an overview of the already published diffusion coefficients of the two 

systems studied during this work.  

2.1 Solid state hydrogen storage  

Hydrogen is named after the Greek words: « ʵ˖ˊη ŀƴŘ ζʴʶ˄˄ηΣ ǿƘƛŎƘ ƳŜŀƴǎ άǿŀǘŜǊ-bornέ ōȅ ǘƘŜ 

French chemist Antoine Lavoisier in 1788, 10 years after its discovery as an element. After the Germans 

Kirchhoff and Bunsen demonstrated the presence of hydrogen in the spectra of the sun in 1861, it 

became evident that hydrogen was the most abundant element in our solar system. Hydrogen pro-

duced on Earth is, however, able to escape the gravitational field. This explains the very low concen-

tration of hydrogen gas in our atmosphere. Most hydrogen is found, mainly chemically bonded in wa-

ter, molecular forms and organic compounds.  

Storing hydrogen is one of the challenges industries face today, since immediate demand, consistency 

and safety are important. Storing hydrogen in its molecular gas form, one would think is the easiest 

way. However, having a density of 90 g/m3 at 1 bar, gives rise to big volumes of such hydrogen tanks 

[Zü03], which is a big issue for mobile application. Research managed to increase the density down to 

35 kg/m3 by multi-layered cylinders made from composite materials reinforced with carbon fibers. 

Such cylinders are used nowadays in the current fuel cell cars, and industry has currently agreed on 

using an on-board pressure of 700 bar. Many European projects, such as Hydrogen Mobility Europe 

[h2me.com], have received funding for technological advancements in grid balancing and optimization 

as well as on and off-site production. Currently, there are 44 Hydrogen stations operational in Germany 

and the number increases exponentially throughout the entire continent [Hy]. When hydrogen is 

stored in a tank, there is no danger of explosion, ǎƛƴŎŜ ŀǎ ŜǾŜǊȅ ŦǳŜƭΣ ƛǘΩǎ ƻƴly flammable in contact with 

oxygen. However, the energy content is typically much less in comparison to current liquid fossil fuels. 

Therefore, ongoing research tries finding a lighter way to store high amounts of hydrogen, thereby 

trying to reach a goal 70 kg of hydrogen per m3 and a release of hydrogen at temperatures lower than 

100 °C.  

Liquefying hydrogen is a possibility, which provides a density of 71 kg/m3 at a boiling point of -250 °C. 

However, the energy loss in the required process is very large [Zü03]. More than 30 % of the stored 
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energy is consumed for the liquefaction and this constant loss of hydrogen is unavoidable. This makes 

the system very inefficient and expensive.  

Besides considering the gas and liquid form, storing hydrogen inside a solid is a concept that has been 

under investigation for the last few decades. Discovered already at the beginning of the 19th century, 

metal hydrides were considered worthy for systematic studies only towards the end of the century. 

Hydrogen can be absorbed inside a metal either as a molecule, or as an atom. Molecular hydrogen is 

bonded on the surface by Van der Waals interactions, which are considered weak, thus results in low 

temperature stability. New physisorbed hydrides, based on metal organic frameworks, such as MOF 

177 can store up to 7.5 wt% hydrogen at 70 bar and -195 °C. In contrast, atomic hydrogen is bonded 

to the surface with a stronger bond and such hydrides have higher storage capacities. These chemi-

sorption hydrides are divided into four categories [Zü03]:  

1) Covalent hydrides: Hydrogen is chemically bonded with a non-metal by sharing of electron 

pairs. The most common example is methane (CH4), with the highest gravimetric density 

(mean density of the total content) of all fuels. Its consideration as a combustion fuel, though, 

is negotiable, since carbon dioxide is produced (43 % less than in the case of coal).  

2) Metallic or interstitial hydrides: Hydrogen is located in the interstitial sites of the lattice of 

metals or alloys. Characteristic of these hydrides, are the different stoichiometric compositions 

in which they can exist.  

3) Ionic hydrides: An alkali or alkaline earth metal, with an extremely electropositive character, 

comes into contact with hydrogen. This causes hydrogen to act as a negatively charged ion and 

the bond is considered almost covalent. Such metal hydrides usually have an elevated gravi-

metric density. 

4) Complex hydrides: Hydrogen is covalently bonded to either Al, B or N forming negatively 

charged complex anions this way. Such metal hydrides are characterized by much higher grav-

imetric densities of up to 24 wt%. Some examples of anions are: AlH4, BH4, NH2, where the 

negative charge of these anions is compensated by a cation such as Li, Na or Mg.   

Ionic and complex hydrides are in principle the best candidates for storing hydrogen, however, the 

main drawback of the chemisorbed hydrogen is usually the requirement of high temperatures for re-

lease of hydrogen due to strong boning high activation energies. Reversibility over many cycles of hy-

drogenation/dehydrogenation is also an important consideration [SZ01]. 

For most hydrides, the temperature and pressure of hydrogen control the reversible reaction of metal 

and hydrogen into a metal hydride. If the pressure is high and the temperature is low, absorption of 

hydrogen takes place and the hydride can be formed. However, if the pressure is low and the temper-

ature is high, the reaction favors the separation of the metal and the hydrogen, for entropic reasons. 

In general, a chemical reaction of hydride formation is formally described for any Metal (Me): 
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xMeH
x

HMe
x

22 emperaturePressure/T

2 ½½½½½½ ­«+  
(1) 

Whereas physisorbed hydrogen is usually bound too weakly, in chemisorption, high temperatures are 

required for hydrogen release, due to a high thermodynamic stability. The thermodynamic stability of 

a hydride depends on the sign of the Gibbs free energy (G) change for the decomposition reaction. 

From this, it is known that the formation or decomposition of the hydride only takes place spontane-

ously if ɲG is negative, when defined as:   

ää -=D tsreacproducts GGG tan  (2) 

If ɲG is positive, the reaction is not favored and if ɲG is zero, thermodynamic equilibrium has been 

reached.  

As a consequence, the amount of hydrogen stored in a metal, depends on the temperature and pres-

sure. In hydrides, the composition of the hydride under variations of pressure and temperature is given 

by pcT diagrams and they are of particular importance. As shown in the example of Figure 2-1, the 

relation of the hydrogen pressure to the hydrogen equilibrium concentration in the metal hydride is 

given for defined temperatures. Such pcT curves have been determined for many hydride materials. 

At different temperatures, the curves show different plateau pressures. Using these equilibrium pres-

sures, a linear relation can also be drawn between the inverse temperature and the logarithm of the 

plateau pressure and this way ŎǊŜŀǘŜ ŀ ±ŀƴ Ωǘ IƻŦŦ Ǉƭƻǘ from which the enthalpy of formation can be 

extracted.  

 

Figure 2-1: Pressure-composition isotherm of a solid solution of hydrogen in a metal (h -phase) and the hydride 
formation (̡ -ǇƘŀǎŜύ ŀƴŘ ǘƘŜ ǾŀƴΩǘ IƻŦŦ Ǉƭƻǘ ŦƻǊ ŜǎǘƛƳŀǘƛƻƴ ƻŦ ŦƻǊƳŀǘƛƻƴ ŜƴǘƘŀƭǇȅ [LIJ]. 

Each equilibrium pressure peq is related to the change in ŜƴǘƘŀƭǇȅ ɲI ŀƴŘ ŜƴǘǊƻǇȅ ɲ{Σ ǿƘƛŎƘ can be 

expressed as a function of temperature: 

RR
ln

0

S

T

H

p

p

eq

eq D
-

D
=  

(3) 

Where p0 is the standard pressure, R the gas constant, and T temperature of the system.  For the 

systems studied here, more details will be given in the upcoming chapters.  
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2.2 Kinetics of diffusion  

In order to obtain a new phase, hydrogen has to disperse (diffundere) in the metal. Phase transfor-

mations in the solid state are mostly of heterogeneous nature, meaning that the parent and product 

phase can be distinguished by an interface in all stages of the reaction. The kinetics of phase for-

mation/decomposition are controlled by the diffusion coefficients of the different species present in 

the material and, thus, these parameters are of great importance. During this work, the diffusion co-

efficients that control the formation of the hydride phase will be quantified experimentally. A brief 

reminder on the theory of diffusion is given in this chapter, in order to establish FƛŎƪΩǎ ƭŀǿs later needed 

for the analysis of the experimental data in chapters 5 and 6.  

As previously mentioned, the separation of the phases must to be thermodynamically activated. In 

order to form the hydride phase, the atoms have to diffuse inside the material, a process that requires 

activation energy which is in this case provided in the form of heat. The speed of atom migration in 

the material as a function of temperature is then characterized by temperature dependent diffusion 

coefficients. The phenomenon of diffusion implies the transport of atoms in a solid. These atoms can 

be of the same nature as the matrix, or different, which is called self-diffusion or hetero-diffusion, 

respectively. In this work, focus will be given on diffusion of hydrogen into Magnesium (Mg), Magne-

sium Hydride (MgH2), Titanium (Ti), Titanium Hydride (TiH2), Palladium (Pd) and Titanium Oxide (TiO2). 

There are two main mechanisms used to understand the diffusive transport of the atoms inside a crys-

tal. One is the interstitial diffusion, as in the case of TiH2 formation. In this case, the impurity atom is 

placed on an interstitial site of the crystalline material and can jump towards a neighbor interstitial 

site. The second case, vacancy mechanism, involves the possibility that an atom migrates in an empty 

site of the matrix. These two mechanisms are part of a more complex system, but they are often ad-

dressed to describe numerous problems in materials physics, such as diffusion of doped materials or 

interstitial diffusion during hydrogenation. More detailed description of these diffusion phenomena is 

given in the book of Diffusion and Mass transport in solids [Ph91].  

There are numerous mechanisms that can describe the diffusion on an atomic level. However, by con-

sidering the atoms isolated, the process of diffusion is mostly random and the movement of a solute 

atom is approximated as a Brownian random movement. By considering a certain concentration of 

atoms B in a matrix of atoms A, ǘƘŜ ŦƛǊǎǘ CƛŎƪΩǎ ƭŀǿ can be established, which considers the flux of 

movement (JB) of atom B in a material. A. Fick, a German physician, was the first to describe the phe-

nomenon of diffusion (in 1855) formulating that the gradient of concentration of an atom B (CB) along 

the x direction is proportional to the number of diffusion species crossing a unit area:  

x

C
DJ BA

BB
µ

µ
-=  

(4) 
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This expression (1st FƛŎƪΩǎ ƭŀǿύ ƛǎ ŜǉǳƛǾŀƭŜƴǘ ǘƻ ŀ ǘƘŜǊƳŀƭ ŦƭǳȄ. It directly relates the flux of atoms dif-

fusing inside the volume, to the gradient of concentration inside the volume by the diffusion coefficient 

of the moving species (hydrogen for this work) inside the metal. Figure 2-2a) illustrates this gradient 

of concentration along a metal. During this work, the concentration of hydrogen over time cannot 

experimentally be measured with sufficient accuracy. Therefore, focus is given on the chemical poten-

tials instead. The driving force for transport, in all cases is the difference of chemical potential between 

two interfaces. Focus is given in estimating the diffusion limits of the hydrogen transport process. Nat-

urally, two possibilities can be observed in nature: a) Interfacial barriers, which slow down the growth 

and introduce a linear regime in the kinetics growth. This usually dominates the initial stages of a re-

action. b) Fast interfacial transport, but self-limitation by the growing product slows down the growth 

and introduces a parabolic regime in the kinetics of growth. The latter usually dominates the later stage 

of a reaction. At the end of a reaction, entirely parabolic growth is expected. The nature of interfaces 

between different elements/phases varies broadly and this will lead to very different kinetics behav-

iors. Figure 2-2b) illustrates the gradient of the chemical potential along a diffusion zone for the two 

cases mentioned above a) for linear and b) for parabolic growth law.  

    

Figure 2-2: Schematic representation of a) 1st Fick's law showing the gradient of concentration changing inside 

the material where green atoms represent the matrix of the metal and blue atoms the hydrogen interstitials 

and b) the inter-diffusion potentials across the diffusion zone for the two cases of linear (dashed line) and para-

bolic (solid line) growth kinetics.  

The driving force for transport can therefore be calculated based on:  

HMeH --=D mmm:  (5) 

where ˃ H represents the chemical potential of hydrogen atoms in the outer atmosphere form and ˃ Me-

H the chemical potential of H in the Metal solution.   

The chemical potential is an energetic measure of the general tendency of a substance to transform. 

LǘΩǎ ŀ ŦƻǊƳ ƻŦ ŜƴŜǊƎȅ ǘƘŀǘ ƛǎ ŀōǎƻǊōŜŘ ƻǊ ǊŜƭŜŀǎŜŘ ŘǳǊƛƴƎ ŀ ǇƘŀǎŜ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ όƻǊ ŀƴȅ ǊŜŀŎǘƛƻƴύΦ The 

higher the value of ,˃ the more active or more bustling a substance is. In contrast, the smaller the 

value, the more passive a it is. The chemical potential is therefore strongly dependent on the nature 

of the substance and its concentration. Furthermore, the chemical potential of gases is sensitive to 
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changes of pressures, according to a logarithmic relation between the chemical potential (˃) and pres-

sure (p).  In cases where the transformation depends on both gas pressure and temperature simulta-

neously, the chemical potential can be expressed by:  

)(ln
2

R
0

0

0

0 2 TT
Tp

pT H
-

µ

µ
++=
m

mm  
(6) 

where R is the fundamental gas constant and ˃0 represents the chemical potential of hydrogen at 

standard conditions. While the molecular hydrogen has ˃0 (H2/g) = 0 by definition, the atomic hydrogen 

has ŀ ǎƭƛƎƘǘƭȅ ƘƛƎƘŜǊ ǇƻǘŜƴǘƛŀƭ ƻŦ ˃0 (H/g) = + 203 kJ/mol, which reflects its tendency to form hydrogen 

molecules.  

Following Deal-Grove model [TSE17], which is based on the growth of an oxide layer on the surface of 

a material, the flux through the interface and the phase can be expressed by:  

T
j

left

leftleft
R

m
k
D

º      ;       
Tx

D
j D
D

R

mD
º       ;      
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j

right

rightright
R

m
k

D
º  

(7) 

Based on the scheme shown in Figure 2-2b). This model assumes that the reaction occurs at the inter-

face between the surface and the material and, thus, it is necessary to consider that, in this case, hy-

drogen diffuses from the gas to the surface and from the interface towards the solution (bulk) of the 

material where it reacts to form the hydride. It is implicit that these steps proceed at a rate propor-

tional to the concentration of hydrogen. In steady state, the three fluxes mentioned in equation (7) 

are equal to each other. Transforming equations (7) and (4) in this way: 

TD
x

D
j s

Rɋ

ɜ

sites

m

k

D

+

º  
(8) 

where at small thicknesses, x the effective barrier coefficient ˁ  is dominant (linear kinetics) and when 

x is high, the diffusion coefficient D becomes dominant (parabolic kinetics).  

The two kinetics laws will be described in more detail hereafter. 

The atomic transport leads to the growth of the layer:  

TD
x

D

dt

dx

R

m

k

D

+

º  
(9) 

which is integrated to:  

)('')(' kfDft +º  (10) 

This model shows the sequential evolution of the layer thickness, while clarifying the essential general 

features of interfacial barriers. Firstly, they slow down the growth and secondly they introduce a linear 

regime in the growth kinetics, which dominates the initial stages of the reaction.  
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2.2.1 Linear Kinetics ς interface control 

In any system considered, the slowest process is the one controlling the reaction. Being able to calcu-

late the chemical potential and taking into consideration the driving force between the interfaces, the 

diffusion coefficient can be determined. When the thickness of the layer is small and the diffusion 

inside the bulk is considerably fast, it can be expected that a transfer of atoms across the interface 

becomes the kinetically limiting factor (see Figure 2-3). No matter what the detailed atomic mechanism 

is, the surface transport presents a constant dominant barrier and, therefore, a growth kinetics linear 

is expected in time.  

 

Figure 2-3: Schematic representation of the process along the interfaces in the case of a surface controlled re-

action. 

Considering equation (8) the flux through the interface (slow process) is given by:  

sitesɋ

ɜ

R

ÖD
-= s

surface
T

j
mk

 
(11) 

ǿƘŜǊŜ ʍsites and ˄  are cancelled out when the growth of the hydride phase is calculated and the equa-

tion is therefore transformed to:  

Ý
D
-=Ö
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D
k
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n T
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s

T D

D
=
m

k
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(12) 

ɲx describes the thickness of the hydride after a given time. This equation shows the linear behavior 

of the system. The growth constant ˁ  may depend on the temperature. 

If surface transport is limiting, diffusion must be the faster process. Thus, it is required:   

xD it DÖ²klim  (13) 

This characteristic kinetics regime is illustrated graphically in Figure 2-5.  
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2.2.2 Parabolic Kinetics ς fast interface transport  

Staying consistent with the previous arguments, the gradient of the chemical potential is the relevant 

driving force. When the thickness x increases in equation (8), then the D may become dominant. In 

this case, the interface transport is fast and the growth is now limited by the diffusivity, meaning it 

determines how fast the hydride phase is formed (see Figure 2-4). This diffusion transport is in general 

dependent on temperature.  

 

Figure 2-4: Schematic representation of the process along the interfaces in the case of a diffusion controlled 

reaction. 

Considering equation (8) again, the volume diffusion can be calculated by:  

sites

diffusion
xT

D
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(14) 

where similarly as previously the equation is transformed to:  
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dtD
T

xdx Ö
D
=DÖD

R

m
 

(16) 

Integrating the equation, the square of thickness versus time relation is obtained:  

t

xT
D

2R

2

1 D

D
=

m
 

(17) 

From the last equation, the conclusion can also be drawn, that the front of penetration of any given 

concentration, in this case hydrogen, is proportional to the square root of time. Furthermore, the time 

required for any point to reach a given concentration is proportional to the square of its distance from 

the surface and varies inversely to the diffusion coefficient. Lastly, the amount of diffusing elements 
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entering the bulk medium through unit area varies with the square root of time.  

The typical characteristic behavior of both kinetic regimes is shown graphically in Figure 2-5 in two 

important plotting variants: thickness and thickness squared. 

 

Figure 2-5: Graphic behavior of typical linear and parabolic regimes shown in both plots of thickness and thick-

ness squared versus time. 
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3 STATE OF THE ART 

In this chapter, the recent state of relevant research is summarized. Necessary background information 

on the materials, some historical facts and what is known so far in literature will be discussed here. A 

small part is devoted to information about the hydrides used in electrochemical cells (batteries). How-

ever, this is not the focus of this work and therefore, only essential information will be given.   

3.1 Magnesium/Magnesium hydride 

Magnesium was named from Magnesia, a district of Thessaly in Greece were it was first found. It was 

discovered in 1618, when a farmer in England attempted to give his cows water from a well and they 

refused to drink, due to bitter taste of the water. Remarkably, the farmer noticed that water seemed 

to heal scratches and wounds, which was eventually recognized to be magnesium sulphate (MgSO4), 

the well known today as Epson salt.  

Magnesium is a very light metal, with a density of 1.738 g/cm3 in its solid state. Its heat of fusion is 

equal to 8.48 kJ/mol and that of vaporization reaches 128 kJ/mol.  Due to its abundance and low cost, 

interest in using it as a solid-state hydrogen storage material is vast. Most importantly, magnesium 

reacts with hydrogen and forms MgH2 ǿƛǘƘ ƘƛƎƘ ƎǊŀǾƛƳŜǘǊƛŎ ŘŜƴǎƛǘȅ ˊg = 7.6 wt.% and high volumetric 

ƘȅŘǊƻƎŜƴ ŘŜƴǎƛǘȅ ˊv = 110 g H/l. Compared to the categories previously mentioned, MgH2 belongs to 

the ionic hydrides since Mg as an alkaline earth metal is very electropositive. San Martin and Manches-

ter [SM87a], presented the Mg-H phase diagram at 100 bar first in 1987. Investigating the solubility of 

hydrogen in the bulk has been challenging, due to the high vapor pressure and chemical reactivity of 

Mg. The phase diagram between Magnesium and Hydrogen is presented in Figure 3-1, at 1 bar meas-

ured by Abdessameud et al. [AMM14]. The Mg-H system consists of hcp-Mg, the interstitial solid-solu-

tion of H in Mg ό-hMg) close to the hcp structure of pure Mg and the hydride (̡ -MgH2), which is rep-

resented by the horizontal line at 0.66 molar fraction of H in Figure 3-1. The hydride phase decomposes 

at T = 287.6 °C and the melting point of Mg is at T = 650 °C. Hydrogen solubility in Mg has been of great 

interest in many experimental studies [Do07], [Ma11]. The solubility limit is found to be very low and 

ƛǘΩǎ ŎŀƭŎǳƭŀǘŜŘ, first by San Martin and Manchester, to be at room temperature cH = 3 · 10-7 H/Mg 

[SM87a]. 

Lǘ Ƙŀǎ ōŜŜƴ ǊŜǇƻǊǘŜŘ ǘƘŀǘ ǘƘŜ ʲ ƘȅŘǊƛŘŜ ǇƘŀǎŜ ƛǎ ǘǊŀƴǎŦƻǊƳŜŘ ŦǊƻƳ ƛǘǎ ƻǊƛƎƛƴŀƭ ǘŜǘǊŀƎƻƴŀƭ ǎǘructure into 

a metastable phase when exposed to high compressive stresses. Describing the Gibbs free energy as a 

function of the volume and temperature, computation of the temperature (T) - pressure (p) phase 

diagram of MgH2 (and its isotopes) was performed by Crivello et al. [Cr16a], as shown in Figure 3-2c). 

¢ǿƻ ƻǘƘŜǊ ǇƘŀǎŜǎ ŀǇǇŜŀǊ ŀǘ ƘƛƎƘŜǊ ǇǊŜǎǎǳǊŜǎ ʴ-MgH2 ŀƴŘ ʵ-MgH2. Table 1 gives more details about 
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the crystal structures of Mg and its hydrides. During this work, 10-20 bar (0.002 GPa) were used and 

20-300 °C (Ғ 450 K), which gives rise only to the -̡MgH2 phase to be formed. Therefore, no further 

consideration is given to the phases stable at higher pressures. Figure 3-2a) shows the hexagonal struc-

ture of pure Mg and b) the tetragonal MgH2 with the big circles representing Mg and small circles the 

hydrogen atoms. As demonstrated in Figure 3-2 Mg atoms are six-fold, octahedrally coordinated by 

the H atoms. Each MgH6 octahedron shares the hydrogen atoms at its corners with neighboring octa-

hedral. Each hydrogen atom is shared by three octahedrons and is therefore coordinated by three Mg 

atoms. 

Table 1: Crystal structure information on the MgH2 phases, data obtained by Crivello et al. [Cr16a].  

PHASE TYPE OF STRUCTURE  a (nm) b (nm) V (Å3) 

Mg hcp 0.321 0.321  

-̡MgH2 TiO2 (rutile) 0.450 0.301 61.07 

-ɹMgH2 ςhPbO2 0.450 0.541 120.06 

-ɻMgH2 
Distorted  

CaF2 
0.466  101.55 

 

Figure 3-1: Phase diagram of Hydrogen - Magnesium at 1 bar [AMM14]. 

The critical drawback of MgH2 that hinders its use in current applications, is its high stability, e.g. unfa-

vorable thermodynamics and slow kinetics for hydrogen uptake and release. Its unfavorable thermo-

dynamics is due to the strong Mg-H bond, which causes a pronounced reaction enthalpy and thus very 

low desorption pressure or high desorption temperature. The enthalpy of decomposition, is measured 

ǘƻ ōŜ ɲIdec Ғ тр ƪWκƳƻƭ [Do07]. Calculated from the enthalpy of decomposition and the reaction en-

ǘǊƻǇȅ ɲ{0 = 0.13 kJ/mol, for a bulk sample, the hydrogen release temperature at 1 bar is equal to T = 

300 °C.  
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Figure 3-2: a) hexagonal close packed (hcp) structure of metallic Mg (space group P63/mmc, b) rutile-type 
tetragonal structure of ̡ -MgH2, (space group P42/mmm), c) Phase diagram of MgH2 at different pressures. 

During this work a maximum of 20 bar at (0.002 GPa) and temperatures from room temperature to 300 °C  (Ғ 
450 K) were used, where only the ̡ -MgH2 phase is stable. 

For a pure Mg layer at room temperature, the absorption of hydrogen is slow, because the dissociation 

rate of hydrogen molecules at the surface is low. Furthermore, MgH2 also shows high reactivity towards 

oxygen and moisture. The natural magnesium oxide layer created on the surface ƻŦ aƎ ƻƴŎŜ ƛǘΩǎ ŜȄπ

posed to air, prohibits fast hydrogen absorption [Do07], [ALJ99]. According to literature, this MgO layer 

is about 2.5 nm, with negligible increase in its thickness over time [Ch97], [FMO02]. In practice, Mg 

powders require temperatures above 330 °C in order to achieve reversibility in hydrogen loading. For 

this reason, using Pd to cover the Mg layer is a common practice in experimental work, in order to 

avoid the formation of MgO as well as speeding up the splitting of the hydrogen molecule in atoms. It 

is important to note that the Pd coating does not alter the thermodynamics of the system, but only 

lowers the barrier in the first step of the process, which is the dissociation of hydrogen molecules on 

the surface of the material. The diffusion coefficient of hydrogen in Pd is 
Pd

HD  = 3 · 10-7 cm2/s at room 

temperature [Ho70].  
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With increasing hydrogen concentration in a metal, the interactions among the H atoms become im-

portant, since the lattice is expanding and the phase transition into the hydride phase takes place.  

As previously mentioned, the hydride formation is described by the hydrogen absorption isotherm 

diagrams. The study of absorption/desorption properties of Mg/MgH2 has been of great interest. A pcT 

diagram was experimentally demonstrated by Saita et al. [Sa07] for Mg as shown in Figure 3-3 a). The 

ǇƭŀǘŜŀǳ ƻōǎŜǊǾŜŘ ƻƴ ǘƘŜ ƛǎƻǘƘŜǊƳ ŎǳǊǾŜ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ǊŀƴƎŜ ŀǘ ǿƘƛŎƘ ʰ-aƎ ŀƴŘ ʲ-MgH2 coexist. Its 

width provides the miscibility gap in the phase diagram at the specific conditions. At a higher hydrogen 

concentration, the pure hydride phase is found and the hydrogen pressure increases steeply with fur-

ther increasing concentration.  

 

Figure 3-3: pcT diagram of a) Mg [Sa07] and b) Pd [Jo10]. 

Similarly, Johansson et al. [Jo10] studied the Pd-H system and the pcT diagram is shown in Figure 3-3b). 

In the Pd-H system, there is no change in the matrix of the metal upon hydrogen adsorption. Both are 

fcc, however, pure Pd has a lattice parameter a = b = c of 389.07 pm and PdH has a = b = c 403 pm.  

Figure 3-4 represents a VŀƴΩǘ IƻŦŦ Ǉƭƻǘ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴǎ ƻŦ aƎ-MgH2 and Pd-H. As pre-

viously discussed, a VŀƴΩǘ IƻŦŦ Ǉƭƻǘ ƛƴŘƛŎŀǘŜs the direction of the sorption process for each element 

and it is related to the pcT curves. It is noteworthy, that by extrapolating the reported data in Figure 

3-3 to room temperature, ǘƘŜ ǇƭŀǘŜŀǳ ǇǊŜǎǎǳǊŜ ŦƻǊ ʲ-MgH2 is pH2 = 10-6  bar, which is 4 orders of mag-

ƴƛǘǳŘŜ ƭƻǿŜǊ ǘƘŀƴ ǘƘŀǘ ƻŦ ōǳƭƪ ʲ-Pd formation.  

The formation enthalpy, which is represented by the slope of the fitted line in Figure 3-4, is negative. 

This means that both, Mg and Pd heat up while absorbing hydrogen. The reaction heat may give rise 

to problems of heat transport during cycling of the material.  
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Figure 3-4: Van't Hoff plot for Mg-MgH2  (filled symbols) and Pd-PdH (empty symbol). 

Another important parameter necessary to keep in mind, is the fact that Mg diffuses into Pd at low 

temperatures. Okamoto et al. [Ok10] have improved the Mg-Pd phase diagram obtained from 1985.  

The revised Mg-rich part of the phase diagram is shown in Figure 3-5. Many different Mg-Pd phases 

are possibly formed in the interfacial region. Also their crystal structure is well known and discussed 

by Makongo et al. [Ma06].  

 

Figure 3-5: Mg-rich part of Mg-Pd phase diagram [Ma06]. 
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3.1.1 Hydrogen sorption kinetics in Mg  

As mentioned previously, the biggest drawback of Mg for hydrogen storage is its slow kinetics. The 

origin of this slow kinetics is mainly attributed to the slow diffusivity of H atoms through the hydride 

and the metal [Uc15]. The diffusion coefficient of hydrogen in metallic Mg has been experimentally 

demonstrated to be D = 10-7 cm2/s at room temperature. Figure 3-6 shows the reported sparse litera-

ture data on diffusion coefficients of Hydrogen in Mg and MgH2. The diffusion coefficients differ 

strongly in the relevant two phases. In ǘƘŜ ʰ-Mg phase, hydrogen diffuses much faster via interstitial 

diffusion, while in ǘƘŜ ʲ-MgH2 hydrogen diffuses several orders of magnitude slower. In 1993, P. Spatz 

et al. [P.93] determined the hydrogen diffusion coefficient of MgH2 and showed it to be as low as D = 

10-20 cm2/s at room temperature. They studied Mg thin films of few Å thickness and for the first time-

have shown that the hydride is preferentially formed at the Pd-Mg interface and forms a diffusion 

barrier for subsequent diffusion of hydrogen. More recently in 2017, Teichmann, N. et al. [THP17] 

showed experimentally that the effective H diffusion coefficient in lateral Mg film direction, is in the 

order of D = 10-8 cm2/s at room temperature. They attribute this high value of hydrogen diffusion to 

the preferential H diffusion along the Mg/MgO interface, anisotropy of diffusion coefficients and low-

ering of diffusion energy barrier upon anisotropic film expansion. Despite many variations within ex-

perimental investigations, it has experimentally been accepted today [Cr16b], that the hydrogenation 

in this system is controlled by the diffusion through the MgH2 layer created over hydrogenation, since 

the diffusion of hydrogen in the new phase is significantly decelerated. The kinetics of diffusion 

through Mg thin films has also been studied by electrochemical measurements, where the amount of 

hydrogen content in thin films can be estimated as well [P.93]. Significant to note is that since 1993, 

no experimental data has been obtained on the diffusion of hydrogen into the hydride phase, which 

motivates this work to quantitatively obtaining the diffusion coefficient of hydrogen in ǘƘŜ ʲ-MgH2 

experimentally. 

The latest research by Mooij et al. [MD13], has shown in 2013 that at low pressures (7·10-4 bar of H2 

pressure) and 10 nm of Mg thickness, the formation of hydride islands is observed by optical transmis-

sion. At a slightly higher pressure however, of 1·10-3 bar, the MgH2 domains cannot be distinguished 

anymore. Furthermore, they note that during dehydrogenation they do not observe any nucleation 

and growth mechanism. 

Knowing the diffusion coefficient of hydrogen at different temperatures one can calculate the activa-

tion energy (Ea) of hydrogen diffusion. The activation energy represents the minimum energy required 

for the atomic jumps and in the case of MgH2 , it has not been determined experimentally so far. Pre-

cisely, the activation energy (Ea) is defined by the exponential term in the Arrhenius equation:  

T

Ea

eDD R

0

-

Ö=  
(18) 
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where D is the diffusion coefficient, R is the gas constant and T the temperature. Taking the natural 

logarithmic of both sides, equation (18) yields:  

T

E
DD a

R
lnln

0
-=  

(19) 

an equation that has a linear form (y = ax + b) and in the corresponding graph, the y interception 

represents the value of D0, while the slope represents (-Ea/R). Since diffusion is expressed in logarithmic 

scale, the activation energy has a decisive effect on the diffusion coefficient.  With regard to Figure 

3-6, it is obvious that the Arrhenius slope of the experimental data given in literature can be obtained 

by extrapolation of only two or three measurements.  However, a clear tendency that the slope of the 

-hMg is less steep (lower Ea) than that of MgH2, meaning that the reaction is less sensitive to temper-

ature changes than in the case of -̡MgH2. 

 

Figure 3-6: Diffusion coefficient of hydrogen in Mg and MgH2. Authors and applied techniques as labelled. 

By interpolating the theoretical results by X. Yao et al. [Ya08], shown in Figure 3-6, the activation en-

ergy obtained by using equation (18) amounts to 107.9 kJ/mol of H. A large activation energy that is 

attributed to the fact that the formation of vacancies in MgH2 demands a much higher energy, since 

the chemical bond between Mg-H is ionic and covalent, and therefore rather strong. Hydrogen diffu-

sion into the hydride grains is, therefore, very slow since the activation energy is so high. However, the 

fluctuations in the reported values are big, since most experiments are done only at a small range of 

temperatures and with different techniques.  

It is also important to mention, that the activation energy of hydrogen diffusion in Pd has experimen-

tally been determined by J.W. Simons [SF65] by using a Pd wire and hydrogen absorption method in a 

wide range of temperatures, between room temperature and 400°C. The obtained activation energy 
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was equal to 23 kJ/mol of H.  

While the stability of metal hydrides can be changed by partial substitution of the consisting elements 

with other atoms - where the delocalized electrons influence the overall stability of the interstitial 

hydrogen atoms - this is not possible for ionic hydrides such as MgH2. Here the electrons are strongly 

localized. Therefore, other routes have been developed to destabilize ionic hydrides. Decreasing the 

particle size, has been shown to be an efficient way. Lowering the grain size, increases the density of 

grain boundaries. It was shown by M. Hamm et al. [HP17] that the grain boundaries have a strong 

influence on the overall hydrogen diffusion coefficient measured in MgH2. This hypothesis is supported 

by simulations that show that grain boundaries become the dominant diffusion path when their diffu-

sion coefficient is at least thousand times larger than the volume diffusion coefficient. Ball milling 

[Fl13], [Hu13], [St10], is the most common technique to reduce the grain size and it increases the vol-

ume fraction of grain boundaries [SLH07b]. As indicated by the data shown in Figure 3-6 as well, many 

published diffusion coefficients might be strongly influenced by the microstructure of the sample. Un-

fortunately, using only smaller particles is not enough for lowering the enthalpy of formation of MgH2. 

Researchers have tried successfully to decrease the stability of the compound by adding transition 

metals such as Fe, Cr, Ni, Ti, Nb, Pd and many others [Do06]. A compromise between price and perfor-

mance as well as cyclability is still a concern. Furthermore, nanoconfinement is another recent way 

studied to improve the desorption kinetics of the hydrides.  

Regardless the intensive research activities, the diffusion coefficients and the study of the slow kinetics 

of hydride formation in this system, is still a surprisingly open field of research and the focus of this 

work. A way to directly see the phase growth/change and observe the formation process of MgH2 is 

proposed here. With the help of X-ray diffraction (XRD), in-situ measurements of resistivity, cross sec-

tion preparations by focused ion beam (FIB), scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM), the mechanism of formation of MgH2 is investigated under different tem-

peratures and pressures. Quantitative measurements of the growth constant and diffusion coefficients 

will be derived and discussed.  

3.1.2 MgH2 as battery electrode  

Another potential application of MgH2 , is using it as a battery electrode. Magnesium has been used in 

its metallic form as an anode, due to its theoretical charge capacity and high energy density. At the 

moment, there are commercially available Mg batteries with aqueous electrolytes, mostly used for 

military applications, because of the fast self-discharge. Magnesium water activated, Mg-air batteries 

and rechargeable magnesium batteries are also under further investigations, however, not commer-

cially available yet. However, magnesium compounds, can also be used in Li-ion batteries. Due to the 
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high demand in reliable batteries, moving from pure Li batteries to alternatives is a high challenge in 

today.  

In 2008, Oumellal et al. [Ou08] [Ou08] proposed the use of metal hydrides as electrode materials for 

lithium-ion batteries. Metal hydrides belong to the materials undergoing a conversion reaction with 

lithium according to the general equation: 

xLiHMxexLiMH x +ª++ -+
 

(20) 

During lithiation, the hydride is reduced to its metal and lithium hydride (LiH) is formed. Based on the 

nature of the hydride, the lithiation can be completed in one step or more. Metal hydrides are prom-

ising candidates for future lithium-ion batteries, because they have: a) Interesting working potential 

window, generally between 0.1 V and 1 V vs. Li+/Li, suitable to the application as an anode, b) higher 

theoretical capacity compared to graphite (375 mAh/g) and c) in comparison to other conversion com-

pounds, metal hydrides, show the lowest polarization. Polarization is a side-effect observed in electro-

chemical reactions developed at the interface between electrolyte and electrode and can drastically 

influence the reaction mechanism over cyclability. Such side effects can be the accumulation of gasses 

at the electrode interface, SEI (solid electrolyte interface) formation, concentration gradients, etc. Hy-

drides appear to have a good interface contact with specific electrolytes, lowering the effect of polar-

ization. On the other hand, the slow kinetics at room temperature and the short cycle life are still 

important concerns that need to be improved before using metal hydrides as electrode materials in 

practical energy storage applications. 

The first hydride studied for its lithium ion reactivity was MgH2 in 2008 by Oumellal et al. [Ou08]. They 

characterized the process of MgH2 lithiation by XRD patterns at the different lithiation steps during 

cycling of powder-pressed batteries in a liquid electrolyte. Unfortunately, their bad reversibility has 

not allowed the expected breakthrough and afterwards, different approaches have been suggested in 

order to enhance the cycle life of this electrode. It has been reported that the Mg-Li alloy reaction at 

very low potential (0.1 V) is one of the limitations against cyclability. Consequently, Aymard et al. 

[AOB15] have shown a significant increase in the reversibility by stopping the cycle at 0.15 V. They also 

argue that this lowers the volume expansion in the cell, since the Mg-Li alloy reaction has an excess 

volume of 200 %, whereas the conversion reaction between MgH2 and Li only increases the volume by 

only 83 %.  

Furthermore, ball milling of the powders has been shown to improve the cyclability of the cells. Brutti 

et al. [Br12] have shown that nano-sized powders show better electrochemical activity, similarly as in 

the Mg absorption/desorption cyclability. A similar approach by altering the particle size of the elec-

trode was studied by Oumellal et al. [Ou14], where they showed that composite MgH2 nanoparticles 

dispersed into porous C-scaffold can enhance the electrical conductivity of the electrode and, there-

fore, increase the cyclability. They were able to reach 500 mA/g over 100 cycles using this electrode 
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composite material.  

Zaïdi et al. [Za11] studied the effect a binder can have on the reversibility of the cell. They used car-

boxymethyl cellulose (CMC) and carboxymethyl cellulose-formate (CMC-f) as binders for MgH2 elec-

trodes and ǎƘƻǿŜŘ ƛƴƛǘƛŀƭ ǊŜǾŜǊǎƛōƭŜ ŎŀǇŀŎƛǘȅ ƻŦ Ғ фл % of the theoretical expectation, however there 

was still a capacity ǊŜǘŜƴǘƛƻƴ ƻŦ Ғ 20 % after 40 cycles. This improvement has been attributed to the 

mechanical stability of the binder to accommodate the volume changes during cycling.  

Different catalysts, such as transition metals, but also transition metal oxides and halides, have been 

reported in literature to improve the kinetics of MgH2 during H2 absorption/desorption cycles [SCL16]. 

Therefore, it was suggested to study the effect of transition metals with respect to the improvement 

of electrochemical reactions. Following this idea, Zeng et al. [Ze15] showed the effect of Nb2O5  addi-

tives on MgH2 as electrode material, obtaining a higher reversibility with also a flatter plateau poten-

tial, implying a better kinetics, probably due to a faster diffusion of hydrogen atoms into the electrode. 

Nowadays, also solid state electrolytes for lithium ions batteries attract attention for replacing the 

liquid electrolytes. Islam et al. [Ik13] investigated the electrochemical properties of MgH2  as a solid 

state electrolyte system. Several complex hydrides have shown to have promising ionic conductivity, 

such as LiBH4, LiBH4-LiNH2, LiAlH4-Li3AlH6 [Ma09b], [MO11], [Ma09a], [Og10]. These hydride solid-state 

electrolytes work well, ŀǘ ƭŜŀǎǘ ŀǘ ǎƭƛƎƘǘƭȅ ŜƭŜǾŀǘŜŘ ǘŜƳǇŜǊŀǘǳǊŜǎ όҒ 200 °C), at which conductivity be-

comes comparable to that of liquid electrolytes. Cells using such electrolytes have shown high dis-

charge capacity even at high current densities, featuring also a flatter plateau and smaller polarization 

effect [Ma09b], [Og10].  

Despite many attempts with all the mentioned partial improvements, MgH2 is still not ready to be 

introduced in the market as electrode material. The poor capacity retention at room temperature still 

remains the main issue to overcome. Hence, more research efforts are needed to find the right opti-

mization for practical applications. 

During this work a collaboration was created between ECOSTORE partners of the funding (Marie Curie 

ITN no 607040 ς Novel complex metal hydrides for efficient and compact storage of renewable energy 

as hydrogen and electricity). MgH2 thin films were prepared in Grenoble and cycled in CNRS in Paris. 

The characterization by FIB-cross sections and TEM of these thin film electrodes was completed within 

the frame of this work and the results will be discussed in the later chapters.  

3.2 Titanium/Titanium hydride/Titanium oxide  

Titanium is the ninth most abundant element in EarthΩǎ ŎǊǳǎǘ όƴƻǘ ƛƴ ƛǘǎ ǇǳǊŜ ŦƻǊƳύ and the fourth most 

abundant metallic element. It was first discovered in 1790 in England by reverend William Gregor. 

However, it was named five years later, by the German chemist Martin Heinrich Klaproth, which he 

named ŀŦǘŜǊ ǘƘŜ ά¢ƛǘŀƴǎέ, the sons of goddess Earth, from Greek mythology. The name seems to be 
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very appropriate, since it indicated the advantageous characteristics of this element: light weight 

among the transition metals (it weighs 56% less than steel), high strength to weight ratio, flexible with 

low elastic modulus (112 GPa) [SR10], resistant to corrosion and erosion, high thermal conductivity, as 

well as low coefficient of expansion. It is an element that also has an important biological role (as a 

biocompatible metal in medical implants), but its role in aerospace industry as a structural material is 

similarly essential.   

The interaction of titanium (Ti) with hydrogen (H) is of high interest in a variety of different applica-

tions. Significant work shows hydrogen embrittlement of Ti components [Se04], as well as the influ-

ence of titanium hydride (TiH2) in biocompatible Ti implants [Sh07] for controlling the surface rough-

ness. TiH2 is also used as a foaming agent in the production of metal foams [LR04]. Additionally, the 

adoption of TiH2 as a possible negative electrode in rechargeable lithium-ion batteries [Ou09] and as a 

high-temperature-metal hydride in a solar power plant (as a thermal energy storage system) becomes 

relevant today.  

Moreover, Ti is of general interest in the field of metal hydrides for solid-state hydrogen storage ma-

terials. Due to its low gravimetric density of 4 wt.% [SLH07a], but also because of the high stability of 

TiH2, pure Ti is not of great interest as a hydrogen storage material, despite its high affinity to hydrogen. 

However, titanium alloys have attracted attention regarding their catalytic effect to other hydrogen 

storage materials. It has been reported that pure Ti (and other transition metals) improves the sorption 

kinetics of other interesting metal hydrides, such as NaAlH4 and MgH2. Hence, considerable effort has 

been expended towards investigating H diffusion in Ti for various applications.  

In 1987, the same year as the Mg-H system and in the same group, San-Martin et al. described the 

phase diagram of Ti-H for the first time. The appearance of a simple eutectoid system of -̡ titanium 

hydride to h -titanium and ɻ -titanium hydride in a temperature range from -273 to 900 °C was shown, 

with a composition of 0 to 60 at.% hydrogen. A more detailed description was given by Y. Fukai [Fu05], 

with a larger temperature (-273 ς 1800 °C) and composition (0 ς 100 at.%) range at a pressure of 300 

bar.  This phase diagram is shown in Figure 3-7. Further, theoretical calculations of phase diagrams 

presented in the work of Wang et al. [Wa96] are in agreement with the shown experimental data. 

Their calculated phase diagrams at different pressures from 1 bar up to 370 bar have shown little var-

iation with pressure, especially at the temperature and pressure range studied in this thesis (18 °C ς 

300 °C and 1 bar ς 100 bar).  

The h -Ti phase occurs at temperatures below 900 °C. Without the presence of hydrogen, the h-tita-

nium transforms into ʲ titanium at temperatures above 900 °C. The melting temperature of titanium 

is at 1650 °C. The hydrogen solubility in the h phase increases with temperature up to a maximum of 

Ғ мл ŀǘΦ҈ ƛǎ ǊŜŀŎƘŜŘ ŀǘ ŀōƻǳǘ прл ϲ/Φ ¢ƘŜ ǘƛǘŀƴƛǳƳ ƘȅŘǊƻƎŜƴ ǎȅǎǘŜƳ ƛǎ ŀn eutectoid system with an 
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eutectoid temperature of Te Ғ 300 °C. The solubility limit for h-titanium at this temperature was exper-

imentally determined ǘƻ ōŜ Ғ 6.7 at.% by Setoyama et al. [Se04]. A recent theoretical DFT calculation 

for the hydrogen solubility in h-titanium at 325 °C ƻŦ Ғ 7.2 at.% [Po16a] is in good agreement with the 

experimental results. 

The solubility range in the ̡ -titanium hydride phase is much broader and can vary from 0 - 60.32 at.% 

hydrogen. With increasing hydrogen concentrations, the transition tempeǊŀǘǳǊŜ ŦǊƻƳ ʰ-titanium to ̡ -

titanium hydride decreases until ǘƘŜ ŜǳǘŜŎǘƻƛŘ ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ Ғ 39 at.% hydrogen is reached at Te Ғ 

300 °C [KZ70]. The composition range of ɻ-TiH2 is between 51.22 - 66.67 at.% hydrogen. This range 

depends on the respective temperature and pressure conditions. At temperatures below 300 °C, the 

phase transformation from h-titanium to ɻ -titanium hydride occurs without a previous ̡-titanium hy-

dride formation. As many studies show, the decomposition of the -ɻtitanium already takes place at a 

temperature around 500 °C and finishes after reaching approximately 800 °C. This is however depends 

on the dimension (e.g. particles, films, bulk), pre-treatment of the samples (oxide layer on the surface) 

and heating rates [Ga11a]. 

 

Figure 3-7: Phase diagram of Hydrogen - Titanium at 300 bar [Wa10]. 

The different structures, lattice parameters and volume of the titanium and titanium hydride phases 

are listed in Table 2. The h -titanium has a hcp structure, the ̡-titanium a bcc structure and the ɻ-

titanium hydride an fcc structure. Hydrogen should be solved in the h-titanium only on the tetrahedral 

interstitial lattice sites. Nevertheless, theoretical ab-initio calculation by Bakulin et al. [Ba16] state, that 

occupation of all interstitial sites seems to be stable. In the ɻ -titanium hydride phase the hydrogen 

atoms are dissolved on the tetrahedral lattice sites. With increasing amounts of hydrogen solved in 

titanium or titanium hydride, the lattice parameter increases. Indeed, this is exemplified for the -ɻ

titanium ƘȅŘǊƛŘŜ ǇƘŀǎŜ ʵ-TiHx , depending on the composition x in Table 2. 
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Table 2: Structure, lattice parameter and volume of unit cell for different titanium and titanium hydride phases.    

PHASE STRUCTURE LATTICE PARAMETER (Å) VOLUME (nm3) REF. 

-hTi hcp a = b = 2.95; c = 4.76 0.0361 [R.62] 

-̡Ti bcc a = b = c = 3.33 0.0369 [Le53] 

-ɻTiH1.23 fcc a = b = c = 4.39 0.0846 [PM82] 

-ɻTiH1.56 fcc a = b = c = 4.40 0.0852 [PM82] 

-ɻTiH1.8 fcc a = b = c = 4.44 0.0874 [PM82] 

-ɻTiH2 fcc a = b = c = 4.46 0.0887 [PM82] 

 

As previously discussed for the magnesium hydride, a characterization of the hydride formation is pos-

sible by the hydrogen adsorption isotherms (pcT curves). Figure 3-8 shows the pcT curve of the Ti-H 

system at different temperatures. 

 
Figure 3-8: P-C-T curves of the titanium hydrogen system over a wide pressure and composition range for 

elevated temperatures above 300 °C with both phase regions [Wa96]. 

Available quantitative data for the solution process of hydrogen in a titanium matrix shall be shortly 

summarized. In the work of Wang et al. [Wa96], a Sievert apparatus was used to obtain the pcT curves. 

The enthalpy and entropy of formation was determined by plotting the experimental results in a VŀƴΩǘ 

Hoff plot. An alternative experimental method to obtain such thermodynamically data is calorimetry. 

In Table 3, the dissolution enthalpies of hydrogen in -hTi, ̡ -Ti and ɻ -TiH2 hydrides are listed. They all 

are exothermic, which means that the product of these reactions is energetically more stable than the 

reactants. Furthermore, the exothermic heat release increases from h -¢ƛ ǘƻ ʲ-Ti to -ɻTiH2 hydride. The 

energy for breaking the bonds between hydrogen and titanium is the highest for the ɻ -TiH2 phase. 
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Table 3: Dissolution enthalpy of hydrogen in the different Titanium/Titanium hydride phases as reported in 

[Wa96], [Da83]. 

PHASE ɲIformation (kJ/mol H2) 

-hTi -91 

-̡Ti -133 

-ɻTiH2 -157 

 

For further information on the thermodynamics of the phase transformation from -hTi to -ɻTiH2 , the 

enthalpy and entropy of formation gathered from different sources is listed in Table 4. In literature the 

formation entropy is reported to be ŎƭƻǎŜ ǘƻ ҟ{ Ғ -130 J K-1mol-1 , as recently reported by Fukai et al. 

[Fu05]. The pronounced variation of the formation entropy in the work of Want et al. [Wa96] can be 

explained by the different calculation methods of the formation entropies. 

Table 4Υ CƻǊƳŀǘƛƻƴ ŜƴǘƘŀƭǇȅ ŀƴŘ ŦƻǊƳŀǘƛƻƴ ŜƴǘǊƻǇȅ ƻŦ ʵ-TiH2. 

TEMPERATURE (°C) ɲIformation (kJ/mol) ɲ{formation (J/K·mol) REF. 

450 ς 550 -142 -174 [Wa96] 

465 -137 ---- [Da83] 

400 ς 700 -179 -145 [ASI82] 

 

With increasing amounts of hydrogen, the Gibbs free energy of formation becomes more negative. 

The lower the Gibbs energy, the more a reaction is favored to happen spontaneously. In this work, the 

hydrogenation is studied at 300 °C. So, the most favorable ǎǘŀǘŜ ǎƘƻǳƭŘ ōŜ ǘƘŜ ʵ-TiHx, with a composi-

tion of x = 2. 

Despite many advantages, once exposed to air, Ti directly forms a thin oxide layer of few nanometers 

in thickness. This effect is sometimes useful in application, when TiO2 is formed purposely to be used 

as a catalyst in optical biosensors [Do17]. Yet, in most cases it is undesirable. In the case of metal 

hydrides, there are many unanswered questions, since on the one hand, it has been shown that diffu-

sion of H in the oxide is much slower than in the metal phase [QZS13], which makes it challenging to 

use Ti as a catalyst on the surface of a hydride. On the other hand, TiO2 has been reported to play a 

catalytic effect itself, on the dehydrogenation properties of some metal hydrides. M. Daryani et al. 

[Mo14] milled nanostructured MgH2 powder mechanically with TiH2 and TiO2 particles and have 

shown, by thermogravimetric analysis during dehydrogenation, that these compounds lower the acti-

vation energy of MgH2 significantly. In order to clarify the role of the oxide, its influence on H diffusion 

in Ti, TiO2 and TiH2 are of great interest. Further details on the passivation layer will be given in the 

following chapter.  
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3.2.1 H sorption kinetics in Ti  

Hydrogen diffusivity in Ti, TiH2 and TiO2 was studied previously. Figure 3-9 shows some of the reported 

ǾŀƭǳŜǎ ŦƻǊ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ŘƛŦŦǳǎƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘǎ ƛƴ ǘƘŜ ǘƘǊŜŜ ŘƛŦŦŜǊŜƴǘ ŎƻƳǇƻǳƴŘǎΥ ʰ-Ti (squares), TiH2 

(circles) and TiO2 (triangles). Most studies on H diffusion in Ti are done in bulk systems in ideal condi-

tions without a passivating oxide layer formed on the surface [Po16b], [Ga11a], [Ca16], [Ma15]. Diffu-

sion of hydrogen at 300 °C appears to be ǉǳƛǘŜ ǎƛƳƛƭŀǊ ƛƴ ʰ-¢ƛ ŀƴŘ ʵ-TiH2 with D Ғ 10-7 cm2ѷs. Obviously, 

the difference between metal and hydride, is not as significant as it is in the case of other metal hy-

drides such as MgH2, where a difference of 9 orders of magnitude between the metal and the hydride 

is stated. In the case of Ti, the hydride phase does not hinder further diffusion of H significantly. From 

Figure 3-9, it can also be seen (plotted in stars) that simulation studies nevertheless predict a tendency 

that hydrogen moves slower at higher concentration of hydrogen. 

 

Figure 3-9Υ [ƛǘŜǊŀǘǳǊŜ Řŀǘŀ ƻŦ ŘƛŦŦǳǎƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘǎ ƻŦ ƘȅŘǊƻƎŜƴ ƛƴ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ŎƻƳǇƻǳƴŘǎΥ ʰ-Ti (squares), TiH2 

(circles), TiO2 (triangles), TiHx<2 (stars) ŀƴŘ ʲ-Ti (polygon). Authors and applied techniques are labelled. 

The Ti-H phase diagram in Figure 3-7Σ ŀƭǎƻ ǎƘƻǿǎ ŀ ʲ-Ti phase stable at elevated temperatures. Exper-

imental data in Figure 3-9 ǎƘƻǿ ǘƘŀǘ ŘƛŦŦǳǎƛƻƴ ƛǎ ŦŀǎǘŜǊ ƛƴ ʲ-¢ƛΣ ǿƘƛŎƘ Ƙŀǎ ŀ ōŎŎ ǎǘǊǳŎǘǳǊŜΣ ǘƘŀƴ ƛƴ ʰ-Ti 

that has an hcp structure. This is to be expected, since bcc structures offer more interstitial sites for H 

to be inserted. Unfortunately, the bcc phase is only stable at higher temperatures and therefore not 

interesting for applications. 

In the case of TiO2 the values vary strongly. TiO2 films formed by plasma-enhanced CVD on Pd sub-

strates have revealed a diffusion coefficient of hydrogen of 10-14 cm2ѷs [PPY95], [QZS13]. Thermally 
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grown TiO2 on pure Ti substrates show a diffusion coefficient of 10-16 cm2ѷs [Yu03], while single crystal 

rutile TiO2 even shows a diffusion coefficient of only  10-20 cm2ѷs [Po91]. However, the tendency of 

systematically slower diffusion through TiO2Σ ǘƘŀƴ ǘƘǊƻǳƎƘ ʰ-Ti or TiH2 seems to be clear. Despite some 

scatter in the data, all of the above-mentioned papers agree that diffusion of hydrogen in TiO2 is much 

slower that in the Ti metal. Thus, the retardation of H permeation by TiO2 films may be due to a com-

bination of low H adsorption and dissociation at the oxide surface and/or slow hydrogen transport 

through the oxide. In general, it is difficult to predict the rate of hydrogen transport through a TiO2 film 

and how many hydrogen atoms generated on the TiO2 surface will actually reach the Ti layer each time. 

3.2.2 Titanium oxide phases 

It is important to realize that different polymorphes of TiO2 exist. Rutile is the most common one, the 

anatase (metastable tetragonal structure), brookite (orthorhombic structure) and akaogiite (mono-

clinic form) are alternatives. The rutile form is the most stable polymorph of TiO2 and the one naturally 

formed on the surface of Ti when exposed to air. Evidence of this will be given in the later chapter 

when a characterization of the samples is discussed. For purposes of this work, all TiO2 discussed in the 

results part, concern the rutile TiO2 phase. Figure 3-10 shows the rutile structure of TiO2. 

The diffusion of hydrogen through rutile TiO2 has been a key research point for years. It is not a simple 

case of transport of hydrogen through the layer, since a chemical reaction can also occur between 

hydrogen and the oxide. Commercially, TiO2 is used for many applications such as solar cells, toxic 

materials conversion, air purifying, self-cleaning windows etc. From many studies, it has been shown 

that the surface defects play a very important role in the chemistry of the oxide. Here, one may ask 

what happens to the oxide once it comes in contact to hydrogen. Interestingly, a number of phenom-

ena have been suggested for what may appear a relatively simple system, with however no final an-

swer to this question.  

The structure of the different oxides created on the surface has been investigated and different sug-

gestions have been reported in literature. One of the most important reviews on this oxide surface has 

been given by Kunat et al. [KBW04]. For many years, no information was available on whether the 

hydrogen atoms form an ordered layer on the surface of the oxide [Sh00]. By the Ab-initio calculations 

by Suzuki et al. [Sh00], indicating that OH species should be stable at the surface once the oxide is 

exposed to hydrogen atmosphere, many experimental investigations were motivated on this interest-

ing surface. In 2004, Kunat et al.  [KBW04] demonstrated experimentally by scanning tunneling micros-

copy (STM), that exposing the TiO2 surface to atomic hydrogen at room temperature leads to the for-

mation of a stable and highly ordered hydrogen over-layer containing two hydrogen atoms per unit 
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ŎŜƭƭΣ ƻƴŜ hI ŀƴŘ ƻƴŜ ¢ƛI ǎǇŜŎƛŜǎΦ ¢ƘŜȅΩǾŜ ŀƭǎƻ ǎƘƻǿƴ ǘƘŀǘ ōȅ ŜȄǇƻǎƛƴƎ ǘƘŜ ǎǳǊŦŀŎŜ ŀǘ ƘƛƎƘŜǊ ǘŜƳǇŜǊŀπ

tures, up to 230 °C, the hydrogen over-layer varies. At high temperatures, the layer consists only of OH 

species (1 hydrogen atom per unit cell). It is also known in literature [KBW04],  that heating the oxide 

surface higher than 575 °C gives an excessive loss of the oxygen.  

 

Figure 3-10: Crystal structure of the Rutile TiO2, indicating the bridge bonded oxygen (BBO) formed. 

While most studies focused only on the surface reaction, quite recently, in 2008, Li et al. [Li08] have 

studied experimentally and theoretically the diffusion of hydrogen in the rutile structure. They suggest 

that hydrogen diffusion in the rutile oxide proceeds via a two-step mechanism. First the initial diffusion 

of localized charge followed by the hydrogen diffusion. The presence of repulsive OH-OH interactions 

on the surface was shown to be significant in both experimental and theoretical calculations.     

Kunat et al. [KBW04] studied by helium atom scattering the adsorption and desorption kinetics. How-

ever, their kinetics pre-factors as well as their diffusion activation energy determined experimentally, 

ŘƛŦŦŜǊ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŦǊƻƳ [ƛΩǎ theoretical calculations, pointing out a more complex diffusion mechanism.  

The surprisingly complex and intriguing behavior of hydrogen on TiO2 surface, points to a limited un-

derstanding of this model surface. Some researchers, [Du12], [ICP11], [Yi08] have also excluded the 

formation of TiH on the surface. The situation became even more complicated since in 2012, Tao et al. 

[Ta12] have shown that the bulk adsorption of H is different for the rutile (110) and (011) surfaces.  

Regardless the wide activities on this system, the fluctuation and disagreement between different 

characterization methods is remarkable and numerically shown in Figure 3-9 as well. In this work, the 

hydrogenation of Ti thin films of controlled thickness (50 to 800 nm) is investigated. The oxide studied 

during this work is formed naturally by exposing the Ti thin film to air. By measuring the time for full 

ǇƘŀǎŜ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ŦǊƻƳ ʰ-¢ƛ ǘƻ ʵ-TiH2, a comparison of the kinetics, with and without the presence 

of a surface oxide layer, can be made. Also for this comparison, samples were prepared with palladium 

(Pd) coating, in order to prevent the formation of TiO2. As in the case of Mg, Pd is known to act as a 

catalyst for H2 splitting and, therefore, H absorption occurs faster, eliminating the risk that the oxide 

surface acts as the barrier to hydrogen absorption. Furthermore, experiments were done to observe 

the pressure dependency, when an oxide layer is present.  
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Due to its high theoretical electrochemical  capacity and electronic conductivity, TiH2 was also investi-

gated as electrode material by [Ou08], [Ou14]. Interestingly, the conversion reaction taking place dur-

ing the lithiation of TiH2 differs significantly to that of MgH2. XRD analysis of the electrode during the 

discharge showed that the reactivity of TiH2 with Li ions cannot be described by a single reaction like 

for MgH2 , but it involves three different steps.  

This work focuses on the diffusion coefficient of hydrogen into Ti as well as the permeation coefficient 

of TiO2. Experimental investigations at 300 °C allow hydrogenation of Ti films of different thicknesses 

(50-800 nm). A way to directly see the phase growth/change and observe the formation process of the 

hydride is proposed here, similarly as in the Mg system. With the help of X-ray diffraction (XRD), cross 

sections by focused ion beam (FIB), scanning electron microscopy (SEM) and bright field transmission 

electron microscopy (TEM) as well as diffraction patterns, the mechanism of formation of TiH2 is inves-

tigated. Quantitative measurements of the diffusion coefficient and a pressure dependency will be 

discussed.  
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4 METHODOLOGY 

An experimental challenge of this work is the characterization of materials that have a very low atomic 

mass such as hydrogen, lithium and magnesium. Transmission electron microscopy (TEM) is one of the 

few techniques that allow imaging and diffraction analysis of the particles in parallel and, therefore, it 

becomes possible to identify their microstructure and their crystal structure. As a further complication, 

MgH2 is unstable under the electron beam so that the direct identification of the hydride in the TEM 

was not possible, since it is easily oxidized during transport to the tool. This chapter describes the 

experimental procedure that was followed.  

4.1 Sample preparation 

Ion beam deposition is a physical vapor deposition (PVD) used for depositing thin films. LǘΩǎ ŀ well-

established technique for the creation of thin films of controlled thicknesses and smooth surfaces. The 

equipment used (Figure 4-1) was custom-made by Dr. Patrick Stender in 2005. The principle of depo-

sition is explained hereafter and shown in more detail in Figure 4-2.  

 

Figure 4-1: Ion beam sputtering system. 

All samples were prepared by ion beam sputtering (IBS), a physical vapor deposition (PVD) technique. 

The apparatus consists of an UHV chamber with a residual gas pressure of 1·10-8 mbar equipped with 

a Veeco DC 3 cm ion gun. The thin films are deposited using pure Ar gas that was ionized by a cathode 

made of a W-thoriumoxid filament. By applying a DC current of 2-3 A, the filament is heated and elec-

trons start to emit. Between the cathode and a cylindrical wall (anode) a discharge voltage is applied, 

which causes acceleration of the electrons outwards. On their way to the anode, electrons ionize the 

Ar gas atoms by penning ionization. Therefore, positive ions are accelerated to the cathode. A conduc-

tive neutral plasma (of nearly equal numbers of electrons and ions) is formed. An acceleration system 

is also added, composed of two isolated carbon grids. The inner grid is on cathode potential and is used 

to focus the beam, while the ions passing are accelerated by the voltage applied to the outer grid. 
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Outside the gun, before reaching the target, the ions are neutralized by another W helical filament (38 

turns), to prevent charging of the target surface. The energetic particles hit the target and, due to 

collisions, the target material is evaporated and deposited to the substrate.   

 

Figure 4-2: Scheme of the Ion beam sputtering chamber. 

Constant parameters were used for all samples, in order to produce a set of well-defined layers. The 

selected sputtering conditions are shown in Table 5:  

Table 5: Sputtering parameters during deposition of the thin films. 

WORKING PRESSURE 2·10-4 mbar 

BEAM VOLTAGE 600 V 

BEAM CURRENT 20 mA 

ACCELERATOR VOLTAGE 200 V 

The thickness of the deposited films (5 ς 1100 nm) was controlled via a crystal quartz microbalance 

(CQM) SQM -160 Rate/Thickness Monitor from Sigma Instruments, placed parallel to the substrates 

and was also confirmed by electron microscopy (SEM/TEM). The deposition rates were 1.2 Å/s for Mg, 

0.6 Å/s for Ti and 0.8 Å/s for Pd. 

Mg and Ti disks of 8 cm in diameter and 5 mm thickness, were used as targets, purchased from Hauner-

Metallische-Werkstoffe (HMW) with a purity of 99.95%.  A further Pd disk of the same dimensions was 

used, delivered by Wieland Edelmetalle with a purity of 99.95 %. All targets were cleaned by the ion 

beam inside the sputtering chamber for 15 min prior to deposition. Furthermore, the Mg target was 

stored in a desiccator under vacuum in order to avoid oxidation. 

As a first step, the possibility of hydrogenating Mg directly by reactive ion beam sputtering (with hy-

drogen inside the chamber during Mg deposition) was investigated. Figure 4-3 shows a comparison of 

the expected hydrides vapor pressures, with the working pressure of different sputtering techniques. 

For ion beam sputtering, the working pressure is at 10-4 mbar. This is far below the partial pressure, at 
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which deposition of the hydride is possible at low temperatures. However, magnetron sputtering, 

which can operate at pressures up to 10-1 mbar, allows the direct formation of the hydride during sput-

tering. A magnetron chamber was custom made during this work and was therefore possible to pro-

duce the hydride in-situ during sputtering. Figure 4-4 shows the importance of high pressures for the 

hydride formation. After using a pressure of 10-2 mbar, the film was not pure, but traces of Mg were 

still found. Increasing the pressure to 10-1 mbar, formed a pure hydride film. However, the constructed 

magnetron chamber only allowed the deposition of one material at a time. So, it was not possible to 

protect the layer by Pd, before exposing it in air for further use. Since during this work, focus was given 

on the kinetics of hydrogen diffusion into the films, better control of the time, pressure and tempera-

ture were necessary. The samples were subsequently produced by ion beam sputter deposition in the 

pure metallic Mg or Ti form and ex-situ hydrogenated at high temperatures, as it will be discussed in 

further detail in the hydrogenation part of this chapter.  

  

Figure 4-3: Vapor pressure of hydrides over temperature, showing the stability of the hydrides formation dur-

ing the different available methods.  

In the Mg-MgH2 system, the samples were sputtered at room temperature on Si (100) oriented wafers 

(from Siltronic AG). The Si wafers were previously oxidized at 1100 °C for 3 hours under ambient at-

mosphere. The annealing time and temperature were chosen to obtain an amorphous SiO2 thickness 

of about 200 nm, which has been shown to be stable in the later experiments. Pure Si wafers could not 

be used, since Mg-Si form intermetallic phases [Ok07] at the temperature of hydrogenation. Figure 



36 METHODOLOGY 

 

4-5a) shows an example of the phases that are created with Mg/Si once the sample is heated up to 

300 °C, if no oxide diffusion barrier layer is present. The use of the silicon oxide layer prevents the 

formation of these undesired silicates reliably. 

 

Figure 4-4: In-situ formation of MgH2 by magnetron sputtering at two different hydrogen pressures, indicating 

that the pure hydride needs higher pressures in order to be formed. 

  

Figure 4-5: XRD diffractograms with Cu Kh Σ of preliminary tests showing the choice of a) the substrate and b) the 
need of using Pd as catalyst for the Mg system. 

Furthermore, different thicknesses of Pd (5 ς 40 nm) were deposited on top of the Mg films, in order 

to protect them from any oxidation as well as for catalytic assistance in the hydrogenation. Different 

thicknesses were studied in order to see, whether the Pd thickness has any effect on the splitting of 

hydrogen molecules. Figure 4-5b) demonstrates the importance of using Pd as a catalyst on top of Mg 

layers. Samples without Pd could not be hydrogenated within a reasonable time. An attempt to hydro-

genate a Mg sample without Pd layer on the surface, at a rather high H2 pressure of 20 bar and 300 °C 
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was shown to be unsuccessful even after 600min. In contrast, coating with the Pd layer fully formed 

the hydride even at lower temperatures and within a shorter time. 

For the studies on the Ti-TiH2 system, three sets of samples were produced by IBS deposition: TiO2/Ti 

thin films, Pd/Ti and Pd/TiO2/Ti layers. Layers were deposited at room temperature on Si (111) sub-

strates that were cleaned by the Ar beam before deposition. In order to identify the influence of the 

surface oxide on the Ti films, 5 nm of Pd were directly deposited on fresh Ti films. When the vacuum 

was kept in the chamber an oxide-free bilayer Pd/Ti was produced and with an intermediate venting 

of the chamber a triple layer Pd/TiO2/Ti was obtained.  

A sketch of all the prepared layer systems is presented in Figure 4-6. 

   

Figure 4-6: Sketch of the systems studied during this work showing the configuration of the layers investigated. 

4.2 Hydrogenation  

Hydrogenation of the samples was performed using a high pressure laboratory reactor highpreactorTM
 

BR-300 from Berghof shown in Figure 4-7a) with a temperature controller and data logger. The exper-

imental process of hydrogenation is illustrated in more detail in Figure 4-7b). The change of pressure 

and temperature over time is shown in order to describe the main steps of the experiments. The hy-

drogenation sequence takes place as follows: 1) pumping the reactor, 2) heating up to the required 

temperature while pumping continuously for removal of any impurities or oxides that might evaporate 

during heating up of the interior of the reactor, 3) insertion of pure H2 (provided with a purity of 99.999 

% H2 by Westfalen Gas) and holding at these conditions for a specific duration, 4) pumping to remove 

H2 atmosphere and finally 5) cooling down to room temperature under vacuum. This method assures 

that the time measured for full hydrogenation starts at the same moment for all samples, when hy-

drogen is inserted inside the reactor.  
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The experiments were carried out in the temperature range from room temperature up to 300 °C and 

pressures of 0.05 to 100 bar H2 gas atmosphere for different durations. For each system, different 

temperatures and pressure were used. They are presented in more detail in the discussion part (chap-

ters 5 and 6).  

   

Figure 4-7: a) Hydrogenation reactor from outside and b) a sketch of the hydrogenation process, illustrating the 

change in pressure and temperature over time for each sample. 1) pumping the reactor, 2) heating up to the 

required temperature while continues pumping, 3) insertion of pure H2, 4) hold at these conditions for a spe-

cific time and finally 5) cooling down to room temperature with no hydrogen inside the reactor 

4.3 Resistance measurements 

A convenient way of investigating the progress of hydrogenation in an Mg thin film is by observing the 

change in resistivity. Mg is a conductive metal, which upon hydrogenation converts into a less conduc-

tive hydride phase. The electronic structure of the hydride is non-metallic with the energy gap of Ғ 4 

eV [NV15]. So, despite the volume changes during the transition from a metal to a semiconductor, a 

significant difference is expected to be observed in the resistivity as well. Not much has been reported 

in literature regarding the resistance change in this system. Therefore, focus was placed in investigat-

ing this resistance change upon the hydrogenation process during this work. This sub-chapter focuses 

on the theoretical background, necessary in understanding the change of resistance and how the thin 

film structure may affect this in addition. 

When introducing hydrogen into Mg there is a small hybridization of the orbitals between the H and 

the Mg states in the valence bands, which have a dominant hydrogen character [Y.07]. The conduction 

bands have however mixed contributions from the hydrogens and the metal cations. Since the solubil-

ity of H in Mg is very low (to be at room temperature  cH = 3·10-7 H/Mg [SM87a]) the change in re-

sistance at the beginning is very small. However, once the hydride starts to form, an increase in re-

sistance is expected.  
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In 2005, Ingason et al. [IO05] investigated 100 nm Mg thin films with a thin Pd layer on the surface at 

different pressures in the range of 0-4 mbar and, with resistance isotherms, showed that the binding 

energy of the hydride is similar to the bulk. Through their isotherms, a weak increase of resistance is 

visible, when H is solved in the -hMg phase, while a steep increase in resistance is observed when the 

hydride is formed.  

Later, Özgit et al. [GAÖ13] studied the resistance change in Mg thin films, also with a thin Pd layer, 

under isochronal conditions between 60 °C and 120 °C with a constant pressure of 1 bar. In this way, 

it was shown that higher thicknesses need higher temperatures to fully hydrogenate within the same 

time. However, they have focused more on the texture change once hydrogenation took place.  

During this work, Mg layers are covered with a Pd layer on the surface for reasons previously explained. 

Assuming a parallel layer structure and measurement in the plane directions, the structure of the lay-

ers is considered to give a total resistance according to a parallel circuit. So, the total resistance is given 

by:  

MgMgHPdtotal RRRR

1111

2

++=  
(21) 

Values of resistivity of each element, in bulk, are found in literature. Wagner et al. [WP11] studied in 

2011 Pd hydrogenation and showed that the base resistivity of Pd is 100 Ohm·nm at room tempera-

ture. Mg is known to have a resistivity of 40 Ohm·nm at room temperature. Furthermore, the inter-

metallic phases formed between Mg and Pd appear to have a higher resistivity. With ḾgPd3 = 180 

Ohm·nm and ́ MgPd2 = 700 Ohm·nm 

 

Figure 4-8: Schematic representation of sheet resistance measurements. Current is applied on the outer pins 

and voltage is read through the inside pins. 

From the resistance measurements, the evaluation of the thickness of the hydride upon time can be 

estimated. Knowing the resistivity ́  , of a material, its resistance can be calculated as:  
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where L is the length of the sample and A the area through which the current travels. Bearing in mind 

all the layers contributing to the total resistance, equation (22) becomes: 
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where A = d·w, with d and w the thickness and width of the respectively layer. Considering that the 

resistance of the Pd is negligible during the first cycle, equation (23) transforms to:  
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where )()(
20 tddtd MgHMg -=  (while the hydride is growing in the film, the Mg metal layer is decreasing 

accordingly). Solving equation (24) for )(
2

tdMgH
the hydrogenation thickness is experimentally ob-

tained from the measured resistance:  

This formula is used later to estimate the remaining hydride in the layer during dehydrogenation.  

The resistance discussed so far is usually calculated by using hƘƳΩǎ ƭŀǿ ǿƘŜǊŜ R = U/I. However, in the 

case of thin films, that are nominally uniform in thickness, it makes more sense to discuss the sheet 

resistance as a materials property. Using therefore:  Rsheet = (U/I) ϊ όˉκƭƴнύΦ This presumes preconditions 

for the distance between the contact points. Figure 4-8 shows a schematic representation of the cur-

rent flow in the samples. It is important to note, that the spacing between the pins is constant and that 

the film thickness has to be less than 40 % of this spacing.  The change in the final end is only a factor 

of όˉκƭƴнύ [Sm58]. However, in a four-point probe measurement, where current is passing through the 

outside two contacts, and the voltage is measured across the inner two contacts, it is more scientifi-

cally correct to consider the sheet resistance.  

wŜǎƛǎǘŀƴŎŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ƛƴ ŀ ŎǳǎǘƻƳ ƳŀŘŜ ǎŜǘǳǇΦ ¢Ƙƛǎ ǎŜǘǳǇ ƛǎ ǳǎƛƴƎ ǘƘŜ ǎŀƳŜ άǊŜπ

ŀŎǘƻǊ ŎƘŀƳōŜǊέ ŀǎ ŦƻǊ ǘƘŜ ƘȅŘǊƻƎŜƴŀǘƛƻƴ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀƴŘ ŀƭƭƻǿǎ ǊŜŎƻǊŘƛƴƎ ƛƴ-situ resistance meas-

urements while hydrogenation and de/re-hydrogenation take place. These experiments were per-

formed only for the Mg system for which the resistance change upon hydrogenation is remarkable. 

The device is used at the same conditions as in the before mentioned hydrogenation treatments be-

tween room temperature and 200 °C and 20 bar. An image of the setup is presented in Figure 4-9. It is 

composed of the main chamber, which contains a heating plate. The sample holder is composed of 

four spring-loaded gold plated pins mounted at room temperature delivered by Feinmetall contact 

technologies. The outer pins of the sample (IA and IB) are connected to a DC Current source (6181C HP 

ς Hewlett Packard) and 1 mA is applied. A Rohde and Scharz HAMEG Digital multimeter is used for 

measuring the corresponding voltage contacted at the inside pins (VA and VB). This way, a four-point 
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probe resistance measurement was realized according to the configuration sketch in Figure 4-9, where 

I is the applied current and V the recorded voltage. Samples were heated to 200 °C under controlled 

conditions and the temperature was measured using a K-type thermocouple, connected to and con-

trolled by the Berghof electronics.  

 

Figure 4-9: Resistance measurement setup. Sketch and photo of the sample holder. 

4.4 X-Ray Diffraction 

X-ray diffraction (XRD) is a non-destructive analysis technique frequently used in material sciences to 

determine the crystal structure and texture of a sample. X-rays are scattered elastically on the periodic 

crystal lattice, which results in a material specific diffractogram. Analysis of the reflection peaks is 

ōŀǎŜŘ ƻƴ .ǊŀƎƎΩǎ ƭŀǿΦ  

4.4.1 XRD - Ex-situ Measurements 

Lattice structure and properties of hydrogenation of the specimens were investigated by a D5000 X-

Ray Diffractometer from Siemens (Figure 4-10), with Cu Ka-radiation.  The characteristic peaks of the 

hydrides and the pure metals are recorded. For a more accurate determination of the peak position, 

the measured intensity profiles were fitted with a Lorentz function with the Program QtiPlot 0.9.8 from 

Ion Vasilief. 

 

Figure 4-10: XRD Diffractometer D5000 - from IMW ς Stuttgart department 
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4.4.2 XRD - In-situ Measurements   

Some samples of the Mg system were further characterized by in-situ measurements in collaboration 

with the group of Prof. Orimo at the University of Tohoku, Japan. Dr. Sato helped with these measure-

ments, for which a t!bŀƭȅǘƛŎŀƭ ·Ωt9w¢ (Figure 4-11)Σ ǿƛǘƘ /ǳ Yʰ ǊŀŘƛŀǘƛƻƴΣ ǿŀǾŜƭŜƴƎǘƘ ˂ Ґ мΦрплс ) ŦƻǊ 

Kh м and 1.5444 Å for Khн, was used. Samples were placed in a reactor chamber (Anton Paar XRK 900) 

and hydrogenated at 5 bar of H2 pressure, while heated up to 150 °C from room temperature with a 

heating rate of 5 °C/min. The X-ray diffractograms ŦǊƻƳ нʻ Ґ нл ° to 60 ° were obtained over a 10 min 

measurement at 25 °C and, subsequently at stepwise increased temperatures from 50 to 150 °C in 10 

°C intervals. At 150 °C and 5 bar a further isothermal measurement was performed for 60 min in order 

to attain a fully hydrogenated sample. This temperature was chosen so that the half hydrogenation of 

400 nm samples is clearly visible by XRD and focus on the peak shift was given. The results are discussed 

in detail in chapter 5.1.1. 

 

Figure 4-11:  Diffractometer PANalytical X'PERT ς from Prof. Orimo's lab. 

4.5 Electron microscopy (SEM/FIB and TEM) 

In order to investigate the samples microstructure high resolution transmission electron microscopy 

(TEM) was employed. A Philips CM200-FEG (Figure 4-12) was used at 200 kV for imaging as well as 

electron diffractometry.  

 

Figure 4-12: TEM Philips CM200 FEG. 



METHODOLOGY 43 

 

In TEM, a high energetic electron beam irradiates a thin film sample to provide detailed information 

about the structure or chemistry of the specimen. The beam, however, can cause permanent, un-

wanted changes to the electron transparent thin films. Many hydrides decompose fast upon irradiation 

with the electron beam. This has already been reported for LiBH4, LiH, AlH3, LiAlH3, NaBH4, NaAlH4. 

Recent work on MgH2 [SSR17] shows also the instability of the hydride investigated during this work.  

Transparent thin films for TEM observations were prepared for cross-sectional imaging by means of a 

FIB (SCIOS-FEI dual beam - Figure 4-13). Scanning electron microscopy (SEM) as well as the energy 

dispersive x-ray (EDX) characterization was performed at 5kV.  

The preparation takes place in four main steps. The micrographs obtained by the SEM illustrate these 

steps in Figure 4-14. First step (Figure 4-14a)) is the deposition of the Pt protective layer ƻŦ мΦр ˃Ƴ on 

the surface of the sample in order to reduce the damage of the area of interest during the preparation. 

This layer is deposited by a gas injection system (GIS). It is designated ŀǎ άǇǊƻǘŜŎǘƛǾŜ ƭŀȅŜǊέ ǘƘǊƻǳƎƘƻǳǘ 

this work. Once the Pt is deposited, two parallel squares are milled on top and bottom of this area 

(Figure 4-14b), using focused ions accelerated with a voltage of 30 kV and 65 nA. In this way, a lamella 

is created and is ready to be extracted. The third step is called ǘƘŜ άƭƛŦǘ-ƻǳǘέ, Figure 4-14c) and shows 

the extracted piece of the material mounted on a needle called the micromanipulator. Using the mi-

cromanipulator, the lamella is transported to a Cu grid (Figure 4-14d-e), which is fixed by gluing with 

Pt.  

 

Figure 4-13: SCIOS Duel beam (SEM/FIB). 

The fourth step consists of thinning the lamella progressively until it reaches a thickness that makes 

the sample electron transparent (Figure 4-14f-g)). This is succeeded by using different ion currents 1 

nA, 300 pA and 100 pA until a thickness lower than 100 nm is achieved. The final step of the preparation 

ƻŦ ǘƘŜ ǎŀƳǇƭŜǎ Ŏƻƴǎƛǎǘǎ ƻŦ άŎƭŜŀƴƛƴƎέ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ƭŀƳŜƭƭŀ ōȅ ǘƘŜ ƛƻƴ ƎǳƴΦ ¢ƘŜ ǳǎŜ ƻŦ ǘƘŜ CL. 



44 METHODOLOGY 

 

introduces the implantation of gallium ions and/or amorphization of the surface of the sample. In order 

to minimize this damaged layer on the surface, the use of low acceleration voltages (5-2 kV) is neces-

sary. These ions are rather slow, so that they allow a gentle polish of the sample by removing only the 

surface layer that has previously been damaged. 

 

Figure 4-14: Steps of TEM lamella preparation out of thin film sample, with the FIB-SCIOS dual beam: a) the 
ǇǊƻǘŜŎǘƛǾŜ ƭŀȅŜǊ ƻŦ tǘ ǳǎƛƴƎ ǘƘŜ DL{ ƛǎ ŘŜǇƻǎƛǘŜŘ ƛƴ ŀ ƭŜƴƎǘƘ ƻŦ нл ˃Ƴ, b) cuts to free the layer of interest, c) the 
free lamella is ready to be moved, d) the lamella is glued to the Cu TEM grid with the help of the easy lift and 
the GIS, e) the micromanipulator (easy-lift) is removed, f) the lamella is thinned while controlling its thickness, 
g) when tranparency is shown in the electron image, h) the layer is thin enough for imaging in the TEM where a 

higher resolution can be obtained. 

To perform the subsequent analysis by TEM, the samples are transported from the FIB to the TEM in 

contact to air. An inconvenience, unfortunately unavoidable with the available equipment.  

4.5.1 Grain size analysis 

Analysis of the grain size was completed for both systems in order to confirm that investigations during 

this work are done on nanostructured crystalline thin films. Figure 4-15 shows the bright and dark field 

TEM images of both systems. For a first orientation, 20 nm of the metal was deposited on a C coated 

Cu grid. This is giving an overview of the grain size of the samples. However, the actual grain size might 

differ since the deposition of these layers is done on a different substrate, which may affect the size of 

the grains. Image-J was used to analyze the grain size and the distribution was fitted with a Gaussian 

fit.  

In the case of Mg, an average of 17.3 ± 7.6 nm in grain diameter was obtained. The grain distribution 

is shown in Figure 4-15c). In the case of Ti, an average of 4.3 ± 2.3 nm diameter was obtained. The 

corresponding grain distribution is shown in Figure 4-15f) and the rather large error is attributed to the 

precision of the image threshold chosen with the software. Because of the very small grain size and 

the artificial carbon substrate, further analysis was done by XRD at thin films of different thicknesses 
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deposited on oxidized Si (in the case of Mg). The grain size can be calculated using the Scherrer-equa-

tion: 

J

l

cos³

³
=

w

K
L  

(26) 

where ὒ represents the size of crystalline domains perpendicular to the surface, ὑ the Scherrer shape 

factor and ύ the broadening of the measured peak (full width at half maximum in нʻ ƛn radians). For 

the shape factor, a value of Y Ғ лΦф was used, valid for approximately spherical grains [J.78]. This way 

an average grain diameter of 16 ± 0.5 nm was obtained for Mg and 4 ± 0.5 nm for Ti.  

  

Figure 4-15: Grain analysis of both metalic films: a) Bright field image and b) dark field image of 20 nm Mg 
deposited on a carbon film c) Grain diameter analysis from the TEM images of Mg showing an average grain 
diameter of 17.27 nm marked with dashed line d) Bright field and e) dark field of Ti 20 nm deposited on a 

carbon film f) grain diameter distribution of Ti recording an average size of 4.15 nm marked with dashed line. 

From this analysis, it is clear that the films grains in the range of 5-20 nm in diameter. Furthermore, Ti 

has the tendency to form smaller grains than Mg during ion beam sputter deposition.  

Additionally, the lattice parameter of the as-deposited samples was calculated in order to see whether 

there is any systematic change with a variation of the thickness. The d-spacing was determined based 

on .ǊŀƎƎΩǎ ƭŀǿ and consequently the crystal geometry and the Miller indices of the peak are used in 

order to calculate the lattice parameter. Since the lattice structure is hcp in both cases the appropriate 

equation is:  

ql sin2 hkldn =   and for hcp: 
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in which ̒  represents the measured angle by the XRD characterization, h, k, l are the Miller-indices of 

the respective peak, a and c are the lattice parameters and  ˂the wavelength of the x-rays (Cu Ka ˂  = 

0.15418 nm). dhkl represents the distance between the planes. This XRD characterization focuses on 
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the (002) and the (100) peaks (depending on the thickness). Figure 4-16 shows the calculated lattice 

parameters versus deposited thickness for both systems, showing the constant lattice parameter at all 

thicknesses of film deposition.  

For hcp (002) 1sin -= Jlc  and for hcp (100) ( )1

sin3
-

= qla   
(28) 

 

Figure 4-16: Calculated lattice paterameters versus thickness of the deposited films. Values obtained by XRD 

characterization data. Red dashed line represents the literature values for a) Mg system b) Ti system. 

4.5.2 HRTEM Image analysis 

In high resolution TEM (HRTEM) micrographs shown in the later chapters, analysis of the lattice fringes 

observed was done in order to identify the phases. Here an example of the analysis is presented, taken 

the example of Pd. Later the Pd layer is often seen as a black/ dark layer. This is due to its high density 

and high electron order number. However, when thinning the material to few nm (with the FIB), it is 

possible to observe the lattice planes in HRTEM, which allows to evaluate, whether the sputtered layer 

is pure Pd. It is important to mention that good thinning of the TEM lamellas and detailed preparation 

of the sample are essential for the HRTEM analysis.  

From the HRTEM images obtained and shown in Figure 4-17, one can use the Fast Fourier Transfor-

mation (FFT). Whereas FFT is often used for focusing during the experimental imaging, it can also yield 

important information after the images have been obtained. The image transformation decomposes 

the image into its sine and cosine components. The output represents a frequency domain, whereas 

the image observed directly in the TEM represents the spatial domain. Each point, therefore, repre-

sents a particular frequency contained in the spatial domain image. In microscopy, this effect is essen-

tial, since one can identify the crystalline nature of a material localized in very small regions. In other 

words, it gives information on the reciprocal space of the selected region.  

Regarding Figure 4-17, each dot from the FFT in b) (reciprocal pattern) shows a periodicity in the direct 

image in Figure 4-17a). This can help obtain a clearer image and observe the lines of the planes more 
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clearly, when removing the background information of the image.  

In order to do this, Figure 4-17 shows the performed image processing. The same process is followed 

for all HRTEM images referred in chapter 5.1.3. By selecting the dots seen in the FFT, which represent 

the crystalline material and inversing them into an image, ŀ άCƻǳǊƛŜǊ ŦƛƭǘŜǊŜŘ ƛƳŀƎŜέ ƛǎ ƻōǘŀƛƴŜŘΣ ǿƘŜǊŜ 

the lattice fringes are more clearly seen and the contrast gives a better precision to the evaluated 

lattice spacing.  

 

Figure 4-17: HRTEM analysis method a) HRTEM image obtained, b) FFT transformation of image a), c) άCƻǳǊƛer-

ŦƛƭǘŜǊŜŘέ ƛƳŀƎŜ ŦǊƻƳ ƛƴǾŜǊǎƛƴƎ ǘƘŜ FFT after only the dots of the FFT have been selected. 
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5 MAGNESIUM SYSTEM 

In the following chapter, the quantitative analysis of the hydrogen sorption kinetics of the Mg/MgH2 

system will be presented. With the XRD in-situ characterization, the hydrogenation process is first fol-

lowed. TEM imaging confirms three important stages, the as-deposited, the partially hydrogenated 

and the fully hydrogenated samples. The kinetics is studied at different temperatures, from room tem-

perature to 300 °C, so that the characteristic Arrhenius plot can be given for the first time. More pre-

cisely, the nature of the hydrogen transport, during the first hydrogenation, is studied in detail at 200 

°C (10 bar and 20 bar) and 300 °C (20 bar) by ex-situ XRD measurements and a quantitative calculation 

of the diffusion coefficients is given. Additional characterization by electrical resistance measurements 

allows studying the growth of the hydride at various different temperatures. Dehydrogenation as well 

as subsequent re-hydrogenation at 200 °C and 300 °C will also be characterized by XRD, resistance 

measurements and TEM. The latter especially demonstrates the creation of Mg-Pd alloys supported 

by EDX measurements. Its stability and effect to the cyclability of the material will be discussed. 

Table 6 summarizes the important parameters and the techniques used in each sub-chapter.  

Table 6: Samples and parameters summary for each sub-chapter. 

 CHAPTER 
Mg LAYER 

(nm) 

Pd LAYER 

(nm) 

PRESSURE 

(bar) 

TEMP. 

(°C) 

TIME 

(min) 
TECHNIQUES 

H
Y

D
R

O
G

E
N

A
T

IO
N

 

5.1 400 20 5 150  In-situ XRD/TEM 

5.2 50 - 800 5 - 40 10 / 20 200 10 - 400 Ex-situ XRD 

5.2 50 - 1100 20 20 300 60 Ex-situ XRD 

5.2 80 - 1100 5 - 40 20 
R.T. - 
200 

10 - 7200 Resistance 

D
E

/R
E-
 

H
Y

D
R

O
G. 

5.3 
MgH2 

600 
(initial) 20 

Vacuum 
20 

200 Ғ олл 
Ex-situ XRD/ 

Resistance/TEM 

5.1 Hydrogen sorption (1st hydrogenation) 

5.1.1 Overview characterization of the hydrogenation process 

(Collaboration with Tohoku University) 

In the first part of this chapter, the hydrogen sorption kinetics of pure Mg layers under hydrogen at-

mosphere is studied. The samples are covered with a Pd layer as previously described, in order to avoid 
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any oxidation of Mg during transport and to accelerate the dissociation of hydrogen molecules on the 

surface. Only single hydrogen atoms migrate into the metal. Part of this sub-chapter has been already 

reported in the publication by Hadjixenophontos et al. [Ha17]. 

In order to estimate the time needed for full hydrogenation of different Mg thicknesses, the samples 

were tested first in incremental time steps. Figure 5-1 shows the XRD diffractograms of 400 nm Mg 

layers at different stages. In a) (blue), the as-deposited state is shown with a fiber texture along the 

όллнύ ǇƭŀƴŜ ŀǘ нʻ Ґ опΦопу ° ± 0.02 °, which is the energetically or kinetically preferred orientation for 

a hcp structured material during deposition [Sc98]. At 200 °C (100 min / 20 bar), the formation of MgH2 

is observed by a peak ŀǘ нʻ Ґ нтΦфпт ° ± 0.02 ° which represents the (110) plane of the hydride, shown 

in the red (b) partially hydrogenated sample). Increasing the time at 200 °C (250 min / 20 bar), full 

hydrogenation is taking place and more orientations of the hydride become ǾƛǎƛōƭŜΣ ŀǘ нʻ Ґ ртΦтрс ° ± 

0.03 ϲ ŀƴŘ нʻ Ґ орΦтпп °± 0.02 ° for the orientations (220) and (101), respectively. The fully hydrogen-

ated sample is visible in Figure 5-1c) (black).  

   

Figure 5-1:  X-ray-diffraction diffractograms of three samples of Mg, 400 nm in thickness coated with Pd 20 nm, 
investigated at different hydrogenation steps: a) as-deposited Mg, b) partially hydrogenated sample (100 min 

at 200 °C / 20 bar) and c) fully hydrogenated  for 250 min at 200 °C and 20 bar. 

Evaluating the XRD diffractograms, the intensity of the Mg peak seems to be much higher than the 

intensity of the final MgH2 layer of same thickness. This is however no surprise since the scattering 

factor of hydrogen is very low as the element is so light. For a clear comparison and to ensure the 

purity of MgH2 thin films, a comparison was done with a MgH2 powder sample. Figure 5-2 shows that 
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the peak position of the thin films are comparable to the one of powders, besides the fact that a strong 

texture is present in the thin films along the (110) direction of the tetragonal MgH2 phase.  

 

Figure 5-2: X-ray-diffraction patterns for a comparison of the intensities between powder and thin films of 
magnesium hydride. A powder sample of MgH2 (red) with multiple reflections visible, compared with a thin film 
(black) where the reflections have a preferred orientation along (110) direction. Peaks from the sample holder 

are also visible when measuring thin films. 

The Mg (002) peak in Figure 5-1a) and b), is only weakly shifting from lower angles to higher angles 

from the as-deposited to the partially hydrogenated sample. Further in-situ x-ray diffraction experi-

ments were performed in order to observe the hydrogenation of 400 nm Mg thin films during isother-

mal treatment in more detail. In Figure 5-3, the shift of the peaks is better observed by the in-situ 

characterization of the sample, while heating up from room temperature to 150 °C. Significant is the 

Mg (002) peak (see Figure 5-3b), that shifts ŦǊƻƳ нʻ Ґ опΦрмс ° at room temperature ǘƻ нʻ Ґ опΦпм ° 

at 100 °C, where it then stays constant while decreasing its intensity over hydrogenation (see Figure 

5-3ōΩύΦ ¢Ƙƛǎ ǎƘƻǿǎ ǘƘŀǘ ǘƘŜ Ŏ ƭŀǘǘƛŎŜ ǇŀǊŀƳŜǘŜǊ ŜȄǇŀƴŘǎ ŦǊƻm 5.196 Å to 5.211 Å, since the film is at-

tached to the substrate and the perpendicular direction to the substrate has a higher possibility to 

change. Although the Mg peak does not shift anymore above 100 °C, the Bragg peak positions of the 

hydride (110) shift to lower angles (see Figure 5-3ŀΩύ, probably due to thermal expansion.  D. Moser et 

al. have reported volume expansion during hydrogenation and dehydrogenation reactions of powder 

MgH2 as a function of temperature [Da09]. The volume expansion can be roughly calculated from the 

volume ratio of the unit cells. Since Mg has a hcp structure and the hydride has a tetragonal structure 
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the volume of the unit cells can be calculated by: 
3
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Figure 5-3: In-situ characterization of a Mg film heated from room temperature to 150 °C. XRD data recorded 
every 10 °C ǎƘƻǿƛƴƎ ǘƘŜ ǇŜŀƪ ǎƘƛŦǘ ŘǳǊƛƴƎ ƘȅŘǊƻƎŜƴŀǘƛƻƴ ŀύ ŀƴŘ ōύ ŘǳǊƛƴƎ ƘŜŀǘƛƴƎ ǳǇΣ ŀΩύ ŀƴŘ ōΩύ ŘǳǊƛƴƎ 

isothermal measurements at 150 °C [Ha17]. 

TEM observations of this study, that will be further discussed later, allow the statement that MgH2 

forms as a layer from the surface of the Mg towards the substrate. This, however, explains the Bragg 

peak of Mg (002) above 100 °C, which is observed near the substrate. The thermal expansion of the 

ǘƘƛƴ ŦƛƭƳ Ŏŀƴ ōŜ ŀǎǎŜǎǎŜŘ ōȅ ǎƛƳǇƭŜ ŎŀƭŎǳƭŀǘƛƻƴǎ ƻŦ ǘƘŜ ǘƘŜǊƳŀƭ ŜȄǇŀƴǎƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ōǳƭƪ aƎ όʰ = 

0.000025 m/m°K). This estimation shows that the expansion of the c lattice parameter of Mg caused 

by thermal expansion should bring the lattice up to 5.26 Å. This is more clearly shown in Figure 5-4a), 

where the theoretical increase is shown by the dashed line. Therefore, it is assumed that the un-shifted 

Bragg peak of Mg (002) above 100 °C is related to compressive stress coming from the MgH2 phase, 

which overlays the expansion of the Mg lattice as shown by the arrows in Figure 5-4a). If the hydride 

is not formed, the lattice should theoretically continue expanding as shown with the dashed line. How-

ever, the Bragg peak position of Mg (002) shifts even to higher angles in the first 10 min of isothermal 

annealing at 150 °C with increasing fraction of MgH2, which corresponds to a shrinkage of the lattice 

along the c- axis as shown in Figure 5-4b). This can only be due to the phase transformation of Mg to 
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MgH2, which is even further confirmed, since the thin film is attached to the substrate and a thermal 

expansion along the c-axis should be even more pronounced.  

Any variation in temperature can give rise to stress-free variations in the lattice spacing. Consequently, 

while keeping in mind that the solubility of hydrogen in Mg is very low and thus cannot cause such 

expansion, it can be concluded that the initial change in Mg lattice is caused by thermal expansion. 

Once the hydride starts to form, the expansion initially stops and later a decrease of the Mg lattice is 

even observed, since the expanding hydride lattice provokes compressive stresses to the Mg.   

 

Figure 5-4Υ aƎ нʻ ǇŜŀƪ Ǉƻǎƛǘƛƻƴ ŀƴŘ Ŏ ƭŀǘǘƛŎŜ ǇŀǊŀƳŜǘŜǊ ŎŀƭŎǳƭŀǘŜŘ ǳǇƻƴ a) increasing temperature b) isother-

mal measurements at 150 °C. 

From the peak shift observed in the XRD diffractograms, the in-plane mechanical stresses ̀ , occurring 

from the hydrogen absorption, can be evaluated when using the Freund and Suresh formula [L.09] for 

biaxial stress:  
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where EMg ƛǎ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻŦ aƎ όŦƻǊ ōǳƭƪ aƎ EMg = 45 GPa [Uc15]), ˄ Mg , the Poisson ration of Mg 

(equal to 0.35 [Uc15]) and 
a

0d  (equal to 2.598) and 
a

sd are the lattice spacing of h-Mg phase obtained 

from the (002) plane with and without stress ̀ respectively. Using equation (29), a simple prediction 

of the compressive stress value caused by the hydride formation starting from 100 °C is given in Figure 

5-5. As previously indicated, the peak position shifts to higher angles while increasing the temperature, 

showing that the film increases its compressive biaxial stress while heating, probably due to the for-

mation of the hydride.  
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Figure 5-5: Compressive stresses caused by the hydride phase starting at 100 °C. 

At 5 bar of hydrogen and 150 °C, full hydrogenation is observed since there is no Mg peak visible any-

more in the XRD (blue graph in Figure 5-1). Furthermore, the Pd peak is no longer observed over full 

hydrogenation, indicating that Mg-Pd phases can be formed at these conditions according to the phase 

diagram shown in Figure 3-5. This is further investigated later and discussed in more detail in the de-

sorption chapter of this work. The nanocrystallinity of the intermetallic reaction products seems to be 

the reason why no corresponding new peaks become visible in the diffractograms during the first hy-

drogenation. 

5.1.2 Microstructure transformations  

Physical vapor deposition techniques may produce different microstructures depending on the depo-

sition parameters. Using ion beam sputtering deposition, very smooth and defined structures allow 

the investigation of the atomic transport of materials. These smooth layers are first confirmed by SEM 

and are demonstrated in Figure 5-6. In order to witness the change in the Mg thin film by hydrogena-

tion, SEM characterization was conducted on the three samples previously described in Figure 5-1. 

Figure 5-6 shows the cross sections of the three samples at different stages. EDX analysis was per-

formed on the as-deposited sample to verify the purity of the elements present inside the film. Carbon 

(C), platinum (Pt) and gallium (Ga) stem from the FIB sample preparation, for which a protective layer 

is deposited on top of the region of interest. Pd is observed to be on the surface of the layer as expected 
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and Mg represents the main part of the film with a thickness, in this case, of 400 nm. SiO2 appears to 

be 200 nm thick and the pure Si of the substrate is observed at the bottom.  

 
Figure 5-6: Cross sectional SEM images of thin films: a) as-deposited smooth 400 nm Mg layer and EDX 

measurement at 5kV showing the various elements along the layer, b) half hydrogenated 400 nm Mg film, 
ǿƘŜǊŜ ǘƘŜ ŜƭŜŎǘǊƻƴ ōŜŀƳ ŎǊŜŀǘŜǎ άƘƻƭŜǎέ ƛƴ ǘƘŜ ƘȅŘǊƛŘŜ ǇƻǊǘƛƻƴ ƻŦ ǘƘŜ ƭŀȅŜǊΣ Ŏύ Ŧǳƭƭȅ ƘȅŘǊƻƎŜƴŀǘŜŘ [Ha17]. 

SEM images show a άƘƻƭŜέ ŜŦŦŜŎǘ on the assumed hydride part. It is known that MgH2 is sensitive under 

the electron beam. A. Surrey et al. [SSR17] have reported that an electron beam can induce dehydro-

genation of MgH2. What is remarkable to observe here, is that these άholesέ appear only above a line 

in the half-hydrogenated sample in Figure 5-6b), which obviously indicates a reaction front. In Figure 

5-6c), the same effect is observed for the fully hydrogenated sample, but now the άholesέ appear eve-

rywhere in the sample. Therefore, it is concluded, that these holes, are created from the instability of 

the hydride phase under the beam. In 2011, Dura et al. reported the observation of similar άƘƻƭŜǎέ ƛƴ 

a Mg hydrogenation system [Du11]. They attributed this effect to the fact that the lattice of the Mg 

matrix is expanding upon hydrogenation. When the electron beam of the SEM induces dehydrogena-

tion, the extra space left from this expansion creates these holes. Noticeably, the beam induces dehy-

drogenation of the film, even at a low acceleration voltage of 5 kV.  

To clarify the microstructural conditions in more detail, cross-sections of the same samples were pre-

pared and investigated by transmission electron microscopy. Figure 5-7 shows three stages in corre-

spondence to the XRD diffractograms of Figure 5-1. In the as-deposited state (Figure 5-7a), the Mg 

layer reveals a columnar grain structure with a pronounced texture, the latter also confirmed by the 

reflection intensities in the corresponding selected area diffraction pattern - SADP (Figure 5-7d). The 

visibly pronounced fiber texture is also in agreement with the XRD results previously shown, with one 

main peak along the preferred texture axis. 

A partially hydrogenated sample (200 °C / 20 bar, 100 min) is shown in Figure 5-7b). The former homo-

geneous layer has split into two halves. In the upper area, close to the surface, the microstructure has 

transformed to fine globular grains. Also there, the fiber texture has disappeared from the SADP (Fig-

ure 5-7e). Noteworthy, the diffraction pattern of this region shows traces of MgO instead of MgH2 , 
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which serves as evidence of the instability of the hydride under the electron beam [SSR17]. Further-

more, the transfer of the samples from the FIB to the TEM was done in air, which can oxidize the thin 

(few nm thick) lamella. Nonetheless, a layer-like reaction is clearly identified by the reaction front in 

the microstructure. A sample hydrogenated for 250 min at 200 °C / 20 bar demonstrates full hydro-

genation (Figure 5-7c).  In summary, it is concluded that the hydride is formed uniformly at the surface 

of the film and grows towards the substrate in a uniform layer-like reaction.  

 

Figure 5-7: TEM bright field images of cross sections of a 400 nm Mg layer (layer surface at the top): a) As-
deposited, b) partially hydrogenated at 200 °C / 20 bar / 100 min, c) fully hydrogenated 250 min. 

Corresponding SADP of d) Mg and e) MgH2. MgH2 has transformed into MgO under the electron beam.  

Further analysis was completed on the as-deposited state using dark field imaging of the sample. One 

of the bright spots/reflections along the diagonal of the SADP was chosen for imaging. Direct imaging 

of this area in dark field, as shown in Figure 5-8, shows the strong fiber texture of the as-deposited 

sample more clearly. Many of the columnar single grains are appearing bright in dark field imaging.  
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Figure 5-8: Bright field a) and dark field b) images of an as-deposited sample of 500 nm Mg and 20 nm Pd. The 

protective layers from the FIB sample preparation is observed. 

5.1.3 HRTEM investigations 

5.1.3.1 After high temperature (200 °C) treatment 

Further TEM investigations at higher resolution were carried out in order to observe details at the 

interfaces. Figure 5-9 shows a bright field image of a partially hydrogenated sample where the hydride 

is shown again to nucleate at the Pd/Mg interface (close to the Pd layer shown in the figure). The equi-

axed fine grains of the hydrogenated part are more clearly visible in the dark field image in Figure 

5-9b). Figure 5-9c) shows a higher magnification of the layer close to the substrate, where the layer is 

expected to represent pure Mg. HRTEM allows measurement of the lattice planes observed. Lattice 

plane distance, measured from the image obtained close to the substrate, with the help of ImageJ 

software, gave an average value of 3.36 ± 0.05 Å, the value of lattice parameter from literature of Mg 

as given in Table 1 is 3.21 Å, whereas for MgH2 the lattice parameter is 4.50 Å. This confirms that mainly 

pure Mg is present in this part of the film. 

Figure 5-9d) shows a respectively higher magnification of an area closer to the surface, where the hy-

dride is expected to be formed. Here, the average value of the lattice obtained is equal to 2.41 ± 0.3 Å. 

An attempt was carried out to see the lattice planes of the two phases of the layers. Unfortunately, 

the hydride is not stable under the electron beam, as discussed previously. However, the lattice pa-

rameter of MgO given in literature is equal to 2.573 Å. This supports previous SADP shown Figure 5-7, 

obtained at the partially hydrogenated sample showing the presence of MgO.    
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Figure 5-9: a-b) TEM bright field and dark field images of a partially hydrogenated sample 400 nm Mg 20 nm Pd. 
c) HRTEM of an area close to the substrate where Mg is present, the lattice planes observed give an indication 

of the pure Mg phase (Ғ3.21 Å). d) HRTEM of an area close to the surface where the hydride is formed. The 
lattice parameter of the oxide is measured in the planes visible (Ғ2.573 Å). 

From the phase diagram between Mg and Pd, intermetallics may be expected, especially since the Pd 

peak disappears in the XRD after heat treatment, as previously presented (see Figure 5-1). From the 

phase diagram shown in Figure 3-5, Mg5Pd2 and Mg6Pd are the phases expected to be observed at 200 

ς 300 °C. In order to see whether there was any mixing of the metallic elements, HRTEM images were 

taken especially from the respected interface. Figure 5-10 shows the comparison between a Pd layer 

as-deposited and the Pd layer after partial hydrogenation at 200 °C. Clearly, inter-diffusion of Pd and 

Mg is observed. However, the initial thickness of this Mg-Pd mixed layer, during the first hydrogena-

tion, remains very small, which is probably the reason it is not observed in the previously shown XRD.  
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Figure 5-10: a) Bright field image of an as-deposited sample with columnar Mg structure visible. b) Bright field 

image of a partially hydrogenated sample, where the hydride has been in a layer formed closer to the surface. 

c) HRTEM of the Pd interface on the surface with each spot indicating the EDX spectra position. d) HRTEM of a 

thinned Pd layer, where its crystallinity is observed, due to the visible lattice planes. e) Higher magnification of 

the interface between Pd and Mg after hydrogenation at 200 °C. The EDX spectra obtained demonstrate the 

reaction of Pd with the Mg layer upon hydrogenation. The atomic percentage of each element is indicated re-

spectively in each table in f) and g). 

In order to confirm this mixing reaction of Mg-Pd, EDX spectra were taken by focusing the electron 

beam on the respective areas. Figure 5-10 (f), shows in black (spot 1), that in the region of the Mg layer 

no Pd is present since the spectrum shows 98.47 % Mg. The percentages given in the table are calcu-

lated without the Cu and Si signals, also visible in the spectra for a clearer comparison. Cu is detected 

from the sample holder of the grid, as well as from the C2 aperture used in the TEM. The Si signal is 

detected from the substrate, which is large in comparison to the studied layer, and some scattering is 

unavoidable. Regarding the unavoidable inaccuracies, the spectra from the surface region demon-

strate that the Pd layer is purely made of Pd, as shown in red (spot 2) with 94.22 %. Spot 3 in Figure 

5-10f), confirms the sharp interface between the two layers in the as-deposited state since 97.38 % of 

Mg is observed.  

In contrast, after heating, Figure 5-10 (g) shows the partially hydrogenated sample. The presence of 

Mg inside Pd in green (spot 4) is pronounced with 57.24 % of Pd and 42.76 % of Mg. Furthermore, 

some presence of Pd inside Mg is seen in spot 3 (blue), where 8.01 % Pd is observed. Even at the spot 

2, which is very close to the surface (red), Mg is present at 12.47 %. This shows, that part of the Mg 

was not hydrogenated, but has diffused into the Pd layer. However, verification of the exact phases 
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that are formed is not possible here, since the EDX does not give enough precision. It can be assumed 

that within the Mg-Pd phases formed, some part of pure Mg/MgO is present. As an independent con-

firmation, an important increase in the thickness of the Pd layer is observed from 20nm as-deposited 

to Ғ 42.6 nm after hydrogenation is noticed. This interaction of Pd/Mg shows a direct problem for the 

dehydrogenation process, discussed later, as well as for the cyclability of this system, since the Pd layer 

is no longer as effective as at the beginning. This Mg-Pd phase will be further discussed in the dehy-

drogenation chapter, where its stability and impact is shown.  

5.1.3.2 Low temperature reaction (50°C) 

In order to investigate the stability of the Mg/Pd interface, further TEM images were taken of samples 

hydrogenated at lower temperature for a longer period of time. The sample shown in Figure 5-11 was 

kept in a hydrogen atmosphere of 20 bar and 50 °C for 82 hours until full hydrogenation took place. 

The Pd layer appears to be more stable than what was shown earlier in Figure 5-10, when 200 °C was 

used for the hydrogenation. The layer did not grow drastically after the days it took to fully hydrogen-

ate, since its thickness appears to be close to the as-deposited one.  

A thin interfacial layer appears grey and by the analysis of the corresponding spot 2 by EDX, some 

traces of Mg are found. However, the amount looks near identical to spot 2, measured previously on 

the as-deposited sample (Figure 5-11). This strongly suggests that the Pd layer stays stable at low tem-

peratures. Hydrogenation is possible at such low temperatures, however, it takes much longer since 

the diffusion is decreasing drastically. Unfortunately, as it will be discussed later in the desorption 

chapter (chapter 5.3), unloading of hydrogen is not possible at such low temperatures, where the Pd 

layer could stay stable.  

 

Figure 5-11: a) Bright field image of Mg/Pd interface of a fully hydrogenated sample at 50 °C (4861 minutes under 

hydrogen atmosphere). b) Higher magnification of the interface where EDX spectra is shown for each part of the 

sample 1. The Mg layer (white) 2. The Mg-Pd (grey) interface 3. The Pd layer (black). 
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5.1.4 Conclusion on XRD and TEM characterization 

In summary, it has been shown so far that the hydrogen loading inside the Mg metal can be observed 

by XRD and TEM investigations. As measured by XRD, hydride formation starts at about 100 °C. The 

lattice expansion of Mg is visible and shown by in-situ XRD experiments, to initially be caused by ther-

mal expansion. Once the hydride is formed, compressive stresses decrease the lattice parameter of 

Mg. In addition, a microscopic imaging of the co-existence of MgH2 and Mg was performed using SEM 

and TEM. It clearly shows, that the hydride is immediately formed at the interface between the Pd 

catalyst and the Mg thin film, and grows in a layer-like geometry towards the substrate. The ion and 

electron beam, for cross section view preparation, damages the hydride phase, but the microstructure 

transformation between Mg and MgH2 is nevertheless a reliable indicator. The transition from a co-

lumnar grain structure of the as-deposited Mg thin film to an equiaxed grainy structure demonstrates 

the hydride unambiguously. HRTEM shows the crystallinity of the formed layers and allows a further 

confirmation of the elements present in each layer. It also allows the observation of the Mg/Pd inter-

face, which appears to be unstable, even during the first hydrogenation treatment at elevated tem-

peratures. So far, a comprehensive way to qualitatively observe the kinetics of hydride formation is 

presented. The combined techniques will allow a measurement of the diffusion coefficients and will 

give further information on the mechanism of hydrogenation inside the Mg layer in the following chap-

ters.  

5.2 Hydrogen Transport  

5.2.1 Kinetics of hydrogenation at 200 °C 

Using the techniques previously mentioned, it is possible to determine the state of hydrogen loading. 

The mechanism of diffusion can be characterized by the transport equations that were introduced in 

chapter 2.2 by evaluating the time of full hydrogenation at different initial film thicknesses. Figure 5-12 

(a) presents the measured growth kinetics on a linear scale, showing the time necessary to fully hydro-

genate a specific layer versus its thickness as observed for hydrogenation at 200 °C /  10 bar (unfilled 

symbols) and at 200 °C /  20 bar (filled symbols). Figure 5-12 (b) shows the same experimental data 

plotted as thickness squared versus time. Multiple samples were measured to reduce errors. The error 

bars in time are determined from samples that were found to be still partially hydrogenated when 

tested for slightly less time. The error bars in thickness represent the possible variation in the film 

deposition that might occur from the different positions of the substrates with respect to the target 

during sputter deposition. Comparing both plots, the hydrogenation proceeds linearly with time in the 

studied range of thickness. Next to each data set, the slopes representing the growth rate are stated. 
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It is also indicated that thicker Pd layers at the surface still improve partially the kinetics, however, 

without having a dramatic influence.  

A linear kinetics applies, which means that the transport is probably interface controlled (see chapter 

2.2). The possible interfaces in this case are a) H gas/Pd layer b) Pd/Mg interface or c) MgH2/Mg inter-

face. However, since H2 is known to split into atoms at the surface of Pd and to diffuse through Pd very 

quickly [ALJ99], hydrogen splitting at the surface is not considered to be the limiting process. Moreo-

ver, work on Ti described later in chapter 6.3, shows the catalytic effect of Pd, since hydrogenation of 

Ti is shown to be possible within seconds and at room temperature. By changing the transition metal, 

further investigations could help understand which of the two remaining interfaces is the limiting one. 

However, during this work, emphasis was given to studying the same system at different temperatures. 

Having a constant hydrogen supply on the surface and adapted to the linear regime, the growth rate 

of the hydride can be formulated by rearranging equation (12):  

Tdt

xd H

R

m
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=
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(30) 

in which ɲȄ and ˁ  denote the width of the hydride layer and the linear growth constant respectively. k 

and T have their usual meaning.  

¢ƘŜ ŘǊƛǾƛƴƎ ŦƻǊŎŜ ɲ˃H to the growth is the difference of the chemical potential on each side of the 

interface, as explained in more detailed in chapter 2.2.1. On one side, the chemical potential of hydro-

gen practically corresponds to the gaseous state H˃ , and on the other side, the chemical potential of 

the MgH2 phase at the hydrogen solubility limit ˃Me-H in the disordered alloy. So, the difference of the 

chemical potential across the controlling interface can be calculated 
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2Hp and T are the corresponding pressure and temperature of the hydrogenation conditions in the 

experiments. In order to calculate M˃e-H, the pressure of formation of the hydride was taken into ac-

count, obtained from reported pcT curves,  as given in Figure 3-3, considering the pressure of the phase 

equilibria at the experimental temperatures. Table 7 ƎƛǾŜǎ ǘƘŜ Ŧƛƴŀƭ ǾŀƭǳŜǎ ƻŦ ɲ˃H for the Mg system at 

the different experimental conditions.  

Table 7: Chemical potential difference (ɲ H˃) calculated for the experimental conditions investigated in the Mg 
system. 

CONDITIONS HmD  

(kJ/mol) 
HMe-m  

(kJ/mol) 

Hm  

(kJ/mol) 

 

200 °C, 10 bar 3.5 181 184  

200 °C, 20 bar 4.8 181 186  

300 °C, 10 bar 5.5 170 175  
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Figure 5-12: Hydrogenation of Pd/Mg layers at different thicknesses. a) Time of full hydrogenation versus film 
thickness (linear plot) at 200 °C /  10 bar and 200 °C /  20 bar. Data obtained with different thicknesses of Pd as 

indicated by different symbols b) Thickness squared versus time (parabolic plot) confirming the linear regime at 
these conditions and thicknesses. 

Evaluating the slopes of the experimental data in Figure 5-12 (a) in terms of equation (30) delivers the 

barrier coefficient for both pressures given in Table 8.  
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Table 8: Barrier coefficient experimentally calculated by the linear regime observed at 200 °C  

at small thicknesses. 

EXPERIMENTAL CONDITIONS 
BARRIER COEFFICIENT  

ˁ όŎƳѷǎύ 

10 bar 2.84· 10-12 

20 bar 1.21· 10-12 
 

For all three data sets the R2 value obtained from the fit is between 0.92 ς 0.99, showing that the fitted 

lines are close to the experimental data points. The fact that at 200 °C a linear kinetics is observed at 

all, requires a minimum diffusion coefficient of H in MgH2 as equation (13) shows:  Dlimit җ ˁϊɲȄ. It can 

therefore be determined, for the thickest studied layers, that Dlimit җ тΦмоϊмл-16 cm2/s. When compared 

to literature, this limit of diffusion seems to be close to the already reported diffusion coefficient of H 

through the hydride phase [Ya08]. Comparing the two different pressures, no significant difference is 

visible. As mentioned in chapter 2.2, usually after a linear growth, a transition to the parabolic regime 

is expected. We assume therefore that the conditions (thickness, temperature, pressure) used during 

these experiments are already close to this linear-parabolic transition.  

5.2.2 Kinetics of hydrogenation at 300 °C 

For comparison purposes, the hydrogenation rate at a higher temperature, 300 °C is characterized as 

well. Figure 5-13 shows the time to full hydrogenation at 300 °C /  20 bar versus time, in again linear a) 

and quadratic b) thickness scales for a direct comparison. The straight linear relation in the latter 

clearly identifies a parabolic kinetics that now demonstrates, at this higher temperature, a diffusion-

control, showing that MgH2 creates a blocking barrier against faster reaction.  

 

Figure 5-13: a) Hydrogenation of Pd/Mg at 300 °C /  20 bar. b) Squared thickness versus time of full 

hydrogenation showing the parabolic kinetics at these conditions. 
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Using the slope of the experimental data in Figure 5-13 (b) and equation (17), previously introduced 

with the value of ɲ H˃ given in Table 1, the diffusion coefficient of H at 300 °C is 2MgH

HD = 6.18 · 10-13 

cm2/s. Here again, the R2 value of the fit is equal to 0.99, showing that the experimental points are well 

described. Figure 5-14 shows a schematic representation of the chemical potential change in the case 

of a diffusion-controlled mechanism, where the thickness of the hydride layer increases with time and 

this slows down further diffusion of hydrogen over time.  

 

Figure 5-14: Schematic representation of hydrogen diffusing inside Mg at 300 °C, where diffusion control reac-

tion takes place. Over time, the hydride gets thicker and so hydrogen diffuses more slowly through it. 

In summary, along the study of hydrogen transport so far, the growth of the hydride at 200 °C is ob-

served following a linear kinetics. This indicates that the transport across the Pd/MgH2 or MgH2/Mg 

interface is the rate limiting factor. The hydride is nucleated at the Pd/Mg interface and grows from 

the surface towards the substrate. The growth constant is quantitatively calculated to be ˁ  = 10-12 cm/s 

and the diffusion limit at 200 °C of H in MgH2 is 2MgH

HD җ 7.13 · 10-16 cm2/s. Any layer reaction is ex-

pected to follow a linear time dependence at the beginning. However, after having reacted to sufficient 

by large reaction thickness, diffusion through the hydride is expected to become the rate-limiting fac-

tor. It is surprising to see that the transition towards a parabolic growth is not observed in the later 

stages. For this reason, a new setup was developed for investigating the samples with more precision, 

using the characteristic resistance of the concerned materials. However, the experimental data at 300 

°C /  20 bar, evidencing a parabolic growth, allow experimentally calculating the exact diffusion coeffi-

cient of hydrogen in the hydride. At 300 °C, the diffusion coefficient is consequently determined to be 

equal to: 2MgH

HD  = 6.18 · 10-13 cm2/s. 
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5.2.3 Resistance measurements  

Measuring a sample at specific conditions (pressure, temperature, layer thickness) for different stages 

of hydrogenation, is a time consuming method, which makes it difficult to be precise, especially by ex-

situ XRD measurements. For this reason, a way to investigate the hydrogenation in-situ was further 

developed during this work. Resistance changes in the material, as mentioned in chapter 3.1.2, are 

dominant when hydrogen is inserted into the Mg matrix.  

The influence of temperature on the resistance of Mg was initially experimentally measured in order 

to see how the pure Mg layer behaves when heating up from room temperature to 200 °C. Figure 5-15 

(a) shows the experimental values of the sheet resistance of pure Mg, indicating the decrease of re-

sistance with increasing thickness. This is natural when the layer is considered as an electric circuit. If 

a film consists of ƭŀƴŜǎ ƻŦ Ŏƻƴǎǘŀƴǘ ǘƘƛŎƪƴŜǎǎΣ άpŀǘƘǎέ for the electrons, a thicker layer will eventually 

have more paths. The average speed of electrons remains the same in all thicknesses, therefore, the 

gradient of electrons stays constant. Per unit cross section area each layer will carry the same current, 

however, in total, the current will be higher. A higher current at a given voltage means a lower re-

sistance. This behavior is clearly observed at both, room temperature and elevated temperature. Fur-

thermore, since Mg is a metal, it is no surprise that the resistance is increasing when the temperature 

is increasing. When a current is applied and electrons travel through the lattice, the waves interfere 

with the lattice and this causes a resistance in the material. In metals in which a crystal structure is 

present, temperature excites phonons in the lattice and thus more interference between the Bloch 

waves increases the resistance. 

In order to see the behavior of the hydride at different temperatures, Figure 5-15 (b) shows the re-

sistance measurements carried out from room temperature to 200 °C. The sample is kept under hy-

drogen pressure, so that no dehydrogenation would take place while heating up. This shows how the 

resistance of the hydride is increasing with increasing temperature, showing that the hydride is not 

entirely an insulator, but has a metallic behavior, however, with a higher resistance than the Mg metal. 

The slight increase of resistance at about 70 min is most probably an effect, due to the fact that heating 

is unavoidable while passing a current through the thin sample. It takes a few moments for the ther-

mocouple to regulate this difference until the 200 °C is constantly obtained. In order to avoid this ef-

fect, all samples were always filled up with hydrogen after the required temperature was reached and 

confirmed to be constant.  
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Figure 5-15: a) Sheet Resistance of Mg at room temperature and 200 °C b) Resistance measurement from room 

temperature to 200 °C. 

In four-probe measurements, a voltage drop is measured before the inner contacts, while a constant 

current of 1 mA is applied to the outer contacts. The samples were first heated to 200 °C and then 

hydrogen (20 bar) was inserted into the reactor. Figure 5-16 shows the experimental response of re-

sistance change upon hydrogen loading in an Mg layer of 250 nm thickness. The growth of the hydride 

happens mostly in the first stage, showing a low slope of increase of the resistivity. At the beginning, 

a small increase is observed where the hydride phase is growing, while towards the end of the process, 

shortly before complete loading of the film with hydrogen, a steep increase appears. This is the ex-

pected behavior of the resistance change, when two resistors in parallel are connected and the relative 

weight between the resistors is shifting. Therefore, by considering the layer system as varying resistors 

connected in parallel, evaluation of the system can be done. In comparison to Mg and MgH2, the re-

sistance contributed from the Pd layer on the surface can safely be neglected. In order to define the 

time of full hydrogenation, a tangent is plotted to the sharp increase observed at the end of the re-

sistance, as shown in dashed line in Figure 5-16. 

Several samples of different thicknesses of Mg were measured with a constant Pd layer of 20 nm on 

the surface. Figure 5-17 shows the resistance behavior of all the thicknesses investigated during this 

work. All samples show a similar behavior, with the sharp increase appearing after a characteristic time 

depending on the thickness of the initial Mg film. The time of full hydrogenation for the higher Mg 

thicknesses is shown in dashed lines, while Figure 5-18 (a) more clearly shows the smaller thicknesses, 

where the time for full hydrogenation is given for the samples of 100, 200, 300 and 400 nm of Mg. The 

table in Figure 5-18 (b) shows the characteristic time of full hydrogenation acquired for each thickness.  
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Figure 5-16: Example of resistance change upon hydrogen loading in a Mg 250 nm layer, 20 nm Pd hydrogen-

ated at 200 °C / 20 bar. The time of full hydrogenation is obtained from the tangent along the sharp increase of 

the characteristic graph, as shown by the dashed line. The time used for further calculations is the one shown 

in a circle on the x-axis. 

 

Figure 5-17: Resistance behavior of different Mg thicknesses (100 to 1000 nm) with 20 nm Pd on the surface. 

Hydrogenated at 200 °C and 20 bar. The time of full hydrogenation is shown with the dashed lines for each 

thickness. 
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Figure 5-18: Resistance behavior normalized to the hydride value, of smaller Mg thicknesses (100, 200, 300 and 

400 nm) with 20 nm Pd on the surface. Hydrogenated at 200 °C and 20 bar. The time of full hydrogenation is 

characterized by the dashed lines for each thickness.  

Multiple samples were measured in order to obtain an average value of the time of full hydrogenation 

for each thickness. As an example, Figure 5-19 nominally shows the resistance behavior normalized to 

the final resistance (hydride) of two samples of same thickness (Ғ 200 nm). As can be seen, there is no 

significant difference between the two samples and, most importantly, the two samples appear to 

have a similar time of full hydrogenation. The remaining small variation is probably due to a small 

difference in the initial Mg thickness. This is a clear indication that this method can produce precise 

measurements and reproducible results.  

 

Figure 5-19: Resistance behavior during hydrogenation of two different samples of same thickness (200 nm). 

Hydrogenated at 200 °C and 20 bar. The time of full hydrogenation is shown to be close to each other. 
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For comparison with the growth kinetics observed by XRD in the previous chapters, the time of full 

hydrogenation for different thicknesses was measured at the same conditions 200 °C / 20 bar. Figure 

5-20 shows the comparison between the time obtained by XRD measurements and resistance meas-

urements, in both a) linear and b) parabolic scale. It is clearly observed in the parabolic scale in Figure 

5-20 (b), that the linear kinetics transform into a parabolic one above a certain critical thickness. The 

transition to a diffusion-controlled mechanism is clear at about Ғ 600 nm. This shows that at small 

thicknesses, the atomic jumps of hydrogen across the interface are significantly hindered. Thus, lead-

ing to an interface controlled, linear growth regime until a relatively large thickness is reached. After 

that point, the hydride continues to grow according to a parabolic law.  

 

Figure 5-20: Growth kinetics at 200 °C / 20 bar on the a) linear and b) parabolic scale. The time of full hydro-

genation is obtained with resistance mismeasurements shown in blue circles and a comparison to the XRD ex-

perimental data, discussed in the previous chapter, is shown with the black squares.  

Comparing the experimental analysis by XRD ex-situ (blue circles) and the resistance measurements 

(black squares) in Figure 5-20, a clear deviation is observed. The change in resistance is more sensitive 

to smaller changes than the XRD measurements. This means, that if a small layer of few nanometers 

of Mg is still not hydrogenated, this Mg layer cannot be seen by the XRD. Nevertheless, the resistance 

measurements will reveal the difference. However, this is not the only reason of the variation between 

the two techniques. As explained later on in more detail, in Figure 5-24, the time of full hydrogenation 

obtained by the tangent at the inflection point of the graph represents only 85 % of the hydrogenation. 

For this reason, the additional points (orange squares) in Figure 5-20 represent the resistance meas-

urements with the correction factor to a 100 % hydrogenation time.  

Another way to evaluate the data in the case of the resistance measurements, is to create a model 

that fits the experimental parameters. In general, there are three possible mechanisms that the 

transport can obey: i) a linear regime ii) a parabolic regime or iii) a transition from linear to parabolic. 

From the data presented previously in Figure 5-20, it is expected that the real situation of hydrogen 

transport follows a combination of linear kinetics at the beginning and a parabolic behavior when the 
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hydride thickness becomes dominant. For the model created to fit the experimental curve, a simple 

consideration of equation (24) from chapter 2.2.2 is used: 
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where b and L are the width and length of the sample respectively, d0 the initial Mg thickness of the 

sample, ́  the equivalent resistivity for each phase as obtained in the experimental data.  

Therefore, a comparison can be obtained when replacing the change in thickness: )(
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iii) Combination of linear and parabolic. In this case equation (9) is considered where the 

atomic transport of hydrogen is given in relation to both growth constant and diffusion 
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For the same reasons explained previously, the part of the Pd contribution is neglected since the con-

ductivity of 20 nm layer is not expected to play a dominant role in this case. The chemical potential is 

considered to be the same as previously, is adding a factor to the final equation. Furthermore, this 

equation does not consider the inflection point consequently. A supplementary factor considering sim-

ilar to a Johnson-Mehl-Avrami equation may be added to describe the stop of the reaction, when the 

Mg gest more and more consumed: 
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where ɹ  represents a shape factor.  

Using equation (34), where the combination of linear to parabolic is used and the inflection point is 
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considered, a fitting to the experimental data of the different thicknesses can be achieved. Figure 5-21 

(a) shows for example the case of a 300 nm sample.  

This way, the average diffusion coefficient at 200 °C, obtained from different measurements with dif-

ferent thicknesses is 2MgH

HD  = 0.14 ± 0.02 ·10-12 cm2/s. 

The model precisely follows the experimental data, and the parameters used in each case are shown 

in Table 9:  

Table 9: Parameters used for fitting the resistance model to the experimental data 

PARAMETER 
VALUE  

for 100 nm 
VALUE  

for 200 nm 
VALUE for 
300 nm 

VALUE for 
400 nm 

D (cm2/s) 0.16· 10-12 0.14· 10-12 0.15· 10-12 0.11· 10-12 

 ˁ(cm/s) 0.05· 10-14 0.08· 10-14 0.2· 10-14 1.5· 10-14 

 ˄ 0.5 0.5 0.5 0.4 

x (nm) 100 200 300 400 

Mgɟ  (Ohm) 0.09 0.05 0.03 0.02 

2MgHɟ (Ohm) 1 1 1 1 

 

 

Figure 5-21: a) Modeling of the resistance change over time using the combination of both linear and parabolic 

law. The effect of b) the diffusion coefficient c) the growth constant is shown and the circles present the area of 

the graph, which changes drastically when changing each parameter. 
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The model is also helpful in identifying the effect each parameter has on the experimental behavior. 

Figure 5-21 (b) shows the effect of a faster diffusion coefficient, whereas Figure 5-21 (c) demonstrates 

the effect of smaller growth constant. All parameters have been tested and the ones for the best fit 

are given in Table 9. The graphs of more thicknesses showing the fitting of the model to the experi-

mental data are given in Appendix 2.  

A significant observation during this analysis of the data, is the fact that the model does not fit as nicely 

for larger thicknesses. At 600 nm, it is already difficult to find parameters that fit the model and at 900 

nm and 1000 nm, it has been impossible. Looking closer, Figure 5-22 highlights the difference between 

the initial change in resistance when a thin layer of 100 nm of Mg is measured (see Figure 5-22 (b)) and 

when a thicker layer of 900 nm is tested (see Figure 5-22 (a)). The emphasized squares on the graphs 

focus on the initial part of the resistance change, where the sample of 900 nm has almost a straight 

line increasing. This shows that the initial mechanism in the case of thicker layers is not entirely similar. 

At the end however, where the parabolic part is shown, the graph follows a similar change. The ten-

dency however is visible in all larger thicknesses. Meanwhile, the change is observed at the linear part, 

one could assume that the controlling interface is the one changing. Therefore, the experimental re-

sults in combination with the model calculations give strong evidence of the existence of a moving 

planar interface.  

 

Figure 5-22: Experimental data of the resistance change in a) thick Mg layer of 900 nm and b) thin Mg layer of 

100 nm. The gray area highlights the difference at the initial stage between the two. At a higher thickness, a 

more linear change in resistance is observed and the inflection point is not clearly visible anymore. 
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Additionally, in a smaller layer the nucleation of the initial hydride layer can play a more important role 

than in a thicker layer. Previous studies done by S. T. Kelly et al. [KC10] on synchrotron experiments, 

predict similar behavior of hydrogenation of epitaxial Mg thin films, however, in smaller thicknesses. 

They report the shift from interface to diffusion limited reaction at thicknesses of 200 nm. This differ-

ence most probably comes from the fact that the model is not completely thorough and characterizes 

the system in a very simple way. The importance of the Mg-Pd layer is clearly shown in previous chap-

ters, which is not considered here during the model. One should also keep in mind that the fiber tex-

ture of the thin films may also affect this system slightly. At the second hydrogenation, where the 

texture is lost, the behavior might be different. This proves that the kinetics is very sensitive on the 

production method.  

It is agreeably shown from the experimental and the model that the system follows a linear to a para-

bolic transition. Comparing this to the explanation given in chapter 2.2, Figure 5-23 emphasizes the 

change of the chemical potential a travers the film. A schematic representation of the linear regime 

that takes place at small thicknesses shows that the slow action is the transport of hydrogen from the 

Pd layer into the hydride layer. Since this is an interface controlled reaction the linear regime is ob-

served at small thicknesses. In the case of a parabolic regime where the slow action is diffusion con-

trolled the long arrow represents the slow diffusion of hydrogen through the hydride layer. This is 

more dominant at higher thicknesses and therefore parabolic regime is observed at the experimental 

high thicknesses as shown in Figure 5-20.  

 

Figure 5-23: Schematic of chemical potential change of a hydrogen atom as it traverses the film. A comparison 

is given between the linear and the parabolic regime observed for the small and higher thicknesses respec-

tively. The slower action in each case, controlling the hydrogen transport is shown by the thick red arrow.  
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Using the same model, the thickness of the hydride layer is calculated over time. Figure 5-24 demon-

strates the change of the hydride formed over time. As established earlier, the time of full hydrogena-

tion for each measurement is calculated by the tangent to the inflection point. As shown in the case of 

Figure 5-24, of a sample with an initial thickness of 300 nm Mg, at Ғ 90 min, which is the time used as 

άǘƛƳŜ ǘƻ Ŧǳƭƭ ƘȅŘǊƻƎŜƴŀǘƛƻƴέ όǎŜŜ Figure 5-18 (b)), only 85 % of the Mg has transformed. Accordingly, 

an appropriate factor has to be used to correct the evaluation previously shown in Figure 5-20, and 

will later be used for calculating the diffusion coefficients at different temperatures. 

 

Figure 5-24: Thickness of the hydride formed over time simulated in a sample of initial 300 nm Mg thickness, 

created using the model of linear to parabolic kinetics.  

 Using the same principle, similar experiments at different temperatures were performed. This allows 

determining the temperature dependence of the diffusion coefficient. Figure 5-25 demonstrates the 

experimental change in resistance at different temperatures. In a) the low temperatures (room tem-

perature and 50 °C) and in b) the higher temperatures (100 ς 200 °C). The time of full hydrogenation 

used for the diffusion coefficients is illustrated by the dashed lines. 

Due to similar difficulties, as previously for the higher thicknesses, the model could not be applied to 

the entire range of different temperatures. Therefore, the typical parabolic law of diffusion is used:  

Dtx=  (17) 

where x represents the thickness of the layer and t, the time of full hydrogenation (time of 85 % hy-

drogenation used as the correction factor). For more accuracy, all layers used for the calculation of the 

diffusion coefficients were also cut by the FIB to obtain an accurate value of the layer thickness. The 

SEM images of the layers are shown in the Appendix 1.  

By plotting the logarithm of the diffusion coefficient versus inverse temperature, the Arrhenius plot 

and so the calculation of the activation energy Ea becomes possible. As explained in more detail in 
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chapter 3.1.1, Ea represents the activation energy for hydrogen jumps in magnesium hydride and, 

therefore, the minimum energy required for the reaction between hydrogen and magnesium to occur. 

In the case of MgH2 , this value was not established previously by a continuous series of measurements. 

From Figure 5-26, it is observed that while temperature increases, the diffusion coefficient increases. 

Adding the value calculated from different thicknesses at 200 °C (green rectangular), it is clear that 

depending on the model used, the diffusion coefficient still varies. Yet, both values are within one 

order of magnitude difference, which shows that presumably none of the models is perfect.   

 

Figure 5-25: Resistance behavior of samples hydrogenated at different temperatures a) room temperature, 50 

°C, 100 °C, 150 °C, 170 °C, 180 °C, 200 °C b) only the samples at 100 °C, 150 °C, 170 °C, 180 °C, 200 °C. The re-

spective time of full hydrogenation is marked by dashed lines. 

Using equation (19), the activation energy is calculated from the slope of the graph which is equal to 

slope = -2.02 ± 0.25 cm2/s with an R2 = 0.91, showing that the fitted line is close to the experimental 

data. The activation energy obtained amounts to Ea = 22.56 ± 2.05 kJ/mol and the pre-factor D0 = 

3904.95 cm2/s obtained from the interception. This value for the activation energy is significantly 

smaller than the one given by X. Yao et al. [Ya08]. Two explanations are considered at this point, since 

the data from this work still fit well with other reported individual values: a) in this work the diffusion 

coefficient is obtained by measuring the growth of the hydride layer thickness and not by measuring 

directly the diffusion of hydrogen into the hydride phase. A method that can be precise, but limitation 

in parameters can cause restrictions. b) The preparation of the material in the work of X. Yao et al. 
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[Ya08] is not given and this might influence the system to some extent. Whereas the thin film deposi-

tion allows good purity of the material. 

Furthermore, when comparing the activation energy of dehydrogenation to the activation energy of 

ƘȅŘǊƻƎŜƴŀǘƛƻƴΣ ǘƘŜ ƭŀǘǘŜǊ ǎƘƻǳƭŘ ōŜ ƳǳŎƘ ƘƛƎƘŜǊΣ ǎƛƴŎŜ ƛǘΩǎ ŀ ǇǊƻŎŜǎǎ ǘƘŀǘ ǊŜǉǳƛǊŜǎ ƘƛƎƘŜǊ ǘŜƳǇŜǊŀǘǳǊŜǎ 

and more energy to take place.  A study done by Han et al. showed that the activation energy for the 

desorption of MgH2 is equal to 142 kJ/mol. The precision of the measurements described here and the 

long range of different temperatures evaluated, gives confidence that the obtained activation energy 

value is within a reasonable range.  

In summary, the resistance measurements of this chapter show a precise way to characterize the ki-

netics growth of the system. The linear growth at the initial stage deviates to a parabolic growth at 

thicker layers indicating this way that the diffusion of hydrogen through the hydride layer formed 

closer to the surface becomes slower than the transport of hydrogen through the interfaces. However, 

clearly something changes for layer of Mg thickness above Ғ слл ƴƳΦ The linear fitting at the beginning 

does not fit as nicely as for the small thicknesses. The exact reason why is not yet clear. The diffusion 

coefficient of hydrogen into the hydride could experimentally be determined and the average value of 

the experiments is 2MgH

HD = 6.09 ·10-12 cm2/s at 200 °C, and the activation energy obtained is equal to: 

Ea = 22.56 ± 2.05 kJ/mol and D0 = 3904.95 cm2/s.   

 

Figure 5-26: Arrhenius linear plot showing the diffusion coefficient over 1/T. Blue circle point obtained by ex-

situ XRD measurements, green triangle by applying the model to the resistance measurements at different 

thicknesses at 200 °C and black squares by applying the parabolic law and using the time of full hydrogenation 

obtained by the resistance measurements.  
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5.2.4 Conclusion on hydrogen transport  

Following the hydrogenation stage of a sample by TEM, XRD and the measurement of the resistance 

gives the possibility to quantitatively evaluate the diffusion coefficient of hydrogen in the system at 

different temperatures. At 200 °C, a shift from linear to parabolic regime is obtained, whereas at 300 

°C, a clear parabolic behavior is observed. A model is created to fit the behavior of the resistance 

change over time during hydrogenation. Considering a linear to parabolic transition, the model is in 

good agreement to the experimental results up to a specific thickness. At larger thicknesses, a variation 

in change of diffusion mechanism takes place. A similar variation is also observed for the lower tem-

peratures measurements. A precise explanation of this cannot be given at this time. From the Arrhe-

nius plot obtained experimentally from room temperature to 300 °C, the activation energy and the 

pre-factor are determined to Ea = 22.56 ± 2.05 kJ/mol and D0 = 3904.95 cm2/s respectively. It is im-

portant to mention that all this experimental evaluation was done on observations of the first hydro-

genation only. The growth kinetics is experimentally characterized by ex-situ XRD measurements and 

in-situ resistivity changes, and are in a good agreement. Data obtained by the resistance measure-

ments, show minor statistical errors and have demonstrated to be very accurate. Recalling the insta-

bility of the Mg/Pd interface over time at high temperatures, it can be concluded that at this stage, 

during the first hydrogenation at the wide range of temperatures investigated, no negative effect 

stemming from this intermetallic layer is observed.  

5.3 Hydrogen desorption  

Until now, samples were experimentally tested only over their first άƘŀƭŦ cycleέ of hydrogenation. From 

previously discussed results, it is clear that after deposition, all films are columnar with a strong fiber 

texture and the interface between Mg and Pd is sharp in the as-deposited state. These facts may play 

a critical role in the process of hydrogen diffusion into (and out of) the system. The columnar structure 

leads to a diffusion along these elongated grains at the beginning, whereas the equi-axed morphology 

after hydrogenation will impact the diffusion along the grain boundaries. Furthermore, the sharp in-

terface between Mg-tŘ ƛǎ ƴƻ ƭƻƴƎŜǊ ǾƛǎƛōƭŜ ŀŦǘŜǊ ƘȅŘǊƻƎŜƴŀǘƛƻƴΣ ƳŜŀƴƛƴƎ ǘƘŀǘ ǘƘŜ άŎŀǘŀƭȅǘƛŎέ ŜŦŦŜŎǘ ƻŦ 

palladium is no longer fully present in the next cycles. The new Mg-Pd compound will also, most prob-

ably, play a role in the diffusion of hydrogen along the layers. These issues were addressed in further 

dehydrogenation and re-hydrogenation experiments.  

For dehydrogenation to take place, one has to reverse the equilibrium of the reaction. To split the 

hydride into Mg metal and hydrogen, high temperatures and low pressures are required. This has been 

explained in a previous chapter of this thesis (chapter 3.1.1). Even though dehydrogenation of Mg has 

been reported to take place at about 300 °C [Do07], as described in chapter 3.1, experimental tests 
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here were started at 200 °C. This was done in order to investigate whether the nanostructured material 

investigated here might have a positive effect to lower the temperature of desorption. Therefore, sam-

ples were heated up to 200 °C under vacuum (pumping) for a duration double of the hydrogenation 

time and afterwards characterized by ex-situ XRD, TEM cross sections as well as in-situ resistance 

measurements.  

Resistance measurements during dehydrogenation are presented in Figure 5-27 (a). It can be observed, 

that dehydrogenation at 200 °C is not complete even after 300 minutes (about twice the time of hy-

drogenation). The further decrease of resistance seems to be almost negligible at the end and so only 

a partially dehydrogenated sample is obtained. Considering the EDX spectra obtained in Figure 5-10 

that showed the formation of Mg-Pd phases, one may consider that full dehydrogenation was not 

possible, since part of the Mg already formed Mg-Pd phases.  

Re-hydrogenation of the partially dehydrogenated samples was also tested. A typical behavior of such 

re-partially-hydrogenation is shown in Figure 5-27 (b), where the 2nd hydrogenation is shown in red. 

Clearly, the trace of the 2nd hydrogenation graph differs significantly from first hydrogenation, showing 

that the change in morphology after hydrogenation (the loss of the columnar texture) must have an 

effect on the hydrogenation, since hydrogenation appears to be way faster, with a steep increase from 

the very first minutes. The model used previously was not compatible to explain this behavior during 

re-hydrogenation. Further investigation of this effect could not be done at this point, since focus of 

this work was given at the first hydrogenation. It is however clear that the system behaves differently.  

 

Figure 5-27: Resistance change a) upon hydrogenation (black) at 20 bar and subsequent dehydrogenation 

(blue) under vacuum, of 300 nm Mg/20 nm Pd layer at 200 °C  b) hydrogenation (black), partial dehydrogena-

tion (blue) and re-hydrogenation (red) of a sample of 80 nm Mg/20 nm Pd 200 °C / 20 bar. 

Using equation (25) described in chapter 4.3, the amount of hydride remaining in the layer can be 

estimated using the resistance at each time step. 
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 Figure 5-28 illustrates the evaluated effective thickness change of the hydride layer over time during 

the dehydrogenation for the two samples shown previously in Figure 5-27. In the evaluation it is con-

sidered that the dehydrogenation is also a layer-like reaction. It is demonstrated that the dehydro-

genation is far from being complete, since only 3-5 % of dehydrogenation took place. Meaning that in 

the case of the completely hydrogenated 80 nm Mg sample, only ά4 nmέ of the hydride were dehy-

drogenated at 200 °C. Similarly, in 300 nm of Mg, fully hydrogenated, only ά9 nmέ of the hydride were 

dehydrogenated at 200 °C.  

This also shows the effect of pure Mg on the resistance. The decrease in resistance is remarkable when 

even less than 10nm of Mg are present in the system. The precision of the resistance measurements 

to early hydrogenation states is therefore much better than the other techniques used in this work.  

Since dehydrogenation is not complete at 200 °C, further tests were completed at higher tempera-

tures. As mentioned in the experimental part (3.4), resistance measurements were not possible at 300 

°C since the set-up (especially the golden contact tips ς άǇƻƎƻ Ǉƛƴέύ ǿŀǎ ƴƻǘ ǎǘŀōƭŜ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜǎ 

higher than 200 °C. Therefore, characterization of the dehydrogenated samples at 300 °C were per-

formed by ex-situ TEM cross sections and XRD.  

 

Figure 5-28: 9ŦŦŜŎǘƛǾŜ άǘƘƛŎƪƴŜǎǎέ ƻŦ ƘȅŘǊƛŘŜ ƛƴ ŘǳǊƛƴƎ dehydrogenation of two samples (80 nm and 300 nm) 

calculated by the resistance change in the layer 
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Figure 5-29 (a) shows the spectra obtained from four samples: as-deposited, hydrogenated, dehydro-

genated and re-hydrogenated. As shown, the strong Mg peak visible at the as-deposited state disap-

pears completely when the sample is hydrogenated. It is also clear that the Mg-Pd phases observed 

during the first hydrogenation by TEM micrographs in chapter 5.1.3, must have a very small thickness 

since no peak is visible at the first hydrogenated sample in Figure 5-29 (b). After dehydrogenation the 

Mg (002) peak appears, though way less pronounced. It is more clearly seen in the magnified intensity 

scale shown in Figure 5-29 (b), that the films lose their fiber texture since more than one peak now 

become visible. However, in a much lower intensity than in the as-deposited state. Both Mg peaks 

(002) and (101) appear after dehydrogenation.  

Most importantly however, from these experiments it is possible to identify the nature of the Mg-Pd 

phases. From Figure 5-29 (b) it is seen that the reaction between Mg and Pd mostly formed Mg6Pd 

(orange squares) and Mg5Pd2 (green circles). !ǘ ŀ нʻ ŀƴƎƭŜ ƻŦ пл ϲ, it is hard to decide whether any pure 

Pd phase remained since Pd appears at 40,115 ° and Mg5Pd at 40,914 °. From the TEM presented 

hereafter, it is expected that all Pd layers have been transformed into a Mg-Pd phase since no clear Pd 

layer is observed in the micrographs anymore.  

Presence of pure MgH2 is still visible at the re-hydrogenation, despite the fact that the formation of 

the Mg-Pd is predominant. This shows that this intermetallic phases (Mg5Pd and Mg6Pd) do not block 

hydrogen diffusion. It is later shown by the TEM micrographs, that these intermetallic phases are 

formed closely to the surface of the sample and it is possible to remove and re-insert hydrogen through 

them. Regarding its catalytic activity, nothing was tested at this point in comparison to the pure Pd 

phase. The fact that ƛǘ άŎƻƴǎǳƳŜǎέ aƎ, is however, not positive to the use of the system, since the 

quantity of a hydride is less until all Pd is consumed.  

In order to observe a fully dehydrogenated sample, a complete dehydrogenation at 300 °C was per-

formed. Figure 5-30 shows a TEM cross section from such dehydrogenated sample along with the EDX 

analysis of two different regions. It is clearly seen that the 600nm layer of Mg has transformed to 450 

nm of Mg and 150 nm of a mixture between Mg-Pd compounds and pure Mg. The nature of these 

phases has been identified by the XRD in Figure 5-29 as Mg5Pd2 and Mg6Pd. The Mg6Pd phase has the 

highest Mg content of all the intermediate phases in the Mg-Pd phase diagram (see Figure 3-5) and 

crystalizes with a large face-centered cubic unit cell in the space group F-43m [Ma06]. Its unit cell has 

a lattice constant of 20.20 Å, in contrast to the Mg and its hydride, which have 3-4 Å lattice spacings. 

From the EDX however, it is not possible to determine in high precision, whether the phase is Mg5Pd2, 

Mg6Pd or a mixture of the two plus pure Mg.  
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Figure 5-29: a) XRD diffractograms from samples of 400 nm Mg and 20 nm Pd.  1) as-deposited sample, 2) hy-

drogenated at 300 °C /  20 bar, 3) dehydrogenated at 300 °C, 4) re-hydrogenated at 300 °C / 20 bar. b) Different 

intensity range of the peaks of the same samples 2), 3) and 4), where the formation of Mg-Pd phases is clearly 

visible starting from the sample 3) in which dehydrogenation took place.  

 

Figure 5-30: TEM micrographs and EDX spectra of a dehydrogenated sample 600 nm of Mg and 20 nm Pd (ini-

tially). The quantification of the EDX spectra deliver the Mg and Pd concentrations as stated. 

Nevertheless, Table 10 shows the densities of the different compounds and it is clearly shown that the 

intermetallic Mg5Pd2 has a much higher density than all other compounds present in the system. With 

a value of 4.10 g/cm3 ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ Ғ мΦр - 3 g/cm3 for the other compounds.  

When calculating the molar volume of the compounds (Vmolar = (Molar Mass)/ )́, it is also clear that the 

volume occupied by one mole of the intermetallic unit is much bigger than the volume of the pure 

elements. The values in Table 10 are given for standard temperature and pressure.  

Considering the size of the sample, the volume of the sputtered layer of Pd (20 nm · 0.5 cm · 3 cm) 

and the density of the material, the amount of Pd substance in mol can be calculated as:  
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Similarly, the amount of each compound is estimated if all Pd transforms to Mg6Pd or to Mg5Pd2. For 

example in Mg6Pd  molPdnMgn PdinMg

610013.2][6][
6

-Ö=Ö= .  

In the particular, the volume that a substance would occupy can be estimated, if all 20 nm of Pd would 

form this substance. The results of these calculations are displayed in Table 10.  

In comparison, Figure 5-31 represents all the crystal structures discussed along with the lattice, their 

parameters and the volume of the cell. 

Table 10: Density of Mg, MgH2 and Mg-Pd phases. Data obtained by [Cr16a], [Sa72] and [Ma05]. 

 COMPOUND 
DENSITY  

 (g/cm3) 

MOLAR 

MASS  

(g/mol) 

MOLAR  

VOLUME 

(cm3/mol)  

AMOUNT OF  

SUBSTANCE 

(mol) 

VOLUME  

OCCUPIED  

(cm3) 

MASS  

(g) 

1 Mg 1.74 24.30 13.96 -- -- -- 

2 MgH2 1.45 26.32 18.15 -- -- -- 

3 Mg6Pd 2.95 252.25 85.50 2.013 Ö 10-6 2.35 Ö 10-8 6.93 Ö 10-8 

4 Mg5Pd2 4.10 334.36 81.55 1.17 Ö 10-6 1.43 Ö 10-8 5.86 Ö 10-8 

5 Pd 12.02 106.42 8.85 3.355 Ö 10-7   

 

Furthermore, white spots spread throughout the layer are clearly visible. These seem to represent 

pores created within the sample. Supported by literature, these pores are not only caused due to the 

Mg-Pd phases formed, but mostly due to desorption of hydrogen from the lattice. The formation of 

porous Mg after dehydrogenation has, indeed, been reported before. Dura et al. measured the hydro-

genation and dehydrogenation of thin films of Mg with a Pd layer on the surface using neutron reflec-

tometry [Du11]. It was shown that the Mg films swell in the surface upon hydrogenation and after 

dehydrogenation the films return to pure Mg, but retain the swelled thicknesses by incorporating 

voids. The presence of voids has been supported by Mooij et al. [MD13], who reported that the nucle-

ation and growth behavior on hydrogenation and dehydrogenation is asymmetric, because void for-

mation open an alternative transport path to hydrogen. Therefore, the white areas observed in Figure 

5-30 can be attributed to such voids that are created upon dehydrogenation. Most likely, they have 

decisive impact on the second hydrogenation of the system.  

In summary, full dehydrogenation of the Pd/Mg films is possible at a temperature of 300 °C. Formation 

of Mg-Pd alloys and the development of voids inside the material are unavoidable at these conditions. 

The new phases formed have been identified as Mg5Pd and Mg6Pd. The stable new Mg-Pd phases have 

no negative effect on the re-hydrogenation of the samples, however they consume Mg which can no 

longer be hydrogenated. These observations demonstrate a severe disadvantage of the Mg system as 

a hydrogen storage material.  
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Figure 5-31: Crystal structures of Mg, MgH2, Mg6Pd, Mg5Pd2 and Pd with their lattice parameters and volume of 

the cell. Data are obtained for each structure from Spring Materials files visualized in VESTA. Yellow, pink and 

grey represent the Mg, MgH2 and Pd respectively.  

5.4 Conclusion on the Mg/MgH2 system 

Hydride formation in the Mg system has been observed by XRD and TEM. The thermal expansion of 

Mg is visible and measured in in-situ XRD experiments, while the compressive stresses induced by the 

hydride are also estimated. The hydride formation starts at about 100 °C. Microscopic imaging of the 

co-existence of MgH2 and Mg has been performed using SEM and TEM, showing that during hydro-

genation the hydride is directly formed at the interface between the Pd coating and the Mg thin film 

and grows in a layer-like geometry towards the substrate. Even though electron microscopy perma-

nently damages the hydride phase, this experimental technique can, nevertheless, be used to observe 

the MgH2 layer growth, since the transition from a columnar grain structure (fiber texture) of the as-

deposited Mg thin film to an equi-axed fine grainy structured film indicates the hydride reliably. HRTEM 

confirms the crystallinity of the formed layers and allows a further validation of the elements present 

in each layer. The Mg/Pd interface appears to be unstable even during the first hydrogenation. 

A comprehensive and reproducible way of following the kinetics of hydride formation is presented and 

the diffusion coefficients are measured in a wide range of temperatures. Measurements of hydrogena-

tion of Pd/Mg layers, as a function of layer thickness and time, were successful. At 200 °C and a maxi-

mum thickness of about 600 nm, transport across the Pd/Mg or MgH2/Mg interface is the limiting 
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factor. At this point, it is not clear which interface represents the decisive barrier. At larger thicknesses, 

the linear growth transformed into a parabolic one, where the diffusion of hydrogen through the hy-

dride controls the kinetics. The growth kinetics are experimentally characterized by ex-situ XRD and in-

situ measurements of resistivity changes and both are in a good agreement. Data obtained by the 

resistance measurements, however, show smaller errors and have proven to be more accurate.  

The growth constant at 200 °C is measured to be equal to ˁҐ мл-12 ŎƳѷǎ ŀƴŘ ǘƘŜ ŘƛŦŦǳǎƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ 

H in MgH2 is 2MgH

HD = 6.18 10-13 cm2ѷs. At 300 °C, a parabolic regime is observed and the diffusion coef-

ficient amounts to 2MgH

HD = 2.37 · 10-12 cm2/s. Successful measurements in a broad range of tempera-

tures gave a value for the activation energy of hydrogen of Ea = 22.6 ± 2 kJ/mol and a pre-factor D0 = 

3904 cm2/s. Figure 5-32 shows a comparison of the results obtained in this work with the sparse liter-

ature values of experiments and theoretical work (same as shown in Figure 3-6). The diffusion coeffi-

cient is in good agreement with some data reported, in which the growth of the hydride has also been 

studied at a constant pressure and temperature. The higher diffusion coefficients in comparison to the 

work of X. Yao et al. [Ya08] may either indicate a principal difficulty with the simulation concept or, 

probably more interestingly, the decisive influence of grain boundaries in our studies, since the grains 

during this work appear to be quite small.  

 

Figure 5-32: Comparison of values on the hydrogen diffusion coefficient of this work with literature (Figure 

3-6). Experimental data of this work are shown in stars. 
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At a temperature of 200 °C, the dehydrogenation of has been possible only to a minimum Ғ 5 % of the 

layer. The stability of the hydride at this temperature is clear. Complete dehydrogenation of the sam-

ples is possible at 300 °C however, with a significant reaction of the Pd layer. The Mg-Pd phases formed 

are Mg5Pd and Mg6Pd and are clearly identified by XRD after dehydrogenation and during re-hydro-

genation. The Mg layer has lost its fiber texture over cycling and shows multiple peaks in the XRD after 

dehydrogenation. Furthermore, during dehydrogenation, voids are created due to the expansion dur-

ing loading/unloading of hydrogen. These voids have been previously mentioned in literature, but are 

now clearly visible in TEM micrographs as soon as hydrogen is taken out of the layer.  

A comprehensive way to qualitatively follow the kinetics of hydride formation has been presented.        

A combination of techniques allows a measurement of the diffusion coefficients in a broad range of 

temperatures and pressures and successfully provides further information on the mechanism of hy-

drogenation inside the Mg layer.   
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6 TITANIUM SYSTEM 

Titanium, similar to other transition metals, is discussed as a catalyst to accelerate the hydrogenation 

kinetics of hydrogen storage materials.  It is, however, known that H absorption decisively depends on 

the surface conditions (presence or absence of the natural surface oxide), especially in a material such 

as Ti, which oxidizes quickly. In this chapter, focus is placed on Ti thin films of controlled thicknesses 

(50 to 800 nm), that have a natural layer of oxide formed on the surface. These thin films are used as 

a convenient tool for quantifying the atomic transport. XRD and TEM investigations allow the tracking 

of the hydrogenation progress inside the film, completed in a similar way as for the Mg system. Hydro-

genation of TiO2/Ti bi-layers is studied at 300 °C for different durations of times (10 s to 600 min) and 

at varying pressures of pure H2 atmosphere. A comparison of films with and without TiO2, the perme-

ation coefficient, as well as a study of the pressure dependence of hydrogenation is discussed in the 

following sections.  

The entire chapter of this work has been published and is available in the Journal of Applied Surface 

Science [Ha18].  

An overview of the samples discussed in this chapter with their experimental characteristics is shown 

in Table 11:  

Table 11: Sample parameters and techniques discussed for the Ti system during this work. 

CHAPTER SAMPLE 
THICKNESS  

(nm) 

PRESSURE  

(bar) 

TEMP. 

(°C) 

TIME  

(min) 
TECHNIQUES 

6.1/2 TiO2/Ti 10/ 50 - 800 20 300 7.5 - 125 XRD/TEM 

6.3 
Pd/Ti  

Pd/TiO2/Ti 
5/400 

5/10/400 
1 R.T. 0.1 - 60 XRD 

6.4 TiO2/Ti 10/600 0.05 - 100 300 60 XRD 

6.1 The role of surface titanium oxide on hydrogen sorption kinetics  

In order to estimate the time needed for full hydrogenation of different Ti thicknesses, the samples 

were tested in incremental time steps. This allows determining the transition between partially hydro-

genated states to the fully hydrogenated state reliably. Figure 6-1 illustrates the XRD diffractogram of 

600 nm Ti films of the different stages (a: as-deposited, b: partially and c: fully hydrogenated) of the 

hydrogenation process. The experimental positions of the intensity maxima of the phases well agree 

with the literature values indicated by dashed lines. .ǊŀƎƎΩǎ ǇŜŀƪ ƻŦ -hTi phase is indicated in black at 

нʻ = 37.45 ° - 38.14 ° and the one of TiH2 phase in red at нʻ Ґ опΦпт ° - 35.23 ° / 39.56 °.  In the as-

deposited state, only the -h¢ƛ όллнύ ǇŜŀƪ ŀǘ нʻ Ґ отΦту ° is visible due to a significant fiber texture 
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obtained by the ion beam deposition of the film. An uniaxial texture is the rule in thin film deposition 

and usually the dense packed planes are aligned parallel to the layer surface [Ga11b]. In the partially 

hydrogenated Ti film (Figure 6-1 (ōύΣ ǇŜŀƪǎ ƻŦ ōƻǘƘ ǘƘŜ ʰ-Ti(H) solid ǎƻƭǳǘƛƻƴ ŀƴŘ ǘƘŜ ʵ-TiH2 are seen, 

while for the fully hydrogenated sample ƛƴ CƛƎΦ нŎΣ ƻƴƭȅ ǘƘŜ ʵ-TiH2 phase remains visible with TiH2 (111) 

ŀǘ нʻ = 34.82 ° and TiH2 όнллύ ŀǘ нʻ = 40.42 °. ¢ƘŜ ǎƘƛŦǘ ƻŦ ǘƘŜ ʰ-¢ƛ όллнύ ŦǊƻƳ нʻ Ґ оуΦмп ϲ ǘƻ отΦпр ϲ 

during partial hydrogenation is explained from the fact that hydrogen introduced interstitially in the 

matrix causes expansion of the host lattice. Hydrogen solubility of the terminating phase is known to 

range up to 8.5 at.% [SM87b]. Similarly, the shift of the TiH2 (101) peak position can be explained by 

the expansion of the lattice parameter, due to the further increase of the hydrogen concentration in 

the interstitial hydride phase.  

In comparison to Mg, which can only form one hydride phase, the MgH2, Ti can form several phases of 

different stoichiometric composition. This has been discussed previously in Figure 3-7, while from the 

XRD diffractogram, the shift of the hydride peak is directly observed when more hydrogen is loaded to 

the system.  

 

Figure 6-1: XRD diffractogram of (a) as-deposited, (b) partially hydrogenated and (c) fully hydrogenated (at 300 
°C /  20 bar) 600 nm Ti film with TiO2 surface oxide naturally created. 

The reaction between Ti and hydrogen during the άintercalationέ and the formation of the hydride 

phase was studied by in-situ XRD measurements. This work was performed in collaboration with Dr. 

Zoltán Bálogh-Michels at the Center of X-ray Analytics EMPA in Switzerland. A mixture of H2:N2 with 

different compositions as well as different temperatures were used. Thin films of 600 nm thickness of 

Ti were analyzed with a mixture of 50:50 and 15:85 H2:N2. Figure 6-2 (a) shows the diffractograms in 

the angular range 2ʻ Ґ ор ς 39 °, where the Ti peak shifts to lower angles due to the intercalation of 
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hydrogen into Ti. Later this peak disappears and the corresponding TiH peaks grow. During the inter-

calation stage, the peak width of the Ti (002) remains constant, but the position shifts continuously 

with time. This indicates an efficient redistribution of the H-atoms. During the phase transition, the 

position of the Ti peak remains stable, as shown in Figure 6-2 (b), but the area of the Ti peak decreases, 

while that of the TiH phase grows both almost linearly in time as indicated in the graph of Figure 6-2 

(c). This linearity might indicate a linear growth controlled by the surface layer. At this point however, 

there is not enough evidence to decide whether the absorption or the formation of the TiH is the rate-

controlling process. The time of full hydrogenation observed here is 110 minutes, at which the Ti peak 

disappears.  

 

Figure 6-2: a) Evolution of the XRD diffractogram upon hydrogenation b) Quantitative diffractogram, intensity 

versus scattering angle and c) peak areas clarifying the kinetics. 

In order to quantify the absorption kinetics of Ti thin films more accurately, the minimum time to 

achieve a fully hydrogenated state (as shown in Figure 6-1 (c)) was determined in ex-situ experiments 

as a function of the layer thickness. The results for hydrogenation of Ti films with the natural surface 

oxide at 300 °C and 20 bar H2 atmosphere are presented in Figure 6-3. At the studied temperature and 

pressure, a linear relation of the hydrogenation depth versus time is identified in Figure 6-3 (a) with a 
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slope of (5.83 ± 0.24) nm/min. This implies that the phase transformation is controlled by a fixed ki-

netics barrier, rather than the varying diffusion length within the forming hydride.  

 

Figure 6-3: a) Ti thickness of (TiO2)10 nm/(Ti)x nm versus time of full hydrogenation at 300 °C /  20 bar. b) Dou-

ble logarithmic plot points out the proportionality between thickness and hydrogenation time. 

As an additional verification, the double logarithmic plot of the thickness versus time clearly identifies 

the kinetics ŜȄǇƻƴŜƴǘ ƻŦ Ȅ Ґ фп Ғ 1 as shown in Figure 6-3 (b). The error bars on the x-axis are deter-

mined from samples that were found to be partially hydrogenated when tested for slightly less time. 

The error bars in the y-axis represent the possible variation in the thickness that might occur from the 

different position of the substrates with respect to the target during sputter deposition.  

In order to clarify the microstructural evolution during the hydrogenation, TEM micrographs were 

taken at different stages. Figure 6-4 presents cross sections of the three stages in correspondence to 

the XRD diffractograms of Figure 6-1. Figure 6-4 (a) shows the as-ŘŜǇƻǎƛǘŜŘ ʰ-Ti state, Figure 6-4 (b) 

partially hydrogenated stage and Figure 6-4 (c) the fully hydrogenated state. The characteristic diffrac-

tion patterns of the two phases are presented in Figure 6-4 (d-f). Expected reflection positions are 

indicated by semi-circles on the right hand side. The interface between the metal and the hydride 

phase is indicated by a dashed line. Its exact position was localized by micro-diffraction at different 

positions. Furthermore, the Ti layer is covered by the natural oxide layer, which can be seen in all 

micrographs. In the enlarged view of Figure 6-4 (a), taken at the as-deposited state, the average thick-

ƴŜǎǎ ƻŦ ǘƘŜ ƴŀǘǳǊŀƭ ƻȄƛŘŜ ŦƻǊƳŜŘ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŀƳƻǳƴǘǎ ǘƻ Ғ фΦу ƴƳΦ .ŀǎŜŘ ƻƴ ǘƘŜ ŘƛŦŦǊŀŎǘƛƻƴ 

pattern in Figure 6-4 (f), it is identified as rutile TiO2 [R.95].  

Remarkably, Figure 6-4 (b) demonstrates that the hydride layer nucleates heterogeneously at the back-

side interface close to the substrate, and only afterwards does it grow towards the layer surface from 

where the hydrogen is loaded. At first sight, this peculiar behavior, especially demonstrates the faster 

diffusion of H in Ti thin films once the TiO2 barrier at the surface has been broken, which leads to a 

practically homogenous hydrogen distribution within the Ti layer.  
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The presence of TiO2 has only been observed in this work by TEM micrographs. In the XRD, no evidence 

of the presence of an oxide could be found, despite many attempts. The TiO2 rutile peaks should ap-

pear ŀǘ нʻ ҐнтΦппΣ нʻ Ґ осΦлус ŀƴŘ нʻ Ґ пмΦннс ŦƻǊ όммлύΣ όмлмύ ŀƴŘ όмммύ ƻǊƛŜƴǘŀǘƛƻƴǎ ǊŜǎǇŜŎǘƛǾŜƭȅΦ  A 

possible explanation for this might be the fact, that the very thin layer is furthermore randomly ori-

ented polycrystalline as also proven by the SADP in the TEM. This would give rise to particularly low 

intensities. By contrast, the sputtered film of 10 nm of Pd is visible in the XRD, since the layer has a 

texture and Pd has a rather large scattering factor that contributes to the peak intensity of the material 

in the XRD.   

By comparing Figure 6-3 with Figure 2-5, in which a linear kinetics law has been described, clear evi-

dence is derived that the hydrogenation here follows a linear growth law, too. Adapted to such linear 

kinetics regime and a layer like reaction as discussed in chapter 2.2.1 , the appropriate description of 

the growth rate of the hydride is given by equation (30), previously shown for the hydrogen transport 

in Mg at 200 °C: 

 

Tdt

xd H

R

m
k
D

=
D

 
(30) 

In order to calculate the driving force as the difference of the chemical potentials to both sides of the 

controlling barrier, presumably the oxide layer, the following needs to be considered: 
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mm . In the exact same way as described for the Mg 

page in chapter 5.2, the chemical potential of hydrogen is established by the applied gas pressure. The 

same formula may be used to determine the hydrogen chemical potential M˃e-H of the terminal solu-

tion in equilibrium to the hydride phase, if the appropriate equilibrium pressures are inserted. The 

equilibrium pressure of hydride formation at 300 °C, peq = 0.01 bar, can be read from published PCT-

curves of the Ti-H system shown in Figure 3-8 ōŜŦƻǊŜΦ ό¢ƘŜ Ŏƻƴǎǘŀƴǘ ˃0 and its derivative drop out when 

calculating the difference). The so calculated driving force amounts to ɲ H˃ = 180.18 kJ/mol at 300 °C 

and 20 bar hydrogen pressure. For an illustration of the thermodynamic situation, Figure 2-2 shows 

the change of the chemical potential across the interface. The value of the driving force in the case of 

Ti is significantly larger than in the case of Mg.  

From the experimental data in Figure 6-3 and the evaluated slope, the respective transport coefficient 

ƻŦ ¢ƛ ŎƻŀǘŜŘ ǿƛǘƘ ǘƘŜ ƴŀǘǳǊŀƭ ǎǳǊŦŀŎŜ ƻȄƛŘŜ ŀƳƻǳƴǘǎ ǘƻ ˁ Ґ нΦрт ҕлΦмм ϊмл-10 cm/s. 
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Figure 6-4Υ ¢9a ōǊƛƎƘǘ ŦƛŜƭŘ ƛƳŀƎŜǎ ƻŦ ¢ƛ ǘƘƛƴ ŦƛƭƳ ŎǊƻǎǎ ǎŜŎǘƛƻƴǎ ƻŦ ŀύ ŀƴŘ ŀΩύ ŀǎ-deposited, b) partially 
hydrogenated, c) fully hydrogenated (at 300 °C / 20 bar) with corresponding diffraction patterns of selected 

ŀǊŜŀǎΥ Řύ ʰ-Ti e) TiH2 and f) rutile TiO2 phases [Ha18]. 

 

 
























































































