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Foreword 
“There is a tide in the affairs of men. 

Which, taken at the flood, leads on to fortune; 
Omitted, all the voyage of their life 

Is bound in shallows and in miseries. 
On such a full sea are we now afloat, 

And we must take the current when it serves, 
Or lose our ventures” 

 
William Shakespeare,  

Julius Caesar Act 4, scene 3, 218–224 

 
 

 
 
 
 
 
 
 
 
The need for energy storage takes new shapes with every new 

generation and is a prerequisite for sustaining technological advancements. 
But on the overall, there is a great increase in the demand of efficient storage 
of energy in close connection to the exploitation of renewable energy 
resources. Whether for stationary or mobile applications, for small or large 
scale devices, stored energy is needed from a compact, efficient and reliable 
medium.  

The most widely used energy sources nowadays are based on fossil 
fuels which still represent a staggering 87.1% of the total market according to 
the latest Intergovernmental Panel on Climate Change (IPCC) report on 
Renewable Energy.1  

In this context, the interest in renewable energy sources is inextricably 
linked to the realization of the risks and limitations related to fossil fuels.2,3 
Thus, during the economic crisis in the 1970’s the limited availability of fossil 
fuels was realized which led to a series of measures for improving energy 
efficiency of buildings and vehicles. At the same time, research into alternative 
energy sources was stimulated. In the 1980’s, pollution as a result of burning 
fossil fuels was considered a major problem and measures were taken to 
counter act it. At the same time, research into alternative energy sources got 
another nudge.  For the great part of the 1990’s and early 2000’s culminating 
with the Kyoto Protocol adopted in 1998, CO2 and other green house gases 
obtained from burning fossil fuels  are seen as the main culprits in the global 
warming scenario. This has constituted the motor for policy changes, 
investments and developments of alternative energy sources. 4,5 

At the same time that the risks of using fossil fuels are the motor for 
developments in renewable energy, the fluctuating character of some 
renewable energy sources stimulate the search for more efficient and versatile 
energy storage methods. Thus, research in energy storage systems is closely 
linked to the implementation of renewable energy sources with an 
intermittent character. It is expected that a steady increase in investments and 



2 

 

implementation of renewable and sustainable energy sources will occur over 
the next decades.1 Solar and wind power have benefitted of an increase of over 
50% and 30% respectively in the total energy production over the last 
years.6,7,8  

The type of energy storage system needed can be divided into 
stationary and mobile. Aside from fossil fuels, the most widely used energy 
storage form is pumped hydropower which is exclusively stationary and also 
currently by far the largest capacity renewable form of energy storage. There is 
also growing interest in thermal energy storage systems where mostly either 
phase change materials or underground thermal energy storage is used.  

Energy storage for mobile applications includes electrical energy 
storage in batteries for the most part.  Chemical energy storage in fuels such as 
hydrogen and methane or methanol has the great advantage of having higher 
energy density and of being potentially easier to integrate into the already 
existing infrastructure.  

The thesis presented here concerns the storage of hydrogen in light, 
nanostructured Mg based materials. The research focusses on fundamental 
and practical aspects such as the stability and the reaction rate of hydrogen 
uptake and release but also the air sensitivity of the MgH2 compounds. These 
aspects  are important  for the application of MgH2 as a hydrogen storage 
medium for mobile or static devices.  
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“Oui, mes amis, je crois que l’eau sera un jour employée comme combustible, que 
l’hydrogène et l’oxygène, qui la constituent, utilisés isolément ou simultanément, fourniront 
une source de chaleur et de lumière inépuisables et d’une intensité que la houille ne saurait 

avoir.” 
 (Yes, my friends, I believe that water will one day be used as fuel, 

that hydrogen and oxygen which constitute it, used isolated or together, will 
provide an inexhaustible source of heat and light, of an intensity that 

coal is not capable.) 
 

Jules Verne, “L'Île Mystérieuse” (The Mysterious Island) 

 
 

 
 
 
 
 
 
 
 
 
 

 
 

Soon after the discovery of hydrogen by Cavendish in 1766, its great 
potential as a fuel is exploited first in a hydrogen balloon and hydrogen 
dirigible and later as fuel for rocket propulsion. However, its explosive nature 
led to devastating accidents which made it unpopular for wider scale use.  

At the beginning of the 1970’s, the energy crisis experienced by the 
industrialized world turned the attention to finding alternative fuels. 
Hydrogen is again taken into consideration as a viable alternative to fossil 
fuels.  It is at this time that the discussion of hydrogen as the fuel of the future 
and the hydrogen economy starts in the scientific community. 2,3 

There are a few factors that make hydrogen a very attractive energy 
carrier. The most obvious one is its high gravimetric energy density of 140 
MJ/kg compared to 48 MJ/kg for gasoline and 43 MJ/kg for methane. 
Another useful feature of hydrogen is it versatility as it can react with oxygen  
explosively when used in a combustion engine but also electrochemically in a 
fuel cell. In addition, hydrogen has the potential of being a clean fuel because 
the  burning product is water. But above all it is renewable and abundant as it 
can again be obtained from splitting water molecules into the elements either 
by electrolysis or by direct solar conversion. This makes a hydrogen cycle 
possible.4,5,6 

The special properties of hydrogen that constitute great advantages, 
also pose great challenges. The high reactivity of hydrogen means that it does 
not exist free on earth but it is bound in various chemical compounds such as 
water, hydrocarbons, carbohydrates and other organic and inorganic 
compounds. To be used as a fuel its molecular form, H2 first has to be 
synthesized and stored. Both these issues are of great importance in a 
hydrogen economy.  

 
 



7 

 

 1.1.1. Hydrogen as energy carrier 
 

In normal conditions, hydrogen is a colorless and odorless gas. It is the 
lightest element and it has three isotopes. The most abundant is protium, 1H 
that constitutes over 99.98%. Then deuterium 2H or D with mass 2 makes up 
0.015% and 3H tritium with mass 3 occurs very rarely in nature since its 
radioactive decay half life is only 12.32 years and it is mostly obtained from 
nuclear reactions. Atomic hydrogen is extremely reactive and a strong 
reducing agent and this is the reason why hydrogen is not found free on earth.  

Molecular hydrogen is a stable compound; however, it does not exist 
free in atmosphere because it reacts with oxygen in a wide composition range. 
Natural molecular hydrogen is a mixture of 75% ortho and 25% para 
hydrogen depending on the orientation of the nuclear spins. Ortho hydrogen 
has the nuclear spins oriented parallel and para hydrogen has the nuclear 
spins oriented anti parallel.  They have different physical properties and the 
conversion of the higher energy level ortho to para hydrogen at low 
temperatures has implications in the liquefaction of hydrogen.7  

Table 1 summarizes some physical properties of molecular hydrogen. 
The low density of hydrogen even in liquid form leads to a low volumetric 
energy density of about 8.49 MJ/m3, about three times less than gasoline 
(31.15 MJ/m3). Apart from its low density, hydrogen also has very high 
diffusivity in air which in case of  leaks is an advantage because it will disperse 
in air quickly. Its energetic reaction with water makes it also highly explosive 
in a wide concentration range.  

 
  

Table 1. Physical properties of molecular hydrogen7 

 

Property 

 

Value 

 
Molecular weight 2.01594 a.u. 
Density of gas (273K, 1 bar) 0.08987 kg/m3 
Density of liquid (20K) 70.6 kg/m3 
Density of solid (14K) 70.8 kg/m3 
Boiling temperature (1 bar) 20 K 
Critical temperature 33 K 
Critical pressure 12.8 bar 

 
Hydrogen as fuel can be used in mobile devices in an internal 

combustion engine. Due to its high flammability range (4-75%), low ignition 
energy (17 kJ) and complete combustion, hydrogen can be used in small 
concentrations in an air/fuel mixture and still one may obtain high efficiency. 
But it can also be used as pure hydrogen gas in a spark ignited engine similar 
to the gasoline engine. The hydrogen internal combustion engine has a higher 
research octane number, >120 compared to gasoline which is typically in the 
range 91-99.  For this reason, hydrogen-hydrocarbon mixed fuels already exist 
commercially and they proved superior performance to gasoline fuels.8 The 
burning in air imposes the requirement of  a modified engine to reduce 
burning temperature and residence time, in order to reduce NOx formation. 
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The chemical energy from the reaction of hydrogen with oxygen can 
also be converted directly to electrical energy in hydrogen fuel cells. There are 
several types of fuel cells varying widely in operating temperatures and 
efficiencies. In increasing order of operating temperatures, the types of fuel 
cells are: proton exchange membrane fuel cell (353 K), alkaline fuel cell (333 
K-363 K), direct methanol fuel cell (333 K- 403 K), phosphoric acid fuel cell 
(423 K - 473 K), molten carbonate fuel cell ( ~ 923 K) and solid oxide fuel cell 
(723 K - 1273 K).8,9 

The low operation temperature make the proton exchange membrane 
fuel cell the most suitable for mobile applications. The higher temperature 
operating fuel cells such as the molten carbonate fuel cell and the solid oxide 
fuel cell have superior efficiency and are more suitable for stationary use in 
power stations.9  

 
 1.1.2. Methods for storing hydrogen 

  
In normal conditions of temperature and pressure, hydrogen is a gas 

with very special physical and chemical properties that make it difficult to 
handle (see Table 1). The type of storage and transportation needed for 
hydrogen depends in a great measure on the scale needed. On a large scale, 
hydrogen can be transported in pipelines very much like natural gas. However, 
on a small scale and for mobile applications, safe and efficient storage media 
must be found for the storage and transportation of hydrogen.  

According to the aggregation state, hydrogen storage systems can be 
divided into three main categories:  

 
1. Compressed hydrogen gas cylinders 
2. Liquid hydrogen cylinders 
3. Solid state storage  
 

Hydrogen can be compressed in high pressure vessels to a density up to 
36 kg/m3. The cylinders are built of materials that do not suffer from 
hydrogen embrittlement such as copper, aluminum and austenitic steels (AISI 
316 and AISI 316L).  However, the higher volumetric energy density comes at 
the cost of the gravimetric density because cylinder walls must be thicker to 
contain the pressure and to  limit the hydrogen permeation at high pressures.  
Depending on the material they are made of and implicitly the maximum 
pressure of the gas, high pressure vessels can be classified into four 
categories10,11: Type I (metal cylinders, 200-300 bar), Type II (metallic liner 
wrapped in a composite resin), Type III (metallic liner fully wrapped in a 
composite resin, 350-700bar), Type IV (polymeric liner wrapped in a 
composite resin).  Hydrogen can be stored in all these type of cylinders, 
however, for mobile applications type IV is the most suitable because it is the 
most resistant to a possible impact or explosion.  The high explosive potential 
of hydrogen coupled with the transportation in high pressure vessels makes it 
necessary to embed extra safety measures such as a Thermal Pressure Release 
device (TPRD).11,12 

An even higher density of 70.8 kg/m3 can be obtained by liquefying 
hydrogen and storing it in cryogenic vessels. However, the low critical 
temperature of hydrogen (33 K) poses some important technological 
challenges related to the thermal insulation of the vessel and the energy 
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efficiency of the liquefaction. Thus, the enthalpy change from gaseous H2 at 
300K to liquid H2 at 20 K is about 12 MJ/kg which represents a fraction of the 
energy of hydrogen available from combustion making it a less efficient 
hydrogen storage method. But in practice the total energy loss by storing H2 
as a liquid amounts to 40% of the total combustion energy of 141.8 MJ/kg. 
13,14 15 

Hydrogen storage in solids presents important advantages in terms of 
safety and it is more compactly packed than both the liquid and compressed 
gas alternatives.5 The use of light metal hydrides makes solid state tanks for 
mobile applications possible because of their increased energy density per kg 
weight. However, they can also be a viable candidate for stationary use in 
combination with (renewable electricity) power plants. Hydrogen can be 
produced with the excess energy and then stored for later use when energy 
production is decreased. This scenario is very likely if fluctuating energy 
sources such as sun and wind are used. Storage of energy in the form of 
hydrogen is easily scalable and it can be designed for both short and long term 
storage.  

Though there is a broad range of stable chemical compounds which 
contain hydrogen, only those chemicals which can release hydrogen gas are 
considered as hydrogen storage media. Thus, most hydrocarbons will not be 
considered as hydrogen storage compounds. An exception is represented by 
cyclohexane which can be reduced to benzene and molecular hydrogen is 
released.  

 A great deal of research has been done in the storage of hydrogen in 
solid compounds, either through weak interactions (physisorption at surfaces) 
or stronger interactions (interstitial and chemical hydrides).  

Compounds that can be used for physisorption of hydrogen are porous 
chemicals onto which molecular hydrogen is bound by weak Van der Waals 
interactions. The Van der Waals interaction has two components, one 
attractive which is a power of -6 to the distance of the hydrogen molecule and 
the surface and a repulsive term which is a power -12 of the distance. The 
energy minimum of the potential energy for the hydrogen molecule as an 
adsorbate ranges between 1 and 10 kJ/mol. This requires cryogenic 
temperatures for the storage of hydrogen. The typical compounds 
investigated as potential hydrogen storage media through physisorption are 
porous carbons13,16,17 (activated carbon, carbon nanotubes, graphitic 
nanofibers), zeolites13,18 and metal organic frameworks19. The hydrogen 
storage in these type of compounds is entirely reversible and it can reach high 
gravimetric storage capacity of about 10 wt.% (NOTT-112 at 77 K and 77 
bar)20,21 . However, the low temperatures that are still needed for the storage 
of hydrogen can limit their applicability.  

Hydrogen can also be bound in solids by chemical bonds in which case 
the interaction energy is higher than van der Waals interaction in porous 
materials. With some exceptions in the middle of the periodic table (e.g. Fe, 
Co), most elements in the periodic system react with hydrogen to produce 
hydrides. Hydrides can be ionic, covalent, metallic or polymeric and in most 
cases, a clear distinction between the bonding types cannot be made. Among 
them, metal hydrides represent very attractive properties as hydrogen storage 
media. They have very high volumetric storage capacity, 110 kgH2/m3 for 
MgH2 compared to 70.8 kg/m3 for liquid H2. The magnitude of the metal–
hydrogen interaction in binary hydrides varies within very wide limits, from 
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unstable compounds such as FeH0.5 with enthalpies of formation of  

220 /H kJ molH   two very stable hydrides such as HoH2 with 

2226 /H kJ molH    and TiH2 with 2192 /H kJ molH   .13 The stability of 

MgH2 is situated in between these values, 275 /H kJ molH    

In intermetallic compounds such as LaNi5H6 or Mg2NiH2, hydrogen can 
be packed even more tightly at densities higher than 120 kgH2/m3 but at the 
cost of a decrease in the gravimetric capacity which is important in mobile 
applications. According to Zuttel et al.13 intermetallic hydrides can be 
classified into seven general classes according to their composition: AB(ex. 
TiFe), AB2(ex. ZrV2), AB3 (ex. CeNi3), AB5 (ex. LaNi5H6), A2B7 (ex. Y2Ni7), 
A6B23(Y6Fe23), A2B(ex. Mg2Ni) and their stability can be estimated according 
to the Miedema model that the more stable an intermetallic compound is, the 
less stable its hydride will be. 22,23 

Because of their incomplete d shell, transition metals can also form 
complex hydrides. A very attractive compound is Mg2FeH6 because of its 
gravimetric capacity of 5.6 wt% and volumetric capacity of ~ 150 kgH2/m3.  
However, most complex hydrides are rather stable with enthalpies of 

formation 280 /H kJ molH   . A disadvantage is that the hydrogen desorption 

reaction is incomplete and occurs in multiple steps at high temperatures. This 
limits their applicability as hydrogen storage media.  

Another class of hydrides that attracted attention because of their light 
weight and interesting properties are complex hydrides. They are formed of 
alkaline and earth metals. Among them, the most well studied are NaAlH4, 
LiBH4, NaBH4 and Mg[BH4]2. The biggest challenge with most of these 
compounds is the fact that they are not directly reversible and that the B 
containing ones can release toxic BH3 gases upon decomposition. Moreover, 
for the complex hydrides the dehydrogenation is not complete and hydrogen 
is released in multiple steps.  

For hydrogen to be an economically viable energy carrier, its storage 
and transportation needs to fulfill some basic requirements for the storage 
material: abundant, nontoxic, have a reversible reaction with hydrogen, low 
cost and safe. For storage of hydrogen in mobile applications, the conditions 
are even more stringent. According to the Department of Energy of the United 
States (DOE) among others, light weight and high charging and discharging 
rates are required in addition. 24 Mg is one of the attractive materials that have 
great potential as hydrogen storage medium in view of it low weight, its high 
hydrogen density up to 7.4 wt.%, and its natural abundance.  
 
 1.1.3. Hydrogen storage in magnesium 

 
Among the various hydrides discussed above, MgH2 is a very attractive 

material because its reaction with hydrogen is reversible, Mg is one of the 
most abundant elements in the earth’s crust, making up about 2.1%, it is 
nontoxic and safe and as far as mobile applications are concerned it is one of 
the lightest metals.  

Interest in magnesium as a hydrogen storage material can be tracked as 
early as the 1970’s.3,25 The pioneering work of Bogdanovic et al. 26,27,28  
constitutes the base of what is mostly known today about the interaction of 
Mg with H.27,28,29,30 Very early on into the research, the advantages and 



11 

 

disadvantages of using Mg as a hydrogen storage material were established. 
The main disadvantages are the rather high stability of the MgH2 

( 275 /H kJ molH   ) and the slow kinetics of the hydrogen sorption reaction 

which can be translated in energetic terms as an activation energy barrier 
ranging from 140 to                      210 kJ/molH2.31,32 Moreover, the high 
reactivity of Mg with oxygen and water poses again practical difficulties in 
handling the material. 7 

These very important limitations of MgH2 have been addressed in the 
research of Mg-H in the past forty years and constitute the main drivers for 
the current work. (see section 1.3) 

Magnesium is an alkaline-earth metal that crystallizes in a hexagonal 
closed packed structure, in P63/mmc space group. As it can be seen in its 
phase diagram in Figure 1.2, at equilibrium, metallic magnesium can store low 
amounts of hydrogen as an interstitial atom in the α phase, typically about 
0.131 at.%1 ( the exceptions from this value are discussed in the present thesis 
in Chapter 5).  At higher hydrogen concentrations, a transition to the β-MgH2 
metal hydride phase occurs which crystallizes in a tetragonal rutile type of 
structure in P42/mnm space group (see Figure 1.1.) 

Though the rutile MgH2 is the most stable and well known structure of 
the compound, a few metastable crystalline structures are also known which 
are distortions from the tetragonal structure and are obtained at high 
pressures. Thus, the γ-MgH2 is isostructural with α-PbO2 which is an 
orthorhombic structure in the Pbcn space group. Another high pressure 
structure is δ-MgH2 which has a distorted fluorite CaF2 structure. A fluorite 
type of hydride is also reported in thin film synthesis of Mg-Ti films. 
Theoretical studies on the fluorite MgyTi1-yHx structure have predicted a 
destabilization of the hydride as a function of the ratio of the metals present in 
the structure. Experimentally, the fluorite hydride was observed in Mg-Ti thin 
films.33 

Figure 1.1. Crystalline structure of β-MgH2 (space group P42/mnm) isostructural 

with rutile 
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The most commonly used route of increasing the hydrogen sorption 
kinetics in magnesium hydride is the synthesis of nanocrystalline materials. 
The most straightforward rationale for nanostructuring is that this reduces 
diffusion distances for H through the solid phase, and it increases available 
surface area for reacting with H2. Here, two main approaches can be 
distinguished, the top down approach and the bottom up approach.  

The top down method is mostly represented by ball milling and is the 
most used and accessible method of producing nanocrystalline materials. 
Important breakthroughs have been obtained in the study of Mg based metal 
hydrides during ball milling and introducing concepts such as grain 
refinement at the addition of transition metal based catalysts.35,36,37,38,39,40,41  

The bottom up method can either be a physical approach such as 
magnetron sputter deposition or spark discharge generation and or it can be a 
wet chemical method of reducing Mg containing organometallic compound. 
Very interesting results are produced on both the physical and the chemical 
route with respect to the sorption kinetics and temperatures and reversibility. 

 Through magnetron sputter deposition and spark discharge generation, 
the mixture of the elements in the gas phase can lead to unique properties of 
the end materials.42,43,44 Thus, metastable alloys can be prepared in this way. 
The spark discharge method has the extra advantage of producing 
nanoparticle agglomerates with primary particle sizes below ~20 nm.  

Figure 1.2. Mg-H phase diagram1at 1 bar pH2 equilibrium pressure 
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The wet chemical method of preparing magnesium nanoparticles can 
lead to a narrow size distribution of the Mg nanoparticles confined in an 
organic matrix. However, even though the organometallic compounds are 
reduced and Mg is produced, the Mg nanoparticles cannot be separated from 
the reaction matrix45,46 and the gravimetric energy density of Mg is also 
reduced.  

Another way in which the slow hydrogenation and dehydrogenation 
kinetics is addressed is by decreasing the activation energy through the  use of 
transition metal catalysts. The need for transition metal catalysts comes from 
their ability to spontaneously split the hydrogen molecule into hydrogen 
atoms. For magnesium, the omnipresent MgO layer makes that this process is 
energetically costly and makes the hydrogen sorption reaction slow. The most 
used catalysts are Pd, V, Nb, Ti, Ni, , metals that are more easily reduced 
during H2 sorption. 40,41,47,48,49,50,51 In the present study, Pd, Nb and Ti were 
used to decrease the activation energy for hydrogen sorption.  

A very important problem of MgH2 to be tackled is its relatively high 
stability related to its standard enthalpy of formation of about -75 kJ/molH2. 
This value limits the amount of net energy that can be obtained from 
hydrogen as a fuel since a high operation temperature of about 550 K is 
required at 1 bar and also makes MgH2 unsuitable to be used in combination 
with low temperature fuel cells. An enthalpy of formation of about -40 
kJ/molH2 is the targeted value for a hydrogen storage material. 

The use of nanoparticulate magnesium can both directly and indirectly 
affect thermodynamic properties in the interaction with hydrogen. Theoretical 
calculations on the stability of magnesium nanoclusters have resulted into an 
estimated destabilization of 10 kJ/molH2 for clusters below 1.8nm.52 Further, 
the introduction of nanosized transition metal catalysts to magnesium 
nanoparticles creates new interfaces which can have a strong influence in the 
free energy of the hydride system. Also, kinetics of hydrogen sorption can be 
enhanced due to the small diffusion distances present and the large surface to 
volume ratios. 

Therefore, tailoring Mg-based nanomaterials holds large promises for 
achieving suitable hydrogen storage properties. 
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“So I want to build a billion tiny factories, models of each other,  

which are manufacturing simultaneously, drilling holes,  
stamping parts, and so on.” 

 
Richard Feynman, “There’s plenty of room at the bottom” 

 

 

 

 

 

 

 

 

 

 

 

With his challenge to investigate the “room at the bottom”, Richard 
Feynman opened an exciting chapter in both science and technology. Life 
today is hard to imagine without the great improvements that nanotechnology 
brought. The developments in portable electronic devices, drug delivery 
systems and electrochemical energy storage are direct results of intense 
research and investments in nanoscience and nanotechnology. The work that 
this thesis is based on has at its core the investigation of Mg based 
nanomaterials for hydrogen storage. 

The interest in Mg as a hydrogen storage medium is not a very recent 
idea. 25,53,54,55   And yet, new findings on the behavior of Mg as a storage 
medium for hydrogen are presented in this thesis. The source of the novelty of 
our results is for a great part based on the use of nanoparticulate Mg. We use 
nanomaterials as a key tool to accelerate the hydrogen sorption reactions and 
obtain suitable thermodynamic properties.  

 
1.2. Magnesium nanoparticles synthesized by spark discharge 

generation 
 
Typically, particles below 100 nm are considered to be nanoparticles. 

The small size leads to a high surface to volume ratio which has implications 
on the structure, chemical reactivity and physical properties of the particles. 56 
With these considerations, some of the physical and chemical properties of the 
Mg –H system can be tuned to make it a viable hydrogen storage system.  

For the most part, the nanomaterials presented here are synthesized 
using a bottom up approach, by spark discharge generation.  The technique 
leads to formation of nanoparticles and agglomerates of nanoparticles in 
contrast to nano crystallites or nanosized grains as part of larger size particles 
typically produced in top down approaches such as ball milling.  

The production of nanoparticles by using an electric spark discharge 
generator was first reported in 1988 by Schwyn et al57. At that time, 1.3nm Au 
particles  
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were produced in the aerosol and its pioneers advocated that any conducting 
materials could be used to produce nanoparticles of high purity and a small 
size distribution using the spark discharge generator. Indeed, many metal 
nanoparticle systems have been synthesized during the past decades including 
the alloys of immiscible metals. 

In the spark discharge generator, two conducting electrodes are 
mounted in the reaction chamber opposing each other at a distance of a few 
millimeters. They are connected to a capacitor bank and a high voltage power 
supply which is used to charge a capacitor at constant current. In the reaction 
chamber, a gas ( e.g. Ar, H2, N2) is flowing continuously through the gap 
between the electrodes. When the breakdown voltage of the gas is reached, a 
discharge between the electrodes occurs and a spark is created. The process is 
repeated with a frequency ranging typically between 0 – 50 Hz. The high 
temperature of the spark causes the surface of the electrodes to form vapors 
which will quickly condense into particles. The aerosol created in this way is 
carried away with a gas and collected on a polymer filter. In this process 
particles can grow and show a tendency to agglomerate. 

The process can be tuned to the selection of small sized particles by a 
selection of the flowing gas and flow rate. The use of Mg electrodes poses more 
constraints in the use of the carrier gas in terms of its purity. The already high 
reactivity of Mg with oxygen and water is enhanced for nanoparticles. Thus, 
precautions have to be taken that both the reaction chamber and the carrier 
gas are baked and respectively purified to remove most of the water and 
oxygen. A purification system of a double set of water and oxygen traps is used 
for the purification of the gas.  

A very high degree of mixing at atomic scale between different metals is 
possible in the spark discharge generator can be exploited to create mixed 
metal aerosols. The setup is very versatile and it can be built in different 
configurations to create either alloys or mixtures of the elements used. The 
nanomaterials synthesized and analyzed in the current thesis are a clear 

DC

inert gas 

(N2, Ar, He)

insulator

Capacitor 

bank

Electrodes

Aerosol outlet

High voltage DC 

power supply

Figure 1.3. Schematic of the spark discharge generator 
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illustration of this versatility. Nanosized Pd and Nb catalysts were mixed with 
Mg nanoparticles using a double spark discharge generator where in the first 
chamber Mg nanoparticles are  produced and the aerosol is carried through 
the electrodes of a second spark discharge chamber were Nb or Pd aerosols 
are produced (see Chapter 2). Tabrizi et al.42 already showed that spark 
discharge generation makes the synthesis of metastable alloys possible using 
either two different electrodes or mixed electrodes. Here we used the method 
of  two different electrodes of Mg and Ti, to produce Mg/Ti metastable cubic 
phase (see Chapter 3).  

Furthermore, replacing the inert carrier gas (Ar, He) with a reactive 
one such as H2, lead to the in situ synthesis of a supersaturated Mg-H solid 
solution which is typically not observed in the conventional synthesis of MgH2, 
but also the conventional rutile type MgH2 (see Chapter 5). Finally, combining 
the synthesis of metastable Mg-Ti alloy in situ with a H2/Ar carrier gas leads 
to the direct synthesis of a cubic fluorite type Mg1-yTiyHx which is not only less 
stable than conventional MgH2 but has also a low hydrogen desorption 
activation energy (see Chapter 6) and largely enhanced hydrogen sorption 
kinetics. 
 
1.3. Overview present thesis 
 

Kinetic and thermodynamic aspects of the hydrogen interaction with 
magnesium nanoparticles and Mg-Ti nanocomposites generated by spark 
discharge represent the focus of the current thesis. However, also sputter 
deposited thin films and ball milled nanoparticles are used as study cases for 
the introduction of new routes of improving the performance of these types of 
nanomaterials for hydrogen storage.  

In Chapter 2, a multiple reaction rates model for the solid state kinetics 
of desorption is proposed which deviates from the widely applied model 
known as the Johnson-Mehl-Avrami-Kolmogorov (JMAK). The study is 
conducted on spark discharge generated magnesium nanoparticles, Mg/Pd 
and Mg/Nb nanocomposites. They present a fractal like morphology with a 
primary particle size of 10 nm surrounded by MgO shells of 1-2 nm thick. 
Using thermal desorption spectroscopy, it is observed that hydrogen 
desorption starts at remarkably low temperatures of 350 K and extends over a 
broad temperature range to beyond 700 K. The desorption at low 
temperatures is due to the presence of nanoparticles while the desorption at 
higher temperatures is caused by the presence of oxide shells acting as 
activation barriers. This broad desorption profile together with the structural  
morphological inhomogeneities observed in the sample constitute the drive 
for elaborating a kinetic model which will account for the complexity of the 
sample.  

In Chapter 3, the study of Mg-Ti nanocomposites reveals important 
advances related to the compounds obtained and the thermodynamic 
properties of the system. The observed destabilization of the hydride may be 
considered a breakthrough when comparing the magnitude of the effect. In 
spite of the positive enthalpy of mixing between Mg and Ti, Mg−Ti 
nanocomposites consisted primarily of a metastable body-centered-cubic (bcc) 
metastable alloy of Mg and Ti. The bcc Mg−Ti alloy transformed upon 
hydrogenation into the face centered-cubic fluorite Mg1-yTiyHx phase with 
favorable hydrogen storage properties. Pressure−composition isotherms for 
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the Mg−Ti−H nanocomposites revealed large differences in the 
thermodynamics relative to bulk MgH2, with a much less negative enthalpy of 
formation of the hydride as high as −45 ± 3 kJ/molH2, as deduced from van’t 
Hoff plots. The plateau pressures of hydrogenation were substantially higher 
than those for the constituting elements, i.e. for bulk MgH2 and bulk TiH2 in 
the low temperature range from 423 K to 523 K. The reaction entropy was 
simultaneously reduced to values down to 84 ± 5 J/K mol H2, closely 
following a linear relationship between the enthalpy and entropy that was 
previously indicated in TiF3 catalyzed MgH2 36.  

In Chapter 4, the continuous metallic thin film Mg -Ti system is studied 
from the perspective of its thermal stability. For this purpose, MgyTi1-y thin 
films were synthesized by sputter deposition. They are known to have a high 
reactivity with hydrogen at low temperatures and pressures which makes 
them interesting materials for hydrogen storage. A clear segregation of Mg 
and Ti occurs in the films heated at 573 K on a time scale of ~10h. The 
prolonged heating treatment (30 h) induces irreversible changes in the 
microstructure and capping layer that further block the rehydrogenation of 
the films. Using positron annihilation spectroscopy, an increased 
concentration of open volume defects is observed as a result of the heating 
treatment. The defects occurring at phase boundaries between Mg and Ti, or 
between coherent domains of Mg respectively Ti (so Mg - Mg boundaries or Ti 
- Ti boundaries) might act as hydrogen traps.  

In Chapter 5, a structural and thermodynamic study of MgHx 
nanoparticles synthesized in situ in the spark discharge generator reveals 
evidence to the presence of the α-phase in a wider H concentration range 
which is stably present over time. A decreased enthalpy of formation of about 
60 kJ/molH2 is determined for these non-catalyzed MgHx spark generated 
nanoparticles.  

In Chapter 6, MgyTi1-yHx nanocomposites are synthesized in situ in the 
spark discharge generator. Structural characterization of the samples revealed 
that the fluorite MgyTi1-yHx phase is present in the as produced samples. A 
reduced activation energy of 57 kJ/molH2 is determined and the samples 
appear to be stable during hydrogen cycling. The high stability and 
reversibility of these samples together with the excellent hydrogen sorption 
properties make it an extremely interesting development, showing that the 
Mg-Ti nanosystem can in principle yield hydrogen storage with more 
favorable conditions and with less activation barriers. 

In Chapter 7, the important aspect of the air sensitivity of the MgH2 
particles is addressed by sulfur coating because the formation of MgO is the 
main cause for the highest activation energies calculated  in Chapter 2 and in 
addition it normally consumes progressive amounts of the Mg during 
prolonged exposure to air. The sulfur coating confirmed by SEM and TEM 
studies to be on the surface of the ball milled MgH2 particles is formed by an 
evaporation condensation method. Samples prepared in this way can be 
exposed to air for a week without observing major structural changes or the 
progressive conversion to Mg(OH)2 and MgO. Moreover, hydrogen sorption of 
the sulfur coated samples presents the same profiles as freshly ball milled 
MgH2.  

Thus, the present thesis addresses innovative ways to improve several 
of the most critical properties of MgH2 as a hydrogen storage system by 
generation of Mg based nanomaterials through spark discharge. Detailed 
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structural studies are coupled with kinetic and thermodynamic investigations 
to understand the behavior of the Mg based spark discharge nanomaterials. 
Viable and innovative solutions to tackle these challenges are proposed in the 
form of bottom-up synthesis of Mg based nanomaterials through spark 
discharge, in situ hydrogenation with ionic hydrogen, protective coating with 
sulfur and in situ addition of transition metal catalysts.  
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Abstract 

Mg nanoparticles synthesized using spark discharge, result in large-
scale structures of agglomerated nanoparticles with primary particle sizes of 

∼10 nm, surrounded by MgO shells 1–2 nm thick. Using thermal desorption 
spectroscopy, it is observed that  hydrogen desorption starts at remarkably 

low temperatures of ∼350 K and extends over a broad temperature range to 
beyond 700 K. The desorption at low temperatures is due to the presence of 
nanoparticles while the desorption at higher temperatures is caused by the 
presence of oxide shells acting as activation barriers.  

In this chapter, a kinetic model based on multiple reaction rates is 
proposed, in contrast to the Johnson-Mehl-Avrami-Kolmogorov (JMAK) 
model which is commonly applied to explain the kinetics of metal hydride 
transformations. The broad range of reaction rates arises from the disperse 
character of the particle size and the dendritic morphology of the samples. The 
model is expected to be generally applicable for metal hydrides which show a 
significant variation in particle sizes, in configuration and/or chemical 
composition of local surroundings of the reacting nanoparticles. 
 
 
 
This chapter is based on the published papers: 

Low-temperature hydrogen desorption and the structural properties of spark discharge 
generated Mg nanoparticles , V.A. Vons, A. Anastasopol, W.J. Legerstee, F.M. Mulder, S.W.H. 
Eijt, A. Schmidt-Ott , Acta Materialia, 2011,  59, (8), 3070-3080, 
10.1016/j.actamat.2011.01.047 

Fractal disperse hydrogen sorption kinetics in spark discharge generated Mg/NbOx and 
Mg/Pd nanocomposites, Anca Anastasopol, Tobias V. Pfeiffer, Andreas Schmidt-Ott,  Fokko M. 
Mulder, Stephan W.H. Eijt, Applied Physics Letters,  2011, 99, 194103,  
dx.doi.org/10.1063/1.3659315 
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In chemical kinetics, the rate of a reaction is determined by the slowest 

step, otherwise known as the rate determining step. The reaction of Mg with 
hydrogen is a succession of several processes: H2 physisorption, H2 dissociation, 
H chemisorption, H migration from the surface to bulk, H diffusion and 
nucleation and growth of the hydride or metal phase. The rate determining step 
for both bulk Mg and MgH2, was found to be the diffusion of hydrogen in the 
crystalline lattice2,3,4. This changed with nanosized Mg and MgH2 when the 
surface of the particle has a bigger contribution and bulk diffusion is no longer 
an issue, so  the rate determining  step becomes the surface absorption of 
hydrogen.3  

However, the reaction continues to present a rather high activation 
barrier. To tackle this issue, transition metals are incorporated in the 
magnesium nanoparticles to act as catalysts, by splitting the hydrogen molecule 
into atoms and decreasing in this way the activation barrier for hydrogen 
sorption. Recent studies5,6 have indicated that the sorption reaction is not 
symmetrical. The mechanism for absorption is decoupled from that of 
desorption. On a closer look, desorption does not occur with a nucleation and 
growth mechanism but rather as a continuous transformation. However, for the 
most part, desorption data is treated in the same way as the absorption though 
the growth parameters lose their physical meaning.  

The addition of catalysts to the sample, further complicates the model of 
desorption by increasing the topochemistry of the reaction, meaning that the 
reaction will occur at preferred regions in the sample e.g. where the catalyst is 
present7,8. Solid state transformations are essentially different from classical 
kinetics and the main reason for it is that the  mobility of the atoms is severely 
limited by slower diffusion in the solid. For this reason, the morphology of the 
reactant can influence the course and rate of the reaction. Thus, the preparation, 
the storage and the uniformity of the composition affect the kinetics of the 
reaction.  
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Here we propose to account for this topochemical effect by the pragmatic 
approach of treating the reactant as a sum of systems, each characterized by its 
own reaction rate and activation energy.  

As spark discharge generation proved to be a versatile method to 
produce metallic nanoparticles, it was further extended to producing mixtures 
of nanoparticles. In this way, palladium and niobium nanoparticles can be in 
situ incorporated into the magnesium fractal like structures. And the hydrogen 
sorption reaction is visibly speeded.  

2.2 Experimental section 

2.2.1. Synthesis – Spark discharge generation  

The synthesis of the Mg nanoparticles is performed in a dedicated spark 
discharge generator. Two Mg rods (99.9 + % purity, Mateck GmbH) of ¼ in. 
diameter were used as electrodes of the first spark generator, which were 
sparked at a capacitor charging current of 12 mA, with a capacitance of 20 nF 
and a gap distance of 2 mm. The synthesis takes place at atmospheric pressure, 
under a constant flow of Ar gas of 1 l/min. For the synthesis of the Mg/Pd and 
Mg/NbOx nanocomposites, a dual spark generator setup was used. In this 
configuration, the spark generator setup contains a set of two working 
electrodes connected in parallel: the first set is Mg vs. Mg placed at the top part 
of the reactor chamber and the second set is Pd vs. Pd (99.95% pure, Goodfellow) 

Figure 2.1. Schematic representation of the spark discharge generator setup used in 

the synthesis of Mg/Pd and Mg/NbOx nanocomposites. Image adapted from 1. 
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or NbOx vs. NbOx placed at the bottom part of the reaction chamber. The nano 
mixtures are formed by carrying the nanoparticles of Mg produced from the 
upper electrodes in between the transition metal electrodes. In order to be able 
to adjust the production rate of each of the metals, the frequency of the sparks 
is tuned. Thus, the frequency of the 40 mJ Mg sparks is 300 Hz. In order to 
produce a targeted amount of a few at.% of catalyst (Pd or NbOx), the second 
spark is operated with 14 mJ pulses at a frequency of 34 Hz. The 
nanocomposites produced in this way were collected on Millipore Durapore 
membrane filters (PVDF) held in a special filter holder perpendicular to the gas 
flow positioned ∼20 cm downstream of the second spark generator. 

2.2.2. Powder X-ray diffraction 

Both synthesized and hydrogen-cycled Mg and Mg/Pd nanoparticle 
samples were analyzed by XRD in an inert environment using a PANalytical 
X’Pert PRO diffractometer with a Cu Kα source, λ = 1.5415 Å. The measured 
background due to the poly methyl methacrylate (PMMA) substrate of the XRD 
holder was subtracted for all spectra (see appendix A). Rietveld refinement of 
the data was performed using the EXPGUI-GSAS software9,10. The instrumental 
parameters were calibrated using a Rietveld fit to the measured powder 
diffraction pattern of a LaB6 (660b standard NIST) reference. The crystallite 
sizes were calculated from the determined profile line shapes, taking the 
Scherrer shape factor equal to 111. The phase fractions and crystallite sizes for 
each of the phases present in the as-produced and hydrogen-cycled samples 
were extracted from the Rietveld refinement. 

2.2.3. Thermal desorption measurement  

Thermal desorption spectrometry (TDS) was used to measure the rate of 
desorption of hydrogen into a vacuum at a controlled temperature ramp, using 
the homebuilt TDS set-up HYDRA 1,12. The hydrogen TDS spectra were 
measured with a quadrupole mass spectrometer. The hydrogen released from 
the sample during desorption passes through a heated and calibrated Pd filter 
before reaching the mass spectrometer. During the measurement, the pressure 
inside the TDS setup is monitored. The pressure signal is correlated to the mass 
spectrometer signal, indicating that no other gases than H2 are being released 
during the heating treatment. In order to determine the amount of hydrogen 
released from the sample, a prior calibration measurement is performed. The 
measurement consists of the detection of a known amount of H2, leaking at a 
constant rate. The Mg nanoparticle samples were inserted into the HYDRA 
sample-holder inside an Ar-filled glovebox. Hydrogen loading was performed 
inside the HYDRA set-up using a hydrogen pressure of 6.2 bar at a temperature 
of 573 K for 10 h. Desorption experiments were performed at selected 
temperature ramp rates in the range of 0.5–10 K/min. The samples were heated 
under a base pressure of 10−7 bar to a maximum temperature of 750 K which 
was subsequently kept fixed, using a hydrogen cycle of typically 24 h. The 
weight of samples ranged from 1.0 to 4.7 mg. Kissinger analysis was performed 
on two Mg nanoparticle samples. A reference thermal desorption measurement 
was performed on ball-milled mixture of MgH2 (Sigma Aldrich) and 1 wt.% Pd 
(Sigma Aldrich) powders consisting of submicron-sized particles. The 
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isothermal measurements were performed on the Mg/Pd and Mg/NbOx 
nanocomposites at temperatures ranging from 473K to 573K.  

2.2.4. Transmission electron microscopy 

Transmission Electron Microscopy (TEM) was performed on a FEI 
TECNAI TF20 monochromatic electron microscope operated at 200 kV. The 
samples were transferred on copper grids in an Ar filled glovebox.  

2.3. Results and discussion  

2.3.1. Structure characterization 

X-ray diffraction is used to determine the crystalline phases present in 
the sample. In order to gain a quantitative insight into the evolution of phases 
and corresponding particle sizes, XRD patterns were analyzed using Rietveld 
refinement in GSAS9,13 software. The results obtained are summarized in Table 
2.1.  

The X-ray diffraction pattern of the spark discharge generated Mg 
nanoparticles is plotted in Figure 2.2a. The as produced sample shows the 

presence of both hexagonal Mg 3( 6 / )P mmc  and cubic MgO
_

( 3 )Fm m . No 

indication for the presence of metastable wurtzite MgO14 was seen in the XRD 
pattern. Clear peak broadening is observed for the Mg peaks and the average 
crystallite size is found to be about 21 nm for the Mg nanoparticles. In the 
Rietveld refinement, the size of the MgO crystallites is found to be about 3 nm, 
indicated by the broad features at 43o and 62o. MgO is most likely present in the 
form of thin shells as seen in the TEM images (Figure 2.5).    

Figure 2.2. X-ray diffraction patterns and the results of the Rietveld refinement 

(measured spectra-black, calculated spectra – red, residual – blue) of spark 

discharge generated Mg a. as produced; b. after hydrogen loading. The sample 

container background is subtracted. The individual phase contributions are given 

below (scaled down by ½) 
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 After a few cycles of absorption and desorption of hydrogen, the 
diffraction peaks clearly become narrower due to an increase in the crystallite 
size as it appears in Figure 2.2b. The size of the Mg grains grows to about 100 
nm but the apparent MgO grain sizes remain about 3-4 nm, which indicates 
that the thickness of the MgO shells surrounding Mg and MgH2 does not 
increase during cycling. A set of diffraction peaks of the rutile β-MgH2 phase is 
clearly resolved in the diffraction pattern obtained after the hydrogen loading. 
The crystallite sizes for MgH2 grow to about 100 nm during cycling. The particle 
growth upon hydrogenation is similar to that observed in studies by Friedrichs15 

Figure 2.4. X-ray diffraction patterns and the results of the Rietveld refinement 

(measured spectra-black, calculated spectra – red, residual – blue) of spark 

discharge generated Mg/NbOx nanocomposites  a. as produced; b. after hydrogen 

cycling. The sample container background is subtracted. The individual phase 

contributions are given below (scaled down by ½ for a. and ¼ for b.) 

 

Figure 2.3. X-ray diffraction patterns and the results of the Rietveld refinement 

(measured spectra-black, calculated spectra – red, residual – blue) of spark 

discharge generated Mg/Pd nanocomposites  a. as produced; b. after hydrogen 

cycling. The sample container background is subtracted. The individual phase 

contributions are given below (scaled down by ½) 
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Using the double spark discharge generator, a transition metal catalyst 
can be synthesized and mixed with the Mg nanoparticles in situ. A second set 
of nanoparticle samples was synthesized with the dual SDG set-up using 

settings to produce of the order of ∼1 wt.% of Pd nanoparticles intermixed with 
Mg nanoparticles. The XRD pattern of the Pd catalyzed sample is plotted in 
Figure 2.3. Both Mg and MgO phases are visible in the XRD pattern of the as-
produced Mg/Pd nanoparticle sample, which resembles closely that of the non-
catalyzed sample. The size of the Mg and MgO grains are similar to the pure Mg 
sample, ~20 nm and 4 nm, respectively. After cycling, the size increases again 
to almost 100 nm for Mg and remains unchanged for MgO.  

The presence of Pd in the sample could not be observed in the diffraction 
pattern. However, after a few cycles of absorption and desorption, a new 
crystalline phase could be distinguished in the diffraction pattern by additional 
peaks at 2θ = 21.4o and 2θ = 37.6o. These additional peaks fit to the most 
intense peaks of the known XRD pattern of the intermetallic Mg6Pd. According 
to the phase diagram published by Makongo et al.16, the Mg6Pd phase is the 
most likely compound at low concentrations of Pd in Mg below 807 K. The 
presence of this alloy proves the initial presence of Pd in the sample as 
introduced by the second spark generator. The amount of 0.6 wt.% of Mg6Pd 
alloy formed, as deduced from the XRD spectrum, is relatively small, and 

accounts for ∼0.25 wt.% of Pd actually present in the sample (Table 2.1). The 
formation of Mg/Pd alloys is often observed in hydrogen cycling of Pd-capped 
Mg and Mg2Ni thin films17,18, and is related to enhanced diffusion of Pd in Mg 
at relatively modest temperatures of at least as low as 480 K18,19. The formation 
of the Mg6Pd alloy shows that close contact between Pd and Mg nanoparticles 
is established either upon synthesis or during hydrogen cycling at elevated 
temperatures. Huot et al.20,21 have investigated the hydrogen uptake 
characteristics of the Mg6Pd alloy and found a hydrogen capacity of about 
2.85 wt.%, involving the formation of MgH2 and a disproportionation  of the 
Mg-Pd alloy. 

Using the same dual spark discharge generator, an Nb catalyzed Mg 
sample is produced. Nb is used for its good catalytic properties in the hydrogen 
sorption but also because it does not form any alloys or intermetallic 
compounds with Mg.22,23,24,25 The Nb electrodes consisted of Nb metal core 
covered in a thin NbOx shell. During the synthesis, the NbOx shell is etched away 
in the form of NbO2 and Nb2O5 together with metallic Nb from the core of the 
electrode. NbOx can also improve the hydrogen sorption reaction of Mg. In the 
XRD pattern in Figure 2.4a, Mg could be identified in the form of 100 nm grains. 
MgO is found in a very low fraction (4.7 wt. %) in the form of 16 nm grains. 
Unlike the Pd catalyzed sample, where the presence of Pd in the as produced 
sample was difficult to determine, here, Nb is present in several species. The 

dominant Nb phase is the tetragonal NbO2  1( 4 / )I a  followed by cubic metallic 

Nb 
_

( 3 )Fm m  and monoclinic Nb2O5 2( )C . All the Nb phases are represented by 

sharp peaks in the XRD which correspond to large grains > 100 nm. The large 
size of the NbOx species points to an etching mechanism rather than an 
evaporation/condensation mechanism that is assumed for Mg and Pd.1,12,26 

However, the metastable face centered cubic phase of Nb 
_

( 3 )Fm m  indicates a 

rapid condensation of Nb.  
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After a few cycles of hydrogen loading and unloading (Figure 2.4b), 
metallic Nb is found mostly in the more stable body centered cubic form 

_

( 3 )Im m  with a  size of the crystallites of about 15 nm. Though the sample is 

analyzed after hydrogen unloading, small fractions of MgH2 (6.4 wt. %) and a 
nonstoichiometric NbHx (2.3 wt. %) can be found in the XRD spectrum.  

The catalyst mixing as well as the morphology of the samples could be 
investigated by TEM. The representative TEM image of the Mg/Pd and 
Mg/NbOx nanocomposites are presented in Figure 2.5. The Mg nanoparticles 
are gathered into fractal like structures. These agglomerates contain the 
transition metal catalysts. Nb containing nano particles are found to be 
uniformly dispersed among the Mg nanoparticles. TEM images of the Mg/Pd 
nanocomposites showed a similar dendritic morphology.1 
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Figure 2.5. TEM images depicting the morphology of spark discharge generated a) 

Mg nanoparticles, b) Mg/Pd nanocomposites and c) Mg/Nb nanocomposites. 
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Table 2.1. Particle sizes and phase fractions in wt%   extracted from Rietveld refinement of the XRD patterns of freshly synthesized Mg and 

Mg/Pd, Mg/NbOx nanocomposites and after hydrogen sorption. N.B. The sample before and after hydrogen sorption are not identical. 

Phase Freshly prepared After hydrogen sorption 

Mg 
(Rwp=2%) 

Mg/Pd 
(Rwp=2%) 

Mg/NbOx 
 (Rwp=2.2%) 

Mg 
 (Rwp=1%) 

Mg/Pd 
(Rwp=1%) 

Mg/NbOx 
(Rwp=2.6%) 

Size 
(nm) 

Fraction 
(wt.%) 

Size 
(nm) 

Fraction 
(wt.%) 

Size 
(nm) 

Fraction 
(wt.%) 

Size 
(nm) 

Fraction 
(wt.%) 

Size 
(nm) 

Fraction 
(wt.%) 

Size 
(nm) 

Fraction 
(wt.%) 

Mg 21 nm 38 wt % 24 nm 67 wt % 103 nm 10.7 wt % 107 nm 1.6 wt% 91 nm 6.6 wt% 170 nm 8.4 wt % 

Pd - - - - - - - - - - - - 

Nb 
(Fm-3m) 

- - - - - 21.6 wt % - -- - - - 0.2 wt % 

Nb 
(Im-3m) 

- - - - - -         - - - - 15 nm 1.3 wt% 

Nb2O5 - - - - - 2.4 wt% - - - - 28 nm 7.4 wt % 

NbO2 - - - - 80 nm 60.6 wt% - - - - - 20 wt% 

MgO 3.4 nm 62 wt% 3.9 nm 33 wt% 16 nm 4.7 wt% 3.6 nm 91 wt% 4.8nm 92 wt% 10 nm 54 wt% 

Mg6Pd - - - - - - - - 84 nm 0.6 wt% - - 

MgH2 - - - - - - 106 nm 7.4 wt% 80 nm 1.1 wt% 51 nm 6.4 wt % 

NbHx - - - - - - - - - - 113 nm 2.3 wt% 
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2.3.2. General aspects of hydrogen sorption kinetics on Magnesium 
 

The classic description of the reaction rate of solid state reactions is 
depicted in Eq. 2.1: 

                                 ( )
aE

RT
dx

r A e f x
dt



                    (2.1) 

     

     (1 )
aE

RT
dx

r A e x
dt



                           (2.2) 

where A is the preexponential factor, also known as the frequency factor, Ea is 
the activation energy for the reaction and f(x) is a function of the reactants 
concentration. Eq. 2.2. represents the limiting case of a first order reaction.  

In classical heterogeneous kinetics, the activation energy is related to the 
potential barriers associated with a typical configuration of the reacting species. 
Stable chemical compounds are characterized by occupying the energy 
minimums on the surface potential energy landscape. The transition from one 
stable state to another occurs via an “activated complex” state. The energy 
difference between the activated complex and the potential energy of the 
reactants represents the activation energy for the transformation. It is the 
minimum energy that needs to be supplied to the system so the reaction could 
proceed and it usually represents the kinetic energy of the molecules or atoms. 
The fraction of hydrogen molecules that posses high enough energy for the 
chemical reaction to occur is determined by Maxwell – Boltzmann statistics 

represented in the term 
aE

RTe


. It is clear from this factor that by increasing the 
temperature, the fraction of species that can participate to the reaction is 
increased. 27,28 

As Eq. 2.1 suggests, the rate of a chemical transformation can be 
accelerated by either decreasing the activation energy of the reaction or 
increasing the thermal kinetic energy of the hydrogen atoms. 

The common route of decreasing the activation energy for a reaction is 
the use of catalysts which are able to modify the shape and magnitude of the 
potential energy of the activated complex.  

The mechanism of hydrogen sorption in a metal was synthesized by 
Mintz and Bloch4 into a few major steps: 

a) Surface processes (physisorption, chemisorption, dissociation, 
etc.); 

b) Transport processes (bulk diffusion, grain boundary diffusion, 
etc.); 

c) Nucleation process ; 
d) Interface processes (solid state transformations, etc.). 

For a bulk metal hydride, the rate determining step is found to be the 
transport in the bulk. 2,29,30. Therefore, the main term in the activation energy 
of the process will be hydrogen diffusion through the hydride or metal lattice.  
However, in the case of nanoparticles with a diameter of about 10 nm as those 
synthesized by spark discharge generation, diffusion distances are relatively 
low which means that the energy barrier due to diffusion is negligible. A direct 
consequence of using nanoparticulate materials with a high surface area is that
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surface processes become rate determining in the hydrogen sorption reactions. 
Consequently, the source of the activation energy for the reaction of hydrogen 
with nanosized metallic materials lies in the surface processes mentioned under 
point a). Thus, the formation of a surface oxide layer will have a major influence 
on the hydrogen sorption kinetics. 1,5,31,32,33,34 

However, in some cases, the adsorption of H2 molecule occurs 
spontaneously when the intersection point of the physisorption Lennard-Jones 
potential profile and the chemisorption Lennard-Jones potential profile is 
below zero.  This is the case for metals such as Pd, Nb, Ni among others 35,36,37. 
Because of their capacity of exothermically dissociating the H2 molecule, Pd and 
Nb are chosen as catalysts for the hydrogen sorption in Mg.  

In contrast to the case of spontaneous H2 adsorption in Pd and Nb, the 
adsorption of H2 in Mg is an activated process.  Nørskov et al.38 found two 
activation barriers for the adsorption of H2 on Mg (0001) surface. In their 
rigorous analysis they identified four steps of H2 adsorption:  

a) H2 molecule approaches the surface of the metal and the energy 
barrier of the interaction is determined by both the orientation of the 
incoming H2 molecule as the geometry of the metal surface; 

b) H2 molecule is physisorbed and free to move on the surface of the 
metal. The energy of this interaction is very weak and the length is 
comparable to the free molecule; 

c) Closer to the Mg surface, the metal electrons occupy the anti-bonding 
states of H2. At this stage, H-H bond is still present but the potential 
energy of the system is decreased. The molecule is in the chemisorbed 
state: H2-; 

d) A second energy barrier is overcome when the anti-bonding orbitals 
are completely filled and H2 molecule is completely dissociated into 
H- .  

Once dissociated, H- can diffuse in the metal lattice and form chemical 
bonds. The formation of MgH2 occurs with a change in the crystal symmetry 
from the hexagonal Mg structure to the tetragonal, rutile type of structure of 
MgH2. The Mg-H bond has a strong covalent character as it was determined 
from its vibration spectra.39  

The desorption process can be seen as the reverse of the absorption 
process. In the following sections, we will concentrate on the kinetic analysis of 
hydrogen desorption from MgH2 nanoparticles with and without transition 
metal catalysts.  
 
2.3.3 Thermal desorption of hydrogen from spark discharge 
generated magnesium  

  
Before presenting the kinetic analysis of the hydrogen desorption from 

spark discharge generated nanomaterials, a description of the method based on 
Kissinger analysis for extracting the kinetic parameters is necessary. Thus, as 
stated before, the important factors that determine whether the reaction will 
proceed or not are the activation energy and the frequency factor. 
Conventionally, they can be extracted from thermal desorption curves obtained 
from TDS. Eq.  2.1 and Eq.2.2 represent the case of isothermal desorption if 
T=To is fixed.    
 For non isothermal hydrogen desorption, the rate equation Eq. 2.1 could 
be transformed to include a heating rate:  
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dx dx dt

dT dt dT
                                                                        (2.3) 

 

where dT dt   represents a constant heating rate. If Eq.2.2 is substituted in 

Eq.2.3, the equation for the non isothermal rate law is obtained: 
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When the temperature rises during a chemical reaction, the reaction rate 

will reach a maximum and then decrease as the reactants are being transformed 
into the products and the transformed fraction 𝑥 → 1. At the maximum rate, the 
time derivative of the reaction rate is equal to zero.  
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The equation is solved for the maximum temperature Tm: 
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It results directly in the logarithmic form:  

ln (
𝛽𝐸𝑎

𝑅𝑇𝑚
2

) = −
𝐸𝑎

𝑅𝑇𝑚
+ ln(𝐴)                                                      (2.8)              

 

Which can be rearranged to resemble a line equation: 
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The plot of 
2

ln
mT

 
 
 

 versus 
1

mT
 represents a straight line from which the kinetic 

parameters, activation energy Ea and frequency factor A can be extracted as the 
slope and intersect respectively.   

This type of analysis developed by several scientists in the early 1960’s  
is widely used in thermal decomposition reactions of the type  
Solid Gas Solid   takes into account only the temperature of maximum 
desorption rate Tm 40,41,42. It is widely known as the Kissinger method by the 
name of one of the scientists that proposed it.  It predicts that by increasing the 
heating rate, the maximum desorption temperature will also be increased, 
according to Eq. 2.9.  
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We applied the Kissinger method to the thermal desorption curves of ex 
situ hydrogenated Mg nanoparticles. The desorption curves in Figure 2.6a were 
measured at different heating rates ranging from 0.5 K/min to 4 K/min. Indeed, 
the hydrogen desorption peaks shift towards higher temperatures when faster 
heating rates are applied. In Figure 2.6b, the corresponding Kissinger plots are 
represented for two separate samples.  The slope of the lines determined the 
height of the activation barrier for hydrogen desorption. Thus, for the two 
separate samples, the activation energy is found to be 94±15 kJ/molH2 for 
sample a and 90±15 kJ/molH2 for sample b.  

However, the shape of the desorption curves in Figure 2.6a is entirely 
ignored in this analysis. Unlike the hydrogen desorption from bulk and ball 
milled MgH2, which present narrow desorption peaks at elevated temperatures, 
the desorption curves of hydrogenated spark discharge Mg nanoparticles are 
much wider. In order to gain a better insight into the nature of the broad 
desorption spectra, we calculated the temperature dependence of the rate of 
hydrogen desorption using two models, the first assuming the existence of a 
single activation energy, and the second based on the existence of a broad range 
of activation energies resulting from the disperse nature of the nanoparticulate 
samples. They spread over a wide temperature range from temperatures as low 
as 400 K to beyond 750 K.  This indicates an inhomogeneity in the reactivity of 
the MgH2 nanoparticles. In order to support this affirmation, we applied the 
inverse analysis for the desorption curve. Given the activation energy and 
frequency factor determined via the Kissinger method described earlier, we 
have calculated the desorption profile by numerically solving the differential 
equation Eq. 2.4. and plotted it in Figure 2.7a. The red line represents the 
measured desorption curve while using a single activation energy yields a much 
narrower curve represented by the black dotted line. It follows from here that 
by using only a single activation energy  does not describe the desorption 
kinetics entirely. 

Figure 2.6. Kinetic analysis of hydrogen desorption from Mg nanoparticles produced 

by spark discharge generation: a) Thermal programmed desorption profiles at 

different heating rates; b) Kissinger plots used to determine the activation energy of 

hydrogen desorption. 
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 This means that the reactivity of the sample is not homogeneous and 
there are faster and slower reacting parts in the sample. We subsequently 
assumed the presence of a distribution of activation energies ranging from 

about ∼60 to ∼120 kJ mol–1 as shown in Figure 2.7b. Using the same values for 
the heating rate β and the pre-exponential factor A, good agreement with the 
measured TDS profile can indeed be obtained within this model as the blue 
curve in Figure 2.7a indicates.  This broad range of apparent activation energies 
can be attributed to the wide variation in the morphology of the nanoparticles: 
both in size and state of agglomeration, as well as to the presence of the MgO 
shells. 

The observed desorption at rather low temperatures (i.e. at low values 
for the apparent activation energy) can be induced by the small sizes of metal 
hydride particles because of a number of factors, including (i) the presence of 
small diffusion distances, which aids to remove hydrogen diffusion as a rate-
limiting step; and (ii) the large availability of surface sites per hydrogen atom 
(since the surface-to-volume ratio increases as l−1 with the reduced particle size), 
which reduces the effect of slow accessibility of surface sites due to long surface 
residence times of hydrogen atoms which slowly recombine into hydrogen 
molecules. Interestingly, our data indicate that the intrinsic contribution to the 
activation energy of the surface barrier to recombination could be as low as 
60 kJ mol–1. 

We consider here the case when hydrogen diffusion acts as the rate-
limiting step to demonstrate the particle size effect in more detail. One may 
estimate the timescale of hydrogen diffusion from: 

 
2

6

l

D
                                                                                 (2.8) 

   
which decreases quadratically with reduced particle size. Typical values for the 
hydrogen diffusion constant for MgH2 at 573 K reported in the literature are 

Figure 2.7. (a) Hydrogen desorption profile for spark discharged generated Mg 

nanoparticles measured by thermal programmed desorption at a heating rate of 

0.5K/min: red curve – measured data, black dotted curve – single activation energy 

model, blue curve – multiple activation energy model; (b)Distribution of apparent 

activation energies used in the calculation of the multiple activation energy model. 
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13 14 210 10D m s    which are about three orders of magnitude lower than for 

hydrogen diffusion in the metallic Mg phase.43,44,45 Using the temperature 
dependence of the diffusion constant, the impact of the particle size on the 
hydrogen diffusion can be estimated: 

 0( )
mE

RTD T D e



                                                        (2.9) 

 

with 
4 2

0 2.8 10D m s 
and migration energy 98 /mE kJ mol at 573K, it follows 

that 13 23.6 10D m s  . Given these values, a diffusion time of ∼2.3 h can be 

estimated for 1 μm particles at 400 K. In contrast, the estimated diffusion time 
is only 10 s for 35 nm particles at 400 K, showing that diffusion-limited 
desorption combined with the presence of small particle sizes can indeed play 
a key role in explaining the observed low-temperature hydrogen desorption in 
the range around 400 K. Clearly, the diffusion time depends strongly on both 
temperature and on the size of particles; particles of different sizes will 
therefore show hydrogen desorption at widely different temperatures, leading 
to substantial differences in the extracted apparent activation energies.  
 Indeed, in another study by Bogerd et al. 46 relatively low desorption 

temperatures, starting around 473 K, were also reported for ∼20–25 nm MgH2 
nanoparticles produced by melt infiltration inside carbon frameworks, with the 
main desorption peak positioned near 650 K. Other processes, such as the 
previously indicated scaling of the relative abundance of surface sites with the 
inverse of the particle size, may also be a factor leading to the low-temperature 
hydrogen desorption for small particles. 
 While the particle size distribution may explain why hydrogen 
desorption occurs at such low temperatures, it cannot explain why the 
desorption profile extends to higher temperatures than for ball-milled MgH2. 
One plausible reason is the presence of MgO shells surrounding specific Mg 
domains, as identified in the TEM images. Thin film studies showed that a MgO 
oxide layer on top of Mg may have two opposite effects on the hydrogen 
sorption, depending on the thickness and nature of the layer. For very thin 

layers of up to ∼14 Å in thickness consisting of fine-grained MgO 47, the presence 
of such an oxide layer was in fact found to promote the hydrogen sorption 
kinetics. For thicker, denser MgO layers, in contrast, the kinetics is severely 
hampered 47,48. Ostenfeld 48 showed that Mg films capped by a MgO layer are 
characterized by an increased activation energy for hydrogen desorption. A 
recent ab initio study by Wu et al.49 supports these findings, since high 

calculated values for the hydrogen migration energy of Em∼1.0-1.2 eV in MgO 

were obtained. A diffusion constant of D∼ 3·10-15 m2/s at 573 K, i.e. two orders 
of magnitude smaller than for MgH2, can be derived from the calculations. 
Further, an even higher diffusion barrier between the surface and subsurface 
sites was found. The presence of thick and dense oxide shells for some of the 
particles may thus explain the high-temperature part of the broad hydrogen 
desorption profile observed in our study, as these shells may effectively block 
hydrogen desorption, regardless of small particle size, at lower temperatures. 
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2.3.4 Thermal desorption of hydrogen from Pd and Nb catalyzed 
magnesium hydride synthesized by spark discharge generation  

 
The hydrogen desorption from the hydrogenated Mg nanoparticles 

determined previously can further be improved by the use of transition metal 
catalysts such as Pd and Nb.  

The isothermal hydrogen desorption curves were measured at 473 K,     
523 K and 573 K for a series of Mg/Pd and Mg/Nb samples which are depicted 
in Figure 2.8. The total amount of hydrogen desorbed is about 1 wt. % in each 
case. Clearly, the hydrogen desorption becomes systematically faster at higher 
temperatures. While the experimental desorption curves initially show a fast 
decay, they subsequently show a slower decaying tail relative to a simple 
exponential decay. Clearly, a fit of the  desorption curves with a single 
component representing a single activation energy represents an 
oversimplification to the real behavior of the sample. This is similar to the case 
of non-catalyzed MgH2 described in the previous section where a distribution 
of activation energies needed to be used. In the present case, the curves could 
be fitted satisfactorily by two exponential terms but only upon including an 
unrealistically high background term. Instead, we found that an adequate 
description involves the use of a stretched exponential decay, according to:  

 

0 1 2( ) / ( ) exp( ( ) ) (1 ) exp( )nI t I t a k t a k t                       (2.10) 

 

with I/I0 the normalized hydrogen desorption rate, a the relative intensity of 
the stretched exponential, k1 and k2 reaction constants and n is the fractional 
exponent. The addition of a simple exponential term was necessary to fit the tail 
of the curve. 

In Figure 2.9, the experimental desorption curves for Mg/Pd sample are 
replotted according to ln(-ln(I/I0)) versus ln(t), demonstrating the validity of 
this approach. A stretched exponential decay will result in a straight line in 
these plots with a slope equal to the value of the fractional exponent. Clearly, 
the kinetic curves in Figure 2.9 closely follow a straight line, with an additional 
bending at the longest timescales, which could be properly accounted for by 
adding the simple exponential decay term describing the contributions of the 
slowest particles. The kinetic parameters obtained from the fits are provided in 
Table 2.2  

Under specific conditions, the Johnson-Mehl-Avrami-Kolmogorov 
(JMAK ) model also predicts a stretched exponential decay for hydrogen 
sorption kinetics. These conditions are that the new phase nucleates randomly 
throughout the volume of the sample and grows at a constant growth rate. For 

the case of three-dimensional growth, a fractional exponent n≥3 is obtained. 
This simple mechanism, nevertheless, does not fit most solid state reactions50, 
hence the numerous special cases of the JMAK model for the growth 
mechanism of the nucleated phase were studied.51 The fractional exponents 
found in this study, however, are lower than 1, typically in the range of 0.7 to 
0.8, for all fits, which cannot be explained in the currently available versions of 
the JMAK model. 
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We found that a kinetic model based on the presence of a wide range of 
reaction rates within the sample can consistently describe the results from our 
studies, in contrast to the JMAK model which assumes a homogeneous initial 
state of the sample. Both spark discharge generated samples have a distribution 
of particle sizes and a complex dendritic morphology evident from TEM (Figure 
2.5), leading to strong local variations in the sample which violate the 
presumption of the same nucleation and growth conditions throughout the 
sample. Dispersion in the reactivity of solid state reactions has been 
successfully applied to describe oxidation of organic or polymeric glasses 52,53,54 
and free radical recombination reactions55. The origin of heterogeneity in the 
reaction rates within one sample can be either different configurations of the 
reacting particles or the varying chemical composition of the surroundings.56,57 

Such a reactive disperse solid state sample can effectively be described 
as a sum of subsystems, each of which is characterized by a different rate 
constant. If each subsystem reacts according to the first order kinetic law, then 
the rate of the transformation for the whole ensemble of subsystems is 
described by Eq.2.13: 

 0

0

( ) / ( ) exp( )I t I H k k t dk



                                            (2.11) 

 

where k is the rate constant, H(k) is the distribution of rate constants and the 
inverse Laplace transform of I(t), normalized according to  , and t is the 
desorption time. 

A general analytical approximation for the shape of H(k) was derived by 
Saito et al.58, according to: 
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Figure 2.8. Isothermal hydrogen desorption of a)Mg/Nb and b) Mg/Pd nanocomposites 

at 473K, 523K and 573K. 
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where n is the fractional exponent, k and k1 are the reaction constants in Eq. 
2.12 The rate constant distributions H(k) calculated for both the Mg/Nb and 
Mg/Pd samples are plotted in Figure 2.10. In all cases, a broad distribution of 
rate constants is observed. The distributions of the Mg/Nb sample maintain 
nearly the same shape with increased temperature in Figure 2.10, while they 
systematically shift towards higher k values with increased temperatures, 
reflecting the increase in the sorption kinetics. The Mg/Pd sample presents a 
slightly different kinetic profile at 473 K, where the sample reacts slowly 
compared to the Mg/Nb sample, while a similar distribution is observed at 523 
K and 573 K.  

The temperature dependence of the rate constant distributions is better 
understood upon realizing that the rate constants typically follow an Arrhenius 
behavior with temperature, according to:  
 

 exp( / )ak A E RT                                                         (2.13) 

 

 assuming that the preexponential factor A is a constant and equal to  
3 1

1.2 10 s  
as obtained from Kissinger analysis of hydrogen desorption from non-catalyzed 
hydrogenated Mg nanoparticles, values for the involved activation energies Ea 
can be derived. In the insets of Figure 2.10a and Figure 2.10b, the activation 
energies corresponding to the lower and higher boundaries of the broad k 
distribution curves are plotted, defined by the respective k values at 1% of the 
maximum intensity of the distribution.  

Figure 2.9. Logarithmic plot of the normalized reaction rate versus time for 

a)Mg/Nb nanoparticles and b)Mg/Pd nanoparticles. 
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At 473 K, the extracted lowest activation energy of ~58 kJ/mol is 
representative of the fastest reacting parts of the samples, i.e. the smallest sized 
particles, as judged from a comparison with the broad overall distribution of 
apparent activation energies deduced in our previous study on non-catalyzed 
Mg, (see section 2.3)  which starts at about 55 kJ/molH2. The observed spread 
in contributing activation energies ranges from 8 kJ/mol to 17 kJ/mol. With 
increased temperature, the slower reacting parts of the samples with higher 
apparent activation energies up to at least ~80 kJ/mol start to contribute to the 
hydrogen desorption. The contribution of simple exponential term with very 

low reaction rates of  
1 1

2
~ 0.015 0.04k h h

 
   reflects the slower reacting part of 

the sample. 
As already discussed previously (see section 2.3.3.) this is probably 

related to coverage of part of the MgH2 nanoparticles with thin MgO shells of 
up to ~2 nm, leading to high apparent activation energies up to ~120 kJ/mol1. 
Part of the sample therefore effectively does not desorb in the temperature 
range of 473 K-573 K studied here. This result is supported by our XRD study 
which revealed the presence of a small fraction of typically ~7 wt. % MgH2 in 

Kinetic 

Parameters 

Mg/Nb nanocomposite 

200oC 250oC 275oC 

a 0.554±0.004 0.491±0.002 0.589±0.001 

n 0.805±0.004 0.846±0.004 0.769±0.002 

k1 0.383±0.005 0.475±0.004 0.845±0.003 

k2 0.015±0.0005 0.021±0.0003 0.020±0.0002 

Kinetic 

Parameters 

Mg/Pd nanocomposite 

200oC 250oC 300oC 

a 0.792±0.004 0.658±0.003 0.733±0.001 

n 0.565±0.007 0.788±0.002 0.725±0.001 

k1 0.206±0.002 0.436±0.003 0.613±0.001 

k2 0.016±0.004 0.039±0.0005 0.038±0.0002 

Table 2.2  Kinetic parameters obtained from the stretched exponential fitting in 

Figure 2.9 
 

Figure 2.10. Distribution of reaction rates calculated from isothermal desorption 

curves of a) Mg/Nb and b) Mg/Pd nanocomposites. In the inset, the distribution of 

the activation energies is plotted. 
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the desorbed samples (see Table 2.1). Further prevention of partial oxidation 
during the synthesis process therefore may lead to fast hydrogen desorption 
kinetics for spark discharge MgH2 particles, for which apparent activation 
energies as low as 58 kJ/mol can be achieved. 
 

2.4. Conclusion 
 
  Spark discharge generation allowed the synthesis of Mg/Pd and 
Mg/NbOx nanocomposites. The nanoscale mixing of the elements allows the 
formation of a variety of chemical compounds which are not always the most 
thermodynamically stable. 

 A distribution of reaction rates is a more appropriate description for the 
spark discharge generated MgH2 nanoparticles, rather than the conventional 
homogeneous nucleation and growth mechanism of the JMAK model. This 
model for the hydrogen sorption kinetics is expected to be generally applicable 
for metal hydride nanoparticles with a clear particle size distribution, a complex 
(dendritic) morphology and/or coverage with oxides forming a barrier for 
hydrogen sorption. The reaction rate distributions can be straightforwardly 
calculated from the stretched exponential decay of the hydrogen desorption. We 
deduced that at each temperature, only a part of the sample contributes to the 
hydrogen desorption, corresponding to a temperature dependent specific 
window of apparent activation energies that characterize the active parts of the 
samples. Selection of the smallest particle sizes and further prevention of 
oxidation may lead to very low activation energies and fast hydrogen desorption 
at low temperature.
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Chapter 3 
 
 

Reduced Enthalpy of Metal 
Hydride Formation for Mg−Ti 
Nanocomposites Produced by 
Spark Discharge Generation  
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Abstract 

Spark discharge generation was used to synthesize Mg−Ti 
nanocomposites consisting primarily of a metastable body-centered-cubic 
(bcc) alloy of Mg and Ti. The bcc Mg−Ti alloy transformed upon 
hydrogenation into the face-centered-cubic fluorite Mg1-yTiyHx phase with 
favorable hydrogen storage properties. Both metal and metal hydride 
nanocomposites showed a fractal-like porous morphology, with a primary 
particle size of 10−20 nm. The metal content of 70 atom % (at %) Mg and 30 
at % Ti, consistently determined by XRD, TEM-EDS, and ICP-OES, was 
distributed uniformly across the as-prepared sample.  

Pressure−composition isotherms for the Mg−Ti−H nanocomposites 
revealed large differences in the thermodynamics relative to bulk MgH2, with 
a much less negative enthalpy of formation of the hydride as small as −45 ± 3 
kJ/molH2 as deduced from van’t Hoff plots. The plateau pressures of 
hydrogenation were substantially higher than those for bulk MgH2 in the low 
temperature range from 423 to 523 K. The reaction entropy was 
simultaneously reduced to values down to 84 ± 5 J/K molH2, following a 
linear relationship between the enthalpy and entropy.  

Plausible mechanisms for the modified thermodynamics are discussed, 
including the effect of lattice strains, the presence of interfaces and hydrogen 
vacancies, and the formation of excess free volume due to local deformations. 
These mechanisms all rely on the finely interdispersed nanocomposite 
character of the samples which is maintained by grain refinement. 
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Lafont, Roger J. Canales-Perez, Andreas Schmidt-Ott,  Fokko M. Mulder, Stephan W.H. Eijt , 
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“Horatio: 
O day and night, but this is wondrous strange! 

Hamlet: 
And therefore as stranger give it welcome. 

There are more things in heaven and earth, Horatio,  
Than are dreamt of in our philosophy” 

  
William Shakespeare, Hamlet, Act 1, scene 5 

 

 

 

 

 

 
 

The ability of Mg to react with hydrogen is in a great measure influenced 
by its enthalpy of formation which is experimentally determined to be about         
-75 kJ/molH2. A lower enthalpy of formation for Mg combined with improved 
kinetics would allow the reaction with hydrogen to proceed in much milder 
conditions of temperature and pressure than currently employed. Recent 
studies revealed that the interaction between Mg and Ti offers several 
opportunities to modify the thermodynamics and kinetics of the hydrogenation 
reaction. Intense research has shown the use of non-equilibrium synthesis 
techniques such as magnetron sputter deposition1,2,3,4,5 of Mg-Ti thin films, may 
result in the formation of an hcp Mg-Ti coherent phase despite the positive 
enthalpy of mixing of Mg and Ti. Upon hydrogenation of the Mg-Ti thin films, 
a cubic fluorite      Mg1-yTiyHx phase was formed for Ti fractions above ~15 at. % 
with favorable hydrogen sorption kinetics. The hydrogen absorption 
equilibrium pressure of multilayers thin films consisting of alternating Mg and 
Ti nanolayers6 is significantly higher than the equilibrium pressure of bulk 
MgH2 and TiH2.  The use of thin films as hydrogen storage devices, however, 
has obvious strong limitations. For this reason, intense research is being carried 
out on the synthesis of Mg-Ti-H alloys7,8,9 by means of ball-milling. The first 
Mg-Ti hydride phase, a cubic Mg7TiH16 compound was found by Kyoi et al.10 
using a high pressure synthesis method.  

Spark discharge generation is a versatile method of producing metal 
nanoparticles.11  One of the main advantages of the spark discharge generation 
as opposed to ball milling is the synthesis of nanoparticles instead of just 
nanocrystalline grains in a continuous rather than batch process. In the 
previous chapter, transition metal (Pd, Nb) catalyzed Mg nanocomposites have 
been synthesized by spark discharge generation.12,13 Through this bottom up 
method of producing nanoparticles, small scale mixing of the Mg with the 
transition metal catalyst is successfully achieved as it was shown in the Chapter 
2. Because of the non-equilibrium nature of the particle production, metastable 
alloys can also be produced by spark discharge generation 11. Other bottom up 
approaches involving inert gas condensation methods 14,15,16, focused thus far 
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on the synthesis of elemental Mg nanoparticles. Further, Mg-based and MgH2-
based nanoparticles for hydrogen storage applications were produced by melt 
infiltration 17,18 and by decomposition of organometallic precursors under 
suitable conditions 19,20.  

In this chapter, a study on Mg/Ti nanocomposites synthesized by spark 
discharge generation is presented. Alongside the presence of Mg and Ti 
nanoparticles, a nanosized, metastable intermetallic body centered cubic Mg-
Ti alloy phase has been identified in the as prepared samples. The very low 
solubility of Mg in Ti makes the presence of this cubic Mg-Ti phase an 
interesting result in itself.  Moreover, a detailed structure analysis of the 
hydrogenation products revealed the formation of a fluorite type hydride Mg-
TiHx phase which remains in a nanoparticulate state after long heating 
treatments.  Pressure composition isotherm (PCT) measurements, obtained 
using a Sieverts’ apparatus revealed a much less negative enthalpy of formation 
of -45±3 kJ/molH2. Such a small value for the enthalpy of formation for the Mg-
Ti-H nanocomposites has not been reported before. Essentially, the plateau 
pressures are significantly higher than for bulk MgH2 at low temperatures but 
remain close to bulk values at higher temperatures, changing in this manner 
the enthalpy of formation. However, this effect is accompanied by a high degree 
of disorder of the hydride phase, which acts as an extra barrier in the overall 
free energy change during hydrogenation of the system, partially compensating 
the enthalpy gain.  

 
3.2. Experimental section 
 
3.2.1. Synthesis - Spark discharge generation  

 
Using a  spark discharge setup previously described21, Mg-Ti 

nanocomposites were synthesized from the elements (Ø6.35 mm rods, 99.9+% 
purity, Mateck GmbH). A spark discharge between a Ti 
cathode placed opposite a grounded Mg anode was used to ablate material from 
both electrodes, and the resultant mixed metal vapor cloud was quenched 
rapidly to form the Mg/Ti nanocomposites. A series of five different batches of 
samples were produced, in which the electrode spacing was varied between 1 
and 2 mm. For the samples described here, the electrode spacing was 2.0 mm, 
and the working gas was Ar purified as previously reported12. In this study, we 
concentrated on the hydrogen storage properties of two selected samples with 
a mass of 5.1 and 4.5 mg, respectively. Sparks were generated at a rate of 200 
Hz using a 20 nF capacitance and a charging current of 8.5 mA, for a total 
power input of 9.3 W. Particles were collected during 9 hour runs at a rate of 
0.14 mg/hr  on Ø47 mm PVDF membrane filters with 0.45 µm pore size 
(Durapore, Millipore) in a special filter holder, and transferred to an Ar filled 
glovebox (<0.1 ppm H2O and O2) for further sample preparation. 
 
3.2.2. Powder X-ray diffraction 

 
The structure of the crystalline samples was investigated by X-ray 

diffraction using a PANalytical X’Pert PRO diffractometer with a Cu Kα 

(λ=1.5415 Å) operated at 40 kV and 40 mA. The samples were loaded in an Ar 
filled glovebox in air tight sample holders. To reduce the background due to the 
low amount of sample used, a silicon single crystal disk was used as a support 
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plate. The background measured from the silicon disk and sample holder is 
subtracted from the X-ray diffraction patterns. The X-ray diffraction patterns 
with background can be found in appendix A. Rietveld analysis was performed 
on the measured patterns, using GSAS22,23 software.  
 
3.2.3. Transmission electron microscopy  

 
Transmission electron microscopy (TEM), including energy-dispersive 

X-ray spectrometry (EDS), selected-area electron diffraction (SAED) and 
electron loss near edge spectroscopy (ELNES), were performed using a FEI 
Tecnai TF20 electron microscope operated at 200 kV. Samples were mounted 
on Quantifoil® microgrid carbon polymer supported on a copper grid 
 
3.2.4. Sieverts measurements  

 
Hydrogen absorption isotherms were measured using a commercial 

Sieverts’ apparatus, PCT Pro 2000 by Hy-Energy. For the measurements, 
hydrogen gas of purity 5.0 was used. The accuracy of the pressure reading is 1%. 
The drift in the pressure reading is between 14 mbar and 42 mbar within six 
months. For the setup, a dry scroll pump was used with a base pressure at the 

inlet of 
25 10  mbar. Pressure composition isotherms were measured with the 

use of the MicroDoser attachment and the typical size of the aliquot was 0.663 
ml.   
 
3. 3. Results and Discussion   
  
3.3.1. Structural characterization of the Mg/Ti nanocomposites  

 
The overall composition of the samples was studied using X-ray diffraction. 

The analysis of the diffraction patterns revealed that the spark discharge 
generated nanocomposites consist of several different crystalline phases: 

nanoparticles with the hexagonal Mg and Ti phases 3( 6 / )P mmc  are present 

along with rock salt cubic MgO 
_

( 3 )Fm m , as shown by the representative 

example in Figure 3.1a. A series of samples were synthesized by varying the gap 
between the spark electrodes from 1 mm to 2 mm. 

The X-ray diffraction patterns are gathered in Figure 3.2. Interestingly, all 
samples showed the presence of a body-centered-cubic (bcc) Mg-Ti alloy phase 

_

( 3 )Im m , as revealed by the presence of a dominant (110) diffraction peak at 

35.1o, corresponding to a lattice parameter of 3.61 Å.  Such a bcc Mg-Ti alloy 
with random site occupation was previously observed by Asano et al.7,8,9 in Mg1-

yTiy alloys (0.25<y<0.65) synthesized by means of ball-milling, where smaller 
lattice parameters near 3.42 Å were found. The presence of the face-centered 
cubic and hcp Mg-Ti alloy phases observed by Asano et al.7,8,9 can be ruled out 
for the spark discharge generated nanocomposites, based on our X-ray 
diffraction results. The presence of the bcc Mg1-yTiy alloy phase is quite 
remarkable, given the positive enthalpy of mixing of Mg and Ti.  

Unlike our previous studies12,13, where a set of two spark generators was 
used to produce nanocomposites of Mg particles interdispersed with Pd or Nb 
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catalyst particles (see Chapter 2), the use of an Mg electrode against a Ti 
electrode in a single spark generator allows the formation of the Mg-Ti alloy 
phase, as the particles now form in a mixed metal vapor cloud. Samples 
generated with this electrode configuration using a spacing of 1 to 2 mm 
between the two electrodes consisted for a large part of the bcc Mg-Ti phase 
with phase fractions in the range of 30 wt. % to 52 wt. % (see Table 3.1). This 
demonstrates the capability of spark discharge generation to synthesize meta-
stable Mg-Ti alloys by rapid quenching of the Mg and Ti clouds that are 
intermixed at an atomic scale. Such a bcc Mg1-yTiy alloy was previously also 
obtained after prolonged ball milling of 20-200 hours of Mg and Ti powders7,8,9, 
for compositions reportedly in the range of 0.25<y<0.65. The bcc Mg-Ti alloy 
phase stabilizes most easily near a composition of Mg0.5Ti0.5. 24,25 

An essential difference is that during ball milling, the size of the grains 
building up a micron-sized particle is reduced to nanoscale dimensions, 
whereas in the case of spark discharge, the particles themselves are nanosized 
as TEM indicates. This key difference has a pronounced impact on the hydrogen 
sorption properties of these types of samples, as shown further on.  

Figure 3.1. X-ray diffraction patterns of Mg/Ti nanocomposites and the results of 

the Rietveld refinement (measured spectra – black, calculated spectra- red, 

residual-blue): a. as produced by spark discharge generator; b. after partial 

loading with hydrogen. The sample container background is subtracted. The 

individual phase contributions are given below (scaled down by ½). 
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Table 3.1. Particle sizes and phase fractions in wt% extracted from Rietveld refinement of the XRD patterns of freshly synthesized Mg-Ti 

nanocomposites and Mg-Ti-H nanocomposites after hydrogen sorption. 

 

Phase Freshly prepared After hydrogen sorption 

2 mm 
(Rwp=2%) 

1.8 mm 
(Rwp=2.4%) 

1.25 mm 
(Rwp=2.2%) 

1 mm 
(Rwp=4%) 

Sample 1 
(Rwp=2.8%) 

Sample 2 
(Rwp=2.6%) 

Size 
 

Fraction 
 

Size 
 

Fraction 
 

Size 
 

Fraction 
 

Size 
 

Fraction 
 

Size 
 

Fraction 
 

Size 
 

Fraction 
 

Mg  
14±2nm 

 
10 wt.% 

 

 
21±3nm 

 
5 wt.% 

 

 
31±3nm 

 
4.5 wt.% 

 

 
12±2nm 

 
86 wt.% 

  

 
16±2nm 

 
13 wt.% 

 

 
45±2nm 

 
13.7wt.% 

 
Ti  

27±5nm 
 

9 wt.% 
 

 
32±4nm 

 
9 wt.% 

 

 
28±5nm 

 
4 wt.% 

 

 
27±5nm 

 
0.3 wt.% 

 

 
- 

 
- 

 
- 

 
- 

Mg0.5Ti0.5  
11±2nm 

 
45 wt.% 

 

 
9±2nm 

 
31 wt.% 

 

 
9±2nm 

 
53 wt.% 

 

 
10±2nm 

 
2.4 wt.% 

45.5 at.% 

 
8±1nm 

 
2.2 wt.% 

 

 
- 

 
- 

MgO  
3±2nm 

 
36 wt.% 

 

 
2±1nm 

 
55 wt.% 

 

 
2±2nm 

 
38.5wt.% 

 

1±2nm 
1±1nm 

 
11 wt.% 

 

 
5±1nm 

 
58 wt.% 

 

 
4±2nm 

 
76 wt.% 

 
Mg1yTiyHx  

- 
 
- 

 
- 

 
- 

 
- 

 
- 

 
- 

 
- 

 
12±2nm 

 
26 wt.% 

 

 
10±2nm 

 
10.3wt.% 

 
MgH2 

 
 
- 

 
- 

 
- 

-  
- 

 
- 

 
- 

  
21±4nm 

 
0.8wt.% 

 

 
- 

 
- 
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Rietveld refinement26 was successfully performed on the XRD patterns, and the 
results are summarized in Table 3.1. The extracted particle sizes were found to 
be small for each of the phases. The size of the bcc phase Mg-Ti particles is 
found to be below ~ 11 nm. The apparent crystallite size of MgO is 3±1 nm for   
as-prepared samples, which indicates that the MgO is present as a thin shell 
around the particles of Mg, as seen in our previous studies12,13 and for Mg 
nanoparticles produced by inert gas condensation methods14,15,16. According to 
the refinement results, hexagonal Mg and Ti are present in the sample 
synthesized at an electrode distance of 2 nm at relatively small fractions of  10 
wt. % and 9 wt. %, respectively. The sample is dominated by a high fraction of 
about 45 wt. % of the cubic Mg-Ti alloy. The fractions obtained from the XRD 
measurements point to an overall metal fraction of Mg of 70 at. % and of Ti of   
30 at. %. This result is very similar to the fractions obtained from ICP-OES and 
TEM-EDS, as it is summarized in Table 3.2. Both XRD and ICP-OES 
characterize a bulk average of the sample, while TEM-EDS give very local 
information about the sample composition, obtained for several parts of the 
sample. Since the same composition is obtained from both global average and 
local measurements, one may conclude that the composition is uniform 
throughout the as-prepared sample. Thus, spark discharge generation not only 
allows the mixture of metals on a very small scale but also as a uniform mixture.

Figure 3.2. X-ray diffraction patterns of Mg/Ti nanocomposites and the results of the 

Rietveld refinement (measured spectra – black, calculated spectra- red, residual-blue).  

The samples are synthesized with varying the gap between the spark electrodes from 

1.8mm to 1 mm. The sample container background is subtracted and the peak at 44o due 

to the sample container was removed. 
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The sample was subjected to several cycles of hydrogen loading and unloading 
at temperatures up to 573 K in a Sieverts’ setup. After the cycling, XRD patterns 
were again measured. In the partially loaded state, a noteworthy fact is the 
disappearance of the crystalline Ti phase and the appearance of a face centered 
cubic (fcc) phase similar to a fluorite TiH2  with expanded lattice parameter. 
Rietveld refinement was performed with a Rwp of 2.8 % and the results are 
summarized in Table 3.1. The lattice parameter obtained for the distorted TiH2 
is a=4.44Å, a visible increase from the typical value of 4.36 Å. From studies on  
Mg/Ti thin films3 but also on ball milled Mg/Ti systems24,25,  it is known that 
the presence of Mg in the TiH2, leads to an increase in unit cell. According to 
Vegard’s law, that predicts a linear increase, the amount of Mg present in the 
sample should then be 20 %, indicating the composition of the hydride is: 
Mg0.2Ti0.8Hx (assuming x=2). However, because of the uncertainty in the 
amount of hydrogen present in the sample and the lattice expansion that it can 
generate, the precise composition of the hydride phase is impossible to be 
determined using Vegard’s law only. This hydride will be further generically 
referred to as Mg-TiHx. The crystallites of the Mg-TiHx are small, 12±2 nm as 
determined from peak broadening in the XRD pattern. Though the fraction of 
the MgO oxide is increased after hydrogen cycling, the average size of MgO 
crystallites remains small, about 5±1 nm.  

In a study of the structural transformations of Mg –Ti ball milled 
nanocomposites upon hydrogen cycling, Rousselot et al.24,25 have found that in 
a first cycle, a stabilization of the nanocomposites to a fluorite face centered 
cubic phase (Mg-TiHx) occurred and the extraction of hydrogen was only 
accompanied by a change in the lattice parameter and not a change in the 
symmetry. On the other hand, in studies1,27 on Mg-Ti films, where the fluorite 
type hydride is also created, the extraction of hydrogen results in the hexagonal 
Mg-Ti phase. In the present study, it could not be distinguished whether upon 
hydrogen extraction the cubic symmetry is maintained or a transition to the 
hexagonal symmetry occurs.   

Table 3.2. Mg and Ti fractions as obtained through XRD, ICP-OES and EDS 

for the as produced Mg-Ti nanocomposites synthesized with a 2 mm electrode gap 

distance 
 

Element XRD ICP-OES TEM - EDS 
At.% At.% At.% 

Mg 70 67 69 
Ti 30 33 31 

 
To have a better understanding of the changes that occur during the 

heating treatment and the exposure to hydrogen, the morphology and the 
composition of the sample was investigated locally by transmission electron 
microscopy. The general aspect of the freshly synthesized sample is of a 
nanomaterial of a very porous nature (see Figure 3.3 left). Particles close to a 
spherical shape of about 10 to 20 nm are organized in fractal like structures. 
Small area electron diffraction confirms that even locally the samples are of 
crystalline nature but formed of small size crystallites which give rise to broad 
and diffuse diffraction rings. This result is also confirmed by the analysis of the 
XRD patterns.  

At the edge of the primary particles, a thin shell of a different density can 
be identified as MgO. The MgO fraction increases with the repeated hydrogen 
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loading and unloading and the sintering of the particles is more pronounced in 
the MgO rich regions as it will be further explained. 

 After several hydrogen loading and unloading cycles, the initial 
morphology is mostly kept as it can be seen in Figure 3.3 (right). However, a 
more detailed analysis reveals the appearance of nonuniformity in the sample 
morphology and composition after the exposure to hydrogen. In the 
micrograph from Figure 3.4, the two representative morphologies of the sample 
after cycling are depicted. Region a has very similar morphology to the freshly 
prepared sample, also, the total fraction for this area is 70 at. % Mg  to 30 at. % 
Ti. Particles maintain the small size and their porous aspect. 

Region b is formed of agglomerated spherical particles of significantly 
larger sizes of 50 to 100 nm. The ratio between Mg and Ti is about 96.7 at. % 
Mg to 3.3 at. % Ti.  A high fraction of O is detected using EDS, leading to the 
conclusion that Mg in region b is oxidized to MgO.  

Figure 3.4. Morphology and composition changes after hydrogen sorption. Left: TEM 

image revealing regions of different morphology; Right: Electron energy loss near 

edge spectroscopy for the regions a and b depicted in the micrograph: Mg K edge 

(top) and Ti L2,3  edge together with O K edge (bottom). 
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Electron loss near edge spectroscopy (ELNES) was performed in both region a 
and region b.  The position of these element dependent edges in the spectrum 
depends on the binding energy of the core electrons. The structure of the edges 
depends on the valence and the chemical environment of the element.  The Mg 
K edge and Ti L2,3 edge are the main regions of interest we studied.  

The Mg K edge spectrum essentially reflects the conduction band of Mg. 
In Figure 3.4, the Mg K edge is formed of two main peaks at 1311eV and 1318 eV 
and lower intensity broader peaks at 1329 eV and 1354 eV. The edge position 
measured by X-ray absorption spectroscopy (XAS)28,29 and expected from X-
ray photoelectron spectroscopy (XPS)30 is at about 1304 eV for Mg metal  and 
about 1310 eV for Mg in MgO. The shift of the Mg K edge reflects the changes 
in the binding energy of the Mg 1s electrons.  The effect of a transition metal on 
the Mg ionization edge is a shift towards lower energies as reported by Farangis 
et. al.28 while the effect of the O neighbors is a shift to higher energies. XAS 
measurements have shown that a positive shift of 2.5 eV can be expected in the 
hydride state29.  The position of 1311 eV of our measured ionization edge is the 
result of a combination between Mg present in MgO, MgH2 and metallic Mg. 
The coordination of Mg is revealed by the peaks in the backscattered electrons 
regions at 1329 eV and 1354 eV. Qualitatively, the higher the intensity of the 
peaks in this region, the stronger the interaction of the backscattered electrons 
to the atoms coordinated around Mg. Thus, the relatively low intensity of the 
peaks in the spectrum measured in region a, reveals mostly H nearest neighbors 
and the higher intensity in region b, suggests O atoms as being nearest 
neighbors. In a nutshell, MgH2 could be found in both regions while MgO could 
be predominantly found in region b. 

The Ti L2,3 excitation edge presents two sharp peaks representative for 
the electronic transitions 2p1/2-3d (L2) and 2p3/2-3d (L3), at 459 eV and 464 eV 
respectively as it can be seen in Figure 3.4 (right) for region a and region b. 
These two edges arise from the spin-orbit coupling of the p orbitals. The L2,3 
edge of transition metals is typically used to determine their oxidation state. 
Here, we measured the ionization band positions close to the expected Ti values 
of 458 eV and 463 eV31 for region b, suggesting that Ti is in metallic form.  The 
much lower intensity of the Ti L2,3 edge in region b is directly related to the very 

Figure 3.3. Transmission electron micrographs of Mg/Ti 

nanocomposites: left – as produced ; right – after hydrogen sorption 

experiments 
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small fraction of Ti  present  in this region as was determined also by EDS. 
Region a on the other side, presents a chemical shift of 2eV compared to the 
region b spectrum.  In their X-ray absorption spectroscopy studies of Mg-Ti thin 
films, Farangis et al.28,29 report a small positive chemical shift for TiH2 as 
compared to Ti metal.   

Apart from the analysis of the chemical shift of the ionization edges, the 
oxidation state could also be determined by calculating the ratio between the 
integrated area of the L2 and L3 edge32,33 and comparing it to reference values. 
However, different authors31,34,35 report different values of the binding energy 
of the 2p electrons of Ti and a direct comparison with literature data is difficult. 
In this study, the ratio was calculated for the Ti L2,3 edge for a freshly prepared 
sample and the sample exposed to hydrogen. Though a quantitative result 
regarding the oxidation state of Ti cannot be made, the ratio for the freshly 
prepared sample is the same as the one calculated for region b. This implies that 
the oxidation state of Ti in the fresh sample is the same as in region b and Ti is 
in its metallic form. The ratio calculated for region a is different than for region 
b, suggesting Ti is in a different oxidation state, most likely as TiH2 or TiO2. 
However, in the case of transition metal oxides, backscattering from nearest 
oxygen neighbors gives rise to a prominent and broad peak at about 40 eV from 
the ionization edge36. In both spectra of the Ti edge, this feature is not present, 
indicating the absence of TiO2 in the sample. This result together with the 
observation of the  chemical shift and the absence of Ti metal from the XRD 
patterns suggests the presence of Ti as mainly in its hydride form in region a 
and as Ti metal in region b.  

An interesting fact related to region a is that Mg retains its nanostructure 
in the proximity of TiH2 which acts in this case as a grain refiner. Similar 
observations24,37 have also been reported for ball milled Mg-Ti systems. 
Moreover, the results obtained from the ELNES analysis complement the 
findings from the XRD patterns. The presence in region a of the TiH2 in close 
proximity of Mg and MgHx corresponds to the fluorite Mg-TiHx phase identified 
in XRD. The high fraction of MgO found in XRD can then be directly related to 
region b.  In the hydrogen cycling experiments, region a is considered to be the 
active phase while region b that mainly contains MgO is seen as inert.  
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3.3.2. Hydrogen storage properties of the Mg/Ti 
nanocomposites 
 
 As stated earlier, the capacity of a material to react with hydrogen is greatly 

influenced by the enthalpy of formation of the hydride. In the case of bulk MgH2, 
the enthalpy of formation is -75 kJ/molH238. For a practical use of a metal 
hydride as a viable hydrogen storage system, an enthalpy of formation of about 
-40 kJ/molH2 is desired. Pressure composition isotherms (PCT) for the Mg-
TiHx nanocomposites are shown in Figure 3.5. The concentration of hydrogen 
in the samples is given as weight percent of the total mass of the sample. 
Because the samples contain also MgO and unreactive Mg particles, the 
hydrogen content is also calculated as weight percent of the active Mg/Ti 
fraction as it is obtained from XRD. Two separate samples synthesized under 
the same conditions are measured consecutively. The PCI presented in Figure 
3.5 are measured at 423 K, 473 K, 523 K and 573 K. The isothermal curves 
measured in this way present a region where the pressure remains constant and 
the hydrogen content of the sample increases. This region is commonly defined 
as a plateau and the pressure at which it appears is the equilibrium pressure.  
The values of the equilibrium pressures are increased compared to the bulk or 
ball milled MgH2.  The strongest effect appears at 423 K when peq=96 mbar 
compared to the peq=5.2 mbar for MgH2 (or peq=0.72 mbar for TiH2). These 
plateaus cannot be attributed to either Mg or Ti hydrogenation.  

Assuming that the Mg-TiHx nanocomposite is stable during the 
experiments and that the hydrogenation and dehydrogenation reaction is of 
first 

Figure 3.5. Hydrogen absorption isotherms for Mg/Ti nanocomposites measured at 423K, 

473K, 523K, 573K. The amount of hydrogen absorbed is expressed as weight % as a 

function of the total sample weight on the bottom and as a function of the Mg0.5Ti0.5 weight 

on the top. a) and b) represent the results obtained for two separate samples synthesized 

under the same conditions. Both samples present increased equilibrium pressures. In this 

way, the reproducibility of the results in confirmed. 
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order in both directions, a van’t Hoff  analysis can be made for the 

determination of the enthalpy and entropy of reaction. As the pressure and 
temperature remain constant at the plateaus, it implies that the chemical 
potential of both the gas and the coexisting solid phases during the 
transformation is constant for the width of the plateau. The natural logarithm 
of the equilibrium pressure plotted against the reciprocal temperature gives a 

line, 
0

ln
eqp H S

p RT R

   
  

 
 as it can be seen in Figure 3.6. The enthalpy change is 

calculated from the slope of curve a in Figure 3.6 and is -45±3 kJ/molH2  for 
sample 1 and -55±3 kJ/molH2 for sample 2. In the analysis of sample 2, the 
equilibrium pressure measured at 423 K is discarded because of uncertainties 
in the plateau pressure caused by a measurement error.  The change in entropy 
is obtained from the intercept of curve a and is 84±5 J/K molH2 for sample 1 
and 98±7 J/KmolH2  for sample 2.  

This values are well below any heat of formation reported so far for Mg-
TiHx nanocomposites. Lu et al.39,40 have also reported a reduced enthalpy of 
formation, but the effect is much milder, only -68 kJ/molH2 for ball milled Mg-
TiH2 nanocomposites of 5-10 nm grain size (see Figure 3.7).  

Along with the energetic conditions for achieving chemical equilibrium, 
the sample needs to achieve a mechanical equilibrium during the 
transformation from the metallic to the hydride state which essentially means 
that the chemical transformation is accompanied by a rearrangement of the 

Figure 3.6. (a) van’t Hoff plot obtained from equilibrium measurements of Mg/Ti 

nanocomposites for two separate samples. The dotted lines represent the linear fit to the 

data.(b) van’t Hoff plot for bulk MgH2 as measured by Gross et.al. 
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structure. Thermodynamic equilibrium is reached only when both chemical and 
mechanical equilibrium is achieved. In this case, the micro and nanostructure 
of the sample will play an important role.  

A theoretical study of Sholl et al.41,41  predicts a significant reduction of 
the  enthalpy of formation of up to 12 kJ/molH2 for a composite of the type Mg-
TiH2 based on a model of the strain on the Mg lattice in the close proximity of 
TiH2 crystal. In our EELS structure analysis of the composites, the presence of 
small TiH2 domains in close proximity of Mg domains could clearly be proven. 
Other theoretical studies40,41,42,43,44 have also predicted thermodynamic 
changes for a coherent fluorite MgyTi1-yHx hydride. It is expected that a 
destabilization of the fluorite  MgyTi1-yHx hydride occurs above a critical 
composition of y=0.8~0.8742. The enthalpy difference between the rutile and 
the fluorite hydride is then about 10 kJ/molH242. The predominant 
nanocomposite character of our Mg-TiHx sample in contrast to a coherent rutile 
MgyTi1-yHx hydride, makes the latter theoretical model improbable in this case. 
To this we can also add the observation that in the XRD we could find y~0.2 in 
which case the enthalpy of formation for a coherent fluorite hydride was 
calculated to be about -115 kJ/molH242. 

Furthermore, Mooij et al.45 have experimentally determined the 
magnitude of the interface energy of Mg-TiH2 interface and explained in this 
way the increase in the equilibrium pressures and presence of hysteresis.  
However, using the model of Mooij et al., the effect of the interface energy on 
the equilibrium pressure is estimated to be about 4.5 kJ/molH2 for particles 
with radii of about 10 nm, much lower than the total change in enthalpy 
observed in our materials. This indicates that the mechanism for the higher 
absorption equilibrium pressures in the materials presented here is more 
complex. In this case, the interface energy and the lattice strain at the Mg and 

Figure 3.7. Linear relation between enthalpy and entropy  as obtained for several 

Mg/Ti nanocomposites samples compared to literature values for bulk MgH2. 
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TiH2 boundaries can only partly explain the increased equilibrium pressures 
and enthalpy of formation.  

 Berube et al.46 show that crystalline lattice distortions will directly lead 
to a destabilization of the hydride state and hence a lower magnitude of the 
enthalpy of formation. The defects in the crystalline structure are included in 
the equation of state as a generic term: the excess volume, which represents the 
ratio between the actual volume and the equilibrium volume. Though XRD and 
TEM analysis both confirmed the crystalline structure of the sample,   only 10% 
of excess volume is enough to account for the dramatic enthalpy change of about 
30kJ/molH2.   

Though the model proposed by Berube et al.46,47,48 predicts the most 
severe enthalpy change, the complexity of the sample in terms of composition, 
morphology and crystallinity, points to a combination of the different 
mechanisms discussed to explain the reduction in enthalpy of formation.  

Moreover, the Berube model46,47,48 also predicts an increase in the 
entropy in the distorted regions. As the entropy of the hydride is increased, the 
entropy difference will be reduced compared to the bulk values. This entropy 
change to   84±5 J/KmolH2, affects the free energy of the system by acting as a 
barrier. It thus appears that a decrease of the heat of formation is accompanied 
by an increased disorder of the hydride lattice.   This effect has already been 
observed for systems containing a TiF3 catalyst produced  by ball milling by 
Mulder et al. 37 Moreover, the enthalpies and entropies of formation follow a 
linear behavior as it can be seen in Figure 3.7. It should be noted here that for 
Mulder et al.37 it could not be determined that ΔH and ΔS were representative 
for the whole sample and that here we use full pressure-composition isotherms 
that are representative for the entire active sample.  

However, since the van’t Hoff plot is obtained solely from absorption 
data, we should have in consideration the presence of a hysteresis between the 
absorption and desorption isotherms which could result in a difference between 
the values for enthalpy and entropy. This effect has already been reported for 
ball milled MgH2 nano powders49,50.  Indeed, when desorption isotherms are 
measured at  423 K, 473 K, 523 K and 573 K, the equilibrium pressures are 
found to be lower than for absorption indicating the presence of a hysteresis. 
The reason for this behavior can be explained by the fact that apart from the 
chemical equilibrium, a mechanical equilibrium in the microstructure would 
also play an important role. The mechanical equilibrium will strongly depend 
on the changes in lattice parameters and symmetry of the phases involved.  

 
3.4. Conclusions 

 
Though intensive research has been carried out on the synthesis and 

analysis of the Mg-TiHx system, the spark discharge generation synthesis of 
these composites has proven to be very attractive for producing small scale 
mixtures of Mg-Ti. The mixture of the two metals is uniform across the sample 
and it corresponds to the targeted 70 at % Mg and 30 at % Ti as determined by 
three different analysis methods, XRD, TEM –EDS and ICP-OES. A direct 
product of the spark discharge synthesis is a metastable body centered cubic 
Mg-Ti phase which was identified in the XRD pattern.  The reaction of this 
phase to hydrogen leads to the formation of a fluorite hydride Mg-TiHx in 
striking contrast to the rutile MgH2 commonly observed.  
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A severe reduction in magnitude of the enthalpy of formation of the 
hydride is observed. Its origin stems from the nanoparticle character of the 
sample and the presence of strong interface effects between Mg and TiH2. 
Essentially, largely increased equilibrium pressures are found at low 
temperatures.  In the same time, the entropy of reaction is also lowered to 84±5 
J/KmolH2 corresponding to an increase in the degree of disorder of the hydride 
phase.  
 The present study represents an important step in the challenge to alter 
the thermodynamics of the hydrogen sorption in Mg. The combination of Mg 
and Ti nanoparticles shows great promise as a hydrogen storage material. 
Further investigations on the interplay of microstructure and chemical 
composition can shed more light on the mechanism of the enthalpy reduction 
of Mg-TiHx nanocomposites.  
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Abstract 

MgyTi1-y thin films synthesized by sputter deposition have a high 
reactivity with hydrogen at low temperatures and pressures which makes 
them interesting materials for hydrogen storage. The coherent crystalline 
MgyTi1-y phase shows a remarkable kinetic stability when exposed to high 
temperatures of up to 523K. However, the prolonged heating treatment (30 h) 
induces irreversible changes in the structure that further block the 
rehydrogenation of the films and the capping layer.  

In situ X-ray diffraction and electron microscopy are used to 
investigate the structural changes that occur upon heating.  Clear segregation 
of Mg and Ti occurs in the films heated at 573 K on a time scale of ~10 h. Using 
positron annihilation spectroscopy, an increased concentration of open 
volume defects is observed as a result of the heating treatment. The defects 
might act as positron traps, blocking the rehydrogenation of the films. 
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“Would you tell me, please, which way I ought to go from here?” 
“That depends a good deal on where you want to get to.” 

“I don't much care where –“ 
“Then it doesn't matter which way you go.”  

 
Lewis Carroll, Alice in Wonderland 

 

 

 

 

 

 

 
MgyTi1-yHx thin films synthesized by sputter deposition have a high 

reactivity with hydrogen at low temperatures and pressures.  This makes them 
interesting for a wide range of applications like hydrogen sensors1,2, switchable 
mirrors3,4  solar collectors5,6 or electronic devices7. Their high hydrogen storage 
capacity makes them attractive study cases for hydrogen storage materials.  

They are crystalline and grow with a preferred orientation, along the c-
axis of the hexagonal structure of the metal. The lattice parameter of the 
structure is a linear function of the fraction of Mg and Ti present and it closely 
follows Vegard’s law8,9. When loaded with hydrogen, the films maintain their 
preferred crystallographic orientation. However, the symmetry of the crystal 
changes from hexagonal to cubic or tetragonal depending on the Ti fraction 
present. At a Ti content lower than 15%,  the structure of the hydride is 
tetragonal, isomorphic to the rutile type β-MgH2 8. As the Ti fraction is 
increased, the cubic symmetry is preferred and the hydride resembles fluorite 
type TiH2. Both types of hydrides have been intensely studied5,6,8,10 especially 
because of their remarkable reversibility and fast dehydrogenation reaction but 
also because of their optical properties6,8.  

Moreover, given the immiscibility of Mg and Ti, the mere existence of 
coherent MgyTi1-y structures has attracted a lot of interest11,12,13,14,15,16. Though 
an X-ray absorption study has revealed chemical segregation of the metals at 
the nanometer scale in the films17, the coherent Mg - Ti films are kinetically 
stable at room temperature as it was also observed for the Mg-Ti 
nanocomposites discussed in Chapter 3.  Remarkable, upon dehydrogenation, 
the coherent MgyTi1-y mixture is maintained and the films can be further 
rehydrogenated. Though there is no clear explanation as to why that happens, 
several studies have pointed to the formation of Ti and TiH2 clusters which 
further stabilize the mixtures8,10. In theoretical studies it has been shown that 
nanoclusters of Ti can be stabilized by even low amounts of hydrogen and that 
these are prerequisites to the reversibility of the system18. Thus, the structure 
of these samples is the key to understand their behavior during hydrogen 
sorption. 
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MgyTi1-y films exhibit a complex structure: being immiscible, they do not 
form real alloys but spinodal variations in the chemical composition at the 
nanometer scale17,19. This special structure is believed to be the source of their 
high stability and reversibility. Studies on Mg-Ti multilayers  were used to 
investigate the structural coherence of the films20 because they provide a highly 
controllable system to study the already phase separated Mg-Ti system.  
However, though this approach is very useful in understanding the hydrogen 
loading process in the films, it does not provide information on the high 
stability of the metallic alloy. In this study we investigate the threshold 
conditions and processes occurring in the decomposition of the coherent Mg-
Ti and Mg-Ti-H films by prolonged heating treatments. In this manner, a better 
understanding of their remarkable kinetic stability is achieved.  

For this purpose, both metallic and hydride samples were annealed at 
temperatures  up to 573 K for about 40 h. Because of their thermodynamic 
instability, on exposure to high temperatures, it is expected that the metals in 
the mixtures will segregate, forming big clusters of the constituents. However, 
in this study, a high stability of the coherent Mg-Ti structure has been observed 
below 523 K.  Nevertheless, irreversible microstructural changes occur in the 
sample during the heating treatment and the rehydrogenation reaction is 
blocked despite the existence of TiH2 clusters and the maintainance of the 
coherent structure.  Also, a loss of the catalytic activity of the capping layer may 
play a role in the rehydrogenation reaction. The analysis of  Doppler broadening 
positron annihilation (DBAR) profiles has revealed that during the heating 
treatment, the concentration of open volume defects is increased. This suggest, 
that on top of the existence of  the MgyTi1-y phase  and TiH2 clusters in the films, 
also, the defect structure is  important  for the behavior in the presence of 
hydrogen.  
  In this chapter, two compositions, Mg0.9Ti0.1 and Mg0.7Ti0.3 are 
investigated. In order to protect from oxidation, a thin Pd or Ni capping layer is 
deposited on the surface of the films. The evolution of the crystalline structure 
is followed using in situ X-ray diffraction. The microstructural changes that 
occurred on the films were measured ex situ by electron microscopy, positron 
annihilation spectroscopy and X-ray photoelectron spectroscopy.  
 
4.2 Experimental section 
 
4.2.1. Synthesis – DC magnetron sputtering 

 
Films of about 300 nm thickness of Mg0.7Ti0.3 and Mg0.9Ti0.1 were 

deposited on Suprasil substrates using a DC magnetron sputter coater with Mg 
and Ti targets. The deposition is performed under ultra high vacuum conditions 
at room temperature. To protect them from oxidation, 1-2 nm thick Pd or Ni 
capping layers are deposited on top of the films. 

 
4.2.2. In situ  X-ray diffraction 
 

The structure of the films was investigated by X-ray diffraction using a 
PANalytical X’Pert PRO diffractometer with a Cu Kα beam of 1.5415 Å operated 
at 40 kV and 40 mA. For the in situ measurements, samples were loaded in an 
Anton Paar TTK-450 environmental X-ray diffraction cell. The films were fixed 
with ZnO based thermal conductive paste. The films were heated to 573 K in 
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vacuum inside the sample holder while X-ray diffractograms were measured at 
intervals of 30 minutes. The temperature was increased by 20 K/min in steps 
of 20 K and let to stabilize for 5 min before every scan. The error in the 
temperature reading was measured to be of maximum ±5 K at 573 K. 

For every temperature step, an X-ray diffractogram is recorded with a 
step size of 0.02o 2θ. The measurements were conducted under vacuum of 
about 10-3  mbar. 
   
4.2.3. Transmission electron microscopy  
 
  The structure and the composition of the films were investigated by 
electron microscopy. Transmission electron microscopy (TEM), including 
energy-dispersive X-ray spectrometry (EDS) and selected-area electron 
diffraction (SAED) were performed using a FEI Tecnai TF20 electron 
microscope operated at 200 kV. For the TEM measurements, 20 nm Mg0.7Ti0.3 
and Mg0.9Ti0.1 films with a 1 nm Pd capping layer to prevent oxidation were 
deposited on 30 nm thick SiN membranes (3x3 mm) from AGAR Scientific. The 
films were heated at 573 K for 40 h in air prior to the TEM measurements.  
 
4.2.4. Scanning electron microscopy  
    
  The morphology of the films was investigated with a JEOL JSM 6500F 
scanning electron microscope operated at 15 kV.  
 
4.2.5. X-ray photoelectron spectroscopy 
   
  The chemical changes at the surface of the films were investigated by X-
ray photoelectron spectroscopy (XPS) using an Axis Ultra XPS setup with a 
monochromated Al Kα source of 1486.6 eV operated at 10 mA and 10 kV. The 
regional scans are a result of 10 sweep scans with an energy resolution of 1 eV. 
The measurements are perfomed under an ultra high vacuum of 10-9 - 10-10 

mbar. 
 
4.2.6. 2D - angular correlation of the annihilation radiation 
 
  Two dimensional angular correlation of the annihilation radiation (2D-
ACAR) measurements are performed on the thin films using the reactor based 
intense variable energy positron beam POSH. The beam is magnetically guided 

and has an intensity of 82 10  positrons/s. In order to implant the positrons in 
the MgyTi1-y active film, they are accelerated to an energy of 2 keV. The gamma 
rays emitted are analyzed using two position sensitive gamma ray detectors, 
placed at a detector-detector distance of 23 m. The detectors are based on 
NaI(Tl) single crystals and have an angular resolution of about (1.1 ∙ 10−3) ×
(1.4 ∙ 10−3)(𝑚0𝑐)

2. 
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4.2.7. Doppler Broadening of positron Annihilation Radiation 
    

Doppler Broadening of positron Annihilation Radiation (DBAR) is 
performed using the variable energy positron (VEP) beam  with a beam 
diameter of about 8 mm. The source of positrons used is a 22Na isotope. The 
positrons emitted are stopped by a W foil and 
then accelerated from an initial energy of ~ 3 
eV to kinetic energies in the range of 0.1 keV 
to 25 keV in order to probe into the thickness 
of the films under investigation. The 511 keV 
gamma rays resulting from the positron-
electron annihilation are detected using two 
germanium detectors with an energy 
resolution of 1.2 keV (~4.7 ∙ 10−3𝑚0𝑐). Using 
the relation 𝑝 = 2∆𝐸/𝑐  where p is the 
momentum and c is the speed of light, the plot 
in Figure 4.1 can be obtained from the Doppler 
broadened 511 keV photopeak.  The Doppler 
broadening of the annihilation is generally analyzed using two parameters, S 
and W(see Figure 4.1). S is the shape parameter that is defined as the ratio 
between the central part of the annihilation 
peak and the total area of the peak. This 
parameter characterizes the annihilation with 
low binding energy valence electrons. The 
other important parameter is W or the wing parameter and it is defined as the 
ratio between the tale of the annihilation peak and the total area of the peak. 
The W parameter characterizes the annihilation with more tightly bound semi-
core electrons21. The S and W parameters thus depend on the materials local 
electronic structure that is probed by the positrons.  The depth profiles are fitted 
using the VEPFIT program22. By scanning the positron implantation energy S 
and W parameter, depth profiles of the films are obtained.  
 
4.2.8. Hydrogenography 
 

When  hydrogen is inserted in the initially metallic films, a metal 
insulator transition progresses which causes dramatic changes of their optical 
transmission. The metallic film reflects light, causing a low transmission while 
the insulator has large transmission in the visible range.  

Hydrogenography23 was used to measure the hydrogen uptake of the 
films by measuring the  change in the optical transmission T/T0 of the samples 
as a function of time. Due to the Lambert-Beer law there is a linear relationship 
between the logarithm of the transmitted light ln(T/T0) and hydrogen 
concentration in the Mg-Ti-H films. The loading of the samples was performed 
at a constant temperature of 373 K and 1 bar H2. All the films were exposed to 
this treatment simultaneously by being placed in a stainless steel cell with 
transparent windows. The source of the light is a 150W quartz-tungsten-
halogen lamp. The transmitted light is recorded using a 3-CCD camera. The 
amount of hydrogen loaded is estimated by assuming a change in transmission 
of 0.069/nm for Mg0.9Ti0.1 films and 0.033/nm for Mg0.7Ti0.3 films24.  

 
 

Figure 4.1. Illustration of the S 

and W parameter determination 
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4.3 Results and discussion 
 
4.3.1 Thermal stability of the MgyTi1-yHx hydride films  capped with 
Pd   

In order to understand the source of the films’ stability, the hydride 
Mg0.9Ti0.1Hx and Mg0.7Ti0.3Hx films were subjected to high temperature 
treatments ranging from 473 K to 573 K. As the enthalpy of mixing of Mg and 
Ti is positive, it is expected that upon heating, the metals will segregate when  
fully dehydrogenated.  

Thus, in Figure 4.2a, the evolution of the X-ray diffraction pattern of the 
Mg0.9Ti0.1Hx film with temperature can be seen. The (110) reflection of the rutile 
hydride is seen at 2θ=28.3o As the sample is heated, hydrogen is released and 
the hydride peak is replaced by a high intensity (0002) reflection of the  metallic 
phase at 2θ=34.6o and a lower intensity peak at 2θ=32.4o is also observed. Thus, 
hydrogen desorption appears as a sharp transition from the hydride to the 
metal.  
The assignment of the relatively weak peak at 2θ=32.4o becomes difficult 
because the spectrum is recorded at high temperatures which implies 
expansion of crystalline lattices and therefore shifts in the peak positions. 
However, it is very likely that the peak represents the (10-10) reflection of Ti or 
Mg0.9Ti0.1 as Song et al.25 have reported. A more detailed XRD spectrum is seen 
in Figure 4.3a where the first and the last diffractogram measured at 300 K are 
plotted together with the diffractogram when the metallic peak had the highest 
intensity, measured at 573 K. Because of the high temperature, the metallic 
lattice expands, having as a result a shift of the (0002) metallic peak towards 
lower 2θ angles. During the heating treatment, the intensity of the metallic peak 
decreases. This behavior can be explained by a tilting of the diffracting crystals 
so they are not in the measuring range. Another explanation for the loss of 
coherence in the X-ray diffractograms is that it is an effect of the segregation of 
Mg and Ti leading to incoherently ordered small domains. We have further 
found more evidence to support this hypothesis. 

Figure 4.2. In situ x-ray diffraction spectra measured for MgyTi1-yHx films capped with 

Pd: a)Mg0.9Ti0.1Hx;b)Mg0.7Ti0.3Hx as a function of temperature from 300K to 573K and 

back at 300K. the temperature treatment can be tracked with the white interrupted line. 
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 An interesting aspect is observed when a similar experiment is 
performed on a different composition, Mg0.7Ti0.3Hx. In situ XRD diffractograms 
are plotted in Figure 4.2b, where the (111) reflection of the fluorite type hydride 
is seen at 2θ=33.3o instead of the rutile MgH2 (110) reflection. As the heating 
proceeds, the lattice of the hydride expands and the diffraction peak is shifted 
to lower 2θ angles. At temperatures close to 573 K, hydrogen desorption is 
observed as a sharp transition from the hydride to the metallic phase.  An 
intense peak appears at 2θ=34.9o which represents the (0002) reflection of the 
Mg0.7Ti0.3 metallic hexagonal structure. As the heating proceeds, the intensity 
of the metallic peak decreases. So far, the behavior at high temperature of 
Mg0.7Ti0.3Hx is very similar to the Mg0.9Ti0.1Hx.  

However, for Mg0.7Ti0.3Hx, the decrease in the (0002) intensity is much 
more severe and the (10-10) reflection is not seen. In Figure 4.3b, a detailed 
view of the first diffractogram measured at 300 K is plotted together with the 
most intense metallic peak measured at 573 K and the last diffractogram after 
the heating run, again measured at 300 K. The intensity of the metallic peak 
decreases by more than 80% during the heating treatment. Though the 
decrease in intensity on itself can be due to tilting of the diffracting domains, a 
θ-2θ rocking curve measurement revealed that it is not the case. Thus, the 
decrease in intensity of the (0002) peak has a different source than the tilting 
of the crystallites. From positron annihilation spectroscopy26 it has been found 
that the heating treatment has a dramatic influence on the annihilation 
parameters in the films by an increased contribution from Ti or TiH2 clusters 
(see Figure 4.10 and 4.11). This shows that while keeping a preferred orientation, 
the metallic phase demixes in Mg rich and Ti and TiH2 rich regions. The 
reduction of the intensity of the diffraction peaks indicates a loss in the overal 
coherence of the film.  

Figure 4.3. X-ray diffractrograms of MgyTi1-yHx films capped with Pd: 

a)Mg0.9Ti0.1Hx; b)Mg0.7Ti0.3Hx measured at 300 K of the initial hydride and the 

final metallic phase obtained after the heating treatment. The dotted line 

represents  the the metallic peak obtained after dehydrogenation, at 573 K. 
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The intensity of the metallic peak for the Mg0.7Ti0.3 composition was also 

followed during heating treatments at 473 K and 523 K. The results are 
presented in Figure 4.4b. At 473 K, the intensity of the peak remains constant, 
and at 523 K only a small decrease of 0.07 %/h is observed. The most severe 
loss of peak intensity is at  573 K of about 8 %/h for the initial slope in the first 
few hours. Thus, the coherent structure with nanoscale chemical segregation 
appears to be frozen in at low temperatures and at higher temperatures it 
rapidly unravels. The effect of intensity loss is much less pronounced for 
Mg0.9Ti0.1 of only 0.6 %/h at 573 K. The difference in stability between the two 
compositions can be explained by the varying amount of TiH2 that makes 
Mg0.9Ti0.1 appear more stable during heating treatments. However, even at 
higher fractions of Ti and increased temperatures (573 K), there is loss in 
coherence of the phase but not a total segregation. This slow rate of demixing is 
surprising, in the context that the mix is thermodynamically unstable. The 
explanation for it lies in the special structure of the mix which is characterized 
as short length scale spinodal composition which hinders full phase separation.  
 Additional insight into the microstructural changes that occur during heating, 
is gained from transmission electron images and selected area electron 
diffraction spectra. The films were deposited on SiN windows and then heated 
at 573 K for 40 h in air. In Figure 4.5 it can be seen that the porous aspect of the 
Mg0.7Ti0.3 films is maintained during heating. From the TEM images, the size of 
the crystallites is found to be between 3 and 15 nm, in good agreement to the 
crystallite size calculated from XRD measurements using the Scherrer formula.  
  From EDS measurements it is found locally that the ratio of Mg/Ti varies 
only slightly from the targetted 70/30 to 68/32 and 73/27. The main reflections 
of the hexagonal phase 8 could be identified in the selected area electron 
diffraction image, confirming that the crystalline state is maintained during 
heating despite the decrease in intensity in the X-ray diffraction spectra. Also 
for Mg0.9Ti0.1 present in Figure 4.6, the size of the crystallites remains small 
during the heating, between 5-20 nm. The EDS measurements performed 
locally reveal that Mg/Ti composition ranges from 89/11 to 96/4. In the selected 
area electron diffraction, two crystalline structures are identified corresponding 
to the hexagonal Mg0.9Ti0.1 also seen in X-ray diffractograms and the cubic Pd  

Figure 4.4. Intensity change of the (0002) reflection of (a)Mg0.9Ti0.1 and (b) Mg0.7Ti0.3 

phase as a function of annealing temperature. 
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structure. The results obtained from transmission electron microscopy confirm 
at a small scale what the results from the X-ray diffraction  have indicated at a 
large scale, namely that at the small scale, the hexagonal MgyTi1-y structure is 
maintained, though the domains may now have lost part of the overall 
coherency.  
  However, the heating treatments do affect the morphology of the films at 
the large scale. Thus, in spite of the apparent stability and coherence of the films, 
scanning electron images of the surface of the films heated at different 
temperatures revealed that the integrity of the film is affected by the appearance 
of cracks. In Figure 4.7, in can be seen that the evolution of cracks becomes 
more pronounced by increasing the temperature.   
  The surface of the films was also investigated by SEM-EDS performed on 
several spots plotted in Figure 4.7. It revealed that Pd is still present on the 
surface of the films. A significant contribution in the EDS signal comes from Si. 
As the surface of the films does not contain Si, we can conclude that the source 
is the Suprasil (quartz) substrate on which the films are deposited. This would 
mean that the cracks seen on the surface run all the way through the film.  
  A detailed investigation of the chemical composition at the surface of the 
films is performed using X-ray photoelectron spectroscopy. Though the 
measurements performed are very local, data was collected from four spots on 
the films surface and the results obtained are compared and analyzed. As a 
reference for the position of the photoelectron peaks, the C 1s peak (286 eV) is 
used. In Figure 4.8, XPS spectra of Ti, Mg and Pd in the Mg0.9Ti0.1 

Figure 4.5. Transmission electron images of thin Mg0.7Ti0.3 film capped with Pd and 

deposited on a SiN substrate after annealing at 573 K for 40 h in air. In the and 

selected area electron diffraction, a hexagonal phase is identified. 

 

Figure 4.6. Transmission electron images of thin Mg0.9Ti0.1 film capped with Pd and 

deposited on a SiN substrate after annealing at 573 K for 40 h in air. 
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composition is presented. The Mg0.9Ti0.1Hx heated at 523 K is compared to 
the Mg0.9Ti0.1 metallic and Mg0.9Ti0.1Hx hydride references. A Shirley27 
background is subtracted in all the plots presented. 

XPS experiments were performed to study the surface Ti, Pd and Mg. 
Because of the spin-orbit coupling, the Ti 2p transition is split in two 
components, Ti 2p1/2 and Ti 2p3/2 , with relative intensity ratio 1:2 separated by   
6 eV.  The Ti 2p peaks have been fitted in Casa XPS  with a Gaussian – 
Lorentzian curve shape. In the metallic reference, Ti is present in one state, with 
peaks at 460 eV (Ti 2p1/2) and 454 eV(Ti 2p3/2) as expected for the Ti metal as 
the close proximity to Mg does not produce a noticeable chemical shift in Ti11,28.  
Namely, the theoretical predictions of the surface/interface core level shift of 
Olovsson et al. but also experimental observations on Mg-Ti-H spark discharge 
generated  nanoparticles  in Chapter 6 show that this alloying shift is only 
noticeable at a few monolayers of solute29,30. It is interesting to observe that in 

Figure 4.7. SEM images and SEM –EDS measured for the Pd capped 

Mg0.7Ti0.3  films heated at 473K  and 523K. 
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the hydride sample, Ti is present in two states, separated by 4 eV. First and with 
lower intensity, the Ti metallic state can be identified. With a higher intensity a 
2p transition at 464 eV (Ti 2p1/2) and 458 eV(Ti 2p3/2) is observed which is 
attributed to Ti in TiH2 31.  A discrimination between the two states of titanium 
is done in the fitting of Ti 2p1/2 and Ti 2p3/2 components. For the fitting, a 
constraint on the peak area ratio of the two components is imposed. 

  The relative fraction of Ti metal to TiH2 is found to be 1:3 in the hydride 
sample and 1:1 after the heating treatment.  Since after the heating treatment at 
523 K, Ti can still be found as both metallic and hydride, it appears that a partial 
dehydrogenation occurred during the heating. This result is consistent with the 
observation of Jensen et al.18 who argue that the presence of tightly bound H 
atoms inside TiH2 domains have a stabilizing effect of the structure ( see also 
Chapter 6). It is also consistent with the observation of TiH2 in desorbed TiF3 
catalyzed MgH2 powder samples32,33 . 

The Pd 3d transition is also split into two components, in the metallic 
reference, Pd 3d3/2 is found at 341.5 eV and Pd 3d5/2 at 336.3 eV. These values 
are shifted by 1.2 eV from the Pd bulk values 19,20 (340.3 eV for Pd 3d3/2 and 
335.1 eV for Pd 3d5/2) due to alloying with Mg.  An intriguing aspect of the Pd 
3d spectra is that the intensity decreases drastically for the sample subjected to 
a heating treatment at 523 K. Since X-ray photoelectron spectroscopy is only 
sensitive to the top few nanometers of the films, and the vapour pressure34 of 
Pd at 523 K is negligible,  it can be argued that Pd migrates from the surface to 
the interior of the film during the heating treatment and alloys with Mg.  

Figure 4.8. X-ray photoelectron spectra of Mg 2p, Pd 3d and Ti 2p regions 

measured for the Pd capped  Mg0.9Ti0.1Hx  film annealed at 523 K together with a 

Mg0.9Ti0.1 metallic and Mg0.9Ti0.1Hx hydride reference. 
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Evidence of the Mg and Pd alloying on the surface is found also when 
analyzing the Mg 2p peak. It is interesting to note that the Mg 2p peak observed 
at 49.7 eV due to the alloying of Mg and Pd35 is quite low in intensity compared 
to the more dominant peak  present at 51.4 eV which is commonly attributed36 
to MgO or Mg(OH)2. This indicates that a MgO or Mg(OH)2 passivation layer is 
formed on the surface. However, this layer is thin enough to allow the detection 
of metallic magnesium. In the hydride reference, a third Mg state could be fitted 
at about 50.3 eV which can be attributed to the Mg in MgH2 or to free Mg, as 
the neighbourhood of Ti does not produce a chemical shift on Mg11,28.  From the 
XPS data alone, it is uncertain whether Mg metal can be found on the surface 
of the hydride sample. But since the X-ray diffraction confirmed the presence 
of the rutile type Mg0.9Ti0.1Hx  in the sample and no metallic Mg could be 
identified, it is more likely that the metallic magnesium at the surface is mostly 
found in the form of an alloy with Pd.  
 Further insight into the electronic structure and coherency of the films 
but also the evolution of defects can be obtained by positron annihilation 
spectroscopy.  
   In Figure 4.9, the anisotropy in the electron momentum distribution is 
measured for the two compositions, Mg0.9Ti0.1 and Mg0.7Ti0.3 in both the metal 
hydride and the metallic states. The metallic films are obtained after hydrogen 
desorption at high temperature of the hydride films. It is known that positrons 
have a higher affinity37 for Mg rather than for Ti. Thus, in the analysis of 2D 
ACAR anisotropy this increased affinity of positrons for Mg leads to a strongly 
preferred detection of Mg rich areas. Higher degree of anisotropy can be seen 
in the metallic films as compared to the hydride films indicative of the 
segregation that occurs during the heating treatment.  

A very interesting result is obtained when the 1D projection of the 
electron momentum distribution is plotted for both the metallic and the hydride 
samples in Figure 4.9c and 4.9f where the metal-insulator transition can clearly 
be seen. Magnesium hydride is an electronic insulator while Mg and TiH2 have 
metallic character. From the calculation of the density of states for the fluorite 
and rutile type structures, it has been found that upon increasing the Ti content 
MgyTi1-yHx hydrides are more similar to the fluorite TiH2.38,39. An increase of 
the electron momentum distribution peak intensity is comparable to an 
increase of the S parameter, thus positron annihilation with valence electrons. 
Both metallic films, Mg0.7Ti0.3 and Mg0.9Ti0.1, present increased peak intensity 
compared to the hydride films, and implicitly higher S parameter. The increase 
is most pronounced for Mg0.7Ti0.3 (see Figure 4.10 and Figure 4.11). This result 
is consistent with the findings of previous studies where Doppler broadening of 
the annihilation radiation was performed on metallic and hydride samples10,26. 
The origin of the increase in the S parameter for the MgyTi1-y compared to 
MgyTi1-yHx is related to a change in the electron momentum density during the 
insulator – metal transition21.  

It should be noted that the metallic films studied here were obtained 
from desorbed metal hydrides. Though from XRD data it could already be seen 
that the transition from the hydrides to the hexagonal metallic structure 
occurred during the heating, it is not clear that the hexagonal structure obtained 
is the same as for the pristine films.  

Complementary to XRD, positron DBAR measurements are performed. 
Positrons with energies ranging from 0 to 25 keV were injected into the films 
and the S and W profiles are recorded and fitted using VEPFIT. The thickness 
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of the films is ranging between 250-300 nm and the Pd capping layer is found 
to have about 1-2 nm. The results of the measurements for Mg0.9Ti0.1 and 
Mg0.7Ti0.3 are plotted in Figure 4.10 and Figure 4.11, respectively.  

The annihilation parameters of the films heated at 473 K and 523 K are 
similar to the reference samples (see Figure 4.11). However, at 573 K, the 
annihilation parameters present a shift towards Ti and TiH2 for the Mg0.7Ti0.3 
films, strongly indicating that chemical segregation has occurred (see Figure 
4.11)26, leading to the presence of TiH2 clusters which are large enough to act as 
effective positron traps. This effect is not seen for Mg0.9Ti0.1 at 573 K (Figure 
4.10), suggesting that Ti does not form big enough areas to act as positron traps. 
The result is again consistent with the XRD data where not much change of the 
spectra could be seen after the heating treatment. 

These drastic changes in the local composition of the films could  
strongly affect the rehydrogenation reaction. For this reason, rehydrogenation 
of the films was attempted for the films heated at 473 K where at least the 
metallic peak remains practically unchanged. The experiment was carried out 
during an in situ XRD experiment when the film was exposed to 6 bar of 
hydrogen at 473 K for about 40 h. X-ray diffractograms were measured at 
intervals of 30 min. Throughout the experiment, the (0002) reflection of the 
MgyTi1-y phase could be seen and the formation of the MgyTi1-y hydride was not 
observed. Though at      473 K, the coherence of the MgyTi1-y is maintained, the 
reversibility of the films in the reaction with hydrogen is lost. This indicates that 
even though the composition of the alloy remains constant, the microstructural 
irreversible changes occuring during the heating treatment hinder the reaction 
with hydrogen. Among these changes, the formation of a Mg-Pd alloy on the 
surface of the films is known to have  a detrimental effect to the 
rehydrogenation reaction in two ways. First, the Pd in the alloy does not act as 
a catalyst by splitting the H2 molecule into atoms40 and secondly, the Mg-Pd 
alloys formed are often blocking the hydrogen penetration41,42.  Therefore, this 
mechanism may be the major cause to the observed lack of hydrogenation at 
low temperatures (473 K) 

In the search for the source of the irreversibility in the hydrogen loading 
of the films at low temperature, we have replaced the Pd capping layer with a 
Ni capping layer. Though Ni is known to form  alloys with Mg such as Mg2Ni 43, 
these alloys are permeable for hydrogen44,45. We have further simplified the 
system investigated by not exposing the MgyTi1-y films to hydrogen prior to the 
heating treatment. In this way, hydrogen cannot contribute to the stability 
against phase separation  and reversibility of the films.  
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Figure 4.9.  2D ACAR anisotropy in electron momentum distributions for Mg-Ti 

films capped with Pd a) Mg0.7Ti0.3Hx , b) Mg0.7Ti0.3, c)1D projection of the 

electron momentum distribution for both Mg0.7Ti0.3 and Mg0.7Ti0.3Hx, d) 

Mg0.9Ti0.1Hx , e) Mg0.9Ti0.1 , f) 1D projection of the electron momentum 

distribution for both Mg0.9Ti0.1 and Mg0.9Ti0.1Hx 
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Figure 4.10. Doppler broadening of the annihilation spectroscopy of Mg0.7Ti0.3 films 

capped with Pd, after annealing treatments at 523 K and 573 K. a) Doppler S-

parameter depth profile; b) Doppler W- parameter depth profile; c) result of the sample 

depth profile obtained after VEPFIT fitting; d) S-W map. The measured data is 

represented by open and closed circles, the solid lines represent the result of the 

VEPFIT analysis. 
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4.3.2. Thermal stability of MgyTi1-y metallic films capped with Ni 
 

For comparison with the Pd capped films also a series of Ni capped films 
were investigated. The MgyT1-y films capped with a Ni thin layer have been 
subjected to heating treatments in an in situ XRD setup. The experiment is 
perfomed for both compositions, Mg0.7Ti0.3 and Mg0.9Ti0.1. The results obtained 
at 573 K are plotted in Figure 4.12. The characteristic (0002) reflection of the 
hcp phase of Mg0.9Ti0.1 can clearly be distinguished at 35.2o and for Mg0.7Ti0.3 at 
35.9o. In contrast to the films capped with Pd, these films have not been loaded 
with hydrogen so the hexagonal structure of the compounds is already 
established at the start of the experiment. As the temperature increases, the 
position of the peak shifts to lower 2θ angles, corresponding to an expansion of 
the lattice. As for the films capped with Pd, the intensity of the metallic peak 
decreases during the heating treatment. In Figure 4.13, the first and the last 
spectrum (measured at 300 K) during the in situ XRD experiment are plotted 
to show in more detail the changes that occured. Indeed, for the Mg0.9Ti0.1 film, 

Figure 4.11. Doppler broadening of the annihilation spectroscopy of Mg0.7Ti0.3 films 

capped with Ni, after annealing treatments at 523 K and 573 K. a) Doppler S-

parameter depth profile; b) Doppler W- parameter depth profile; c) result of the 

sample depth profile obtained after VEPFIT fitting; d) S-W map. The measured data is 

represented by open and closed circles, the solid lines represent the result of the 

VEPFIT analysis. 
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a clear decrease in the peak intensity is seen.  At the same time a change in the 
peak shape, which now extends towards smaller angles,  suggests the onset of  
demixing of the metals. However, for the Mg0.7Ti0.3, the much more dramatic 
decrease in intensity of the (0002) reflection is also accompanied by the 
appearance of other peaks. Assuming that a closed packed hexagonal structure 
is maintainted, the appearance of the new peaks can be directly correlated to 
the Mg and Ti segregation.  The range of the segregation can be approximated 
using Vegard’s law and it spreads between pure hcp Ti and pure hcp Mg. The 
peak at 35.2o, can be assigned to a Mg rich composition of Mg0.85Ti0.15 . The main 
peak still remains close to the initial composition though it is shifted to 36.2o 
corresponding to a composition of Mg0.65Ti0.35. A small intensity but broad peak 
appears at 38.5o where the pure Ti (0002) reflection is expected.  
  In Figure 4.14, the intensity of the (0002) peak during heating treatments 
at 473 K, 523 K and 573 K is presented for both Mg0.9Ti0.1 and Mg0.7Ti0.3. At 473 

Figure 4.12. In situ x-ray diffraction spectra measured for MgyTi1-y films capped 

with Ni: a)Mg0.9Ti0.1;b)Mg0.7Ti0.3 as a function of temperature from 300K to 573K 

and back at 300K 

Figure 4.13. X-ray diffractrograms of MgyTi1-y films capped with Ni: a)Mg0.9Ti0.1; 

b)Mg0.7Ti0.3 measured at 300K before (black)  and after (red) the annealing 

treatment at 573K. 
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K, the intensity of the peak decreases by 0.02%/h during the first few hours (the 
peak remaining mainly unchanged) while at 523 K, the decrease is ten times 
faster, 0.2%/h. Nevertheless, this slow rate of demixing is remarkable, in the 
context that the mix is thermodynamically unstable. The explanation for it may 
lie in the special structure of the as prepared Mg-Ti films which is characterized 
as small scale spinodal composition. At 573 K, the intensity of the peak 
decreases drastically by more than 5%/h. Comparing these results with the Pd 
capped films, it is clear to see that the latter were much more stable at 
temperatures of up to 523 K where hardly any decrease in intensity of the peak 
could be seen. It can be argued that the presence of hydrogen atoms in the 
structure has indeed a stabilizing effect on the MgyTi1-y mix as was found in 
theoretical studies18.  
  Figure 4.15 shows that nevertheless, in spite of the apparent stability of the 
MgyTi1-y phase after the heating treatment at 473 K, hydrogen reloading of the 
films was not possible at 373 K and up to 1 bar of H2. Since the capping layer is 

Figure 4.14. Intensity change of the (0002) reflection of  (a) Mg0.9Ti0.1 and Mg0.7Ti0.3 

phase as a function of annealing temperature on Ni capped film. 

 

Figure 4.15. Hydrogen loading of (a) Mg0.9Ti0.1 and (b) Mg0.7Ti0.3 films capped with 

Ni after heating treatments using Hydrogenography 
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now Ni which forms a hydrogen permeable alloy with Mg, it cannot be argued 
that the permeability of the capping layer is the cause for the blockage of the 
hydrogenation reaction since Mg2Ni alloys possibly formed are known to be 
highly permeable to hydrogen. And yet, for neither composition, 
rehydrogenation was possible. This indicates that irreversible microstructural 
changes do occur during the heating treatments that will prevent the 
hydrogenation reaction, or reduced catalytic activity of the capping layer.  
  In order to gain additional insight into the microstructural changes, 
Doppler Broadening positron annihilation spectroscopy was used to gain more 
insight in some microstructural aspects of the films exposed to high 
temperatures. The positron annihilation spectroscopy results for the Mg0.7Ti0.3 
film capped with Ni are presented in Figure 4.16. S and W parameters plotted 
as a function of the positron penetration energy are fitted using VEPFIT and 
assuming a three layer fit, a Ni capping layer, a Mg0.7Ti0.3 layer and the substrate. 
A very good agreement is obtained between the measurement and the fit. The 
solid lines represent the fitting using VEPFIT while the symbols represent the 
measured data. 

Figure 4.16. Doppler broadening of the annihilation spectroscopy of Mg0.7Ti0.3 films 

capped with Ni, after annealing treatments at 523K and 573K. a) Doppler S-

parameter depth profile; b) Doppler W- parameter depth profile; c) result of the 

sample depth profile obtained after VEPFIT fitting; d) S-W map. The measured data is 

represented by open and closed circles, the solid lines represent the result of the 

VEPFIT analysis. 
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  The layered model obtained for the sample heated at 573 K is presented in 
Figure 4.16c. Thus, the thickness of the Ni capping layer is found to be about        
2 nm and the thickness of the Mg0.7Ti0.3 film about 300 nm. 
  An overview of the results obtained by DBAR is presented in a plot of S 
versus W parameter. Bulk materials are characterised by a specific S-W point 
on this map. In the plot, also reference points for annealed Mg, an as-deposited  
Mg layer and Mg0.7Ti0.3 reference points are marked. Due to the high affinity of 
positrons for Mg relative to Ti, very little variation of the annihilation 
parameters between pure Mg and Ti doped Mg can be seen10,37,46. The measured 
points are plotted on the S-W maps together with the results of the VEPFIT 
given by straight lines. The arrows in the figure indicate the increasing positron 
implantation energies. Thus, low energy positrons annihilate in the Ni surface 
layer, positrons with energies up to 7 keV annihilate primarily in the Mg0.7Ti0.3 
layer and higher energy positrons annihilate primarily in the Suprasil substrate. 
Because of the linear relation47 between the S and the W parameter, visible in 
the S-W plot (see Figure 4.16. d)  the existence of the three layers is confirmed 
as the realistic model by the presence of the straight lines between the capping 
layer and the film and then the film and the suprasil substrate 48. The 
annihilation parameters characteristic for the Mg0.7Ti0.3 film can be found at 
the intersection of the two lines. As Mg and Ti segregate during heating as 
observed from the XRD experiment, Ti domains could also act as positron traps, 
provided that these domains are sufficiently large, and the W parameter should 
increase. Although this effect was clearly observed for the Pd capped films, it is 
not observed for the Ni capped film.  Only a small increase of  2% in the S 
parameter compared to the reference points was observed for the film heated 
at 523 K, which reflects an increase of concentration of open volume defects. 
An increase of  1.4% of the S parameter during annealing treatment of Mg was 
reported by Eijt et al.21 At 573 K, the increase in S is expected to be more 
pronounced due to an increase in the number of defects but instead it is very 
close to the reference point of Mg0.7Ti0.3. The reason for this behavior can be 
seen as two competing mechanisms acting in opposites directions. On the one 
hand, the S parameter increases because of increase in open volume defects in 
the films but on the other hand, S parameter decreases because the Mg-Ti 
segregation leads to a more pronounced contribution from phase separated Ti 
clusters.  
  Similarly, in Figure 4.17, positron annihilation spectroscopy results for 
Mg0.9Ti0.1 films are presented. The thickness of the Mg0.9Ti0.1 film is found 
to be about 300 nm, with a 1 nm Ni capping layer. In the fit, a three layer model 
was used as in the previous case. Again, a good agreement between the data and 
the fit is obtained. A decrease of the S parameter is noted for both samples also 
here. The effect is more pronounced for the sample heated at 523 K as the 
segregation of the metals is quite small as the XRD data has also shown. At 573 
K, the segregation is more pronounced which leads to the formation of bigger 
Ti clusters which can act as positron traps leading to the lowering of the S 
parameter. 
  The change in microstructure by formation of open volume defects 
observed for the heated samples could have a detrimental effect on the reaction 
of the films with hydrogen. Several theoretical but also experimental studies on 
the interaction of metals like Nb49and Mg50 with hydrogen have shown that 
vacancies can act as potential wells, where hydrogen atoms can be trapped. Also, 
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a loss in catalytic activity of the capping layer may lead to the irreversibility of 
hydrogen loading at low temperatures. 
    
4.4 Conclusions 

 
The remarkable kinetic stability of the MgyTi1-y and MgyTi1-yHx films was 

put to the test in this study by exposing the films to long heating treatments and 
temperatures up to 573 K. Though nanometer scale spinodal type modulations 
are already present in the coherent films at low temperature, the heating 
treatment was expected to lead to severe segregation of Mg and Ti in the films. 
However, the crystalline structure of the films is maintained up to 523 K. At     
573 K, evidence of segregation into Mg rich and Ti rich areas is found from both 
X-ray diffraction and positron annihilation spectroscopy. The segregation 
seems to have different mechanisms depending on whether the films  were 
exposed to hydrogen or not. Further, the time scale of phase segregation is 
largely affected by the initial composition of the films. An analysis of the 

Figure 4.17. Doppler broadening of the annihilation spectroscopy of Mg0.9Ti0.1 films 

capped with Ni, after annealing treatments at 523K and 573K. a) Doppler S-

parameter depth profile; b) Doppler W- parameter depth profile; c) result of the 

sample depth profile obtained after VEPFIT fitting; d) S-W map. The measured data is 

represented by open and closed circles, the solid lines represent the result of the 

VEPFIT analysis. 
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chemical species at the surface revealed that during the heating treatment, the 
Pd from the capping layer migrates to the subsurface of the films and alloys with 
Mg. In the hydride films, Ti remains in the hydride state even after the thermal 
desorption of the films up to 573 K.  
 However, despite the apparent stability of the films upon heating, 
microstructural changes in the sample have a strong impact on the reaction of 
the films with hydrogen, and a loss in catalytic activity of the capping layer may 
have a strong impact. From positron annihilation spectroscopy, it was found 
that the concentration of vacancies increases which further may have  a 
detrimental effect on the reversibility of the hydrogenation reaction. 
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Chapter 5 

 

Structure and hydrogen storage 
properties of  in situ spark 
discharge generated MgHx 
nanoparticles 
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Abstract 

 
MgHx nanoparticles are synthesized in situ in the spark discharge generator 

in an environment of  Ar-H2. The concentration of the flowing gases has a strong 
influence on the morphology and crystallinity of the final products.  

At 95% Ar/5%H2, an almost amorphous hydride sample is synthesized. The 
nanosize character of the sample with a primary particle size < 5 nm, high defect 
concentration and presence of the MgO shells leads to interesting characteristics of 
its interaction with H2.  

 In this study, infrared spectroscopy, X-ray diffraction and transmission 
electron microscopy results point to an extended solubility of H2 in the Mg α phase up 
to a maximum of MgH1. Upon several hydrogen loading and unloading experiments 
at high temperatures, little amount of conventional β-MgH2 is formed. Instead,  a 
supersaturated α-MgHx phase  with characteristics of an ordered phase, appears to 
be present. The unusual stability of the α-MgHx in this case can be explained by the 
presence of the compact MgO shell around the particles which does not allow the 
volume expansion that would accompany the phase change hcp Mg - bct MgH2.  

Pressure composition isotherms measured at temperatures from 473 K to      
573 K present equilibrium plateaus in the range of the conventional β-MgH2 but 
which we here attribute to the supersaturated α-MgHx. An enthalpy of formation of 
about -60±15 kJ/molH2 is determined for the non catalyzed MgHx nanoparticles. 

 

 

 

This chapter is based on the  manuscript: 

Evidence of the existence of the α-phase in MgHx nanoparticles synthesized by spark 
discharge generation,  Tobias Pfeiffer, Anca Anastasopol, Joost Middelkoop, Ugo Lafont, Elsa 
Callini, Andreas Borgschulte, Andreas Schmidt-Ott, Fokko Mulder, Stephan Eijt, in 
preparation 
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“Totul e simplu,  atat de simplu incat devine de neinteles” 
(It is all simple, so simple it is incomprehensible) 

Nichita Stanescu, “A unsprezecea elegie” 
(The eleventh elegy) 

 

 

 

 

 

 

 

One common approach to obtain nanosized MgH2 is  ball milling and using the 
obtained product as the starting point for hydrogen sorption reactions. Ball milling 
provides a kinetic advantage of increased defects and  grain boundaries which can act 
as fast diffusion paths for hydrogen. It also provides a thermodynamic advantage in 
the formation of less stable γ-MgH2. However, these advantages are short lived as after 
a first dehydrogenation, γ-MgH2 is decomposed,  the concentration of defects is  
reduced and the grain size increased.1  

Whereas ball milling produces merely a fragmentation of the micron sized 
particles into nanosized grains, spark discharge generation results into nanoparticles 
of  magnesium arranged in branchy agglomerates. The onset of hydrogen desorption 
from spark discharge Mg nanoparticles occurs at about 400 K and it extends to beyond 
650 K. This interesting behaviour discussed in Chapter 2 is due in part to the unique 
particle morphology obtained through spark discharge. The synthesis of MgH2 from 
the vapour phase has been addressed by several studies2 using chemical vapour 
deposition3,4 sputter deposition5,6, pulsed laser deposition7 by evaporating Mg in a H2 
atmosphere. Interesting morphologies are obtained through these methods that can be 
advantageous for hydrogen sorption kinetics. 8,9 

But the appeal of spark discharge synthesis extends beyond the fractal 
morphology of the samples because it can also be used to synthesize MgHx in another 
way: by both evaporating magnesium and ionizing hydrogen, it provides highly 
reactive hydrogen species to combine with Mg in vapour phase.  

In this chapter, the in situ  production of  MgHx nanoparticles is demonstrated, 
reflecting the versatility of the spark discharge synthesis method. Using the simple 
configuration of the spark discharge reactor of two magnesium electrodes, varying 
concentrations of hydrogen in argon as the flowing gas can be introduced. This 
relatively simple addition to the synthesis process leads to radical changes in both the 
properties of the materials obtained and the spark discharge process itself. The 
structure and composition of the in situ synthesized MgHx nanoparticles is discussed 
as a function of the Ar/H2 gas composition with a focus on the nearly amorphous MgHx 
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sample obtained at low H2 concentration in the Ar/H2 flowing gas. In the latter case, 
an increased solubility of H in Mg is observed using X-ray diffraction and infrared 
spectroscopy.  

 

5.2. Experimental section 

5.2.1. Synthesis - Spark discharge generation 

MgHx nanoparticles are synthesized in situ in a conventional spark discharge 
generator using two Mg electrodes opposing each other. The Mg electrodes are rods of 
~0.6 cm diameter from Sigma Aldrich. The sparking conditions for the sample 
synthesized in 100% H2 are of 5.4 mA and 0.5 kV and a frequency of about 200-300Hz, 
for the samples synthesized under 5%-75% H2, a charging current of 15mA and voltage 
of 1.5-2kV is used with the frequency of about 200-300Hz.  The gas mixtures that 
contain H2 between 0 - 100% are provided using two mass flow controllers for a total 
flow rate of 1 l/min. Previous to the mixing, the Ar (purity 5.0) and H2 (purity 5.0) gases 
are purified further, separately for the H2O and O2 content by using molecular sieves 
column and BTS catalyst.  

5.2.2. Powder X-ray diffraction  

The crystallinity of the MgHx nanoparticles is investigated using a PAN 
analytical X’pert PRO diffractometer with a Cu Kα source (λ=1.5415Å) operated at 40kV 
and 40mA. The X-Ray diffractograms were recorded with a step size of 0.004o 2θ and 
385 s/step. The powder samples were mounted in an air tight sample holder on a low 
background single crystal Si support. The samples were transferred in an Ar filled 
glovebox.   

XRD powder spectra simulations are performed using the Reflex module within 
Material Studio software package. The spectra are calculated assuming a Cu source 
with  Kα1 = 1.540562 Å and Kα2=1.54439 Å with an intensity ratio of Kα1/ Kα2=0.5. An 
isotropic temperature factor of 0.025 is considered and a pseudo Voigt line shape.  

5.2.3. Infrared spectroscopy 

The infrared spectra are recorded using a Platinum Alpha Attenuated Total 
Reflectance (ATR) infrared spectrometer. The powder sample is mounted on the 
reflective diamond crystal in direct contact with the mobile pressure applicator without 
any previous preparation. Spectra are recorded in the range 4000 – 450cm-1 and 
processed using OPUS 6.5 software.  

5.2.4. Transmission electron microscopy 

Transmission electron microscopy and the related EDX is performed on a FEI 
TECNAI TF20 monochromatic electron microscope operated at 200kV. The powder 
samples were transferred on copper grids in an Ar filled glovebox.  
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 5.2.5. Thermal desorption – Hydra 

Thermal hydrogen desorption is measured in a homebuilt TDS setup (Hydra). 
Hydrogen is detected using a quadrupole mass spectrometer. The samples are 
mounted under Ar atmosphere and transported in an air tight stainless steel holder. 
Hydrogen desorption was performed by applying constant heating rate ranging 
between 0.5K/min to 4K/min and measuring the pressure built up and mass 
spectrometer signal in parallel. The double recording of the process ensures that no 
other species than hydrogen are released during the measurement. The hydrogen 
loading experiments consisted in exposing the unloaded sample to a pressure of 6 bar 
H2 (purity 6.0) for 6 hours at 523K.  

5.2.6. Sieverts’ measurements 

Hydrogen absorption isotherms were measured using a commercial Sieverts’ 
apparatus, PCT Pro 2000 by Hy-Energy. For the measurements, hydrogen gas of purity 
6.0 was used. The accuracy of the pressure reading is 1% with a drift in pressure reading 
between 14 mbar and 42 mbar within six months. For the setup, a dry scroll pump was 

used with a base pressure at the inlet of 25 10  mbar. Pressure composition isotherms 
were measured with the use of the MicroDoser attachment and the typical size of the 
aliquot was 0.663 ml.  The ambient temperature during the measurement varies 
between 20-35 K while the sample temperature variation is less than 0.5 K over a time 
span of 10 h.  

5.3. Results and discussion  

5.3.1. MgHx samples synthesized as a function of Ar/H2 gas mixture 

There is a clear influence of the concentration of the Ar/H2 flowing gas on the 
crystallinity and particle size of the in situ synthesized MgHx (see Figure 5.1). In Figure 
5.1. the X-ray diffractograms of  samples prepared in different Ar-H2 gas mixtures are 
presented. Using X-ray diffraction, it was confirmed that increasing hydrogen content 
in the gas, the size of the grains is also increased from about 5 nm in 95%Ar/5%H2 
(determined from TEM, see Figure 5.8) to about 400 nm in 100%H2 ( determined from 
Rietveld refinement of X-ray diffraction pattern).  

The reason for this correlation lies in the characteristic breakdown voltage of 
hydrogen compared to argon. According to Paschen’s law, the breakdown voltage of a 
gas is directly proportional to the pressure of the gas and the distance between the 
electrodes. Tabrizi et al. 10 has showed in a detailed study that particle size depends in 
a great measure on the breakdown voltage of the gas. Thus, when the spark discharge 
occurs in gases with a high breakdown voltage such as nitrogen and air, larger particle 
sizes are obtained than in gases with lower breakdown voltages such as argon or 
helium.10  In the present synthesis, the pressure of the gas mixture was kept constant 
at atmospheric pressure and the gap distance between the electrodes was 2 mm. The 
gas mixture used was composed of Ar with a low breakdown voltage and hydrogen 
which has a higher breakdown voltage.11  



108 

 

  
In 100% hydrogen, the main crystalline phase obtained is the rutile type                 

β-MgH2, which is a tetragonal structure belonging to the 𝑃42𝑚𝑛𝑚 space group. Using 
the Rietveld analysis, the size of the crystallites is found to be about 400 nm. MgO is 
also present in the form of nanoshells of about 2 nm as it was also shown in Chapter 
2.12  

The sample synthesized using 50%Ar-50%H2 gas mixture contains 
nanocrystalline rutile β-MgH2, metallic Mg and the typical MgO shells12 . The size of 
the β-MgH2 crystallites is very small, about 8 nm, found from Rietveld analysis,  
suggesting that it forms in the initial stages of the particles coalescence, before the 
oxidation to MgO shells according to the model proposed by Vons13. The Mg metallic 
grains are  larger,  about 30 nm, comparable to the particles obtained without using H2 
in the flow gas characterized in detail in Chapter 3.   

In 75%Ar-25% H2, the particles synthesized appear to be amorphous, with small 
traces of nanocrystalline β-MgH2 and metallic Mg. The low intensity of the peaks made 
it impossible to perform Rietveld refinement.  A similar result is obtained for the 
sample synthesized in 95%Ar – 5% H2. 

In conclusion, increasing the amount of Ar flow gas leads to smaller particle 
sizes and even a higher fractions of amorphous phases mainly because of the 
characteristic breakdown voltages of the mixed gases ( Ar and H2). 

Figure 5.1. X-ray diffractograms of MgHx synthesized in situ in the spark discharge 

generator under different concentrations of Ar/H2 flowing gas 
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Complementary to X-ray powder diffraction, infrared spectroscopy was used to 

provide further structural information about the materials.  In Figure 5.2, the infrared 
spectra of the spark discharge materials are compared to reference measurements on 
ball milled MgH2 powders.  Infrared spectroscopy is sensitive to the type of bonding 
and the symmetry of the compound. The bonding in MgH2 is the subject of dispute as 
it is often treated as an ionic compound 14,15  in spite of  some inconsistencies when the 
lattice energy is calculated2.  In infrared spectroscopy, a distinction must be made 
between the internal modes which depend on intramolecular forces and symmetry and 
the lattice modes are sensitive to the long range effects and the overall symmetry. The 
lattice modes appear at low wavenumbers (0-250 cm-1) and are not represented in the 
spectra in Figure 5.2. Thus, in the present study, the solid MgH2 is solely characterized 
by its internal vibration modes mainly consisting of Mg-H bending and Mg-H 
stretching modes. 

The presence of MgH2 is indicated by the presence of two broad bands which 
correspond to  the Mg-H stretching mode observed around 1166 cm-1 and Mg-H 
bending mode observed around 653 cm-1. The width of the bands is ~670 cm-1 for the 
stretching band and ~300 cm-1 for the bending band.  Zheng et al.16 consider the large 
broadening of the vibration bands to be related to the degree of local disorder. In the 
present data set, no direct correlation could be made between the crystallinity of the 
samples as determined from X-ray diffraction and the broadening of the infrared 
vibration bands which look very similar to the ones measured for crystalline MgH2.  

 These characteristic vibrations are observed for the materials regardless of their 
state of crystallinity. Even the apparently amorphous sample obtained in 

Figure 5.2.FT-infrared spectra of in situ synthesized MgHx nanoparticles as a function of the H2 

concentrationsin the Ar/H2 flowing gas 
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75%Ar25%H2 presents clear vibration bands characteristic for MgH2 indicative of 
local order being present in the sample.    

Another interesting fact worth noting in the vibration spectra of Figure 5.2 and 
Figure 5.3 is the low intensity of the –OH stretching bands which are expected to be 
present around 3700 cm-1 even in the presence  of only a few monolayers of Mg(OH)2.19   

5.3.2. MgHx samples  synthesized in 95% Ar/5%H2 gas mixtures – H 
in the α-phase 
 

As the samples synthesized in more than 5 % H2 are very similar in structure to 
the classical hydride samples, we concentrated on the more exotic and nanosized 
sample synthesized in a gas mixture of 95 % Ar-5 % H2.  

Even though traces of crystalline β-MgH2 are observed in the X-ray 
diffractogram in Figure 5.4, in the infrared spectrum, the two broad bands of MgH2 
could not be identified (see Figure 5.3).  Instead, a lower intensity band centred at 1440 
cm-1 and a width of ~ 450 cm-1 is present.  This band is present both in the as produced 
sample as it is in the sample after final hydrogen loading.  

It is interesting to note that after hydrogen loading up to 4 wt. % H2 (see Figure 
5.9),  the main crystalline phase present in the sample remains hcp Mg as seen in 
Figure 5.4 indicating the presence of dissolved H instead of the formation of the β-
MgH2. Moreover, the infrared spectrum after hydrogen loading presents two weak 
bands, one at 1440 cm-1 and another one at about ~1100 cm-1  that can be attributed to 
Mg-H stretching.  

In a study of vibration – rotation emission spectrum of the gaseous MgH2 
molecule Shayesteh et al. found a vibration at 1589 cm-1 which they assigned to an 

Figure 5.3. FT-infrared spectra of in situ synthesized MgHx nanoparticles in 95%Ar/5%H2 as 

produced and after hydrogen cycling compared to ball milled MgH2. 
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antisymmetric stretching mode of the molecule. Moreover, from DFT calculations of 
phonon dispersion curves of crystalline MgH2 a vibration mode is found at 1440 cm-1. 
15,20,21. It therefore appears that an Mg-H vibration at lower wavenumbers is permitted, 
however it does not appear in the IR spectrum of the conventional β-MgH2.  

The XRD patterns in Figure 5.4. represent a comparison of the as produced 
sample to the loaded samples after several cycles at high temperatures. After hydrogen 
loading, the main crystalline phase is  hexagonal Mg, besides MgO. The conventional 
β-MgH2 is not present in the XRD patterns. This result is in accordance with the IR 
spectra where the bands for conventional β-MgH2 are not observed. This means that 
the hydrogen is present in the α-MgHx.  

The solubility of H in Mg is in general difficult to study because of the high 
vapour pressure and chemical reactivity of Mg. However, both experimental22,23,24 and 
theoretical2,25,26 studies have approximated that x ~ 10-3  in α-MgHx at atmospheric 
pressure and temperature range 450-925 K. In fact, there is a very wide scattering in 
the experimentally determined solubility limits of H in Mg, ranging from 0.06 at% to 
12.6 at %. This suggests that the solubility of the H in Mg is highly dependent on the 
on the synthesis method and sample preparation. Popovic et al.22 measured the 
concentration of H2 in the α-Mg to be about 0.06 at. %  on 12 cm long Mg rods. The 
most common results obtained are about 1.1-2 at. % and are obtained on bulk Mg 
samples. The higher solubility reported by Stampfer et al.25 (12 at %) is obtained on 
magnesium turnings. 

Typically, the concentration of H dissolved in Mg is in the order of the vacancy 
concentration 27 which means that at a high concentration of defects such as vacancies 
and grain boundaries where H can be stored in the α-phase. On the other side,                 

Figure 5.4. X-ray diffractograms of in situ produced MgHx using 5%H2. As produced 

and after hydrogen loading in Hydra and Sieverts’ setup. 
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the  α-phase can also be defined with preferred crystallographic positions for H instead 
of just grain boundary or surface occupation. Theoretical calculations support these 
results and predict that H is situated in the tetrahedral 4f (1/3, 2/3,  0.08) and 
octahedral 2a (0, 0, 0) sites in the α-Mg hexagonal lattice.26,28,29 In order to see the 
changes that these new sites of hydrogen can be measured by XRD, a simulation of an 
XRD spectrum containing H atoms at the positions previously  indicated is performed. 
The result is plotted in Figure 5.5 in comparison with the conventional Mg spectrum 
and it reveals that small  changes in peak intensities can appear.  These discrete 
changes seem to be also observed in the XRD patterns in Figure 5.4 after thermal 
desorption measurements and hydrogen reloading in the thermal desorption setup. 
However, the relatively high background makes a quantitative analysis very delicate. 

In a recent neutron diffraction study of TiF3 catalyzed ball milled MgD2, Mulder 
et al.29 report higher dissolution of D in the α-phase up to MgD0.3 close to room 
temperature and 10 bar. The temperature in their reaction chamber rose during 
hydrogen uptake which means that the process is exothermic. In spite of the high 
fraction of deuterium dissolved in the sample, the absorption of D produced no phase 
transition, only slight changes in the hcp Mg lattice.  An even higher dissolution of H 
in Mg up to MgH1 were obtained by H implantation at 4 K.30,30  There, TEM and 
electrical resistance measurements are used to monitor the structural changes and  
hydrogen loading. 

In the present case, if we consider that all the 4 wt% H2 loaded at 523K (see 
Figure 5.8) is present entirely in the α-phase, then  the sample has a composition close 
to  MgH1, assuming no amorphous fraction is present, quite similar to the findings of 
Kostler et al. 30 The ion implantation 30 and the present spark discharge generation 
of MgHx  are similar in the sense that hydrogen loading is done in both cases using 

Figure 5.5. Simulated X-ray diffraction spectra of Mg metallic structure (red) and  α-

MgHx (black) solute.  The dissolution of H in Mg has a small effect on the peak 

intensity. 
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hydrogen ions and not molecular hydrogen gas. In this way, the activation barrier of 
H2 molecule splitting is eliminated from the process. 31 

The presence of α-MgHx is important for the hydrogen storage properties 
because the diffusion of hydrogen is very fast compared to the tetragonal β-MgH2. 
According to Schimmel et al.28 the diffusion coefficient of hydrogen in the α-MgHx at 
673K  is 6.6 x 10-9 m2/s while for β-MgH2 it is 1.55 x 10-16 m2/s. Molecular dynamic 
simulations have revealed that hydrogen hops from tetrahedral (4f) to octahedral (2a) 
sites. 

It is however remarkable that the spark discharge generated sample presents a 
stable α-MgHx phase in contrast to the ion implantation synthesis30. In an early study, 
Champ et al.26 already showed qualitative results indicating that pre-existing hydrogen 
clusters act as very effective traps for hydrogen. The pre-existence of hydrogen in the 
as synthesized sample facilitates the hydrogen uptake. The higher stability during 
cycles of the solid solution state for our samples, can be explained by the presence of 
MgO shells around the particles besides the initial effect of surfaces and defects. The 
volume constraint that the rigid MgO layer provides, prevents the transformation to 
the tetragonal β-MgH2 which is accompanied by a 30% volume increase.  

The morphology and local structure of the sample is investigated using TEM and 
SAED in comparison with XRD in Figure 5.6.  In contrast to XRD, the dominant phase 
identified in Figure 5.6a was found to be nanosized MgO represented by broad diffuse 
bands. Tetragonal β-MgH2 could not be identified locally and it was also not present in 
the XRD. After hydrogen loading the morphology of the sample is for the most part 
characterized by nanoparticle agglomerates covered with a thin MgO shell.  

Figure 5.6. a) X-ray diffractogram compared to  selected area electron diffraction of in 

situ produced  MgHx using 5%H2 after hydrogen loading in  Sieverts’ setup; b) 

Transmission electron microscope image representative of the area used for electron 

diffraction also reveals the overall morphology of the powders.The blue bars mark the 

peak positions of MgO and the yellow bars the peak positions of hcp α-MgHx. 



114 

 

An interesting observation was that in some regions, Mg rods of about 150-200 
nm long and 40-50 nm wide could be identified as seen in Figure 5.7. They are covered 
by a thin (2 nm) MgO layer. EDS confirmed that they do not contain other impurities. 
This special morphology could be responsible for the XRD spectrum after Sieverts’ 
Figure 5.4. A preferred orientation in the [0002] direction is observed. This special 
morphology with Mg rods is observed only for the samples analysed in the Sieverts’ 
apparatus and is a likely result of the sintering of the nanoparticles during the long 
(150h) equilibrium measurements. The Mg rods could be responsible for the observed 
(0002) preferred orientation. 

A direct comparison of the sample morphology before and after heating 
treatment and hydrogen sorption experiments can be seen in the TEM images in Figure 
5.8. After hydrogen loading, the samples remain nanocrystalline with an increased 
particle size. A MgO shell can clearly be identified in the samples after hydrogen 
loading (see Figure 5.8 c and d). The dendritic morphology of the samples is for the 
most part maintained after the hydrogen cycling.  
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5.3.3. Hydrogen sorption behaviour of the in situ synthesized MgHx (95% 
Ar/5%H2) 

An important issue that needs to be addressed is how these structural changes 
affect the hydrogen storage behavior of the in situ synthesized MgHx. For this purpose, 
pressure-composition isotherms are measured at varying temperatures from 473K to 
573K. They are used to determine the equilibrium pressure of the Mg/MgH2/H2 
system. The measured isotherms are plotted in Figure 5.9. At 473K and 523K, clear 
plateaus can be identified at 0.114 bar and 0.73 bar, respectively. At 573K, the 
equilibrium plateau shows a slope. The curve between 1-4 wt. % characterized by a high 
slope with an equilibrium pressure varying from 1.1 bar to 1.65 bar. The slope shows 
some bumps near 3 wt.%, which are a result from the imperfect equilibration of the 
pressures in this region. They can be regarded as part of the slope that characterizes 
the first part of the plateau.1,32,33,34  

In spite of the equilibrium plateau pressures being in the range of  conventional 
MgH2 (see Figure 5.10),  the formation of the rutile type β-MgH2 hydride is not 
observed in the structural analysis of the sample. The plateaus are here attributed to 
the presence of MgHx which orders on a very fine scale at concentrations up to MgH1. 
Beyond a certain hydrogen concentration, the equilibrium pressure increases rapidly.  
At this point, all Mg is present as containing absorbed H  in the alpha phase. The 
remaining Mg is mostly present as MgO  and therefore the still large overall  H 
absorption of 4 wt.% seems to indicate a high capacity for H absorption in the Mg alpha 

Figure 5.9. Pressure composition absorption isotherms of in situ produced MgHx using 

95%Ar/5%H2 flowing gas . 
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phase. It cannot be excluded, however, that repulsion between neighboring H atoms in 
the alpha MgHx limits the H uptake capacity in the α-MgHx supersaturated phase.  

As the structural characterization in section 5.3.1 lead to the conclusion that H 
can be in a great measure dissolved in a supersaturated α-MgHx phase, it is expected 
that it will also dominate the pressure composition isotherms. Being a single phase, 
however, it should exhibit solid solution behaviour and sloping PCT equilibrium 
pressures. The presence of equilibrium plateaus but the absence of a second phase in 
the form of crystalline β-MgH2 (see section 5.3.1) is rather unusual and has not been 
reported before. In the isotherm measured at 573 K, the first 1.5 wt. % H2 are loaded 
before the equilibrium plateau is reached and could correspond to the α-MgHx phase 
where x~0.4, similar to the results found by Mulder et al.29 Although in their study of 
ball milled MgH2 -5%TiF3 they report hydrogen loading up to MgH0.4 and the absence 
of the rutile type hydride, the equilibrium measurements are not entire pressure-
composition isotherms but rather a more ingenious approach of measuring 
temperature dependant equilibrium pressure points at fixed concentrations. Thus, 
with this type of measurements it is not possible to say whether an equilibrium 
pressure plateau corresponds to the α-phase they identified.  

The difficulty comes when attempting to explain the presence of equilibrium 
plateaus in the absence of the ordered β-MgH2. A simple solid solution of H in Mg is 
not expected to present an equilibrium pressure plateau.34 Moreover, the equilibrium 
pressures found are roughly within the boundaries of  conventional ball milled β-MgH2 
as it can be seen in Figure 5.10. If MgH2 which forms is in an amorphous state  it also 

Figure 5.10. Van’t Hoff plot obtained from absorption isotherms measured on in situ 

produced  MgHx using 5%H2 in the  Sieverts’ setup. The blue  lines delimit the area of 

results reported in literature for the absorption equilibrium pressures of bulk β-MgH2.  
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cannot give rise to equilibrium plateaus. 35 Hydrogen uptake measurements together 
with the structural findings point to the fact that an ordered MgHx forms with a 
structure similar to the hexagonal α-MgHx. This does not exclude possible diluted 
superstructures where in fact a larger unit cell is formed with H on specific lattice 
positions since the XRD will hardly be sensitve to such superstructure. If such 
superstructure would form next to α-Mg that could lead to two phase behavior in a PCT 
diagram; however, no other structural proof is presently available. 

A supersaturated α-MgHx similar to the one observed by Kostler et al.30 is 
formed. A van’t Hoff analysis applied to the approximated equilibrium pressures that 
are determined at the middle of the (sloping) sections in Figure 5.9  yields the results 
that are presented in Figure 5.10.36 The three temperature points are not on a straight 
line, which makes it difficult to attribute the result to a single reaction enthalpy that is 
probed. Assuming that a line can be drawn as indicated The slope of the van’t Hoff 
curve is somewhat different from the conventional results obtained for MgH2. The 
enthalpy of formation is found to be -60±15 kJ/molH2 and the entropy difference is 
about 108±5 J/kmolH2. 

Both destabilization of the Mg-H2 system and absence of the transition to the 
MgH2 rutile structure can be related to the unique morphology of the spark discharge 
generated nanoparticles. With the exception of some needle shaped particles observed 
for the sample subjected to long heating treatments, the overall morphology is of 
spherical particles with a diameter below 10 nm organized into fractal like 
agglomerates. In Figure 5.8, it can clearly be seen that this morphology is maintained 
after the repeated cycles of hydrogen loading and unloading. One feature that should 
not be neglected in nanoparticles is the overwhelming importance of the surfaces and 
interfaces in the energetics of chemical transformations. This aspect has been 
underlined in numerous studies involving nanomaterials.29,37,38,39  

The incredible stability of the supersaturated MgHx phase could be qualitatively 
explained also by the interface stress. At the nanoscale, the energy cost of creating a 
new interface is so high that it can tip the overall energetic balance and prevent the 
transformation to the rutile MgH2.29,39  

Mooij et al.40 demonstrated that nanoconfinement of Mg leads to a 
destabilization of the MgH2 because of an energy interface effect. However, in their 
experiments Mg was studied as a film and the confinement was provided by a top and 
a bottom layer. The stress induced by the 30% volume increase during the transition 
from hcp Mg to tetragonal MgH2 can be accommodated in the lateral directions. TEM 
images in the present study indicate that the majority of the sample is surrounded by 
a MgO shell which confines a Mg core. In this way, the phase transition is possibly 
prevented because the change in volume cannot be accommodated.  

5.4. Conclusion 

Spark discharge generation of MgHx nanoparticles produces unique 
morphologies and sample mixtures which show altered hydrogen storage behaviour.  

The crystallinity of the particles in influenced by the concentration of the Ar/H2 
gas. In spite of the simplicity of the three component system Mg, H2 and the undesired 
O, the structure of the samples is rather complex. A MgO shell forms around a Mg 
metallic core which together with the presence of defects and surfaces, stabilizes the   
α-MgHx phase. Structural analysis of the samples using infrared spectroscopy, 
transmission electron microscopy and X-ray diffraction indicate that the sample 
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synthesized under 95%Ar/5%H2  contain a supersaturated α-MgHx phase instead of 
the formation of the conventional rutile β-MgH2 metal hydride phase. Such phase can 
reversibly desorb and absorb hydrogen, while remaining essentially in the alpha-MgHx 
structure. Sloping pressure composition graphs are measured, from which a less 
negative enthalpy of formation of about -60±15 kJ/molH2 may be determined for the 
non-catalyzed MgHx nanoparticles. 
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Abstract 
 

The metastable fluorite cubic MgyTi1-yHx hydride is synthesized in situ 
in the spark discharge generator using two opposing Mg and Ti electrodes in 
an Ar/H2 carrier gas mixture. From X-ray diffraction, a crystallite size of 
about 15 nm is found for the fluorite hydride both for the as produced sample 
as after several hydrogen sorption experiments. In both cases, 2-3 nm thin 
MgO shells are present. Infrared spectroscopy and X-ray photoelectron 
spectroscopy are used to characterize the small scale mixing of the Mg and Ti 
in the cubic hydride. Hydrogen is reversibly inserted and released from the 
cubic hydride without a change in symmetry.   In both the absorbed and the 
desorbed state, the crystalline active phase is the fluorite hydride which 
presents only a change in lattice parameter upon hydrogen cycling. 

The hydrogen desorption of the MgyTi1-yHx phase is characterized by a 
single sharp peak at a low hydrogen desorption temperature of about 373 K 
at a heating rate of 0.5 K/min. Hydrogen thermal desorption profiles 
measured at different heating rates up to a temperature of 523 K are used to 
determine the activation energy of 57±4 kJ/molH2. This finding is in good 
agreement with the lowest activation energy found in Chapter 2, but now for 
a single activation energy corresponding to the homogeneous active 
nanocrystalline fluorite phase.  
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The train passes; 
how the smoke 

swirls round the young leaves! 
 

Masaoka Shiki, haiku 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

One of the main disadvantages of using Mg to store hydrogen is the high 
desorption temperature associated a large negative enthalpy of formation. This 
is mostly problematic in the scenario that Mg is a store for hydrogen in mobile 
applications, in combination with e.g. a polymer membrane fuel cell which can 
only operate below 373 K. Also for other applications, whether it is hydrogen 
detection or stationary hydrogen storage, the slow kinetics of the hydrogenation 
reaction is a serious limitation.  

Throughout this thesis, the slow hydrogen sorption kinetics is addressed 
in various ways, from nanostructuring to addition of transition metal catalysts 
and even in situ hydrogenation of Mg. All these routes have led to partial 
alteration of the hydrogen sorption kinetics. The complexity of the samples 
synthesized by spark discharge generation has led to the elaboration of a 
multiple reaction rates model described in Chapter 2.  The direct implication is 
that there is a wide range of activation energies from about 55 kJ/molH2 to well 
above 180 kJ/molH2 which in practice means a range of desorption 
temperatures starting from 400 K up to beyond 700 K. The challenge in this 
case is to select and stabilize the faster reacting part of the sample that has the 
lowest reachable activation energy for hydrogen sorption.  

In the present chapter, a single low activation energy of about 57±4 
kJ/molH2 is observed for Mg-Ti-Hx nanocomposites synthesized by spark 
discharge generation. The hydrogen desorption temperature for the active part 
of the material is measured to be about 373 K at a desorption rate of 0.5 K/min 
and is stable for several hydrogen cycles. On the one hand, the presence of an 
intimate mixture of Mg and Ti has proven to have a strong effect on the stability 
of the hydride as presented in Chapter 3, lowering the absolute value of the 
enthalpy of formation down to 45 kJ/molH2. On the other hand, the in situ 
hydrogenation of Mg nanoparticles during spark discharge generation has 
proven to have a strong influence on widening the solubility range of hydrogen 
in the magnesium lattice and to advance the formation of a metastable hydride 
as discussed in Chapter 5. When these two synthesis methods: in situ 
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hydrogenation and mixed Mg-Ti spark discharge nanoparticle synthesis - are 
combined, the result is the in situ formation of the metastable fluorite MgyTi1-

yHx hydride.  This hydride is characterized by fast dehydrogenation kinetics 
with a correspondingly low activation energy for a large fraction of the stored 
hydrogen.  

In the present chapter, a structural investigation of the Mg-Ti-H spark 
discharge generated nanocomposites is combined with the analysis of the 
hydrogen sorption kinetics.  
 

6.2. Experimental section 
  
6.2.1. Synthesis – Spark discharge generation 

 
The precursors for the spark discharge generated nanoparticles are Mg 

and Ti rods of ~0.6 cm diameter from Sigma Aldrich. The samples are produced 
using a charging current of 14 mA and 1.5 kV and a frequency of the sparks of 
700 Hz. The carrier gas concentration was 50% Ar-50%H2 and it is provided 
using two mass flow controllers for a total flow rate of 1 l/min. Before the mixing, 
the Ar (purity 5.0) and H2 (purity 5.0) gases are purified further from any 
remaining  H2O and O2 content by using two double molecular sieves columns 
and BTS (Cu(II)O) catalysts. In the following sections, results are presented 
from three separate similar synthesis batches denoted as batch 1, batch 2 and 
batch 3. The sample batches are further split into more parts for different 
analyses and experiments.  

 
6.2.2. Powder X-ray diffraction 

 
The structure of the crystalline samples was investigated by X-ray 

diffraction using a PANalytical X’Pert PRO diffractometer with a Cu Kα  source 

(λ=1.5415 Å) operated at 40 kV and 40 mA. The samples were loaded in an Ar 
filled glovebox in air tight sample holders. The background measured from the 
single crystal silicon disk and sample holder is subtracted from the X-ray 
diffraction patterns. (see Appendix A). Rietveld analysis was performed on the 
measured patterns, using GSAS software 1.  
 
6.2.3. Infrared spectroscopy 
 

The vibration spectra are recorded using a Platinum Alpha Attenuated 
Total Reflectance (ATR) infrared spectrometer. The powder sample is mounted 
on a reflective diamond crystal in direct contact with a mobile pressure 
applicator without any previous preparation. Spectra are recorded in the range 
4000 – 450 cm-1 and processed using the OPUS 6.5 software.  
 
6.2.4. Inductive coupled plasma – Atomic emission spectroscopy 
 

Inductive coupled plasma atomic emission spectroscopy (ICP-AES) is 
measured using a Perkin Elmer Optima 5300 spectrometer. The samples are 
dissolved in a freshly prepared ‘piranha’ solution consisting of a 3:1 mixture of 
sulfuric acid (98%) and hydrogen peroxide (30%). To ensure the complete 
dissolution of the metallic species, the solutions are heated to 373 K on a heating 
plate inside a fume hood.  
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6.2.5. X-ray photoelectron spectroscopy 
 
X-ray photoelectron spectra were measured on a VG EscaLab 

spectrometer with an X-ray source Mg Kα of 1253.6 eV operated at 10 mA and 
10 kV. The samples were transferred to the spectrometer via an Ar filled 
glovebox. Measurements were performed in ultra-high vacuum of 1 x 10-10 mbar. 
The resulted spectra are analysed using Casa XPS software. 
 
6.2.6. Thermal programmed desorption  
 

Thermal hydrogen desorption is measured in the homebuilt TDS setup 
HYDRA. Hydrogen is detected using a quadrupole mass spectrometer. The 
samples are mounted under Ar atmosphere and transported in an air tight 
stainless steel holder. Hydrogen desorption was performed by applying 
constant heating rates ranging between 0.5 K/min to 3 K/min and measuring 
the pressure built up and hydrogen mass spectrometer signal in parallel. The 
double recording of the process confirms that only hydrogen is released during 
the measurement. The hydrogen loading experiments comprised of the 
exposure of the unloaded sample to a pressure of 6 bar H2 (purity 6.0) for 6 
hours at 523 K.  
 
6.3. Results and discussion  
 
6.3.1. Structural investigation of the spark discharge generated Mg-
Ti-H nanomaterials 

 
In the X-ray diffraction pattern in Figure 6.1, measured on a sample of 

batch 1, two crystalline phases are identified and fitted: the fluorite type MgyTi1-

yHx hydride and MgO. It is interesting to note the absence of the conventional 
rutile β-MgH2 or even Mg or Ti metal from the XRD of the as produced sample 
(see Figure 6.1). This indicates that during the in situ synthesis of the hydride, 
the formation of the fluorite hydride becomes more advantageous.  

Indeed, theoretical studies on the stability of the Mg-Ti-H system have 
indicated that at Ti concentrations above 15 at.%, a cubic MgyTi1-yHx is 
thermodynamically more stable than the conventional tetragonal hydride.2,3 
Cubic MgyTi1-yHx hydride is isostructural with calcium fluorite, CaF2, and 

belongs to the 
_

3Fm m  space group. The presence of the fluorite MgyTi1-yHx  for                         
y > 15 at. % was reported in thin film research where hydrogen can be cycled at 
low temperatures4,5,6. A positron lifetime study on Mg-Ti-H thin films 
suggested that the reason for the low temperature desorption could be related 
to the increased size of open volume deficiencies in the cubic hydride phase in 
comparison to the tetragonal one which leads to a higher mobility of 
hydrogen7,8,9 .  Alternatively,  the availability of empty tetrahedral lattice sites 
may lead to enhanced interstitial motion of H 10. 

In earlier studies, great effort was bestowed upon the synthesis of 
fluorite MgyTi1-yHx hydride in powder form with the result that it is possible to 
obtain it, but without the confinement that the thin films provide, it rapidly 
phase separates during desorption and absorption cycles and then decays to the 
conventional titanium hydride next to magnesium10,11,12,13,14,15,16.  
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In our previous study presented in Chapter 3, the fluorite hydride is 
formed upon ex situ hydrogen exposure of the spark discharge generated cubic 
Mg-Ti metastable alloy. Here, the hydride is formed in situ in the spark 
discharge generator by using a mixture of 50 %Ar/50 %H2 carrier gas in the 
reactor chamber. Using Rietveld refinement, the lattice parameter for the 
MgyTi1-yHx is found to be 4.46 Å, a slight increase from the 4.44 Å obtained in 
Chapter 3. The lattice parameter of the cubic structure can vary with both the 
Mg and H content. The size of the MgyTi1-yHx crystallites is estimated to be about 
15 nm using a Scherrer constant of 117. Alongside the hydride, MgO is also found 
in a high fraction (see Table 6.1) with typical crystalline domain sizes of 2 nm. 
It is known from TEM  images of similar spark discharge generated samples 
(see Chapter 2, 3 and 5) that MgO is present as thin shells around each 
individual primary particle, which most likely is also  the case here. 

The low amount of sample of a few mg (~4 mg) and the presence of a 
high background (see Appendix A) in the X-ray diffractogram make the 
determination of the alloy composition difficult. However, combining the ICP-
AES results of the total Mg/Ti=1.8 ratio to the phase fractions found from 
Rietveld refinement from Table 6.1 and assuming that no amorphous fraction 
is present, the composition of MgyTi1-yHx can be estimated to be Mg0.64Ti0.36Hx. 
As the same result is obtained in the case of two separate batches, we can 
conclude that the synthesis of the alloy is reproducible.  

X-ray diffraction was again measured after seven hydrogen sorption 
cycles  in the homebuilt TPD setup Hydra in both the absorbed and desorbed 
states. The results are plotted in Figure 6.2. After hydrogen absorption, the XRD 
is very similar to the as produced sample except for an increase in the MgO 
fraction (see Figure 6.2a). The lattice parameter of the cubic phase is 4.46 Å, 

Figure 6.1. X-ray diffraction measurement (open circles) and Rietveld refinement results (fitting –

red line, residual-blue line) for as produced spark discharge generated fluorite MgyTi1-yHx, 

measured on batch 1. The sample container background is subtracted. The individual phase 

contributions are given below ( scaled down by ½). 
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the same as for the as produced sample. This suggests that the same 
composition as the as produced sample is obtained after hydrogen cycling.  

 
 
 Table 6. 1 Summary of Rietveld refinement results of X-ray diffractograms of Figure 6.1 and 6.2 

 

 

 

The small crystallite size of 15 nm obtained for MgyTi1-yHx   after 
hydrogen sorption experiments is consistent with the observation of small sizes 
of the Mg-TiH2 nanocomposites discussed in Chapter 3 where it was argued 
that TiH2 present in the sample acts as a grain refiner. Here it is remarkable, 
however, that the crystalline domains remain that small after cycling. This is 
unlike the situation in ball milled materials with initially similar crystalline 
domain sizes. A rationale for these findings may be that the spark discharge 
generated particles are in principle generated as free particles and form a size 
confining outer oxide layer around each individual particle when being 
suspended in the gas stream. In ball   milled materials also oxide layers are 
present, but not around every individual crystalline domain. Then the 
crystalline domains apparently can grow more easily and demixing of Ti and 
Mg can occur. Moreover, even among spark discharge samples, in the absence 
of Ti, particle growth occurs (see Table 2.1). The presence of Ti in the sample is 
of key importance in keeping the particle size small is it is already observed in 
Chapter 3. 
 

Combining the elemental analysis results from ICP-AES of a total ratio 
of Mg/Ti=1.1 and the phase fractions from Table 6.1, the composition can be 
estimated to Mg0.54Ti0.46Hx after hydrogen desorption. A decrease of the Mg 
amount in the MgyTi1-yHx from the as produced sample is consistent with an 
increase in the MgO fraction and the solid solution model for the composition 
of the fluorite hydride. Upon hydrogen desorption, hardly any rutile β-MgH2 
and TiH2 are obtained as it can be seen in  Figure 6.2b and in Table 6.1. 
Moreover, the lattice parameter of the fluorite MgyTi1-yHx hydride after 

 
Phase 

 
Mg-Ti-H nanomaterials 

As prepared 
(Rwp=1.7%) 

 
Batch 1 

After hydrogen 
absorption 
(Rwp=1%) 

Batch 1 

After hydrogen 
desorption 
(Rwp=1.9%) 

Batch 2 
Size 
(nm) 

Fraction 
(wt.%) 

Size 
(nm) 

Fraction 
(wt.%) 

Size 
(nm) 

Fraction 
(wt.%) 

MgyTi1-yHx 

( 3 )Fm m


 

15±1 18 17±1 7 15±1 19 

MgO 

( 3 )Fm m


 

2±0.1 82 3.5±0.1 93 3±0.1 79 

β-MgH2 

2( 4 / )P mnm  

- - - - - < 1 

TiH2 

( 3 )Fm m


 

- - - - - < 1 
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hydrogen desorption is decreased from 4.46Å to 4.43Å. This contraction of the 
cubic lattice is consistent with hydrogen being released.  

Indeed, theoretical studies 18,19 support that  the presence of H in the 
structure stabilizes the fluorite hydride by preventing the phase separation of 
the MgH2 and TiH2. Hydrogen atoms are trapped on sites at the interface 
between Mg and Ti with an enthalpy of hydrogenation of -115 kJ/molH2.  Thus, 
a temperature of minimum 833 K is necessary for this tightly bound hydrogen 
to spontaneously be released from these sites. As in the present experiments, 
the maximum temperature that the sample was exposed to was 523 K, it is to 
be expected that the dehydrogenation is not complete, leaving the TiH2 

associated H in the structure.  
From the above, the picture emerges that a large part of the active sample 

consists of closely arranged MgH2 and TiH2 areas in which the TiH2 does not 
desorb and forces the MgH2 in absorbed state or the Mg in desorbed state to 
remain to crystallize in the cubic structure during the various stages of H 
sorption.  

This can explain why cubic MgyTi1-yHx is still present in the XRD of the 
sample after desorption. Moreover, in a theoretical study comparing Mg/Ti 
hydride layered structures with Ti(core)/Mg(shell) hydride structures, Tao et 
al.18  distinguished between four different binding energies for hydrogen in the 
structure with the lowest being  H bound in MgHx (37 kJ/molH2). Thus, the 
cubic MgyTi1-yHx hydride acts as a sponge taking up and releasing H2 at low 
temperatures from the MgHx region while part of the H remains in the structure 
inside TiH2, stabilizing the cubic structure. In spite of the stepwise 
dehydrogenation from MgyTi1-yHx, a reversible hydrogen capacity of up to 4.8 
wt.% is achievable according to their theoretical model18.  

The small lattice parameter change that results after desorption suggests 
solid solution like behavior of the cubic MgyTi1-yHx structure upon hydrogen 
sorption. This is an unusual result when comparing to bulk Mg, but it is more 
common for Ti and for nanostructured, catalyzed Mg20,21. Since solid solution 
desorption would not require overcoming significant structural transformation 
barriers, this would also lead to relatively easy internal hydrogen transport 

Figure 6.2. X-ray diffraction patterns and results of Rietveld refinement of MgyTi1-yHx (measurement-

black, fitting–red, residual-blue) after hydrogen sorption experiments: a. after hydrogen absorption 

(batch 1); b. after hydrogen desorption (batch 2). Background is subtracted. The individual phase 

contributions are given below (scaled down by ½). 
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mediated by vacancy diffusion. This can be the reason why hydrogen is released 
at such low temperatures. If the hydrogen release were to take place with a 
change in crystal symmetry from cubic hydride to hexagonal metal it would 
have a higher activation energy difference associated with it, which ultimately 
would push hydrogen desorption to higher temperatures.  

In an experimental study of ball milled fcc MgyTi1-yH2, Rousselot et al.15,16   
also observed that hydrogen can be electrochemically extracted and  inserted in 
the cubic structure without a change in symmetry. However, in electrochemical 
hydrogen cycling of MgyTi1-yHx thin films, the dehydrogenated state is formed 
of a metastable hexagonal hcp Mg-Ti intermetallic5,22. In most ball milled 
MgyTi1-yHx materials, upon a first dehydrogenation, the cubic hydride 
decomposes to the hexagonal Mg and Ti and it cannot be rehydrogenated to the 
cubic phase11,12,13.  Moreover, theoretical calculations on the stability of the 
MgyTi1-y bulk crystalline intermetallic show that the hcp alloy is more stable 
than the fcc alloy by about      4 kJ/molH2 at y=0.75 3. For the very small limit, 
the thermodynamic properties nanostructured of the samples studied here will 
also be altered by surface and interface interactions that are not taken into 
account in bulk crystalline calculations 3,18,23. The unusual behavior of the spark 
discharge sample can thus be related to nanostructural characteristics of the 
initial spark discharge material.  

The local chemical environment of the Mg and Ti in the sample is probed 
using infrared spectroscopy and X-ray photoelectron spectroscopy. Indeed, in 
Figure 6.3, the measured infrared spectrum of the as produced MgyTi1-yHx 
sample is compared to the spectrum of ball milled MgH2. The spectrum of the 
Mg-Ti-H sample presents two broad bands centered at      1000 cm-1 and 504 
cm-1.  

X-ray photoelectron spectroscopy is used to shed light on the local 
oxidation states of Mg and Ti present in the sample. The data were analyzed 
using Casa XPS27 and fitted with a Gaussian-Lorentzian curve shape. A  
Shirley28  background is subtracted from the graphs plotted in Figure 6.4. The 
C 1s peak is taken as reference and it is measured at 291 eV. The reference C 1s 
peak measured here is observed to be shifted by  +5 eV compared to the 
reference C 1s presented in Chapter 4.  This implies that in order to compare 

Figure 6.3. Infrared spectra of spark discharge generated MgyTi1-yHx compared to ball 

milled MgH2. 
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the XPS results obtained in this study to the ones presented in Chapter 4, a      -
5 eV shift has to be taken into account to the measured energies presented in 
Figure 6.4.  

The Mg 2p peak can be fitted using two components, at 57.4 eV and       
55.5 eV. If the correction of -5 eV for  instrumental shift is taken into 
consideration, the Mg 2p peaks compare well with the results presented in 
Chapter 4.  The 2 eV shift between the components suggests that Mg is present 
in two oxidation states. These two contributions to the Mg peak can be 
attributed to the MgO and metallic Mg or MgH2. The presence of Mg(OH)2 can 
be excluded because it was not observed in the infrared spectrum.   

The Mg 2s can also be fitted with two components separated by 3 eV, one 
at 96.1 eV and the other at 93.1 eV which can be attributed to MgO and Mg metal 
respectively. The neighborhood of Mg and Ti in sputter deposited films does 
generally not produce a visible chemical shift in the Mg 2p or Mg 2s peaks as it 
was already observed in Chapter 419,29, so in the metallic state these different 
Mg sites give overlapping signals..  

The XPS investigation of the sample in Figure 6.4 revealed that Ti is 
present in two forms. Due to the spin orbit coupling, the Ti 2p peak is split into 
two components, Ti 2p1/2 and Ti 2p3/2 separated by 6 eV. With a correction of 5 
eV for the instrumental shift, the peak is present at 465 eV for Ti 2p1/2 and 459 
eV for Ti 2p3/2. A second Ti component is present with a 4 eV negative shift from 
the first component. The second component has the Ti 2p1/2 peak at 461 eV and 
the Ti 2p3/2 peak at 455 eV. Such a negative shift is expected to appear for metals 
present in alloys and TiH2. Assuming that the Ti fraction of the materials 
remains hydrided throughout all sorption reactions, these two components of 
Ti can be attributed to TiH2 on sites near Mg and Ti sites with only Ti nearest 
neighbors, much like TiH2.  However, there is a considerable overall negative 
shift of the Ti binding energies that is not observed in XPS on the thin films (see 

Figure 6.4. X-ray photoelectron spectroscopy measured on batch 3 of as 

produced MgyTi1-yHx: top left: Mg 2p peak; bottom left: Mg 2s peak; right: Ti 2p 

peak.  
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also Chapter 4)30. The reason for this shift can be sought in the nanostructure 
of the samples and the stronger alloying character of the samples.  

Indeed, Olovsson et al.31 have calculated the core level chemical shifts for 
a series of completely random fcc alloys using the complete screening model. 
This essentially means that the conduction electrons are relaxed when a core 
hole is created upon the removal of a core electron. The core level shift is then 
calculated as a difference between the ionization energy of a core electron in an 
alloy and the ionization energy of the pure element. Depending on the random 
alloy, the core level chemical shift can be as high as -1.2 eV31.  For Al3Ti, the shift 
is about -0.7 eV32.  

One feature of a random alloy is that the local environment of each atom 
is composed of atoms of the same and the other element. However, EXAFS 
studies on the cubic MgyTi1-yHx hydride have revealed a certain degree of 
segregation present in the structure33,34. Therefore, the treatment of the 
structure as a random combination is not entirely correct as the partial 
segregation of Mg or MgH2 from Ti or TiH2 leads to the creation of interfaces. 
Moreover, the nanosized character of the spark discharge generated Mg-Ti-H 
sample leads to high surface to bulk ratio. These effects are expected to produce 
a negative surface/interface core level shift31,35.  Experimentally, this shift was 
found as high as -1.85 eV for Ti in TiO232.  

The theoretical predictions of the surface/interface core level shift show 
that it is only noticeable at a few monolayers of solute according to Olovsson et 
al.31,35 This might explain XPS studies of Mg-Ti alloys in thin films 30 , including 
the results discussed in Chapter 4, where the considerable negative shift of 3 eV 
of the Ti peak was not observed. From these observations, it can be concluded 
that in the nanoparticulate MgyTi1-yHx phase, there is a higher degree of mixing 
than present in thin films. In conclusion, the XPS results on Ti 2p photoelectron 
peak reveal two contributions: Ti in sites with nearby Mg, and  Ti with only Ti 
and H neighbors as in TiH2.  

 
 

6.3.2. Kinetic analysis of the hydrogen desorption reaction of spark 
discharge Mg-Ti-H nanomaterials 
 

Hydrogen desorption profiles are measured at varying heating rates 
from 0.5 K/min to 4K/min and are plotted in Figure 6.5 for batch 1 and batch 
2, respectively. With increase of the heating rate, the desorption peak shifts 
towards higher temperatures consistent with the model of first order activated 
reaction kinetics.  

It is remarkable that the hydrogen desorption from the MgyTi1-yHx 
sample occurs in the form of a sharp peak at 373 K.  Provided that the sample 
is not exposed to a temperature higher than 523 K, the desorption peak at 373 
K is reproducible over at least seven cycles of hydrogen sorption for both 
batches ( see Figure 6.6).  In order to put this result into context, in Table 6.2, 
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the peak desorption temperatures and activation energies obtained from 
Kissinger analysis (see Figure 6.7) measured for batch 1 and a MgH2 ball milled 
sample are compared.  A striking difference of about 200 K is immediately 
evident and also the activation energy is much lower. The remarkable low 
desorption temperature of the spark discharge sample can be explained by the 
presence of the fluorite type MgyTi1-yHx hydride that allows faster diffusion of 
H 8 but also by the nanostructure  of the sample.36,37  

In Figure 6.6, a distinction is made between the amount of hydrogen 
calculated from the low temperature (373 K) peak attributed to H2 desorption 
from MgyTi1-yHx phase and the rest of the spectrum. The high stability of the 
sample and reproducibility of hydrogen loading and unloading can clearly be 
seen in the amount of hydrogen desorbed within seven cycles. The lower wt. % 
calculated for batch 2 in cycle 6 is due to a saturation of the signal that is visible 
in Figure 6.5b for the 4 K/min desorption curve.   

The amount of hydrogen desorbed from the as produced sample is about  
0.3 wt % of the total sample weight for the sample from batch 1 and 1.3 wt.% for 
the sample from batch 2 (see Figure 6.6) as calculated from the low temperature 
peak. Given the fact that a significant part of the sample weight is inert material,  
in the form of MgO (see section 6.3.1), the wt. % H2 desorbed  is rather high and 
corresponds to almost full hydrogenation of the active MgyTi1-yHx phase. The 
big difference between the wt. % H2 cycled in batch 1 and batch 2 is directly 
correlated to the amount of MgO present in the sample. Based on the observed 
crystalline phases, an estimation was made in which we take into consideration 
the weight fractions of the active MgyTi1-yHx phase determined from Rietveld 
refinement (see Table 6.1) and the masses of 4 mg and 5.3 mg for samples from 
batch 1 and batch 2, respectively.  Thus, we find a hydrogen capacity from the 
low temperature peak per weight of the active part of the sample of 1.5 wt. % 
and     4.8 wt. % for batch 1 and batch 2 respectively. This result is consistent 
with the maximum reversible capacity estimated by the theoretical model of 
Tao et al.18 and discussed in section 6.3.1.    

The activation energy for the system is determined using the Kissinger 
analysis method which is described in more detail in Chapter 2.  The peak 
temperatures and heating rates extracted from Figure 6.5 and summarized in 

Figure 6.5. Thermal hydrogen desorption profiles of spark discharge generated MgyTi1-yHx 

measured at varying heating rates: 0.5K/min, 1K/min, 2K/min, 4K/min for a) batch 1 and b) batch 

2. 
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Table 6.2 are used to construct the Kissinger plot from Figure 6.7.  The 
activation energy for the desorption reaction is calculated from the slope of the 
Kissinger plot and it is found to be 57±3kJ/molH2 for sample 1 and 58±6 
kJ/molH2 for sample 2. The almost identical results obtained for two separate 
samples synthesized in two batches indicate that the synthesis of the sample is 
highly reproducible.  

The hydrogen desorption reaction can be described using a single 
reaction constant and, as indicated by the Kissinger analysis, a single activation 
energy for the main peak; therefore it can be concluded that this active part of 
the sample is homogeneous.  The active phase is the fluorite MgyTi1-yHx  
because this is the main hydrogen containing phase in the material, and other 
options like pure β-MgH2 or TiH2 would have desorption temperatures above 
the ones observed. The other contributions indicated in Figure 6.6 stem from 
the higher temperature broad desorption signal that arises in Figure 6.5 as a 
foot on the right hand side of the main peak. This signal is still attributed to the 
cubic MgyTi1-yHx phase but then to better bound H sites that are having more 
Ti in the local environment. 

In Table 6.2, a considerable difference between the activation energy of 
145±5 kJ/molH2 for the ball milled MgH2 and only 57±3 kJ/molH2 for the 
MgyTi1-yHx nanoparticles  is obvious. The typical activation energy values 
obtained for pure ball milled MgH2 vary between 140-210 kJ/molH238,39,40 
However, Lu et al.41,42 have determined a low activation energy of 58.4 
kJ/molH2 for ball milled MgH2-TiH2 nanocomposites. The hydrogen 
desorption in their case occurred at temperatures starting from 473 K.  
 

Table 6. 2. Comparison of peak desorption temperatures at different heating rates and activation 

energies between Mg-Ti-H spark discharge sample 1  and MgH2 ball milled sample. 

 

Sample 
Desorption Peak Temperature  

(K) 
Activation Energy 

(kJ/molH2) 
0.5 K/min 1 K/min 2 K/min 4 K/min 

MgyTi1-yHx 
(Spark discharge) 

383 ±3 391±4 408±2 425±2 57±3 

MgH2 

(Ball mill) 
582±5 589±2 600±2 608±1 145±5 

Figure 6.6. Total weight fractions of desorbed hydrogen from MgyTi1-yHx calculated from the main 

desorption peak at 373 K and other contributions for a) batch 1 and b) batch 2. 
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treatment does not exceed 523 K. But as it is well known and it has been 
discussed in detail in the course of this thesis (see Chapter 3, Chapter 4), both 
the intermetallic MgyTi1-y and the hydride MgyTi1-yHx are essentially 
metastable phases. Thus, at sufficiently high temperatures these compounds 
are expected to  decay within the time of the experiment to the lowest energy 
state which, thermodynamically speaking are hcp Mg and Ti for the metallic 
state and β-MgH2 and TiH2 for the hydride state. In Figure 6.8, three thermal 
desorption spectra are presented for MgyTi1-yHx collected from the same batch 
as sample 1 (Figure 6.5a) in an extended temperature range 300 -650 K. In the  
first desorption run, most of the hydrogen is released at 364 K, similar to the 
result in Figure 6.5a and a small peak can be distinguished at 581 K.  At the third 
desorption cycle, the low temperature desorption peak shifts to 400 K and loses 
intensity. At the same time, the high temperature peak at 581 K gains intensity 
but also more desorption peaks appear between 400 K and 581 K. After seven 
cycles, the low temperature peak has nearly completely disappeared as it can 
barely be distinguished at 412 K. This high temperature experiment verifies the 
hypothesis that the cubic MgyTi1-yHx is in fact a metastable state and the loss 
of the low temperature desorption peak within seven cycles is the evidence for 
it. 

The high stability of the sample and its homogeneous dehydrogenation 
kinetics are supported by various experiments provided that the heating  
 
6.4. Conclusions 
 

 Using spark discharge generation of Mg and Ti in hydrogen atmosphere, 
a nanosized fluorite MgyTi1-yHx phase is synthesized in situ as observed from  
XRD. 

The nanosized character of the sample and atomic scale mixing of the 
Mg and Ti elements have a strong effect on the X-ray photoelectron peaks of Ti 
causing a 3 eV negative shift. XPS also provided evidence for the formation of 
Mg-Ti-H hydride phase by in situ spark discharge generation.  

Hydrogen is inserted and released from the sample without a change in 
symmetry of the cubic MgyTi1-yHx. Hydrogen thermal desorption profiles are 
measured at different heating rates up to a temperature of 523 K. Sharp 
hydrogen desorption peaks around 373 K are measured, corresponding to 

Figure 6.7. Kissinger plots obtained from thermal desorption of hydrogen from spark discharge 

generated MgyTi1-yHx: a) batch 1 and b) batch 2 
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hydrogen released from the MgHx areas of the sample, leaving TiH2 areas to 
stabilize the cubic hydride structure. The activation energy is found to be 57 
kJ/molH2 from Kissinger analysis and an effective hydrogen capacity of about 
4.8 wt % of active sample is estimated.   

These results together with the hydrogen cycling stability of the sample, 
make the in situ spark discharge generated MgyTi1-yHx nanoparticles a very 
interesting and promising material for hydrogen storage applications.  
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Chapter 7 
 
 

Towards air resistant sulfur 
coated MgH2 powders  

 
 
 
 

 
 
 
 
 
 
 
 



146 

 

 
 
 
 
 
 
 
 
 
 
 

Abstract 
 

Exposed to air, MgH2 forms a Mg(OH)2 coating which deactivates the 
Mg involved directly. In addition, during hydrogen sorption it will be 
reduced to the more stable MgO that increases the activation energy for 
hydrogen release from MgH2 and dramatically hinders the hydrogen 
sorption reaction.  

The air sensitivity of MgH2 particles is addressed by creating a sulfur 
coating on the surface of MgH2 particles in ball milled samples. The coating 
is formed by an evaporation condensation method. Samples are prepared 
from mixtures containing 20 wt% S and 5 wt% S.  

Nanostructured samples prepared in this way can be exposed to air 
for a week without observing major structural and compositional changes as 
XRD, IR and SEM studies confirm. Moreover, hydrogen sorption of the air 
exposed sulfur coated samples presents the same desorption profiles as 
freshly ball milled MgH2.  

Energy filtered TEM mapping confirmed the sulfur to be on the 
surface of the MgH2 ball milled particles. The activation energy of the sulfur 
coated samples determined using Kissinger analysis is of the same 
magnitude as ball milled MgH2, ~150kJ/molH2. Pressure composition 
isotherms are similar to those of uncoated ball milled MgH2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is based on the manuscript: 
 
“Air resistant sulfur coated MgH2” Anca Anastasopol, Joost Middelkoop, Ugo Lafont, S.W.H. 
Eijt, Fokko M. Mulder, manuscript in preparation. 
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“…she had never before seen a rabbit with either a waistcoat-pocket, or a watch to take out 
of it, and burning with curiosity, she ran across the field after it, and fortunately was just in 
time to see it pop down a large rabbit-hole under the hedge. In another moment down went 

Alice after it, never once considering how in the world she was to get out again. ” 
 

Lewis Carroll, “Alice's Adventures in Wonderland” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The high air sensitivity of the Mg / MgH2 system makes its 
manipulation delicate and is one of the main disadvantages in its applicability 
as a hydrogen storage medium. In contact with air,  thin MgO and Mg(OH)2 
layers form at the surface of the Mg/ MgH2 particles. The MgO shells are 
generally characterized by a high structural strength and inflexibility and they 
do not enable the flexible and seamless coverage during expansion and 
shrinkage of magnesium upon cycling between MgH2 and Mg. 

In Chapter 2 and Chapter 5, the very high air sensitivity of Mg and 
MgH2 that results into thin oxide shells are limiting factors in the kinetics of 
hydrogen sorption and also in reaching the full hydrogen binding capacity of 
the materials. 

Numerous studies addressed and attempted to reduce the oxidation of 
Mg.1,7,8,9,10 Surface oxidation of Mg can be circumvented by embedding them 
into a polymer matrix 7,8 or creating a surface coating 11,12. This method has a 
two fold advantage, firstly it provides confinement for the Mg or MgH2 and 
secondly it protects against formation of MgO and Mg(OH)2. In certain cases, 
nanoconfinement leads to the enhancement of hydrogen sorption reaction 
rate.7  It comes, however, at the cost of the decrease in the energy density of 
the system because the added polymer fraction constitutes a considerable 
inert fraction in the system. Thus, the solution of protecting Mg (by 
nanoconfinement) in high quantities of inert material is in that sense not 
practically or economically viable, especially in mobile applications where low 
amounts of passive additives would be preferred. 

In this study we propose an alternative route to create air resistant 
MgH2 samples. The method consists of creating a thin sulfur layer on the 
surface of the MgH2 nanoparticles. As both sulfur and oxygen are placed in 
group VIa (16) of the periodic system, they share the same number of valence 
electrons and in general they present similar chemical reactivity.13,14 Exposing 
the freshly prepared MgH2 sample to S, it creates a layer potentially 
containing Mg-S-O-H that is in competition with environmental H2O and O2 

http://www.goodreads.com/author/show/8164.Lewis_Carroll
http://www.goodreads.com/work/quotes/2933712
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that otherwise would react with the surface. A priori it is also possible that 
such layer is more flexible or soft, which enables that it follows the shape of 
the nanoparticles and a good coverage can be achieved. In this way, a 
passivating sulfur coating could prevent the surface oxidation.  

The interaction of sulfur with oxidized metal surfaces has been the 
subject of intensive research since the 1980’s and it is known as the “sulfur 
effect”. In both theoretical and experimental studies of Al2O3 forming alloys 
(e.g. Fe-Cr-Al, Ni-Cr-Al), a segregation of sulfur at the metal oxide interface 
occurs at high temperatures. 15,16,17,18 It has as effect the weakening and even 
breaking of the metal-oxygen bonds. The reason for this behavior stems from 
the fundamental electronic and ionic size differences between oxygen and 
sulfur as explained below.  

As Schaumann14 puts it, “sulfur is more than the fat brother of oxygen” 
and this implies that replacing O with S creates differences in the  chemistry of 
the surface. This is immediately apparent from the difference in Pauling 
electronegativitites that is 2.58 for S and 3.44 for O which translates into 
different electron affinities and ionization potentials for the two elements. 
Moreover, the bigger atomic radius of S (105 pm) compared to O (70.2 pm) 
and the difference in electronic affinities make sulfur compounds less 
polarizable and with a stronger covalent character than the oxygen 
compounds.  

In the present context of limiting the oxide formation at the surface of 
MgH2, the “sulfur effect” is desirable because - as will be shown here for the 
first time -  it makes Mg a more robust and practical storage material for 
hydrogen. Moreover, sulfur is the 13th most abundant element found in the 
earth’s crust, more abundant than even carbon.13 It can be found freely 
available at the surface in volcanic areas and it is one of the main by-products 
of the oil industry. Therefore, the embedding of low amounts of passivated, 
non volatile, sulfur into an energy storage system has great potential of being 
economically viable.  

A study on sulfur coating of the surface of MgH2 is presented in the 
present chapter. As a study case for the influence of sulfur on the air resistance 
and hydrogen storage properties of MgH2, ball milled synthesis of 
nanostructured powders is used. In the following sections, the structure of the 
MgH2/S systems is analyzed before and after exposure to air. A main finding is 
that sulfur acts as an effective inhibitor of the surface oxidation of Mg.  
 
7.2. Experimental section 
  
7.2.1. Synthesis – Ball milling MgH2 

 
A Fritsch Pulverisette 6 planetary monomill was used to prepare MgH2 

nanocrystalline powders. As starting material, commercial MgH2 from Sigma 
Aldrich, 99.9%, spectroscopy grade was loaded in a stainless steel container 
together with 32 stainless steel balls of 10 mm diameter in an Ar filled 
glovebox. The powder was ball milled at 400 rpm for 1 h in cycles of 15 min 
milling and 15 min pause.  

The ball milled MgH2 powder was unloaded from the ball mill inside a 
Ar filled glovebox. The powder was weighed and mixed with 20 wt% and 5 wt% 
of Sulfur from Sigma Aldrich in a stainless steel container. The container was 
sealed and mounted on a heating plate inside the glovebox. The powder 
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mixture was heated to 423 K  for a period of 16h under magnetic stirring. After 
the heating treatment, the sample is left to cool at ambient temperature and 
then removed from the container.  

 
7.2.2. Powder X-ray diffraction 

 
The structure of the crystalline samples was investigated by X-ray 

diffraction using a PANalytical X’Pert PRO diffractometer with a Cu Kα 

(λ=1.5415 Å) operated at 40 kV and 40 mA. The as prepared samples were 
loaded in an Ar filled glovebox in air tight sample holders while the air 
exposed samples were loaded in air. However, for comparison reasons, after 
one week exposure to air, the samples were stored in a glovebox. The 
background measured from the silicon disk and sample holder is subtracted 
from the X-ray diffraction patterns. Rietveld analysis was performed on the 
measured patterns, using the GSAS software 19.  
 
7.2.3. Transmission electron microscopy  

 
Transmission electron microscopy (TEM), and energy filtered 

transmission electron mapping (EFTEM) at the sulfur K edge were performed 
using a FEI Tecnai TF20 electron microscope operated at 200 kV. Energy 
filtered TEM is a technique that allows quantitative elemental mapping using 
inelastically scattered electrons emitted from the atomic core shells.20 Samples 
were mounted on Quantifoil® microgrid carbon polymer supported on a 
copper grid. 
 
7.2.4. Scanning electron microscopy  
 

Scanning electron microscopy is performed using a Jeol JSM-840A 
microscope with an acceleration voltage of 5kV. Element analysis topography 
is performed with an EDX Tracor attachment. Elemental mapping is 
measured using the K edge energies of O, Mg and S.  

 
7.2.5. Infrared spectroscopy 
 

The vibration spectra are recorded using a Fourier transform Bruker 
Vertex 70 infrared spectrometer. The powder sample is pressed in between 
KBr windows in a hand held press and mounted on the spectrometer sample 
holder. Prior to the measurements, the surface adsorbed water is removed by 
flushing with nitrogen gas. Spectra are recorded in the range 4000 – 450cm-1 
and processed using the OPUS 6.5 software.  
7.2.6. Thermal desorption spectroscopy  
 

Thermal hydrogen desorption is measured in a homebuilt TDS setup 
(Hydra). Hydrogen is detected using a quadrupole mass spectrometer. The 
samples are mounted under Ar atmosphere and transported in an air tight 
stainless steel holder. Hydrogen desorption was performed by applying 
constant heating rate ranging between 0.5K/min to 3K/min and measuring 
the pressure built up and mass spectrometer signal in parallel. The double 
recording of the process enables one to verify that no other species than 
hydrogen are released during the measurement. The hydrogen loading 
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experiments consisted in exposing the unloaded sample to a pressure of 6 bar 
H2 (purity 6.0) for 6 hours at 523K.  
 
7.2.7. Sieverts measurements  

 
Hydrogen absorption isotherms at 523K and 573K were measured 

using a commercial Sieverts’ apparatus, PCT Pro 2000 by Hy-Energy. For the 
measurements, hydrogen gas of purity 5.0 was used. The accuracy of the 
pressure reading is 1%. For the setup, a dry scroll pump was used with a base 

pressure at the inlet of 25 10  mbar. Pressure composition isotherms were 
measured with the use of the Autoclave sample holder and the typical size of 
the aliquot was 0.663ml.  
 
7.3. Results and discussion  
 
7.3.1. Structural characterization of sulfur coated MgH2 
 

The structure and composition of the sulfur coated ball milled MgH2 
powders are investigated by X-ray diffraction. In Figure 7.1, the measurements 
and results of Rietveld refinement are presented for samples coated with 20 
wt. % S and 5 wt. % S.  

The most prominent crystalline phase present in both samples is the 
rutile β-MgH2 and represents 65 wt. % of the MgH2/20 wt. % S sample and 69 
wt. % of the MgH2/5wt. % S sample (see Table 7.1) The size of the crystallites 
calculated with the Scherrer formula is  about 10 to 16 nm.  A small fraction of 
γ-MgH2 is present in both samples. γ-MgH2 is an orthorhombic structure that 

crystallizes in the Pbcn  space group. It is essentially a distorted structure from 
the tetragonal β-MgH2 typically observed after ball milling.21,22,23 The fraction 
of MgO is very small and it corresponds to large crystallites of about 100 nm. 
It is different than the spark discharge generated samples where as shown in 
Chapter 2, 3, 5 and 6, MgO is present as 2 nm thick shell around the 
particles.1,2 In the diffractograms of Figure 7.1, the absence of crystalline 
Mg(OH)2 is notable.  

Figure 7.1. X-ray diffraction spectra and Rietveld refinement (measurement spectra – 

black, calculated spectra – red, residual – blue) for as-prepared ball milled a) MgH2/20 

wt% S and b) MgH2 / 5 wt% S. The individual phase contributions are given below 

(scaled down by ½). 
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Sulfur has the most complex phase diagram of all the elements due to 
its many molecular and allotropic forms. In normal conditions of temperature 
and pressure, S is present as a cyclic molecule formed of eight sulfur atoms. In 
the solid form it presents many allotropic forms, of which two are more 
predominant: α-S, an orthorhombic structure belonging to the space group 

Fddd  and β-S, a monoclinic structure belonging to the 12 /P c  space group. At 

about 368 K, orthorhombic sulfur is transformed into monoclinic sulfur which 
melts at 392 K. In the low pressure regime sulfur can sublimate gaseous 
cycloocta S8 molecules. An important point in the phase diagram of S occurs at 
432 K when the cycloocta molecules begin to break down and form polymeric 
chains.  During the formation of the sulfur coating on the surface of Mg 
particles, the temperature does not exceed 423 K.24  Upon condensation of the 
cycloocta sulfur vapors, both orthorhombic and monoclinic sulfur allotropes 
can be obtained. 24,25 The monoclinic structure eventually decays to the more 
stable orthorhombic structure.  

For the 20 wt. % S sample, the X-ray diffractogram of Figure 7.1a shows 
that some of the S is present in two allotropic states: about half of the total 
sulfur crystallizes as orthorhombic α-S and the other half as monoclinic β-S. 
The size of the crystallites is found to be between 40 and 60 nm. It can be 
concluded that for the 20 wt.% samples S is present as a rather thick layer 
around the particles or clustered on the surface, enabling reaction with the 
particle surface. In view of the limited amount of S added thick layers of S may 
however indicate that not all surface area is covered by it. This model is 
confirmed by electron microscopy characterization of the morphology and 

Figure 7.2 Infrared spectra of as-prepared ball milled MgH2, MgH2/20wt%S, 

MgH2/5wt% S and S. 



152 

 

elemental composition of the samples (see section 7.3.2)  
For the 5 wt. % S sample, in the diffractogram of Figure 7.1b, sulfur is 

also present in two crystalline states, but the dominant one is the monoclinic 
β-S. The X-ray diffraction peaks are wider, corresponding to crystallites as 
small at 5 nm. This observation is consistent to the formation of a sulfur thin 
coating on the surface of MgH2 nanoparticles ( see section 7.3.2).  

Infrared spectra in Figure 7.2 support the structural information 
obtained from X-ray diffraction. The main contributions are two broad 
vibration bands which correspond to a stretching mode of MgH2 centered at 
1166 cm-1 and a bending mode of MgH2 at 653 cm-1. As elemental S presents 
absorption bands in the UV-vis region, no trace of it can be seen in the 
infrared spectrum. However, MgSO4 presents distinctive infrared absorption 
bands ranging from 500 to 1180 cm-1 which are not distinguished in the 
spectra of Figure 7.2.26 This observation is consistent with the results obtained 
from XRD. The infrared spectrum of MgS is highly dependent on the texture 
of the compound. The typical absorption spectrum of MgS spherical particles 
presents four characteristic bands at 248, 324, 370 and 400 cm−1 and a small 
broad band at 538 cm−1 which will strongly shift to the far infrared region for 
needle like particles and be outside the measurement range in Figure 7.2. 
Thus, the presence of nanocrystalline or amorphous MgS at the surface of 
MgH2 particles cannot be excluded.  
 
7.3.2. Structural investigation of air exposed sulfur coated MgH2 
 

The sulfur coated MgH2 samples are subsequently exposed to air for a 
period of one week in order to test the hypothesis that the sulfur layer will 
prevent oxidation. In Figure 7.3, the X-ray diffractograms of the air exposed 
samples are plotted together with the results of the Rietveld refinement. The 
results are striking in the sense that only very small traces of MgO can be 
detected in the sulfur coated samples. The main crystalline phase in both 
samples is the tetragonal β-MgH2 amounting to 54 wt. % and 65 wt. % for the 
MgH2/20 wt. % S and MgH2/5 wt. % samples respectively.  

In the sample that contains a larger S fraction and larger crystallites 
(MgH2/20 wt. % S) the presence of a small amount of about 12 wt. % 
nanocrystalline Mg(OH)2 is observed after air exposure in Figure 7.3a. It can 

Figure 7.3. X ray diffraction spectra and Rietveld refinement ( measurement spectra – 

black, calculated spectra – red, residual – blue)  for a) MgH2/20 wt% S and b) MgH2 / 

5 wt% S after exposure to air for 1 week. The individual phase contributions are given 

below (scaled down by ½). 
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also be seen that all monoclinic β-S transformed in the more stable 
orthorhombic α-S. The enthalpy of transformation is about -0.4 kJ/mol S.25  

In contrast, in the sample that contains a lower amount of S in the form 
of 5 nm crystallites, plotted in Figure 7.3b, no Mg(OH)2 could be fitted. 
Moreover, S is still present in two crystalline states but the predominant form 
is β-S. 

For comparison, a pure ball milled MgH2 sample was also exposed to 
air for a period of one week. The results obtained in the structure evolution of 
this sample contrast strongly to the sulfur coated MgH2 samples. In Figure 7.4, 
the X-ray diffractograms of the ball milled MgH2 are plotted together with the 
results of the Rietveld refinement. The XRD of the freshly ball milled sample 
is compared to the XRD of the air exposed sample. It can clearly be seen that 
the air exposed sample is heavily oxidized as Mg(OH)2 is the dominant phase 
in the spectrum. Because the crystallite size of Mg(OH)2 is about 4-5 nm, it 
can be modeled as a growing layer on the surface of MgH2. Thus, the 
oxidation proceeds through a growing shell mechanism.  The reason for the 
incomplete oxidation of ball milled MgH2 stems from the sample morphology 
that is characterized by a wide range of particle sizes from a few hundred 
nanometers to a few micrometers as it can be seen in the electron microscope 
images in Figures 7.6-7.9. Thus, the bigger particles will take longer to 
completely oxidize. 

It is known that in the presence of even a few monolayers Mg(OH)2 on 
the surface of MgH2, the hydrogen desorption activation energy is 
significantly increased.21 Moreover, during the heating treatments, Mg(OH)2 
can be reduced to the more stable MgO which also increases the activation 
barrier for hydrogen sorption. 21,27 

Among the sulfur coated samples, the one with 20 wt. % S presents a 
small fraction of Mg(OH)2 after exposure to air. The sample coated with 5 wt. % 
S does not form any crystalline Mg(OH)2. This will indicate that materials 
preparation can still be optimized and that only 5 wt. % or less S is required to 
obtain a passivation of the sample surface.   

Figure 7.4. X-ray diffraction spectra and Rietveld refinement ( measurement spectra 

– black, calculated spectra – red, residual – blue)results for a) MgH2 freshly ball 

milled  and b) MgH2 exposed to air for 1 week. The individual phase contributions 

are given below (scaled down by ½). 
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Table 7.1. Crystallite sizes and weight fractions extracted from Rietveld refinement results for the diffractograms plotted in Figure 7.1, Figure 
7.3 and Figure 7.4.  

 
Phase Freshly prepared After exposure to air 

MgH2/20wt% S 
(Rwp=3.5%) 

MgH2/5wt% S 
(Rwp=4%) 

MgH2 
 (Rwp=4%) 

MgH2/20wt% S 
(Rwp=5.6%) 

 MgH2/5wt% S 
(Rwp=4%) 

MgH2 
 (Rwp=7%) 

Size 
(nm) 

Fraction 
(wt.%) 

Size 
(nm) 

Fraction 
(wt.%) 

Size 
(nm) 

Fraction 
(wt.%) 

Size 
(nm) 

Fraction 
(wt.%) 

Size 
(nm) 

Fraction 
(wt.%) 

Size 
(nm) 

Fraction 
(wt.%) 

β-MgH2 11 65 16 69.2 11 58.7 11 54 16 65 13 10.9 

γ-MgH2 10 8 83 2 9 8.2 32 4.3 14 6.3 9 8.7 

Mg 78 2 63 4.8 130 0.9 94  1.7511.7    1.7    .. 
 

54 4.3 139 0.6 

α-S 39 13 51 0.5 - - 58 28 10 0.8 - - 

β-S 61 12 5 23.3 - - - - 6 13.6 - - 

Mg(OH)2 - - - - 6 4.5 7 12 - - 5 71 

MgO - - 92 0.2 3 27.7 - - 4 10 3 8.7 
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Infrared spectroscopy is highly sensitive to the vibrations of –OH groups. 
Thus, the presence of Mg(OH)2 can be detected even when it is present in the 
form of an amorphous thin layer on the surface of MgH2.  Four active IR modes 
are known for Mg(OH)2: one internal mode, one rotational lattice mode and two 
translational lattice modes. The internal mode is represented by a sharp band 
corresponding to a stretching vibration at 3671 cm -1. The lattice mode region is 
below 1000 cm-1 and contains the rotational lattice vibration at 310 cm-1, and 
two translational lattice modes are merged into a broad band centered at 462 cm-
1. 28,29 In the measurement of Figure 7.5 we focus on the internal modes region.  
A narrow and intense vibration band is measured at 3695 cm-1 for the sample 
containing 20 wt. % S that was exposed to air for one week. 

 This band corresponds to the internal stretching mode of –OH in 
Mg(OH)2. Another broad band centered at 500 cm-1 can be attributed to the 
translation lattice vibrations. Also, a very small intensity broad band centered at 
1166 cm-1 can be linked to the presence of MgH2.   

The absence of the –OH vibration bands from the samples that were not 
exposed to air confirm the lack of oxidation of the initial samples, as is supported  
also by the XRD results. This suggests that the initial sulfur coating is formed on 
a pure MgH2 surface. 

Figure 7.5 Infrared spectra of ball milled MgH2, MgH2/20wt%S and MgH2/20wt% 

exposed to air for one week (bottom to top) 
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From the analysis of the X-ray diffraction spectra of the MgH2/20 wt. % S 
the crystallite size for sulfur is in the order of 50 nm. In order to find out the 
morphology of the sample and whether sulfur forms a coating around the 
particles, transmission electron microscopy is used. Energy filtered TEM at the 
sulfur edge is used to locate sulfur in the sample. 

In Figure 7.6a, the TEM image of the air exposed MgH2/20 wt. % S sample 
is presented. Particles of the order of a few hundred nanometers can be 
distinguished in the image. On the surface of the particles, a thin layer can be 
observed which using energy filtered TEM can be identified as containing mostly 
S (see Figure 7.6b). The layer thickness can be estimated to be between 20-50 nm. 

Figure 7.6. Morphology and sulfur coverage of MgH2/20wt%S:  a) TEM image of air 

exposed MgH2/20wt%S, b) EFTEM image at the S edge of air exposed MgH2/20 wt% S,  

c)TEM image of MgH2/ 20wt% S after hydrogen desorption, d) EFTEM image at the S 

edge of MgH2/20wt%S after hydrogen desorption 
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This result compares well with the size of the sulfur crystallites that was found 
from the Rietveld refinement of X-ray diffractograms (see Table 7.1) 

In Figure 7.6c, a TEM image of the MgH2/20wt. % S after hydrogen 
desorption can be seen. As during hydrogen desorption, the sample is exposed to 
temperatures as high as 650 K, an increase of the crystallinity is expected. In the 
TEM image, sharper crystal edges and crystal fringes are now observed. A higher 
sulfur coverage can be observed at the surface of the particles in Figure 7.6d 
compared to the Figure 7.6b. Thus, after hydrogen desorption and exposure to air, 
the sulfur coating is still present. However, the high temperature treatments that 
the sample was exposed to may have changed the form in which sulfur is present 
on the surface. Already at 432 K, the cycloocta S8 molecules start to polymerize 
into Sn chains.  The polymerization reaction is photosensitive and the length of the 
Sn chains depends on the temperature that the system is subjected to. The 
polymeric S chains are arranged into double helical structures which present very 
different physical and chemical properties to the cyclooctan molecules.       

Figure 7.7. Scanning electron images of air exposed MgH2/20 wt% S at increasing 

magnification:  a) x 7 000, b) x 10 000, c) x 20 000 and d) x 40 000.  
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However, in time, these structures decay to the conventional orthorhombic α-S, as 
is also observed in XRD (see Table 7.1).13,24,25,30 

In order to characterize the morphology of the samples on a larger scale 
than TEM permits, scanning electron images (SEM) of the desorbed sample are 
recorded and presented in Figure 7.7. The shape of the particles appears to be 
almost spherical. A thin surface layer can be distinguished in Figures 7.7 c and d 
which can be attributed to the presence of sulfur on the surface.  

In order to determine whether the coating is indeed sulfur, energy 
dispersive spectroscopy (EDX) is used to identify the elements present on the 
surface of the sample. In Figure 7.8, a surface of  from the desorbed sample is 
imaged  at the K shell of oxygen, magnesium and sulfur. The signal from Mg is 
the most intense. The signal from O is also intense enough that the contours of 
the image can be followed. It was calculated that the K shell ionization cross 
section for oxygen upon electron impact is  , about 5 times smaller than that of 
magnesium and sulfur.31,32 Thus, the intense signal from oxygen must be 
measured from the outmost surface of the sample. This observation is in good 
agreement with the results obtained from both XRD and IR that a thin Mg(OH)2 
coating is formed on the surface of MgH2/20 wt% S exposed to air for one week. 

The signal from sulfur is much weaker than that for magnesium or oxygen. 
However, as the electron impact K shell ionization cross sections for magnesium  
and sulfur are almost the same, , we can conclude that the signal from sulfur 

Figure 7.8. Scanning electron micrograph and corresponding  energy 

dispersive spectroscopy elemental mapping for O, Mg and S K shells of  air 

exposed MgH2 /20wt%S after desorption 
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originates from the subsurface. 32,33 Indeed, from both XRD and EFTEM we 
know that a sulfur coating is present on the samples before being exposed to air. 
The fact that Mg(OH)2 still forms during air exposure is indicative of the fact that 
the sulfur coating is not very compact. Also when subjected to high temperatures 
during desorption it allows Mg to migrate through the sulfur layer to the surface 
and form a thin layer of Mg(OH)2.   Thus, although scanning electron images 
indicate that the sulfur coating surrounds uniformly the ball milled MgH2 
particles of varying sizes the coverage is not completely preventing reactions with 
moisture or air. 

 The same EDX elemental mapping is measured on an undesorbed 
MgH2/20wt.% after exposure to air and presented in Figure 7.9. In this case, the 
magnesium signal seems to be less intense. This result is not surprising since the 
sample was previously coated with S without being exposed to high temperatures 
during synthesis, the mobility of the Mg atoms is reduced, so the Mg(OH)2 
surface coating can be less.  

In Figure 7.10, TEM images of the air exposed MgH2/5 wt.% S are 
presented. A thin sulfur coating surrounds the particles uniformly. The thickness 
of the  sulfur shell in Figure 7.10. is estimated to be about ~ 5 nm. This result is in 
good agreement with the α-S crystallite size determined  from XRD (see Table 
7.1). The much better coverage in this case is reflected in the substantially larger 

Figure 7.9. Scanning electron micrograph and corresponding  energy dispersive 

spectroscopy elemental mapping for O, Mg and S of  air exposed MgH2 /20wt.%S  
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air resistance and improved hydrogen sorption properties. 
 

7.3.3. Hydrogen sorption properties of sulfur coated MgH2 

 

 Hydrogen sorption characteristics of the sulfur coated samples are 
investigated using thermal programmed desorption. A heating treatment is 
applied to the samples at constant heating rates and the released hydrogen is 
detected using a quadrupole mass spectrometer. In Figure 7.11, the thermal 
desorption profiles of MgH2/20 wt.%S and MgH2/5wt.% S are plotted as a 
function of increasing heating rate.  

At a heating rate of 0.5 K/min, hydrogen is released from the sample in a 
sharp peak that has the maximum at about 575 K. This desorption temperature is 
typical for ball milled MgH2 samples23,34,35 (see Chapter 6), suggesting that S does 
not have a visible effect on the hydrogen desorption kinetics.  

It is observed that the desorption temperature during first cycle is higher, 
about 590 K. However, after the first cycle the sample stabilizes and the variation 
in the peak desorption temperature is not more than 3 K. The first higher value of 
desorption temperature can be attributed to an activation of the sample.34,36,36   

Figure 7.11. Thermal programmed desorption profiles at different heating rates for  

a)MgH2/20wt% S,  b) MgH2/5wt% S. 

Figure 7.10. Transmission electron micrographs of  air exposed MgH2 /5wt. %S  
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 In the case of first order reaction kinetics of a reaction that has an 
activation barrier as it is generally the case for the hydrogen desorption from 
MgH2, increasing the heating rate for the desorption causes the maximum 
desorption peak temperature to shift towards higher values. This can be used to 
determine the height of the activation energy barrier by the Kissinger analysis 
which is discussed in more detail in Chapter 2. 1,21,37,38,39,40,41,42,43 

In Figure 7.12, the Kissinger plots of the MgH2/20 wt.%S and         
MgH2/5wt. % S samples are presented. An activation energy of 193±38 kJ/molH2 
and a prefactor 𝐴 = 1 ∙ 108𝑠−1 is found for the MgH2/20 wt. % S and 152±14 
kJ/mol H2 and a prefactor 𝐴 = 7.7 ∙ 107𝑠−1 for MgH2/5wt.% S.  

These values compare well to the pure ball milled MgH2 activation energy 
that we measured to be 145±5 kJ/molH2. However, in literature, the activation 
energy values for uncatalyzed ball milled MgH2 vary within broad ranges, from   
150 kJ/molH2 to 200 kJ/molH2. 21,23,44  

From these observations of the hydrogen desorption temperatures and 
activation energies we can conclude that the sulfur coating does not have a direct 
significant effect on the reactivity of the sample. Its role is mostly as a passivating 
layer against surface oxidation.  

Further, the enthalpy of the hydride formation was determined using 
pressure composition isotherms measured at 523 K and 573 K for the                
MgH2/5 wt.% S. The equilibrium pressures extracted from the pressure 
composition isotherms are used in a van’t Hoff plot to determine the enthalpy 
and entropy of reaction as described in Chapter 3. The enthalpy of hydrogenation 
is estimated from the slope of the line while the intersect determines the entropy 
of reaction. The van’t Hoff plot of the     MgH2/5 wt. % S is plotted in Figure 7.13 
which indicates that the enthalpy is ~71 kJ/molH2 and the entropy of reaction 
~129  J/KmolH2. These are the typical values for bulk MgH2. 22,23 

 
   

Figure 7.12. Kissinger plots for a) MgH2/20wt% S, b) MgH2/5wt% S 
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7.3.4. Hydrogen sorption properties of air exposed sulfur coated 
MgH2  

 

It was clearly shown in the XRD and IR structural analysis of section 7.3.2 
that the sulfur coated samples protect against the oxidation of ball milled MgH2, 
when they are exposed in air for one week.  

At a higher fraction of sulfur (20 wt. % S) and bigger crystallites, however, 
a nanosized Mg(OH)2 still forms at the outermost surface. An important question 
that needs to be answered is how the hydrogen storage behavior of this type of 
sample is altered after exposure to air.  

In Figure 7.14, two desorption curves measured for MgH2/20 wt. % S as 
produced (Figure 7.14a) and after one week in air (Figure 7.14b) are plotted. Both 
curves are measured at a heating rate of 1 K/min and represent the second 
desorption of the samples. The S coated sample that was not exposed to air has a 
desorption peak at 573 K and the one exposed to air, at a slightly increased 
temperature of 588 K.  

Figure 7.13. van’t Hoff plot determined for MgH2/5wt%S 
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It is surprising to observe that in spite of the formation of a Mg(OH)2  
layer at the surface of the S coating, hydrogen can still be inserted and released 
from the material. In the absence of the sulfur coating, even an amorphous 
Mg(OH)2 coating can have a dramatic effect on the kinetics of the kinetics of 
hydrogen sorption. 21 Several hydrogen cycles were measured, showing a high 
reversibility of the hydrogenation/dehydrogenation reaction.  

A effect of the reaction with air  is observed for the air exposed 20 wt. % S 
coated samples and it is illustrated in the desorption profiles of Figure 7.15. At a 
first desorption, the peak temperature is at 589 K but at a second desorption at 
the same heating rate, the desorption peak is measured at 11 K lower temperature, 
at 578 K. It is not unusual that after a first cycle the desorption temperature is 
decreased. It can be regarded as an activation of the samples when lattice defects 
induced by ball milling are annealed and the sample has a more stable structure 
throughout the measurements. However, even when a third desorption profile is 
measured at the same heating rate, the desorption peak shifts 12 K to lower 

Figure 7.14. Thermal desorption profile measured at 1 K/min for a) as 

produced MgH2/20wt%S, b) MgH2/20wt%S after air exposure for 1 week. 
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temperatures from the second measurement, to 566 K. This effect was not 
observed for the S coated 20 wt. % sample that were not exposed to air. For this 
20 wt.% S sample an effect of the reaction with air is thus still present. Because of 
the desorption peak shifts to lower temperatures, the height of the activation 
energy barrier cannot obviously be determined through a Kissinger analysis of 
the data.   

In contrast to the sample that contains 20 wt. %S, the exposure to air for 
one week of the  5 wt. % S sample causes little change in the hydrogen cycling 
behavior. It has already been discussed from the XRD results ( see section 7.3.2.) 
that the passivating coating is especially effective for the MgH2/ 5 wt. % S because 
no MgO or Mg(OH)2 could be detected  after air exposure. This result is reflected 
in the hydrogen cycling experiments. The sample is remarkably stable upon 
cycling which became clear after four desorption measurements at 0.5 K/min 
that present almost identical desorption profiles. In Figure 7.16. thermal 
desorption profiles measured at different heating rates are plotted. Due to the 
high stability of the sample, a Kissinger analysis can be performed in order to 
determine the activation energy of the sample. Thus, in Figure 7.16b, the 
activation energy for hydrogen desorption is found to be 124±15 kJ/molH2 for the 
MgH2/ 5 wt. % S sample exposed to air for one week (the error given here is a 
collective error determined from two separate measurements and not solely from 
the linear fit in Figure 7.16b).  

Figure 7.15. Thermal desorption profiles measured at 0.5 K/min for MgH2/20wt%S 

after air exposure for 1 week. 

 



165 

 

An important characteristic that will make the sulfur containing samples 
widely accepted and used in devices is if sulfur or derivatives such as H2S will not 
be released during heating treatments and hydrogen sorption experiments. In 
order to verify that S remains bound to the sample, a mass spectrometer scan in 
the mass range 1-50 is measured while the sulfur containing sample is heated up 
to 650 K. The result is presented in Figure 7.17 where the main peak is observed 
in the range 1.5-2.5 which is the typical signal from hydrogen which is desorbed 
from the sample. A very small signal is also observed in the range 17-18 and it is 
the typical signal for residual water in the setup. Sulfur has an atomic weight of 
32 and H2S of 34 Thus, if H2S were released, a signal in the region around 32 and 
at 34 should be present. The very small signal detected in the region 32-34 can 
also be due to oxygen ions and it can be correlated with the nitrogen ion signal 
around 27-28. As our measurement range extends up to mass 50, we can 
conclude that  H2S is not detected by the mass spectrometer.  

This result is an important step forward as it further confirms the stability 
of the S coating and leads towards the applicability of sulfur coatings in MgH2 
materials.  

   
 

 

 

 
 
 
 

Figure 7.16. a) Thermal programmed desorption profiles measured at different 

heating rates and b) the resulting Kissinger plot for MgH2/5wt.% S after exposure to 

air for one week. 
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7.4. Conclusions 
 

In an attempt to create air resistant MgH2 samples that will make it more 
economically viable solution of energy storage, a sulfur coating is created on the 
surface of ball milled MgH2 powders. Structural studies showed that the sulfur 
coating it formed uniformly on the surface of the sample and has the desired 
effect of protecting from further oxidation for the 5 wt. % S sample. The presence 
of the sulfur coating acts effectively against surface oxidation of the MgH2 
samples without significantly altering the kinetics or the thermodynamics of the 
hydrogen sorption. However, from another 20 wt. % S sample it appears that 
depending on the materials preparation also less perfect protection against air 
can result, and varying hydrogen desorption characteristics.  

 
 
 
  
 
 
 
 

Figure 7.17. Mass spectrometer scan measured at 650 K on the air exposed         

MgH2/5 wt.% S 
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Summary 
 
 
 
 
 
 
 
 
 
 
Reliable and affordable energy storage represents a bottleneck in a 

scenario where renewable energy sources become prominent on the energy 
market.  With its high potential energy density and the natural abundance of 
the element, hydrogen gas is an attractive energy storage medium. But its 
gaseous nature, its high explosive potential and permeability of gaseous 
hydrogen through materials pose important limitations on its usability. 
Therefore, in the course of this thesis we set out to investigate hydrogen 
storage in stable solids, namely magnesium based materials.  

The obvious advantages of magnesium as an energy storage material 
are its light weight, wide availability, high volumetric and gravimetric capacity 
and reversible reaction with hydrogen. The main challenges, however, are the 
relatively high stability of the MgH2 (ΔH=75 kJ/molH2), the slow kinetics of 
the hydrogen desorption and its high reactivity with air.  

As hydrogen storage in Mg was intensely studied during the past forty 
years, it is a well described system. The novelty of our study, however, 
originates from the use of spark discharge generation as the synthesis method 
for Mg based nanomaterials. It is a bottom up method for synthesizing 
nanoparticles of conductive materials. Because it is a non-equilibrium 
technique it permits the synthesis of metastable phases that are generally not 
obtained in more conventional approaches. Besides, it is a versatile method 
that can be used in different gaseous environments and through various 
electrode configurations. In this manner nanocomposites and nanoscale 
mixtures of multiple components can be obtained. In this study, Mg 
nanoparticle agglomerates are obtained with a typical primary particle size 
below 15 nm (Chapter 2). Nanosized Pd and NbOx catalysts are mixed in situ 
with Mg (Chapter 2) but also Mg-Ti nanocomposites are produced (Chapter 
3). The introduction of an Ar/H2 gas mixture allows the in situ formation of 
MgHx (Chapter 5) and MgyTi1-yHx (Chapter 6) hydrides.  

The main drive for using nanomaterials and hence spark discharge 
generation is improving the kinetics of the hydrogen sorption reactions in Mg. 
As nanomaterials have a high surface to volume ratio, it shifts the rate limiting 
step from the hydrogen transport through bulk to the surface absorption. In 
Chapter 2, the hydrogen desorption kinetics from Mg, Mg/Pd and Mg/NbOx 
are analyzed. The broad desorption profiles in combination with detailed 
structural observations of inhomogeneity of the samples lead to the conclusion 
that the JMAK (Johnson-Mehl-Avrami-Kolmogorov) kinetic model is not 
applicable here. Instead,  a more suitable kinetic model based on multiple 
activation energies for the system is proposed. In this way, the solid sample is 
effectively treated as a sum of sub systems with individual hydrogen 
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desorption characteristics. The distribution of activation energies in the 
measurement range is found to vary from 55 kJ/molH2 to 120 kJ/molH2. In 
spite of the nanosized character of the sample and the addition of transition 
metal catalysts (Pd and NbOx), the average activation energy lies still around ~ 
90 kJ/molH2. A possible explanation for this is the presence of an MgO shell 
that can act as a barrier for hydrogen sorption. But also inhomogeneities in 
catalyst distribution combined with the reduced ability of Mg to 
spontaneously split the H2 molecule may contribute to a higher activation 
energy. 

Despite the minimum value of the activation energy for hydrogen 
desorption (55 kJ/molH2) found for Mg/Pd and Mg/NbOx mixtures, from the 
study in Chapter 2 it is apparent that a purely kinetic approach for improving 
the cyclability of hydrogen in magnesium is not yet sufficiently homogeneous 
in these materials. Therefore, a more drastic thermodynamic change in the 
system will be desirable that can change the thermodynamic characteristics in 
most of the material.  

For this reason, Mg/Ti nanocomposites synthesized by spark discharge 
generation are studied in Chapter 3. Mg and Ti are typically immiscible but 
when a non-equilibrium synthesis method is used, they can form a metastable 
alloy. At Ti compositions >15 at. %,  a MgyTi1-yHx cubic hydride forms. In the 
thermodynamic study of Mg/Ti nanocomposites in Chapter 3, a reduced 
decrease in enthalpy of formation equaling -45 kJ/molH2 is determined 
experimentally.  This remarkably reduced enthalpy of formation change of the 
hydride is difficult to explain in a simple model. An interplay of several 
mechanisms such as Mg/MgH2-TiH2 interfaces, lattice mismatch between  Mg 
and TiH2, and open volume defects can be used to explain the thermodynamic 
properties of the system. Besides the lower enthalpy, the reduction in entropy 
upon hydride formation is also decreased. A linear relation between enthalpy 
and entropy is found to hold for several nanoparticulate samples. Moreover, 
both the Mg/Ti alloy and the MgyTi1-yHx produced by spark discharge show a 
relatively high stability when exposed at temperatures of about 573 K for 
hundreds of hours in spite of being thermodynamically immiscible.  

This remarkable stabilization of the Mg/Ti systems is studied in  more 
detail in Chapter 4. Mg/Ti thin films produced by DC magnetron sputtering 
are heated up to temperatures up to 573 K and their structure evolution and 
reactivity with hydrogen is tested. At higher Ti fractions (30 at.%), a clear 
demixing of the metals is observed. At a low fraction of Ti (10 at.%) the alloy 
remains coherent in X-ray diffraction. However, the heating treatments 
induce irreversible microstructural changes that block the reaction with 
hydrogen.  The results obtained in this chapter underline the importance of 
the micro and nanostructure of the samples and its overwhelming influence 
on the reactivity with hydrogen.  

The reactivity of Mg with hydrogen can be stimulated by introducing 
hydrogen gas during the spark ablation of Mg. In this way, MgHx can be 
formed in situ from the hydrogen plasma. These type of materials are 
investigated in Chapter 5. The concentration of the Ar/H2 gas mixture has a 
strong impact on both the crystallinity and amount of product obtained. 
Moreover, at low hydrogen concentrations, we observed that a large amount of 
H is dissolved in the Mg lattice. These extended solubility limits of H in the 
hcp Mg lattice have very rarely been observed in pure Mg samples but they 
show the altered reactivity of nano scale Mg with H.  
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Combining the results obtained in Chapter 2 to obtain low activation 
energies and Chapter 3 to achieve low enthalpy of formation and the in situ 
hydride formation in Chapter 5  seems promising to achieve a high 
performance hydrogen storage material.  

Indeed, in Chapter 6, MgyTi1-yHx is obtained using spark discharge 
generation. The structural analysis revealed that there is a single active phase 
and it is a fluorite type hydride also obtained after the hydrogenation of Mg/Ti 
nanocomposites in Chapter 3. Its enthalpy of formation was experimentally 
determined to be 45 kJ/molH2. In Chapter 6, a detailed kinetic analysis of  
hydrogen release from MgyTi1-yHx is performed and the single activation 
energy is found to be 55 kJ/molH2. This value is the lower limit determined in 
the multiple activation energy analysis of Chapter 2. Thus, by introducing Ti 
and H2 gas during the synthesis, we have effectively succeeded in selecting the 
fast reacting part of the sample.  Besides the low activation energy, the actual 
hydrogen release temperature is about 373 K which makes this material very 
interesting for mobile applications. On top of this, the cubic MgyTi1-yHx 
remains stable provided that temperature treatments do not exceed ~ 523 K. 
The amount of hydrogen that can be cycled is somewhat less than the full 
capacity, however. 

Another major practical hindrance of using MgH2 is its air sensitivity. 
We tackle this problem in a novel approach by creating a sulfur coating on the 
MgH2 surface. In Chapter 7, a structural analysis of air exposed sulfur coated 
samples shows that the ultra-thin coating (5nm) acts effectively in preventing 
the oxidation of MgH2 while hydrogen sorption remains unaffected.  

In this thesis, Mg based nanomaterials with improved potential for 
applications as hydrogen stores are developed and analyzed. We have 
addressed the key issues of slow sorption kinetics, high stability and air 
sensitivity of MgH2 and provided viable solution directions to these challenges.  
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Samenvatting 

 
 
 
 
 
 
 
 
 
 
 
Betrouwbare en betaalbare energie-opslag is een knelpunt in een 

scenario waarin hernieuwbare energiebronnen prominenter worden op de 
energiemarkt. Dankzij de hoge potentiële energie dichtheid, is waterstof gas 
een aantrekkelijk energie-opslagmedium. Maar het gasvormige karakter, het  
hoge explosieve potentieel van gasvormige waterstof en de permeatie door 
materialen vormen een  belangrijk beperking voor de praktische 
bruikbaarheid. Om deze reden wordt in de loop van dit proefschrift 
waterstofopslag in vaste stoffen uiteengezet, namelijk in magnesium 
gebaseerde materialen. De voor de hand liggende voordelen van magnesium 
als een energie-opslag materiaal zijn het lage gewicht, ruime beschikbaarheid, 
hoge volumetrische en gravimetrische capaciteit en omkeerbare reactie met 
waterstof. De belangrijkste uitdagingen zijn echter de relatief hoge stabiliteit 
van de gevormde MgH2 (ΔH=75 kJ/molH2), de langzame kinetiek van de 
waterstofdesorptie en de hoge reactiviteit met lucht.  
 Doordat waterstofopslag in Mg intensief bestudeerd is tijdens de 
afgelopen veertig jaar, is er al veel bekend van het systeem. De nieuwheid van 
onze studie is echter afkomstig van het gebruik van spark discharge 
generation als de synthesemethode van de Mg gebaseerde nanomaterialen. 
Het is een bottom up werkwijze voor het synthetiseren van nanodeeltjes van 
geleidende materialen. Omdat het een niet-evenwichts techniek is, het maakt 
het de synthese van metastabiele fasen mogelijk die doorgaans niet met meer 
conventionele benaderingen kunnen worden verkregen. Daarnaast is het een 
veelzijdige werkwijze die kan worden gebruikt in verschillende gasvormige 
omgevingen en via verschillende elektrode configuraties. Op deze wijze 
kunnen nanocomposieten en nanoschaal mengsels van meerdere 
componenten worden gemaakt. In deze studie worden Mg nanodeeltjes in 
agglomeraten geproduceerd met typische primaire deeltjesgrootte van minder 
dan 15 nm (Hoofdstuk 2). Nanoschaal Pd en NbOx katalysatoren worden in 
situ gemengd met Mg (Hoofdstuk 2), maar ook Mg-Ti nanocomposieten 
worden geproduceerd en bestudeerd (Hoofdstuk 3). De introductie van een Ar 
/ H2 gasmengsel maakt de in situ vorming van MgHx (Hoofdstuk 5) en MgyTi1-

yHx (Hoofdstuk 6) hydrides mogelijk.  
 De voornaamste drijfveer voor het gebruik van nanomaterialen en dus 
spark discharge generation is de kinetische verbetering van de waterstof 
opname/ontlading in Mg. Als nanomaterialen een hoge oppervlak en volume 
verhouding hebben, verschuift de snelheidsbepalende stap van het transport 
van waterstof van bulk transport naar meer oppervlakte absorptie. In 
hoofdstuk 2 worden de desorptiekinetiek van waterstof uit gehydreerd Mg, 
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Mg/Pd en Mg/NbOx geanalyseerd. De brede desorptie profielen in combinatie 
met gedetailleerde structurele observaties van inhomogeniteit van de 
monsters leidt tot de conclusie dat een JMAK (Johnson-Mehl-Avrami-
Kolmogorov) kinetisch model hier niet van toepassing is. In plaats daarvan 
wordt een geschikt kinetisch model op basis van meerdere 
activeringsenergieen voor het voorgestelde systeem toegepast. Op deze wijze 
wordt het vaste nanogestructureerde monster effectief behandeld als een som 
van subsystemen met individuele waterstofdesorptie kenmerken. De verdeling 
van activeringsenergieën variëert van 55 kJ/molH2 tot 120 kJ/molH2. 
Ondanks de nanostructurering monster en het toevoegen van 
overgangsmetaal katalysatoren (Pd en NbOx), ligt de gemiddelde 
activeringsenergie steeds rond ~90 kJ/molH2. Een mogelijke verklaring 
hiervoor is de aanwezigheid van een dunne MgO laag die als een barrière voor 
waterstof sorptie kan werken. Maar ook inhomogeniteiten in 
katalysatorverdeling gecombineerd met het minder goed spontaan splitsen of 
vormen van het H2 molecuul kan aan een hogere activeringsenergie bijdragen.  
 Ondanks de lage gemeten waarde van de minimale activeringsenergie 
voor waterstofdesorptie (55 kJ/molH2) die gevonden is voor Mg/Pd en 
Mg/NbOx mengsels in de studie in hoofdstuk 2, blijkt dat een zuiver kinetische 
benadering voor het verbeteren van waterstof opname/ontlading in 
magnesium niet overal in het sample optreedt, niet homogeen is. Daarom is 
ook een thermodynamische wijziging van het systeem gewenst die liefst het 
hele materiaal beïnvloedt.  
 Om de thermodynamica te beïnvloeden zijn Mg/Ti spark disharge 
generated nanocomposieten in Hoofdstuk 3 geanalyseerd. Mg en Ti zijn als 
bulk materiaal typisch niet mengbaar maar wanneer een non-equilibrium 
synthesewerkwijze wordt gebruikt, kunnen ze een metastabiele verbinding 
vormen. Bij Ti>15 at.%, vormt het een MgyTi1-yHx kubische hydride. In de 
thermodynamische studie van Mg/Ti nanocomposieten in hoofdstuk 3, is een 
lage enthalpie van -45kJ/molH2 experimenteel bepaald voor een deel van de 
opgeslagen waterstof. Deze opmerkelijk lage enthalpie kan moeilijk in een 
eenvouding model verklaard worden.. Een samenspel van diverse 
mechanismen zoals Mg/MgH2-TiH2 interfaces, kristalrooster mismatch tussen 
Mg en TiH2, en open volume gebreken kunnen worden gebruikt om de 
thermodynamische eigenschappen van het systeem uit te leggen. Naast de 
lagere enthalpie afname bij hydride vorming, is ook de afname in entropie ook 
afgenomen. Een lineaire relatie tussen enthalpie en entropie veranderingen 
blijkt te gelden voor verschillende nanodeeltjes monsters. Bovendien hebben 
zowel de Mg/Ti en de MgyTi1-yHx een relatief hoge stabiliteit bij blootstelling 
aan temperaturen van ongeveer 573 K gedurende honderden uren, ondanks de 
thermodynamische niet-mengbaarheid van Mg en Ti.  
 Deze opmerkelijke stabilisatie van de Mg/Ti-systemen wordt in meer 
detail bestudeerd in hoofdstuk 4. Mg/Ti dunne films geproduceerd door DC 
magnetron sputtering worden verhit tot 573 K. Hun structuur evolutie en  
reactiviteit met waterstof wordt getest. Bij hogere fracties Ti (30 at.%), Wordt 
een duidelijk ontmenging van de metalen waargenomen. Bij een kleine fractie 
van Ti (10 at.%) blijft het Mg-Ti mengsel blijft coherent voor röntgendiffractie. 
De warmte behandelingen induceren een onomkeerbare microstructurele 
veranderingen die de latere reactie met waterstof blokkeren. Deze resultaten 
onderstrepen het belang van de micro-en nanostructuren van de monsters en 
de overweldigende invloed op de reactiviteit met waterstof.  



 

176 

 

 De reactiviteit van Mg met waterstof kan worden gestimuleerd door het 
introduceren van waterstofgas tijdens de spark discharge generation van Mg. 
Zo kan MgHx in situ worden gevormd uit het waterstof plasma. Dit soort 
materialen worden bestudeerd in hoofdstuk 5. De concentratie van de Ar/H2 
gasmengsel heeft een sterke invloed op zowel de kristalliniteit als de 
hoeveelheid van het product. Bovendien, bij lage concentraties waterstof, kan 
een grote hoeveelheid H in de Mg roosters van de nanodeeltjse zijn opgelost. 
Deze uitgebreidere oplosbaarheidsgrens van H in het hcp Mg rooster is slechts 
zeer zelden eerder waargenomen in zuivere Mg monsters, maar het geeft de 
veranderde  reactiviteit van nano grootte Mg met H2 aan.  
 Het combineren van de resultaten van laag activeringsenergieën, lage 
enthalpie en de in situ vorming van hydride lijkt veelbelovend voor een Mg 
gebaseerd waterstofopslag materiaal met verhoogde prestaties.  
 Inderdaad, in hoofdstuk 6, wordt MgyTi1-yHx verkregen met behulp van 
spark discharge generation. Uit de structurele analyse bleek dat er een actieve 
fluoriet structuur  hydride is verkregen na de H opname van Mg/Ti 
nanocomposieten, vergelijkbaar met wat in hoofdstuk 3 gestudeerd is. In 
hoofdstuk 6 wordt een gedetailleerde kinetische analyse van waterstof 
ontlading uit MgyTi1-yHx uitgevoerd, en de activatie-energie bij niet te hoge 
temperatuur blijkt nu voor het hele materiaal  55 kJ/molH2 te zijn. Deze 
waarde is de ondergrens bepaald bij de meervoudige activeringsenergie 
analyse van hoofdstuk 2. Dus door invoering van H2 gas tijdens de synthese, 
hebben wij daadwerkelijk het snel reagerende deel van het monster selectief 
kunnen produceren. Naast deze lage activeringsenergie, maakt de werkelijke 
desorptie temperatuur van ongeveer 373 K dit materiaal zeer interessant voor 
mobiele toepassingen. Daarenboven blijft de kubische MgyTi1-yHx structuur 
stabiel tot een temperatuurbehandeling van ~ 523 K.  
 Een andere belangrijke praktische belemmering van nano MgH2 
materialen is de luchtgevoeligheid. We hebben hiervoor een oplossings 
richting gevonden door een zwavel coating op het oppervlak MgH2 te maken. 
In hoofdstuk 7 blijkt uit een structurele analyse van de monsters met een 
zwavel coating  dat de ultra dunne coating (5 nm) doeltreffend werkt voor het 
voorkomen van de oxidatie van MgH2 terwijl de waterstofsorptie  onaangetast 
blijft.  
 In dit proefschrift worden Mg gebaseerde nanomaterialen met een 
versterkt potentieel voor toepassingen als waterstofopslag-materialen 
ontwikkeld en geanalyseerd. We hebben daarbij belangrijke kwesties van de 
trage absorptie kinetiek, de hoge stabiliteit en de lucht gevoeligheid van MgH2 

aangepakt. 
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Appendix 

Background in X-ray diffraction 

 
 

 

Due to the low amount of sample produced by spark discharge 

generation, intense scattering from the XRD sample holder is recorded in the 

X-ray diffractograms. Measuring an empty XRD sample holder allows us to 

account for this significant background contribution as it can be seen in Figure 

A1.  
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Figure A1. X-ray diffractograms of the spark discharge generated Mg/Pd sample (black) 

and the empty XRD sample holder (red) and the difference between the two 

diffractograms (blue) (see Figure 2.3b) 
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