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1 Introduction 

 

1.1 The hydrogen economy 
 
The oil consumption was at an all-time high level last year. And in view of the continuing 
growth of the world population, the fast development of emerging countries and the increase 
of per capita consumption typical of a modern life-style, it is expected that the demand for oil 
in the near future will only increase. Plastics, electricity and transport are the main products 
oil is used for. Since there is only a limited amount of oil available, the price can be expected 
to rise until other resources can economically act as a substitute for oil as a component in one 
or more of these main products.  
In the case of electricity, we have seen the economically premature rise of alternative sources 
such as windmills, solar cells, tidal and nuclear power plants. Nowadays, the price of oil rises 
rapidly to a level where these alternatives are considered economically competitive as energy 
sources for the electricity grid.  
In the case of transport, alternatives for the use of gasoline as an energy carrier include 
methanol, bio-fuels, methane, natural gas, batteries and hydrogen [1]. In this thesis hydrogen 
as energy carrier will be investigated under the assumption that hydrogen will be the preferred 
energy carrier of the future in the transport sector. 
The production of methanol, bio-fuels, methane and natural gas is limited to the energy 
gained from the reformation of crops or from extraction of minerals. This means that the total 
energy available for these carriers is dependent on the successful harvest of a crops or mineral 
extraction. The energy used to charge batteries or to produce molecular hydrogen can be very 
diverse; wind, solar and nuclear fission energy, and in the future possibly nuclear fusion or 
tidal energy, can all be used as energy sources for this purpose. The diversity of the energy 
sources available for hydrogen production and battery charging makes these energy carriers 
reliable and less subject to regional conflicts. 
The flexibility can also be seen as a disadvantage from a global ecological point of view; 
ecologically neutral energy sources possibly have to compete with economically more 
interesting methods of hydrogen production using, coal or nuclear fission. Whereas the smog 
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in densely populated cities resulting from the local use of gasoline encouraged 
environmentalism, the generation of energy by burning coal, as well as the environmental 
impact of that process, will occur ‘out of sight’ of the consumers. 
The choice of storage of energy in hydrogen over storing energy in batteries has to do with 
the mass and volume of the energy carrier. Per unit of energy, batteries are both larger and 
heavier than tanks of either compressed or liquefied hydrogen, or hydrogen stored as a 
hydrate.  
Devices in which use of hydrogen is envisioned include buses, trucks, ships, laptops and other 
electronic equipment, but the main application and reference frame is use in cars. The 
development of a hydrogen economy will enable people to once again use wind energy for 
transport, but this time on land.  

 

1.2 Hydrogen storage 
 
The storage of hydrogen poses a challenge, especially for mobile applications. Cars use a 
huge amount of energy and have to transport the energy carrier, so requirements for the 
energy carrier for transport are: safe and with a minimum of mass and volume per unit of 
energy. In addition, the hydrogen storing rate should be high enough to load the tank within, 
say, five minutes at a filling station, while the release rate must be high enough to provide the 
required flow of hydrogen gas during driving [2]. 
Present-day hydrogen concept cars from the main car manufacturing companies utilize either 
hydrogen at high pressure (350 [3] or 700 bar [4]) tanks, liquefied hydrogen in thermally 
isolated vessels (−253oC) [5], or metal hydrides (e.g. NaBH4) [6]. 
In the search for compact, lightweight hydrogen storage solutions, magnesium still stands out 
as a promising candidate. Some complex hydrides have shown larger gravitational hydrogen 
storage capabilities, but their hydrogen absorption is complicated due to for instance the phase 
segregation of the constituent elements [7]. 

 

1.3 Physics and chemistry of metal hydrides 
 
For most hydrides, the temperature (T) and the pressure (P) of the hydrogen determine the 
reversible reaction of metal and hydrogen into a metal hydride. If the pressure is low and the 
temperature high, the reaction favours separated metal and hydrogen, but if the hydrogen 
pressure is high and the temperature low, absorption of hydrogen takes place. The generalized 
chemical reaction can be written, with M indicating the hydriding metal, as: 

 

MHHM PT ,
22

1
⇔+  

 
Figure 1-1a shows the relation of the hydrogen pressure to the hydrogen equilibrium 
concentration in the metal hydride for a given temperature. Such Pc-T plots have been 
determined for many materials. For different temperatures, the concentration shows different 
pressure plateaus. In a Van ‘t Hoff plot (Figure 1-1b) the plateau pressure is given as a 
function of the temperature. In this way a linear relation between the inverse temperature and 
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the logarithm of the pressure is found. All the metal-hydride systems have characteristic Van 
‘t Hoff plots.  
 

 

 
Figure 1-1. (a) Typical pressure-concentration isotherms for different temperatures (blue lines). (b) Van 't 
Hoff plot constructed from the four data points in the Pc-T plot. The plots were reproduced from [2]. 

 
Both metal and hydrate often have one or more typical lattice structures and particular inter-
atomic distances. The lattice structure of the hydrate can be significantly different from the 
metal structure. When there is only a small amount of hydrogen in the metal, the lattice will 
resemble the metal structure and we call it the α-phase. When the concentration of hydrogen 
in the metal approaches the stoichiometric maximum, the lattice is that of the hydrate, which 
we call the β-phase. 
The reaction between a solid and a gas can be described using the chemical potential. The 
chemical potential of ideal gaseous hydrogen (mH) is given by [8, 9]: 

 

Θ
Θ +=

p
pRTH lnµµ

, 
 

with the superscript Θ indicating the standard state of the gas. If the metal hydride is in 
thermodynamical equilibrium with the hydrogen gas, the chemical potential of the hydrogen 
atoms in the metal hydride is half the chemical potential of the hydrogen gas. By changing the 
pressure and temperature, we change the chemical potential of the gas and thus the chemical 
potential in the metal hydride. In this way the two metal-specific contributions of the 
chemical potential: the enthalpy of formation and entropy of formation, can be determined.  
 

Thermodynamics of magnesium and palladium hydride formation 
 

The Van ‘t Hoff plots indicate the direction of the sorption process for magnesium and 
palladium these plots are presented in Figure 1-2. Magnesium absorbs hydrogen at room 
temperature (the reciprocal of ~3·10-3 K-1) when the pressure is higher than 10-2 mbar. At this 
temperature palladium absorbs hydrogen at pressures above 102 mbar. The hydrogen partial 
pressure in the normal atmosphere is below 10-10 mbar, so both magnesium and palladium can 
be expected to contain no hydrogen or to desorb hydrogen when in the atmospheric air. 
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Figure 1-2.  Van 't Hoff plot for magnesium (red) and palladium (blue).  

From the Van ‘t Hoff plots the enthalpy of formation ∆H and the entropy of formation ∆S are 
deduced according to the Van ‘t Hoff relation [9]: 

 

( )
R
S

RT
HpH

∆
−

∆
=

2
ln

2
1  

 
Values for the enthalpy of formation found by analysing Van ‘t Hoff plots are −74.8 kJ/mol 
H2 and −73.5 kJ/mol D2 [10] for magnesium and −18.7  kJ/mol H2 and −16.8  kJ/mol D2 for 
palladium [11]. Calorimetric results for magnesium [12] and palladium [13] hydride 
formation agree within a few percentages with these values. The negative value of the 
formation enthalpy means that magnesium and palladium heat up while absorbing hydrogen. 
A thermally isolated chunk of magnesium absorbing hydrogen would theoretically heat up 
about 1000 K in the process, which gives rise to all kind of problems like the decomposition 
of the hydride [14].  
For a pure magnesium layer at room temperature the absorption of hydrogen is slow, because 
the dissociation rate of hydrogen molecules at the surface is low. In practice, magnesium 
powders can only be loaded with magnesium at temperatures above 600 K. When thin films 
are used with palladium top layers, the Van ‘t Hoff plot of magnesium can be extended to and 
below room temperature [15]. The addition of a palladium top layer does not alter the 
thermodynamics of the magnesium-hydrogen system, but it lowers the barrier in the first step 
of the process: the dissociation of H2 followed by a transfer of atomic hydrogen from Pd to 
Mg: the so-called spill-over mechanism [16]. 
Using computer simulations Wagemans [17] has calculated that magnesium clusters of less 
than 20 atoms experience a lower enthalpy change from Mg and H2 to MgH2, in comparison 
with clusters of more atoms. Experimentally, this has not yet been verified. Small particles are 
very difficult to produce and they very easily react with oxygen.  
The smallest particles investigated so far experimentally (of ~ 50 nm) do not show 
thermodynamic properties which are different from larger material structures [17, 18]. On the 
other hand, particles can be relatively large, but are composed of multiple very small grains. 
Hydrogen storage in particles consisting of grains of less than 20 atoms has not yet been 
investigated experimentally. The smallest grains, those of 20 nm, did not show any deviant 
thermodynamic behaviour [19]. 
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Kinetics of hydrogen in magnesium and magnesium hydride layers 
 
The formation of magnesium hydride structures in a hydrogen storage application requires in 
general transport of hydrogen through the metal and/or metal hydride. In a metal hydrogen 
diffuses in atomic form [20]. In magnesium the hydrogen is assumed to behave as a 
negatively charged particle and has been shown to be the diffusing species in the magnesium 
hydride formation reaction [21]. Borgschulte [22] has shown that the diffusion of charged 
hydrogen atoms absorbed in magnesium is influenced by the presence of an electric field. 
For low concentration of hydrogen, Fick’s law can approximately describe the hydrogen 
transport in materials. With JH the current density of the hydrogen atoms and ∂n/∂x the 
hydrogen concentration gradient in the material, the diffusion coefficient (DH) is defined as 
[8]: 
 

x
nDJ HH ∂
∂

−=  

 
The diffusion coefficient is assumed to be dependent on the temperature (T) in the following 
way.  
 

⎥⎦
⎤

⎢⎣
⎡−=

RT
EDD D

HH exp0,  

 
The Einstein diffusion coefficients: maximum diffusion (DH,0) and diffusion activation energy 
(ED) are material specific. The reported values for the diffusion coefficients at room 
temperature for magnesium and palladium are presented in Table 1-1. The two values found 
for magnesium differ considerably. Renner and Grabke [23] investigated for magnesium with 
a 2 mass % Ce doping the growth of the hydride layer, Nishimura investigated the hydride 
formation in a thin magnesium membrane coated by 100 nm palladium [24]. The used 
methods suggest that the value presented by Renner and Grabke is the diffusion through 
MgH2, while the fast kinetics of Nishimura is through mainly Mg. The value for the hydrogen 
diffusion coefficient determined by Spatz et al. [25] is based on the XPS measurement of the 
magnesium peak shift on a sample hydrogenated from a palladium film below. This method 
uses a number of questionable assumptions, i.e., constant hydrogen concentration at the 
Pd/Mg interface, and about diffusion barriers and the nucleation and growth model. 
 
Material DH [cm2/s] Reference DD [cm2/s] Reference 
Palladium 3.8 · 10-7 [26] 5.5 · 10-7 [26] 
Magnesium 4.1 · 10-9 [23]   
Magnesium hydride 9.8 · 10-7 [24]   
Magnesium 1.1 · 10-16 [25]   
Table 1. Diffusion coefficients at room temperature for deuterium and hydrogen atoms in magnesium and 
palladium. 
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In the case of palladium, the thermodynamics does not allow for the formation of the phase 
saturated with hydrogen at room temperature and pressures up to 100 mbar, so the 
requirement for Fick’s law (of a low concentration of hydrogen atoms) is fulfilled. For 
magnesium, which will completely transform into a hydride the low concentration 
requirement is not met. For both the magnesium and the magnesium hydride phases, the 
concentration of the hydrogen can affect the diffusion speed. 
Thin film experiments to study thick magnesium layers with a thin palladium coating reveal 
that the hydrogen uptake is already kinetically limited before the magnesium layer is 
completely filled with hydrogen [12, 15, 27-29]. The kinetic limitation was suggested to be 
related to the formation of a hydride at the Pd-Mg interface, the existence of which was 
revealed by nuclear resonance depth profiling [27].  
Zhdanov [30] explains the kinetic limitation by using a 3D nucleation and growth model of 
the magnesium hydride. Since the hydrogen diffuses significantly slower through the hydride 
than through the magnesium, the initial fast hydrogen absorption slows down when the size of 
the growing hydride grains is comparable to the average distance of the nucleation centres and 
less magnesium is available for hydriding if hydrogen diffusion through hydrided material is 
strongly suppressed. According to Zhdanovs theory the thickness of the hydrided layer 
depends on the density of the hydrogen in the magnesium. If the concentration is high, the 
number of nucleation sites is high and the hydride will sooner form a closed layer. Taking 
into account that the concentration of hydrogen in the palladium/magnesium region is 
controlled by the pressure (Sievert’s law), the amount of hydrogen absorbed varies with the 
pressure to the power −1/6: the amount of hydrogen incorporated decreases with increasing 
pressure.  
In their experiments, Rydén at al. [27] observe hydride layers of 50-120 nm thickness as a 
result of hydrogen exposure at room temperature and pressures of 0.15-8 mbar. At industrial 
pressures of typically several bar, the hydride thickness predicted by this mechanism is in the 
order of 10 nm.  
 

1.4 Scope of this thesis 
 
In this thesis investigation of hydrogen incorporation in and desorption from very thin 
magnesium and magnesium/palladium multilayers are reported. Thin magnesium layers of 
30-300 nm and their hydrogen sorption characteristics are studied by methods new to this 
field. These low temperature deposited thin layers are especially interesting in view of the 
predictions made by Wagemans [17] about the thermodynamic properties of small clusters of 
magnesium atoms and because of the large surface-to-volume ratio of the system, magnifying 
the surface effects.  
In chapter 2 the experimental setup and the measuring methods will be presented in so far as 
they are relevant for the measurements presented later in the thesis. Chapter 3 deals with the 
in situ growth mode of the distinct elements on the various substrates, surface roughness and 
morphology of the layers are investigated. The typical sample in this thesis consists of four 
layers: the substrate, an interface palladium layer, the main magnesium layer and the top 
palladium layer. In chapter 4 the thicknesses of the palladium and magnesium layers are 
varied and the influence of this variation on the hydrogen concentration depth profile is 
studied. A study of the absorption of hydrogen isotopes when the hydrogen pressure and the 
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loading time are varied is described in chapter 5. Especially interesting information is 
obtained in experiments in which samples are loaded in a sequence of H2 and D2 exposures. 
In chapters 6 and 7 results of thermal desorption experiments and of desorption induced by 
ion beam irradiation are reported. Chapter 8 is a concluding summary, describing the model 
of hydrogen incorporation deduced from the work reported here. 
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2 Experimental methods 

 

2.1 Introduction 
 
In this chapter the experimental techniques used in this thesis are described. The description 
of most techniques will be kept concise and reference will be made to the appropriate 
literature, since many of the techniques applied are extensively described in the literature and 
have been applied in the standard manner. Some methodologies are unique or were especially 
adapted for the present investigations and are therefore described in more detail. 
 

2.2 Octopus 
Most experiments described in this thesis have been carried out in the Octopus setup. The 
Octopus setup is an experimental ultrahigh vacuum setup with a rich history dating back to 
the early 1980s [31]. Originally named after its eight-armed appearance, it has now grown to 
include ten connected Ultra High Vacuum (UHV) chambers. The Octopus enables us to grow 
layers of magnesium and palladium, load them with hydrogen and analyse them with 
ellipsometry, X-ray photoelectron spectroscopy, temperature programmed desorption, 
Rutherford backscattering spectroscopy and elastic recoil detection without exposing the 
layers to the ambient air (Figure 2-1). The system is connected to both a 3 MV single ended 
and a 6 MV tandem Van de Graaff accelerator, which enables the in situ application of high 
energy ion beam techniques using light and heavy projectiles. 
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Figure 2-1. Schematic top view of the Octopus experimental setup. The red bordered areas represent 
separate vacuum chambers. The blue rectangles show the vacuum connections between the chambers. 

2.3 Sample preparation 
 

Substrates 
 
The substrates (10x10 mm2) used are Sigradur G vitreous carbon wafers supplied by HTW 
Hochtemperatur-Werkstoffe GmbH or pieces of Silicon Quest Int’l polished silicon (100). 
The substrates were kept in the vacuum chamber for at least a day before they were used. 

 

Depositions 
Magnesium is evaporated from a CreaTec single filament effusion cell. Magnesium rods of 5 
mm diameter and 99.9 % purity were held in a PBN crucible and evaporated at a temperature 
of 400oC. Palladium rods of 99.95% purity evaporate from an Omicron UHV Triple 
Evaporator EFM3T. The palladium rods are heated in homemade Mo crucibles heated with a 
power of 30 W.  
Both of the evaporators are controlled by a computer via the RS232 bus to ensure 
reproducible layers. The typical growth rate of the layers is 5 nm/min for magnesium and 0.2 
nm/min for palladium. At the start of the depositions a pressure increase to below 10-8 mbar is 
observed. During the deposition the pressure reaches the 10-10 mbar regime again.   
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2.4 Ion beam analysis 
 
 

 
Figure 2-2. Schematic illustration of the geometry used in the high energy ion beam analysis and the 
definition of the various angles involved (see text for further details). 

 

Rutherford back scattering spectroscopy 
 
In Rutherford Back scattering Spectroscopy (RBS) high energy ions are scattered off the 
nuclei in the material under investigation. The scattered particles carry information about the 
depth dependent concentration of the elements in the surface region of the sample [32]. The 
energy of the particles is measured by one or more detectors placed under a large angle with 
the incoming beam, see Figure 2-2.  
Our laboratory is equipped with both a 3MV single ended and a 6MV tandem accelerator. The 
beam of high energy ions used in the presented experiments is standard 2MeV He+ particles 
from the 3MV single ended machine. A biased Silicon Surface Barrier (SSB) detector is 
placed under an angle (θ) of 150o with the incoming beam. The detector measures energies of 
0.1 to 2 MeV with a resolution of 14 keV. The energy histograms are analyzed with the RBS 
simulation code RUMP [33]. 

 

Carbon stopping factor 
 
Experimentally we have observed in the RBS spectra a mismatch between the relative random 
heights of the magnesium and carbon spectral features and the theoretical ratio, as 
implemented in RUMP. To correct for the mismatch, we adjusted the carbon stopping value 
in RUMP to a value 10% lower than the default value. This mismatch in stopping factors is 
due to the difference in electronic structure of different kinds of carbon [34].  
 

Elastic recoil detection 
 
As in RBS, in Elastic Recoil Detection (ERD) a beam of high energetic (MeV) particles 
bombards the surface. In this technique particles in the film are recoiled in a forward direction 
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and detected, see Figure 2-2. Again, as in RBS, the detected particles contain information 
concerning the chemical composition as a function of the depth in the surface region of the 
sample. However, the recoiled heavy particles are stopped in an absorber foil, so that only 
hydrogen and deuterium nuclei are detected [35].  
We measure the ERD energy histograms simultaneous with the RBS spectra and a third one-
dimensional histogram of particles scattered from a chopper placed in the beam line. The RBS 
spectra and the chopper signal provide information about the fluence. A biased SSB detector 
for the purpose of ERD is placed in a computer controlled rotatable configuration. In the 
present work, a typical angle of the surface with the original ion beam (α) is 8o. The angle 
between the ion beam and the ERD detector (φ) is 15o. The energy of the hydrogen atoms 
recoiled by the 2.0 MeV He ions is maximally 1.2 MeV. In the detector, the same energy 
resolution of 14 keV is achieved as with RBS. However, the effective resolution is worse 
because of the straggling of the detected nuclei in the absorber foil. 
 

Resonance in the recoil cross section of d(α, α)d 
 
A nuclear resonance in the elastic recoil cross section occurs at the laboratory helium energy 
of 2.2 MeV, when performing ERD depth profiling for deuterium. This causes an increased 
deuterium recoil cross-section at energies around 2.2 MeV in the laboratory frame (Figure, 2-
3) [36]. We calibrated the hydrogen and deuterium contents of the sample to be analysed 
using a Si3N4 reference sample containing (39 ± 2) ·1015 H atoms/cm2 and (14 ± 1) ·1015 D 
atoms/cm2.  
Knowledge of the ratio of the hydrogen and deuterium cross-sections are important for the 
correct determination of the amount of deuterium in the layers to be analysed and so that we 
can use the much less scarce Si3N4 reference sample containing (30 ± 2) ·1015 H atoms/cm2, 
but containing no deuterium. 
The ratio of the cross-sections was measured using the 100 nm Si3N4 sample with known H 
and D contents. The energy of the He particles was varied from 1.6 to 2.0 MeV. The kinetic 
energy of the He+ particles is reduced within the Si3N4 predominantly by electronic stopping. 
The energy loss of the incoming 2.0 MeV He+ particles travelling through 100 nm of Si3N4 
under an angle of 15o amounts to 160 keV. We neglect this energy loss compared to the d(α, 
α)d resonance energy width. Comparing the results of Quillet [36] to the measured ratios of 
cross-sections, the agreement in absolute value and trend is good, see Figure 2-4. If we would 
take the energy loss before the collision into account, the calculated values would shift to 
higher energies and the slope would be reduced. With this correction, the measured data and 
calculated values correspond even better. In the analysis of layers containing deuterium, the 
experimentally found ratios for the cross-sections were used. 
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Figure 2-3. The cross-sections of H in (a) and D (b) are given as a function of the energy of the incoming 
He+ particle. The continuous curves are reproduced from Quillet and represent recoil angles (φ) of 10o 
(black), 20o (red) and 30o (blue). 

 
 

 
Figure 2-4. (a), The ratio of cross-sections H and D are given as a function of the energy of the incoming 
He+ particle. The continuous curves are reproduced from Quillet and represent recoil angles (φ) of 10o 
(black), 20o (red) and 30o (blue).  (b) The experimental values for the cross-section ratios measured at 
energies relevant for this thesis. 

 
 

Hydrogen depth resolution 
 
The number of hydrogen atoms in a typical loaded magnesium layer is 300 ·1015 /cm2, this 
corresponds to an MgH2 layer of 35 nm. We therefore aimed at obtaining a depth resolution 
much better than the 35 nm.  
 To measure the resolution of the ERD system we used a layer of Si3N4:H on a silicon 
substrate as reference sample. The sample has a thickness of 75 nm and contains (30 ± 2) 
·1015/cm2 H atoms. For this layer we determined an optimal depth resolution of 3 nm at the 
surface and 5 nm at the interface of the nitride with the silicon substrate when we use grazing 
angles α = 8 and β = 7o. Smaller angles would improve the depth resolution even further near 
the surface, but this decrease of the angles is limited by the beam spot size (limiting α) and the 
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opening angle of the detector (limiting β). These resolutions were in accordance with the 
MDEPTH [37] software.   

  

Ion beam desorption 
 
Hydrogen is removed from the MgH2 layers during the ERD/RBS measurements. This could 
be due to heating of the sample. The measurements are typically conducted using a 2.0 MeV 
He+ ion beam current of 50 nA.  This results in a heat flow to the sample of 0.1 W. The 
typical measurement lasts 30 minutes. In this time in total 180 J of energy is deposited in the 
sample.  
If only the sample were heated and no energy would be lost to the sample holder due to 
conduction or radiation, the temperature of the sample would reach 1700 oC and 2300 oC for 
the carbon and silicon substrates, respectively. If the sample holder is also heated, and 
assumed thermally isolated from the sample manipulator, the sample and sample holder 
would reach 60 oC. The mass of the sample manipulator is too large to be significantly heated 
by the ion beam.  
To accurately calculate the temperature of the sample, the thermal conductivity between the 
sample and sample holder and between the sample holder and manipulator should be known. 
Furthermore, the thermal conductivity between the sample and sample holder cannot be 
assumed to reproduce when different samples are mounted.  
We have experimentally determined that the temperature of a carbon sample exceeds a 
temperature of 50 oC after 15 minutes of irradiation with 50 nA of 2.0 MeV He+ particles. 
After 45 minutes of continued irradiation, the temperature of the sample exceeds 70 oC. This 
result is very much in line with the estimations for a system where the sample holder is 
thermally isolated with respect to the manipulator, but in good thermal contact with the 
sample.  
 
 

2.5 Ellipsometry 
 
As a process control monitor during evaporation the optical technique ellipsometry has been 
applied. For ellipsometry measurements polarized light is deflected from a surface while the 
polarization of the incident and reflected light are compared. The change in polarization upon 
reflection of the monochromatic light carries information about surface composition, 
thickness of the surface layers, surface roughness, homogeneity, and structure. The change in 
polarization is expressed in two parameters, Ψ and ∆ [38]. These parameters are recorded 
every 5 seconds during the growth of the magnesium and palladium layers. 
We use a Sophie STE 70 Turbo rotating bi-refringent ellipsometer with a fast rotating 5/4 λ 
mica plate. The ellipsometer light source, a HeNe laser, is placed under an angle of 70o to the 
normal of the surface. Also the analyser is placed under an angle of 70o with the normal of the 
surface. Calibration of Ψ and ∆ was done using SiO2 sample, grown in our own lab, as 
instructed by the manufacturer.  
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2.6 Temperature programmed desorption  
 
Temperature Programmed Desorption (TPD) is the measurement and quantification of the 
type and amount of desorbing molecules from the material when the temperature of the 
material is increased.   
We use a Eurotherm 4202 controller to increase the temperature of the samples with 0.5-5 
K/min. The Eurotherm controller uses an auto-learning PID feedback system that provides a 
temperature ramp with deviations of less than 0.1 K after 5 K. In the first 5 K the temperature 
lags behind. During the heating, we monitor the temperature and several charge/mass ratio 
particle pressures with a Residual Gas Analyser (RGA). The background pressure in the 
vacuum vessel is 10-8 mbar. Analysis of TPD data is complicated by the outgassing of the 
sample holder, which is also subjected to a temperature rise.  
 

2.7 X-ray photoelectron spectroscopy 
 
In the X-ray Photoelectron Spectroscopy (XPS) technique the electrons emitted by the surface 
as a result of X-ray irradiation are analyzed. The energies and the amounts of electrons 
detected provide information on the surface composition and the chemical structure of the 
elements in the top few nm of the surface. The X-rays themselves penetrate deep into the 
material, but the mean free path of the photo-emitted electrons in the energy region 
considered is in the range of 0.5-2 nm, which results in the surface sensitivity of the analysis 
[39]. 
The XPS device used is the CLAM-2 Hemispherical Sector Analyzer with a mean radius of 
100 mm and a Vacuum Generators XR2E2 Twin Anode X-ray Source with an Mg anode. The 
X-ray Mg Kα source was operated at a power of 120 W. The angle θXPS between the sample 
normal and the analyzer amounted to 15o, angle βXPS between the detection and the X-ray 
source was 33.5o. The pass energy was set to 50 eV in all presented results.  
In quantitative XPS the intensities of the peaks are used to measure the quantities of the 
elements on the surface. The peaks measured have a background due to in-elastically 
scattered electrons. There are three methods often used to subtract the background from the 
peaks, listed in order of their complexity: linear background subtraction, the Shirley method 
and the Tougaard formalism [39]. In this work, the iterative Shirley method is applied because 
of the limited energy range required and its reasonable accuracy.  
 
 

2.8 Atomic force microscope 
 
Samples were also studied using an atmospheric Atomic Force Microscope (AFM). In the 
tapping mode the tip of the AFM scans the surface of the sample in order to observe the 
surface roughness. We used a Nanoscope(R) IIIa system (Digital Instruments, Santa Barbara, 
CA) equipped with an E-scanner.  
Data was collected on a 1.0 by 1.0 µm square with a resolution of 512 lines per µm. The 
feedback constants were set so that the trace and retrace measurements show the same 
features.  
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2.9 X-ray diffraction 
 
We used X-Ray Diffraction (XRD) to analyse the atomic and grain structure of the samples. 
The intensity of the X-rays diffracted from the samples is recorded as a function of 2θ. θ is 
both the angle between the sample surface with the source and the angle between the sample 
surface and the detector. The copper X-ray source radiates at a wavelength of λCu Kα = 0.154 
nm. The atomic structure gives rise to interference maxima according to the Braggs law; 
 

λθ nd =sin2  
 
In Braggs formula d is the distance between the crystal planes and n is an integer number. The 
size of the grains (l) within the (nano-crystalline) magnesium layers will be estimated using 
the Debye-Scherrer equation; 
 

θθ
λ

cos)2(FWHM
Kl =  

 
In the Debye-Scherrer equation the full width half maximum (FWHM) of a XRD peak is 
used. K is a constant dependent on the size distribution and it is in the range of 0.7-1.4. We 
assume for simplicity that K=1. In the present work the contribution of strain in the layers to 
the diffraction peak width is neglected. 
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3 Growing thin layers of 

magnesium and palladium 

 
In this thesis the incorporation and release of hydrogen in Pd/Mg/Pd layer structures are 
studied, and often RBS spectra are used to deduce the amounts of magnesium and palladium 
and study their depth distribution, but relatively little attention is given to the morphology of 
the layers. In this chapter we present data concerning the nanostructure of the layers. For the 
thin Pd layers we studied the initial stages of growth in order to understand its (possibly 
distinct) roles as a catalyst and oxidation prevention layer. In the case of magnesium we are 
interested in the nano structure of the layer, which is reported to play a large role in hydrogen 
diffusion and storage [40].    
 

3.1 Palladium growth 
 
The Pd films in the investigated structures are only a few atomic layers thick. To fully 
understand the implications of the presence of these thin atomic layers it is a prerequisite to 
know how these layers actually grow in the first stages of their deposition. Thin layers 
commonly grow in three basic modes (Figure 3-1) : island growth (Vollmer-Weber growth), 
layer by layer growth (Frank-van der Merwe growth mode) or a mixture of these modes 
(Stranski-Krastanov growth mode) [41].  
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Figure 3-1. Basic modes of thin-film growth, reproduced from Ohring[41] 

The growth mode of thin layers is dependent on the balance of the values of the surface 
energy of the compounds involved and of the interface energy. In this chapter we report 
investigations of the mode of growth of palladium by means of XPS and RBS under 
conditions relevant for this thesis. Because the growth mode may vary with the kind of 
substrate on which the growth takes place, all relevant combinations for the preparation of the 
Pd/Mg/Pd/substrate structures have been explored. The depositions were conducted at room 
temperature, meaning that the actual temperature of the sample during deposition amounted to 
300-320 K. 
 
The determination of the growth mode in this work is based on the relatively small probe 
depth in electron spectroscopy methods and on the ability of RBS to accurately determine the 
total coverage (areal density) of certain species on the substrate. The Attenuation Length (AL, 
λ) of the photo-emitted electrons in XPS is typically 0.5-2 nm in the range of electron kinetic 
energies between 0.1 and 1 keV.  
Assuming the growth proceeds in a layer by layer fashion there are well known equations to 
describe the magnitude of the photoelectrons signal from the over-layer and from the 
substrate as a function of the coverage. The area of the peaks of the substrate elements 
(YSubstrate) in the XPS spectrum should diminish in  an exponential decay as a function of the 
over-layer thickness (z) [32]. YS0 represents the area of the substrate peaks without over-layer.  

θλ cos
0)(

z

SSubstrate eYzY
−

⋅=  
 

With YD0 denoting the photoelectron yield of the deposited species at infinite thickness, the 
peak content of the deposited material (YDeposition) should obey a single exponential increase.  

)1()( cos
0

θλ
z

DDeposition eYzY
−

−⋅=  
 

In these equations, θ denotes the electron take off (detection) angle, which in our setup 
amounts to 15o with the sample surface. For each series of depositions, both the YDeposition and 
YSubstrate have been monitored as a function of z, with as unit the number of atoms per cm2 and 
fitted to the given functions. The two values found for λ will be different because the 
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attenuation length depends on the kinetic energy of the emitted electrons. The peaks in the 
XPS spectra for the substrate species and deposited species have different energies.  
The errors in the determined attenuation lengths are largely due to the error estimate from the 
RUMP RBS fits (σRUMP). Since the determination of the Pd thickness from the RUMP RBS fit 
is performed only once for each substrate series, this error does not play a role in the fitting of 
the attenuation length exponentials. The palladium over-layer thicknesses within a substrate 
series were calculated by comparing the Pd peak area in the RBS spectra. The Poisson 
statistics in the XPS and RBS measurements allow for error margins of less than 1% and are 
presented as error margins in the plots below. Significant errors in the plots are attributed to 
the error in the Shirley method or slight misalignment of the samples during the 
measurements. We determine the errors resulting from Poisson, Shirley and the Misalignment 
from the fit results (σPSM). The results will be presented as [best estimate ± σPSM  ± σRUMP], 
because the σRUMP error does not play a role in the comparison between the two attenuation 
lengths found on one substrate. For the comparison of the attenuation length between the 
substrates both errors must be considered. 

 

Palladium on carbon 
 
Palladium layers were grown on four glassy carbon substrates. 
The carbon (1s) peak at 285eV binding energy was measured as a function of Pd coverage 
obtained in progressing, but interrupted deposition, see Figure 3-2a. Indeed, a decrease in the 
carbon photoelectron signal is noted for increasing Pd coverage. At the same time, as shown 
in Figure 3-2b, the number of photoelectrons detected with a typical binding energy for 
palladium (3d5/2, 335eV) [42] increases with the number of Pd atoms on the samples and 
levels off for increasing Pd coverage.  
Fitting the XPS peak area of the distinct elements with the variation of the photoelectrons 
signal, we deduce values of (2.74 ± 0.12 ± 0.27) nm and (1.90 ± 0.14 ± 0.19)  nm for the 
carbon and palladium derived electron attenuation lengths. The literature values at both the 
corresponding kinetic energies are 1.7-1.8 nm, which is somewhat smaller than the 
experimentally determined values. In this derivation a value of 6.7 ·1022 atoms/cm3 for the 
atomic density of Pd is applied. 

 

 
Figure 3-2. (A) C(1s)  and (B) Pd (3d5/2) XPS photoelectron peak area as a function of Pd over-layer 
thickness.   
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The oxygen peak in XPS was not analysed, because the oxygen (1s, 532eV) and palladium 
(3p3, 534eV) peak energies are too close to each other to be adequately resolved. From the 
RBS spectra we conclude that the amount of oxygen in the carbon substrates varies in the 
carbon substrates between 6 and 9·1015 atoms/cm2. No additional oxygen as a result of the 
depositions was detected.  
 

Palladium on silicon 
 
The growth of palladium on silicon has been studied by measuring the content of the silicon 
2p peak at 101eV binding energy and the Pd peak at 335eV. The fits of the experimental data 
(figure 3-3) are considered good and result in an attenuation length in Pd of (1.76 ± 0.12 ± 
0.18) nm at a kinetic energy of 1150 eV (silicon peak) and (1.86 ± 0.11 ± 0.19) nm at a 
kinetic energy of  920 eV (palladium peak).  

 
 

 
Figure 3-3. (A) Si (2p) and (B) Pd (3d5/2) XPS photoelectron peak content as a function of Pd over-layer 
thickness.   

 
The oxygen content of the layers was not determined because both in the XPS and RBS 
spectra the oxygen peak overlapped with other peaks. 
 

Palladium on magnesium 
 
For the determination of the growth mode of Pd on Mg, the substrate consisted of glassy 
carbon with a 0.2 nm Pd layer covered by a 200 nm Mg layer. The interfacial Pd layer is used 
to obtain a homogeneous deposition of the Mg layer, but can not be detected itself by XPS, 
since the thick Mg layer blocks all the photo electrons produced in the interfacial palladium 
layer. 
Figure 3-4 shows the results. It appears that the measured content of the Mg peak deviates 
from the fit at low Pd coverage: The magnesium photoelectron signal shows a tendency to be 
constant in the early stage of the layer growth. At thicker layers of Pd the fit overestimates the 
Pd peak content. These deviations point to a non-layer-by-layer growth mode. The effective 
values of the attenuation length of the electrons are again determined from both the palladium 
and magnesium peaks. Attenuation lengths of (1.92 ± 0.07 ± 0.17) nm at a kinetic energy of 
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950 eV (magnesium peak) and (3.0 ± 0.2 ± 0.3) nm at a kinetic energy of 920 eV (palladium 
peak) were found. 

 
 

 
Figure 3-4. Mg(2p) and Pd(3d5/2) XPS photoelectron peak content as a function of Pd over-layer thickness. 

The oxygen content of the layers was measured by RBS and found to be constant at 8 · 1015 
atoms/cm2.  

 

Summary on palladium growth 
 

The literature values [39] for the attenuation lengths are presented at the different kinetic 
energies. The measured substrate fit values seem to agree reasonably well with the literature 
values. These discrepancies are not significant. For the palladium fit values, the derived 
values for the attenuation length deviate significantly up to 65 % for the growth on glassy 
carbon and magnesium.  

 
Substrate Substrate fit [nm] Literature [nm] Palladium fit [nm] Literature [nm] 
Glassy carbon 1.90 ± 0.14 ± 0.19 1.76 (  970 eV) 2.74 ± 0.12 ± 0.27 1.79 (920 eV) 
Silicon(100) 1.76 ± 0.12 ± 0.18 1.98 (1150 eV) 1.86 ± 0.11 ± 0.19 1.79 (920 eV) 
Magnesium 1.92 ± 0.07 ± 0.17 1.78 (  950 eV) 3.0   ± 0.2   ± 0.3 1.79 (920 eV) 
Table 3-1. Measured attenuation lengths of electrons in palladium  

 
From these results, we conclude that palladium growth mode resembles layer by layer growth 
in the case of a silicon (100) surface. With the other substrates, the growth is concluded not to 
proceed in a layer by layer fashion and to a certain extend island formation can be assumed. 
This conclusion is drawn from the occurrence of a poor fit of the evolution of the substrate 
photoelectron signal and the deduced large value of the Pd over-layer signal in comparison to 
the value expected for layer by layer growth.  
 

3.2 Magnesium growth 
 
In the literature the micro- and nanostructure of the magnesium layer is attributed a significant 
role in the hydrogen storage characteristics [43, 44]. The kinetics of hydrogen incorporation 
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in and desorption from magnesium layers is often related to the role of grain boundary 
diffusion. 

Literature 
 
Yamamoto et al. [45] showed that magnesium grown on a glass substrate by RF sputtering 
produces columnar structures with column widths smaller than 100 nm, which disappear after 
absorbing hydrogen and  does not reappears after the hydrogen has desorbed from the 
magnesium layer. The structure in the hydride and desorbed magnesium resembles isotropic 
nano-crystalline material with grains of less than 100 nm.    
Higuchi et al. [40] showed that the crystalline fraction of the magnesium layer influences the 
hydrogen desorption properties. They tuned the crystallinity of the magnesium layers by 
adjusting the power and pressure in his RF sputtering deposition system. The samples with 
the smallest crystalline fraction showed the lowest desorption temperatures.  
The use of a Knudsen cell for magnesium deposition, as we are doing, is rare in this field, we 
only found reference to Giebels et al. [46] who investigated the optical properties of 
magnesium films during the absorption of hydrogen. They observed polycrystalline growth 
using XRD measurements, with a grain size of 27 nm. 
 

AFM Investigations 
 
AFM measurements were preformed on magnesium layers grown on a polished silicon 
substrate with a thin layer (5 ·1015 atoms/cm2) of palladium, as in the standard stack. The Mg 
deposition was stopped after 10, 20 and 40 minutes resulting in Mg layers of 30, 65 and 130 
nm thickness.  
In Figure 3-5 images obtained in TM-AFM measurements are shown. The bright and dark 
areas show the surface roughness of the samples. All four images have a size of  1.0 x 1.0 µm. 
In order to obtain these images care was taken to choose a homogeneous area without dust 
particles. Furthermore a linear background was subtracted, correcting for the instrumental 
curvatures produced by the AFM. Finally false colours were chosen to show the best contrast 
in each picture. 
 From these images it can be seen that the lateral surface features increase in size starting from 
the polished silicon surface (a) via 30 nm magnesium (b) and 65 nm magnesium (c), to the 
130 nm magnesium layer (d). 
In the direction perpendicular to the surface the roughness is also increased. By counting the 
number of occurrences of a specific height in each of the pixels in the AFM image, we 
construct a histogram. In this histogram a smooth layer should have a large peak at the 
average height as the silicon substrate has in Figure 3-6. For thicker magnesium layers the 
spread in height over the AFM image increases. 
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Figure 3-5. AFM images of the surface roughness of the samples. a) Polished silicon b) 30 nm magnesium 
c) 65 nm magnesium d) 130 nm magnesium. All images are 1.0 by 1.0 µm. 

 
Figure 3-6. Histogram of the height as measured in the AFM images. 
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XRD  
 
The structure of the samples has also been analysed using XRD measurements, performed 
about one week after the AFM measurements on the same samples. In between the 
measurements, the samples were stored in a closed container at ambient pressure. No 
blistering or whitening associated with magnesium oxidation was observed by the naked eye.  
In Figure 3-8A, the magnesium peak identified with the Miller indices (002) is at an angle of 
34.5o. The smaller peak at 33o is found both on the bare silicon substrate and on the 
magnesium covered substrate. We consider the peak at 33o to be a background noise that may 
have to do with the sample holder. The Mg (002) peak shows a shift to lower values of θ and 
a sharpening for increasing thickness of the magnesium layer, while the total area of the peak 
increases more than linearly with the magnesium layer thickness (Figure 3-8B).  
From the more than linear increase of the XRD peak content we conclude that the thicker 
magnesium layers contain increasingly more crystalline structured magnesium. From the shift 
of the magnesium peak to lower angles we conclude that the magnesium to magnesium atom 
distance is larger on average for the thinner layers compared to the thick layers. Both the 
magnesium lattice and the Si/Pd/Mg interface exert strain on the interface magnesium. 
Magnesium in thin layers experiences less strain from the magnesium lattice, but more from 
the interface. The opposite holds for the thick layers of magnesium in which the lattice strain 
is larger than the interface strain.  
 
 

 
Figure 3-7. (A) shows the XRD spectra of thin magnesium layers and their substrate. Black is a 
measurement of the crystalline silicon substrate, red, green, pink and blue represent magnesium layers of 
30, 65, 100 and 130 nm. (B) shows the total peak area of the XRD spectra as a function of the magnesium 
layer thickness corrected for the background signal 

 
The differences in the crystalline fraction of the magnesium is also shown through the 
sharpening of the XRD peak for the thicker layers. We have fitted the peaks with Gaussians 
and found the peak full width half maximum (fwhm) to decrease from 0.32 degrees to 0.19 
degrees for the thickest magnesium layer. From the fwhm of the peaks we determine the 
average size of the crystalline grains in the magnesium layers according to the Scherrer 
equation. We find values for the grain size ranging from 28 nm for the 30 nm thick Mg layer 
to 46 nm for the thickest layer of 130 nm. These values are an underestimation of the grain 
size since the broadening of the peak, as a result of the strain has not been taken into account.    
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3.3 Conclusions 
 
For the Pd growth on the various substrates, we conclude that the growth proceeds in a layer-
by-layer fashion on a (native oxide covered) silicon substrate. For the growth on glassy 
carbon and on magnesium we have found indications for islanding of Pd in the initial stage of 
the deposition. 
The surface roughness of the magnesium layer increases with the magnesium layer thickness. 
The surface height varies in the order of 3 nm for samples with a 130 nm Mg layer over an 
area of 1 by 1 µm. The structure of Mg in our samples can be characterized as nano-
crystalline with crystal sizes of 28 to 46 nm increasing with the increase of the thickness of 
the magnesium layer. Furthermore, thick Mg layers have a larger crystalline fraction than thin 
layers.  
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4 The layer structure 

4.1 Introduction 
 
In the experiments described in this chapter the thickness of the top Pd layer, of the Mg layer 
and of the interface Pd layer has been varied, see Figure 4-1. After the deposition the samples 
were exposed to hydrogen or deuterium and so we investigated the effects of the thickness 
variation of the distinct layers on the hydrogen or deuterium absorption. In this way, a clear 
insight into the roles of the different layers can be gained.  
 Starting from the top, the presence of a Pd layer on top of Mg enables the Mg to absorb 
hydrogen at lower temperatures. Without the Pd top layer, the minimum temperature of 
hydrogen absorption is 500 K [29]. The function of the Pd on top of the Mg is considered to 
be twofold. First of all, Pd acts as a catalyst, stimulating the uptake of hydrogen by the 
magnesium under-layer. Here one benefits from the property of Pd to readily dissociate 
molecular hydrogen, whereas the mobility of atomic hydrogen in Pd is appreciable, so that it 
is transported readily to and incorporated in the Mg film: the so-called spill-over mechanism. 
Under the conditions of this study Pd itself does not store hydrogen. Although the dissociation 
barrier, which limits the hydrogen absorption at low temperatures, is lowered by using the Pd 
catalyst, the overall thermodynamics remains the same. The second role of the Pd top layer is 
to prevent the Mg under-layer against oxidation in ambient air. Most of the work presented in 
this thesis was done using the UHV setup in which the oxidation of the layers is prevented by 
the low partial pressure of oxygen, but in some experiments we (deliberately or unavoidably) 
expose the samples to the ambient air. 
The Mg layer stores the hydrogen. We are interested to see what the influence is of the 
thickness of the Mg layer on the hydrogen storage in the thickness range of 100 nm. Here we 
note that in chapter 3 we found that both the crystalline fraction and the surface roughness of 
the Mg layer increases with increasing layer thickness. 
Finally, the interfacial Pd layer was originally added to ensure the growth of a smooth Mg 
layer. Deposition of the Mg without the interfacial Pd layer results in an inhomogeneous 
optically white layer. We are interested to see if this is a critical parameter for the hydrogen 
storage capacity of the Mg layer. 
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4.2 Experimental 
 
The standard sample consists of a glassy carbon substrate or a polished, native oxide covered 
silicon substrate, a 0.2 nm Pd layer, a 200 nm layer of magnesium and a 4 nm Pd top layer. 
The sample is loaded during exposure to 1-100 mbar of hydrogen or deuterium for 1-60 
minutes at room temperature (Figure 4-1). 

 
Figure 4-1. The standard sample consists of a glassy carbon substrate, an interface 0.2 nm palladium 
layer, a 200 nm magnesium layer and a 4 nm palladium layer on top. 

  

4.3 Variation of the thickness of the palladium top layer 
 

The Pd top layer thicknesses in experiments studying hydrogen absorption in Mg in the 
literature are in the order of 5-50 nm [27, 47]. Since for gravimetric reasons the Pd should be 
as thin as possible, it is interesting to know the minimum amount of palladium required to 
both be functional as a hydrogen dissociation catalyst and as oxidation prevention layer. 
Furthermore, we are interested to which extent the different results presented in the literature 
for the hydrogen storage in magnesium layers could be influenced by the choice of the top Pd 
layer thickness. 

 

In situ preparation and analysis 
 

We firstly discuss samples identical to the standard sample presented in Figure 4-1, but with 
varying palladium top layer thickness, but all less than 6 nm. The first series of samples were 
loaded for 15 minutes at 2 mbar of hydrogen and were not exposed to ambient air in the entire 
processing.  
The hydrogen concentration profiles inside the magnesium layers are measured using the 
ERD technique (see chapter 2). Figure 4-2 can be interpreted as the hydrogen concentration as 
a function of depth in the layer structure. The vertical black line at the high energy side 
represents the energy of hydrogen recoiled from a surface position; the vertical black line at 
the low energy side indicates the energy level of a hydrogen particle recoiled from the 
Mg/Pd/C interface. The horizontal black line represents the yield expected for a MgH2 layer 
as measured with an infinite depth resolution. The height of the horizontal black line has an 
error margin of ± 20%. The low energy peak, in between channels 1500 and 2000 shows the 
hydrogen present in the glassy carbon substrate. 
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A 75 nm Si3N4::H layer acted as reference in our experiments. From the spectrum obtained 
with the reference sample the value for the depth resolution (full width half maximum) is 
deduced to amount to be 8 nm at the surface and 13 nm at the Si3N4::H/Si interface. 
It is clear from Figure 4-2 that the amount of hydrogen incorporated increases with increasing 
Pd top layer thickness. Furthermore, the samples did not absorb the maximum amount of 
hydrogen in the magnesium over the full thickness of the layer. It looks as if the top 40 nm of 
magnesium absorbed hydrogen in a concentration less than is expected for a MgH2 layer, also 
for the thickest Pd layer, but the rest of the magnesium did not store hydrogen in a significant 
amount. 
 
 

 
Figure 4-2. ERD spectra of hydrogen loaded Pd/Mg/Pd layer structures for the Pd top layer thickness 
indicated. 

 
Figure 4-3 presents the total amount of incorporated hydrogen as a function of the Pd top 
layer thickness. It appears that after an initial increase of the hydrogen content a saturation 
occurs at a Pd thickness of 10-15 ·1015 atoms/cm2, which corresponds to an average thickness 
of about 2 nm assuming a layer with a homogeneous thickness. This layer may be compared 
to the findings given in chapter 3, where it has been derived that significantly more than one 
monolayer of Pd is necessary to completely cover the Mg surface. We have to keep in mind 
that in these experiments the entire sample preparation and analysis have been carried out in 
the vacuum setup. Indeed, RBS measurements show that there is no measurable amount of 
oxygen at the surface of these samples. We conclude that the (stepwise) increase in the 
amount of hydrogen loaded in the Mg layer is due to a minimum areal density of Pd necessary 
to fully exploit the catalytic function of palladium.  
 

Exposure of the layer structure to ambient air 
 

Prevention against oxidation of the magnesium is often used as an argument for the use of a 
thin cover layer of Pd. Although this work was done in a UHV setup, oxygen can still play a 
role. Oxygen was quantified using RBS measurements. The glassy carbon substrate surface 
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region contains (5 ± 1) ·1015 atoms/cm2 of oxygen. An in situ grown magnesium layer 
contains fewer oxygen atoms than the detection limit (1 ·1015 atoms/cm2). When a magnesium 
sample has been in the UHV setup for one hour an oxygen areal density of (4 ± 1) ·1015 
atoms/cm2 is measured at the surface. If the sample was exposed to the ambient air for 30 
minutes, we measure (11 ± 1) ·1015 atoms/cm2, after 3 hours the oxygen amounts to (12 ± 1) 
·1015 atoms/cm2. A sample protected by a 30 ·1015 atoms/cm2 palladium layer (4 nm) does not 
show any additional oxygen after an hour in the UHV. For this layer structure the oxygen 
incorporation amounts to only (2 ± 1) ·1015 atoms/cm2 oxygen after 30 minutes in the ambient 
and (4 ± 1) ·1015 atoms/cm2 after 3 hours. A palladium coating does slow down the oxidation 
of the magnesium layers, but even samples with 100 ·1015 atoms/cm2 palladium layer showed 
blistering visible by the naked eye after a year. 
We now discuss the hydrogen loading experiments on samples, with varying Pd top layer 
thickness, which have been exposed to the ambient prior to the exposure to H2. The 
experiments were conducted using a hydrogen chamber which was separated from the UHV 
system, so the samples had to be moved though the air twice: from the UHV setup where it 
was grown to the separate hydrogen chamber and from the hydrogen chamber to the UHV 
setup to be measured. In these experiments the exposure to hydrogen took 60 minutes at a 
pressure of 100 mbar. Figure 4-3a, shows the amount of hydrogen incorporated as a function 
of the Pd over-layer thickness. As expected on basis of the results of the in situ experiments 
for low Pd coverage only a small amount of hydrogen is incorporated. A steep increase of the 
hydrogen incorporation occurs at the Pd areal density of about 20 ·1015 atoms/cm2. This value 
is somewhat larger than the value for the over-layer thickness necessary for the full 
exploitation of the catalytic capability of palladium, see Figure 4-3b. It therefore seems 
possible to distinguish the two beneficial roles of the palladium over-layer. 

 

The depth distribution of the incorporated hydrogen 
  

From the ERD spectra in Figure 4-2 the following is deduced concerning the depth 
distribution of the incorporated hydrogen. For low Pd coverages the spectra indicate a peak 
concentration of hydrogen in the surface region and a slowly declining concentration for 
increasing depth, which becomes very low (below 1 at. %) at a depth of 150 nm. For larger Pd 
top layer thicknesses, the hydrogen concentration appears larger everywhere in the layer. For 
the higher palladium coverages the hydrogen containing layer seems somewhat thinner than 
for the lower Pd top layer thickness samples. At the same time the hydrogen concentration 
depth profiles are more symmetric for larger Pd coverage, with as consequence that the 
average depth of the hydrogen is at a larger depth for the higher Pd thicknesses. In fact the 
ERD spectra for the higher Pd coverages are consistent with a constant H concentration 
corresponding to a stoichiometry of MgH1.7 in the Mg layer up to a depth of 60 nm, with 
abruptly diminishing concentrations at the Mg/top layer Pd interface and no less abruptly 
decreasing concentration at the magnesium – hydride interface. 
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Figure 4-3. The absorbed hydrogen as a function of the deposited top palladium layer thickness. (a) 
Samples exposed to air. (b) Samples without air exposure. The hydrogen content near zero palladium 
coverage corresponds to the amount present in the glassy carbon surface region.  

 

4.4 Variation of the magnesium layer thickness 
 

In the literature survey preceding these experiments, Orimo was found to grow magnesium 
layers of typical thicknesses of 25-800 nm [47] whereas Krozer uses layers of 600-1300 nm 
[28]. Figure 4-4b, shows the RBS spectra of the Pd(0.2 nm)/Mg/Pd(4 nm) layer structure, in 
which the middle Mg layer thickness has been varied between 70 and 470 nm. The spectra are 
indeed consistent with a variation of the middle magnesium layer only. The samples were 
grown on a silicon substrate in order to gain a better depth resolution because of the smoother 
surface of the substrate. Figure 4-4a, shows the corresponding ERD spectra. Deuterium was 
used to load the samples because no deuterium is expected (and found) in the unloaded 
samples. The loading time amounted to 30 minutes and the D2 pressure was 2 mbar. 

 
 

 
Figure 4-4. (a) ERD and (b) RBS measurements of hydrogen exposed samples with different magnesium 
thicknesses 
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Figure 4-5b shows the total amount of hydrogen incorporated in these layers as a function of 
the Mg layer thickness. It is observed that at low Mg layer thickness the amount of deuterium 
in the layer structure increases with thickness, but for thicknesses larger than 200 nm the 
deuterium incorporation appears independent of the thickness. In all samples the hydrogen 
depth distribution is the same, as shown by the normalised ERD spectra given in Figure 4-4a. 
An estimation of the hydrogenated layer thickness yields the same value of about 45 nm. The 
hydrogen concentration in the “saturated” layer again corresponds to MgD1.7 for the thickest 
magnesium layers, see Figure 4-5a. 

 
 

 
Figure 4-5. (a) ERD spectra scaled with the fluence. (b) Total deuterium content as a function of the 
magnesium layer thickness.  The red line represents the theoretical MgD2 stochiometry for a fully loaded 
Mg layer.  

 

4.5 Interface palladium layer thickness variation 
 
In this section deuterium loading experiments are described in which the thickness of the 
interfacial Pd is varied. The loading time amounted to 30 minutes and the D2 pressure was 2 
mbar. Figure 4-6 shows the ERD and RBS spectra of the samples with 3 different amounts of 
interfacial Pd. The Mg and surface Pd thickness values are as in the standard sample. Indeed, 
the sample with the 0.2 nm Pd layer shows the standard deuterium uptake in the surface 
region of the layer structure. When the areal density of interfacial palladium amounts to 46 
·1015 Pd atoms/cm2, corresponding to a thickness of about 7 nm, a second deuterium feature in 
the ERD spectrum appears, which is to be attributed to deuterium uptake in the magnesium at 
the lower Mg/Pd/Si interface, in an amount of about 5 at. %. At the same time, the total 
amount of incorporated deuterium has decreased to 5-15 % of the value in the standard 
sample.   
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Figure 4-3. (a) ERD and (b) RBS spectra of the measurements of the variation of the interfacial palladium 
layer thickness. 

A standard sample on a crystalline silicon substrate with 4 ·1015 Pd atoms/cm2 absorbs 360 
·1015 D atoms/cm2, the sample with 46 ·1015 Pd atoms/cm2 at the interface stores 60 ·1015 D 
atoms/cm2 and the sample with 23 ·1015 Pd atoms/cm2 at the interface stores 30 ·1015 D 
atoms/cm2. The depth distribution of the deuterium in this magnesium layer is completely 
different, see Figure 4-5a. Whereas in the thin Pd interface layer the hydrogen is only present 
at the surface, the samples with a thick Pd interface layer show a significant amount of 
deuterium deep into the magnesium layer, near the Mg/Pd/Si interface. 
The experiment was repeated using a corning substrate instead of crystalline silicon and 
similar findings were recorded. A sample with a 300 nm Mg layer instead of a 200 nm Mg 
layer and a 3 nm Pd interface layer showed as expected a shift in the interface deuterium 
peak, but showed similar total hydrogen content. 
The experiments with a relatively thick interfacial palladium layer, described in chapter 7, 
suggest that prolongation of the exposure results in a larger hydrogen or deuterium uptake in 
magnesium, both in the surface and the interface region. 

 

4.6 Interface and surface layer thickness variation 
 

Very thin top palladium layers have shown not function as a catalyst for hydrogen absorption 
in magnesium, see paragraph 4-3. This is strange, when the catalytic surface is halved the 
catalytic activity is also expected to halve. Instead, we found that small amounts of Pd were 
inactive. 
In paragraph 4-5 we saw the influence of the interfacial Pd layer on the hydrogen absorption 
of both the top magnesium and the bottom magnesium layer. It can be suggested that small 
cracks in the magnesium allow for molecular hydrogen to reach the interfacial Pd layer and 
dissociate there. In view of the ion beam irradiation results in chapter 7, cracks are not 
considered probable. The Pd layer could also induce additional stress in the magnesium layer, 
resulting into a higher nucleation rate of the β-MgH2 phase. 
In this paragraph we separate the two distinct functions of Pd by observing the deuterium 
depth distribution of a sample with a thin Pd top layer and a thick Pd interface layer. The top 
Pd layer should still act as a hydrogen dissociation catalyst, but is not thick enough to induce 
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a large strain. The thick Pd layer at the interface should be thick enough to induce strain, but 
is not exposed to hydrogen (if not for the cracks).  
As a result we found that a layer with only 0.5 nm of Pd at the surface, 260 nm Mg in 
between, and 5 nm Pd at the interface absorbed < 1 · 1015 atoms/cm2 of D after an exposure of 
30 minutes to 2.0 mBar D2. Similarly, a layer stack with 1 nm Pd at the surface and 5 nm at 
the interface (220 nm of Mg in between) absorbed 1 · 1015 atoms/cm2 of D after an exposure 
of 60 minutes to 2.0 mBar D2. In neither sample we found any deuterium near the interfacial 
Pd layer.  
With this result we were not able to separate the supposed effects of Pd on the Mg layer. 
However we did find an additional prove that no detectable level of molecular hydrogen 
transport through cracks in the material takes place. 

 

4.7 Summary 
 

In this chapter, hydrogen and deuterium depth profiles after H2 or D2 exposure on a Pd/Mg/Pd 
layer structure were reported. Experimental variables were the thicknesses of the distinct 
layers in the layer structure. Comparison of experiments in which the layer structure was 
exposed to hydrogen with or without exposure to the ambient before hydrogen loading 
revealed two distinct roles of the palladium top layer. A thickness of (2 +/-1) nm is necessary 
to fully exploit the catalytic action of this top layer. A thickness of (3 +/- 1) nm is necessary to 
avoid oxidation of the layer structure, which is detrimental for the hydrogen uptake.  
When the magnesium layer thickness is below 300 nm the amount of incorporated hydrogen 
increases with increasing layer thickness. When the Mg layer thickness exceeds 300 nm the 
amount of incorporated hydrogen is constant at a value of about 400 ·1015 D atoms/cm2 
corresponding to a layer of 45 nm with a stochiometry of MgH2. In all these cases hydrogen 
uptake is limited to the top 60 nm of the magnesium layer.  
Additional uptake in the magnesium in the region adjacent to the lower Pd/Mg interface 
occurs when this lower Pd layer has a thickness of a few nm. However, the thickening of the 
interfacial Pd results in a strong decrease of the total amount of incorporated deuterium over 
the entire layer. 
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5 Kinetics and mechanism of 

hydriding of magnesium in 

Pd/Mg/Pd thin film structures 

 

5.1 Introduction 
 
Hydrogen exposure time, pressure and temperature are the three externally adjustable 
parameters, which are considered important in the loading of magnesium and palladium 
layered structures. Loading of pure magnesium samples, prepared by ball milling, the time is 
typically minutes to hours, the pressure is in the bars range and the temperature is around 600 
K [17, 43, 44, 48-50]. In our thin film multilayer experiments we started out with hours, high 
temperatures (up to 500 K) and pressures (up to 2 bar), but we soon found out, that room 
temperature and pressure in the mbar range were sufficient to load the first tens of 
nanometres, among others due to the action of the palladium catalyst layer, see also chapter 4.  
In this chapter, we report investigations of the time and pressure dependence of the deuterium 
uptake in the “standard” Pd/Mg/Pd layer structure on crystalline silicon substrates (see 
chapter 4 for the definition of the standard layer). 
 

5.2 Experimental 
 
The samples consist of a crystalline silicon substrate on which a layer stack of 0.5 nm Pd, 160 
nm Mg and 4 nm Pd as top layer are deposited. After preparation of the layer structure, the 
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sample was kept in a storage vacuum chamber with a pressure no more than 10-8 mbar for 24 
hours and was subsequently exposed to a D2 low-pressure atmosphere in the loading chamber. 
The background pressure in the loading chamber amounts to 10-8 mbar. We can introduce the 
hydrogen gas into the setup directly from a high-pressure bottle to reach hydrogen/deuterium 
pressures of 20-100 mbar or use a buffer chamber to obtain a pressure in the range of 0.5-5 
mbar accurately. In the experiments described in the present chapter, most of the time the 
buffer chamber was used to reach the desired pressure. The pressure gauges indicate that it 
takes a few seconds to stabilize the pressure when the valve between the buffer chamber and 
the loading chamber is opened. The gas pressure used in the experiments was 2.0 mbar of D2 
for the loading experiments where the time was varied and a range of 0.2-40 mbar for the 
experiments in which the pressure was varied. The purity of the deuterium gas is 99.8 % with 
H2 as main contaminant.  
All hydrogen and deuterium exposures were carried out without heating of the samples. After 
loading, the samples were transported within the vacuum system for 8 minutes before the ion 
beam irradiation for the ERD measurement started. The measurement took 3 minutes to 
complete and care was taken to stop the measurement before a significant amount of 
hydrogen/deuterium was desorbed under the ion beam irradiation (see chapter 7). In all 
experiments reported, the samples were loaded with hydrogen or deuterium only once to 
obtain the most reproducible results.  
 

5.3 Loading time dependence 
 
At first we report investigations in which we varied the time of exposure of the standard 
magnesium layer to a 2.0 mbar D2 atmosphere. Figure 5-1a shows the ERD results of the 
samples measured immediately after loading for various times. The spectra are shown using 
the total number of detected particles as a normalisation factor for better visibility of the 
relevant effects.  
In the spectrum of the sample loaded for 5 minutes, we note an asymmetric deuterium spectral 
feature, with a relatively large yield near to the surface position of deuterium. In addition, we 
find a small feature at around channel 1900, which we attribute to a surface contribution of 
hydrogen amounting to (3 ± 1) ·1015 atoms/cm2. For larger loading times the deuterium 
spectral feature is more symmetric and appears to shift to lower energy until the loading time 
exceeds 30 minutes.  
The dotted vertical line indicates the energy of the deuterium particles if they would be 
recoiled from the Si/Pd/Mg interfacial region. It appears that there is no measurable 
contribution of deuterium from that region above the uniform background which corresponds 
to a deuterium concentration of (3 ± 2) ·1020 atoms/cm3 but which is however in part due to 
scattering of D, recoiled from the top deuterated layer in the absorber foil in front of the 
detector. The maximum ERD peak heights for the 60 and 120-minute loading times 
correspond to a stochiometry of MgD2.   
The total deuterium content as a function of loading time is presented in Figure 5-1b. For 
shorter loading times we observe a more or less linear increase in the total deuterium content. 
At about 60 minutes loading time saturation sets in. The deuterium content at saturation 
corresponds to a MgD2 layer of 45 nm thickness.   



Kinetics and mechanism of hydriding of Mg in Pd/Mg/Pd thin film structures 45  

This sequence of ERD spectra suggests the following process takes place. After a short (five 
minutes) loading time, the deuterium concentration is the largest at the surface and decreases 
down to a value of less than 1 ·1020 atoms/cm3 at a depth of 100 nm. During further exposure 
to the deuterium atmosphere the deuterium concentration becomes more uniform with depth, 
visible as a shift of the deuterium peak maximum to lower energy, but the thickness of the 
deuterium containing layer does not further increase. When this layer has been completely 
converted to MgD2, further uptake of deuterium virtually stops. 
In Figure 5-1b, an apparent delay in the onset of the deuterium uptake is observed. A similar 
behaviour has been reported for oxygen-free Pd/Mg layer structures for similar hydrogen 
exposure conditions in [44]. This nucleation and growth type kinetics has been explained 
within the framework of the model of Zdhanov et al. [51]. This could be an artefact and 
explained by desorption from the layer in the first minutes transport within the ultrahigh 
vacuum setup. Desorption during transport probably affects all samples, but is expected to be 
the most noticeable in the samples with the lowest deuterium content. However, although we 
monitored the pressure development during evacuation of the hydrogen loading chamber no 
evidence of fast deuterium or hydrogen desorption at low temperatures has been found.  
 
 
 

 
Figure 5-1. (a) Scaled deuterium depth profile measured with ERD. (b) Total deuterium content in the 
magnesium layer measured as a function of the deuterium exposed time.  

 

5.4 The pressure dependence 
 
In the experiments reported in this section the standard samples were loaded at different D2 
pressures at a constant loading time of 30 minutes, corresponding to a loading time when 
deuterium content was found to increase linearly with time.  
In Figure 5-2a, the ERD spectra are shown for five samples prepared in the standard manner 
but loaded under different deuterium pressures. The dotted vertical line again indicates the 
energy of deuterium particles recoiled from the Mg/Pd/Si interface. The small peak at channel 
number 1900 we attribute to hydrogen near the surface of the layer stack. Deuterium near the 
surface gives rise to the large peaks between channels 2500 and 2900. The ERD spectra show 
that in samples loaded at 1 and 2 mbar D2 the deuterium resides on average deeper into the 
magnesium layer, than in the samples exposed to 13.5 and 38 mbar of D2.  
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At the low loading pressures we also see a reduction of total deuterium content in Figure 5-
2b. In the pressure region below ~2 mbar the thermodynamics of the magnesium still allows 
for the complete hydriding of the magnesium in the samples, but the concentration of 
deuterium in the palladium layer is expected to be smaller and thus the diffusion rate of 
deuterium through this layer is limited. It is therefore expected that a longer loading time is 
necessary to obtain a completed MgD2 layer. But again it is clear that the thickness of the 
magnesium layer which is ultimately hydrided is already determined at the beginning of the 
loading. 
The model for the formation of a MgH2 layer in magnesium films, including the blocking of 
hydrogen transport through the hydride layer by Krozer and Zdhanov [15, 51] would explain 
this behaviour. We also see the effect of the variation in the thickness of this MgH2 layer in 
Figure 5-2b since a thinner MgH2 layer also means a smaller total hydrogen loading capacity.  
 
 

 
Figure 5-2. Deuterium loading pressure dependence. (a) Shows the normalised ERD spectra. (b) Shows 
the total amount of incorporated deuterium as a function of the loading pressure. In all cases the D2 
exposure time amounted to 30 minutes. 

 
The total amount of deuterium in the 2 mbar sample in this paragraph deviates 20% with the 
30 minute loading time sample in paragraph 5.3. We attribute this to slightly different 
temperatures, evaporator conditions, reference sample aging or oxygen background pressure.  
 

5.5 Sequential loading with deuterium and hydrogen 
 
From single isotope experiments explored in the previous paragraphs, we now continue with 
layers consecutively loaded with deuterium and hydrogen. In these experiments the loading 
pressure was chosen to be 2.0 mbar for each of the isotopes. Typically, the layer structure is 
exposed to the first isotope for a specified time, then the gas is evacuated and after 2 minutes, 
the sample is exposed to the second isotope.  
Figure 5-3 shows a measurement in which a sample is exposed to 5 minutes of deuterium 
followed by 30 minutes of hydrogen. Red lines indicate the energies corresponding to the 
hydrogen near the Si/Pd/Mg interface and near the surface. Blue dotted lines show the 
interface and surface position of deuterium. The logarithmic scale in Figure 5-3b was chosen 
to properly show both the hydrogen and deuterium peaks. 
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Figure 5-3. A standard layer structure loaded with 5 minutes of deuterium followed by 30 minutes of 
hydrogen. (a) RBS spectrum. (b) ERD spectrum. The two red dotted lines indicate the calculated energies 
corresponding to interface- and surface-hydrogen. The blue dotted lines show the same for deuterium. 

 
From these images we derive that much more hydrogen is present than deuterium. The areal 
densities of the isotopes amounted to (300 ± 15) ·1015 atoms H/cm2 and (17 ± 3) ·1015 atoms 
D/cm2. These values for the total areal densities are as expected on basis of the single isotope 
experiments, indicating that the initially incorporated hydrogen does not leave the sample 
during the further exposure.  
Both the depth distributions of the isotopes show a peak near the surface and a low 
concentration near the Si/Pd/Mg interface. On basis of the peak width, we conclude that the 
deuterium concentration is spread over a larger depth than hydrogen. The hydrogen spectral 
peak appears to have a low interface concentration higher than the background noise. We 
determine the stochiometry near the interface to be MgHx with x = 0.04.  
Similar experiments were conducted with different loading times. In the table 5-1, we present 
the measured areal densities of hydrogen and deuterium. As we have observed in paragraph 5-
3, in the initial 10 minutes of loading not much hydrogen or deuterium is stored in the 
magnesium layer and after a loading time in the order of 30 minutes the areal density of the 
species reaches (300 ± 20) ·1015 atoms/cm2. When the layer is nearly saturated with the first 
isotope the second exposure adds only a small number of atoms to the layer.  
 
First exposure Second exposure 1015 atoms H/cm2 1015 atoms D/cm2 
  5 min D2 30 min H2 300 ± 15 17  ±  3
10 min D2 30 min H2 300 ± 15 50  ±  5
30 min D2 30 min H2 90 ± 10 260 ± 15
  5 min H2 40 min D2 65 ±   5 320 ± 15
14 min H2 50 min D2 270 ± 15 20  ±  3
30 min H2 30 min D2 255 ± 15 3  ±  1

Table 5-1. Total hydrogen and deuterium content of dual isotope experiments.  

 
It is interesting to compare the deuterium ERD spectrum of the 5 minute D2, 30 minute H2 
sample with that of the 5 minute D2 sample in Figure 5-1a. It is clear that the asymmetric 
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shape in the ERD spectrum of the 5 minutes D2 sample is absent in the ERD spectrum of the 5 
minutes D2/30 minutes H2 sample, whereas on the average the deuterium is that of a larger 
depth in the latter sample. This clearly indicates that incorporated D is mobile within the layer 
under reactive conditions and moves to deeper layers during further hydriding. 
 

5.6 Discussion 
 
The above set of observations are consistent with the following model of hydrogen 
incorporation in the considered multilayer stack. Molecular hydrogen dissociates readily in 
the Pd top layer, and the atomic hydrogen is transferred to the Mg layer in a spill-over 
mechanism [16]. Hydrogen incorporation in magnesium starts in the Mg/Pd interfacial region, 
see Figures 5-1a and 5-2a. This hydrogen is able to diffuse into deeper layers, presumably in 
the α-phase. When the local hydrogen concentration is high enough, nucleation of a hydride 
phase β-MgH2 [30] or γ-MgH2 [52, 53] takes place. Before a closed and diffusion limiting β-
MgH2 layer is formed, hydrogen incorporation in deeper layers occurs presumably through 
vacancy or divacancy [54] diffusion (possibly in a β-MgH2-δ phase [52, 53]), in which process 
surface hydrogen is transported to deeper layers, leaving sites for further hydrogen uptake 
near the Pd layer. This process continues as long as vacancy diffusion is possible, and 
effectively stops when the top layer has a stoichiometry and structure close to that of  β-MgH2 
or when the β-MgH2-δ phase has disappeared. This line of thought is in agreement with the 
deduction that hydrogen is the diffusing species in the hydride formation [21]. 
Now the question arises why the hydrogen uptake is limited to a layer of 45 nm thickness near 
the top Pd layer or stated differently, why is the entire Mg layer not hydrided. Indeed, in the 
Mg metal layer below the saturated hydride layer, the hydrogen concentration is not larger 
than a few atomic percent. In the model of Zdhanov et al. [51] this limited hydride thickness 
has been explained by considering the interplay of the kinetics of the diffusion, of the 
nucleation of the β-MgH2 layer and the diffusion limiting character of a closed β-MgH2 layer. 
This model predicts a decreasing hydride layer thickness with increasing H2 pressure, which 
is also found in the present study for the larger pressures of the considered pressure range, see 
Figure 5-2a. The model of Zdhanov et al. also predicts that the centre of the hydrogen 
distribution shifts to the surface when the hydride formation proceeds. This is however not 
observed in the present investigations, see Figure 5-1a. So it is questionable if Zdhanov’s 
model is integrally applicable under conditions of the present study, although it has been 
developed for precisely the Pd/Mg interfacial region under the conditions of the present study.  
It is interesting to observe that the final total thickness of the hydride layer is already 
established in the earlier stages of the exposure (see Figure 5-1a) or at low pressure (see 
Figure 5-2a), but also at the lower Pd coverages (see chapter 4), i.e., when the conditions are 
such that not yet a saturated hydride layer has been formed. Further loading implies hydrogen 
diffusion through the unsaturated hydride, which is fast (see Figure 5-1a), however hydrogen 
does not diffuse from the hydride into the underlying rutile Mg. 
The origins of this phenomenon may be found in two fundamentally different directions. It 
may be found in the kinetics of the hydride formation in this system, as in the model of 
Zdhanov et al. [51]. Alternatively, the preferential hydride formation in the interfacial region 
may be ascribed to the presence of the interface itself, which makes this region different from 
the deeper part of the Mg film. In this category there are explanations based on the formation 
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of a Mg/Pd intermixing layer [55, 56] or an oxide layer at the interface [57]. Nor Mg/Pd 
interface mixing nor incorporation of oxygen seems to play a role in the present 
investigations, and can therefore be ruled out as a reason for the limited hydride thickness. 
More recently it has been proposed that fast hydrogen sorption and desorption kinetics, as 
observed in the present work, is to be ascribed to the existence of a destabilized β-MgH2-δ 
phase induced by a catalyst in nanocrystalline magnesium [53]. The observed limitation of the 
hydride layer thickness, which indeed has the stoichiomety of β-MgH2-δ may be indicative of 
the range of the Pd catalyst induction effect. The observation of hydrogen incorporation at the 
lower Pd/Mg interface for sufficiently thick Pd interface layers (see chapter 4) fits in this 
picture. The interfacial Pd layer could induce the formation of the sub-hydride phase in its 
vicinity.  
Hydrogen molecules may reach the lower Pd film, permeating through open channels in the 
magnesium layer. When this Pd layer is sufficiently thick, the molecular hydrogen 
dissociation rate may be sufficiently large so that hydrogen in a spill-over mechanism is 
transferred to the magnesium layer in such concentrations that the nucleation of the β-MgH2-δ 
occurs and hydrogen is incorporated in the Mg interfacial region, just like hydrogen is 
incorporated near the Pd top layer. 
The total hydrogen uptake in the structure as with relatively thick interfacial Pd layers is 
much less than in the case of a thin Pd interlayer under the same loading conditions. 
Strikingly, this concerns both the surface and the interface hydride layer (see chapter 4). 
Experiments in which the hydrogen exposure was prolonged after an intermediate ERD 
measurement (chapter 7) suggest that the smaller uptake is due to a delayed nucleation phase. 
Let us assume that for nucleation of the sub-hydride phase two conditions must be fulfilled: 
the presence of a catalyst and a sufficient large hydrogen concentration (in the α-phase). 
Zdhanov has derived that the decreasing hydrogen uptake with increasing H2 pressure can be 
accommodated within the standard theory of nucleation and growth if it is taken that the 
critical nucleus is rather large, implying the importance of the value of the hydrogen 
concentration. Retardation of the nucleation phase can be seen as a longer period necessary to 
build up this concentration. 
 

5.7 Conclusions 
 
This chapter has shown the absorption of D and H in Mg layers coated with a Pd layer for 
various exposure times and pressures. When the exposure time to an atmosphere of 2.0 mbar 
of D2 is varied the D uptake in the magnesium layers shows slow absorption in the first 15 
minutes. After the initial uptake of D, a fast absorption is observed between 15 and 60 
minutes. After 60 minutes of continued exposure to a D2 atmosphere, hardly any additional D 
is absorbed. The fully saturated hydride contains (400 ± 20) ·1015 D atoms /cm2. 
Exposing the layers to various D2 pressures shows that at low pressures of 0.2 and 1.0 mbar 
the absorption rate is limited. At pressures of 13.5 and 38 mbar the absorption is fast, but a 
thinner hydride layer is formed so that the total amount of absorbed deuterium is as compared 
with the 2.0 mbar exposure.  
The experiments with sequential loading of hydrogen and deuterium are consistent with the 
various stages of hydrogen absorption. We conclude that the hydrogen species absorbed at the 
initial phase are mobile through the layer during continued reaction conditions.  
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Comparing our experimental results with the literature, we find that the observed hydrogen 
absorption cannot be entirely explained by the commonly accepted model. We advocate a 
third role of palladium, next to hydrogen dissociation and oxidation protection, as a structural 
catalyst of the unsaturated β-MgH2 phase. 
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6 Thermal desorption of 

hydrogen and deuterium from 

Pd/Mg/Pd thin film structures 

 

6.1 Introduction 
 
Thermodynamics dictates that hydrided magnesium layers desorb hydrogen at room 
temperature in a 10-8 mbar vacuum chamber, see chapter 1. The detailed kinetics of the 
system describes how fast this desorption takes place. For our standard sample, see chapter 4, 
the hydrogen desorbs in the UHV system in typically a few days.  
The steps which hydrogen or deuterium atoms take while leaving a hydrided magnesium layer 
are the reverse of the loading steps: the diffusion through the hydrided magnesium, diffusion 
through rutile magnesium, diffusion through palladium, association at the palladium surface 
and desorption from the palladium surface. In this chapter, we increase the temperature of the 
loaded samples and monitor the gasses leaving the samples. Using isotope experiments we 
deterimine the rate determining kinetic step in desorption. 
Higuchi et al. preformed similar measurements of magnesium/palladium bi-layer structures 
and found a magnesium crystallization effect on the desorption temperature [40]. They found 
typical desorption temperatures of 400-600 K. A few years later the same group found 
desorption temperatures of 300-450 K for different magnesium layer thicknesses in Pd/Mg/Pd 
layers, thicker films apparently giving rise to lower desorption temperatures [47]. The group 
continued with multilayer structures and again found low temperatures of 300-450 K for the 
hydrogen desorption. Again thicker layer structures lowered the desorption temperature [58].  
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6.2 Experimental 
 
The experimental approach in this chapter is as follows. Samples were grown as described in 
chapter 3. The typical layer structure of Mg and Pd used in these experiments is presented in 
paragraph 4.2. The layered structures were exposed to H2 or D2 in the standard manner, see 
chapter 4, and subsequently heated under low pressure conditions (10-8 mbar) while recording 
the rest gas in a thermal desorption experiment, without exposing the samples to air or 
without intermediate irradiation with the high-energy ion beam, to avoid any interfering 
effects of oxidation or irradiation. Samples were heated in a controlled way with a constant 
temperature increase per time unit, which was varied in the range of 0.5-2 K per minute from 
300 K up to a maximum temperature, which was varied, but was always below 500 K. The 
background pressure was in the order of 10 -8 mbar. During the heating, the partial pressure of 
various species with mass/charge ratios 2, 3, 4 and 18 were monitored using a quadrupole 
mass spectrometer type MKS HPQ2S. The recorded signals are attributed to H2, HD, D2 and 
H2O respectively. The latter was monitored as a measure for the background pressure during 
heating. In the experiments deuterium is preferred because of the low natural background 
pressure of mass 4 species. Since parts of the sample holder were also covered with 
magnesium and a smaller part also with palladium, parts that also were exposed to 
hydrogen/deuterium, the hydrogenenous species desorbed from both the sample holder parts 
and the sample substrate area. The surface area ratio of the sample to sample holder is 
approximately 1 to 1. However, the smaller but variable palladium covered area increases the 
contribution from the flat substrate area to the total observed desorption spectrum, since on 
the parts without Pd top layer coverage the amount of incorporated hydrogen/deuterium is 
presumed to be diminished. Both desorption spectra of hydrogen and deuterium loaded 
samples were measured, but no significant difference in desorption temperature dependence 
was found for the different isotopes. Also samples exposed to both H2 and D2 were measured, 
and also the effect of the repeated loading of the same sample has been studied.  
 

6.3 Characteristic deuterium desorption 
 
Figure 6-1 shows the evolution of the background pressure of the indicated species during a 
linear temperature increase of a sample loaded with deuterium for 30 minutes at 2.0 mbar. 
This loading treatment results in D incorporation to the amount of (300 ± 50) ·1015 D 
atoms/cm2, see chapter 5. This number of atoms corresponds to a fully loaded MgD2 layer of 
35 nm. We find a constant background pressure of H2 and HD in the range of the lowest value 
of measurable pressures. The H2O signal increases monotonously after the temperature was 
increased to 340 K. The mass/charge ratio 4, attributed to D2, shows a clear desorption peak 
between 335 and 360 K and a shoulder at around 370 K. Indeed, subsequent ERD 
measurements and a changes in reflectivity of the sample surface indicate that after the 
desorption peak there is no significant amount of deuterium present in the sample.  
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Figure 6-1. Evolution of the partial pressure for the indicated masses during heating of a standard layer 
structure loaded with deuterium. The heating rate amounts to 2 K/minute. 

 

6.4 Variation of the heating rate 
 
The variation of temperature ramp can help to determine the rate-limiting step in the 
desorption process. We varied the temperature increase per time unit (Heating Rate, HR) 
between 0.2-2 K per minute. For this experiment we used a standard layers exposed to 2.0 
mbar D2 for 30 minutes. For each experiment, different samples were prepared in a similar 
way. The temperature was increased from 295 to 385 K. 
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Figure 6-2. (a) Temperature desorption spectra for different heating rates. The heating rates presented 
here are 2K/minute (black), 1K/minute (red), 0.5 K/minute (blue) and 0.2 K/minute (green). (b) Friedman 
plot produced using the desorption peak temperatures as indicated with the dotted lines in 6-2a. The blue 
dotted line in represents the best fit of the data.  

 
The shapes of the TDS spectra in Figure 6-2a are not Gaussian, a clear shoulder can be 
observed at the high temperature side of the spectrum. In the blue and green spectra we even 
see a detachment of the peaks and the shoulders. We do not see a trend in the magnitude or 
width of the shoulder. The temperature at which the fastest desorption (Tp) takes place can be 
observed to be higher when the heating rate is higher. We use this peak position in our 
calculations using a Friedman (rate-isoconversion) technique, see the Friedman plot in Figure 
6-2b. With this method we can determine the activation energy for hydrogen desorption from 
the heating rate (HR) and the temperature at which the peak occurs according to the following 
formula [59]: 
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A is a constant. The activation energy can now be determined from the slope in the Friedman 
plot. We find an activation energy for hydrogen release of (0.88 ± 0.14) eV. By our 
knowledge, this is the first value reported for this kind of system with this method. The same 
method was used to determine the activation energy in magnesium powder without palladium 
at 1.7 eV [60]. In the case of pure magnesium powder, the hydrogen association at the Mg 
surface was determined to be the limiting step. In our samples the association step is catalysed 
by the palladium surface and a different rate limiting step must be found.  
 

6.5 Cycling 
 
In this experiment we investigate how samples change upon repeated loading and unloading 
of the sample. We call a sequence of loading and unloading a “cycle”. We first examine 
samples loaded and unloaded up to a fixed temperature of 375 K. In doing so, ERD 
measurements showed that the total amount of hydrogen stored in the samples decreases 
about 5 % after each desorption for the first 4 cycles. 
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In Figure 6-2 we observe that the temperature at which the deuterium desorption rate reaches 
its maximum, increases in the order of 3 K from cycle to cycle. The maximum partial pressure 
reached in the cycling also increases from 2 · 10-8 mbar in the first desorption to 3.5 · 10-8 

mbar in the fourth desorption cycle. As a result, there is no large total peak area difference for 
the different cycles. 

 
Figure 6-3. D2 thermal desorption spectrum of one standard layer structure, for various subsequent 
loading/desorption treatments. The temperature ramp was 1 K/minute.  

The origin of the small increase of desorption temperature could be the decreasing amounts of 
active catalytic palladium at the surface, structural changes in the magnesium film or the 
formation of a diffusion limiting MgPd layer. 
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Figure 6-4. Glancing RBS measurement showing the effect of 4 hydrogen cycles. The black spectrum is 
from the original, not yet loaded sample, the red spectrum is from the same sample after cycling 4 times, 
heating it to 373 K to desorb all the hydrogen. The samples were loaded for 30 minutes at 2.0 mbar. 

In Figure 6-4 we present RBS spectra of a standard sample (see chapter 3) in the as-deposited 
state and of a similar sample which has undergone 4 loading/desorption treatments with a 
maximum temperature during desorption treatment of 375 K. We observe a broadening of the 
Pd spectral feature around channel number 3700. Also the Mg spectral feature shows a 
smoother step around channel number 2000. We deduce from these measurements that some 
of the palladium atoms in the top layer have moved into the magnesium layer after this 
number of cycles, down to a depth of 30 nm. An alternative interpretation is the formation of 
thicker or thinner regions in the top layer. Such a modification of the microstructure does not 
occur at the lower Pd/Mg interface, at least not at a detectable level. Magnesium/palladium 
layer structures that experienced temperatures up to 370 K without being loaded with 
hydrogen do hardly show this palladium/magnesium interfacial restructuring. Samples 
exposed to hydrogen or deuterium which were not heated, already showed a similar change in 
structure. The palladium transport must therefore be an effect due to the loading or/and 
unloading of hydrogen. 
In Figure 6-5 a series of desorption spectra is shown in which the maximum temperature in 
the desorption treatment increases in every subsequent loading/desorption treatment of one 
standard sample. The 30 minute loading of the sample took place at room temperature and 2.0 
mbar of D2. The first three loading/unloading cycles show similar thermal desorption spectra 
as the sample presented in Figure 6-3. The fourth cycle shows that hardly any deuterium 
desorbs from the sample within this temperature window. ERD measurements show that after 
the desorption treatment no deuterium is present in the sample. The conclusion is that heating 
the layer structure to a temperature of 410 K is detrimental for its hydrogen storage 
performance. 
The second desorption measurement shows a clear shift to higher temperatures, yet in the 
third cycle the original desorption temperature is restored. The shifts in desorption 
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temperature in loading/desorption cycling is small, when the temperature remains below 390 
K.  

 
Figure 6-5. Thermal desorption spectra of the standard Pd/Mg/Pd layer structure loaded with deuterium. 
The upper limit of the temperature was increased by 20 K each run. The temperature ramp was 1 
K/minute. 

6.6 Sequential loading with different isotopes 
 
In this paragraph, we describe experiments in which a standard sample was loaded under 
standard conditions with hydrogenous species, with an initial loading by exposing it to H2 and 
a subsequent loading by exposing it to D2 and visa versa. The depth distribution of the 
different isotopes in similarly prepared samples has been presented and discussed in chapter 
5. 
A standard Pd/Mg/Pd multilayer on a silicon substrate was loaded with 20 minutes at 2.0 
mbar H2 and subsequently with 20 minutes at 2.0 mbar D2. As a result we have obtained a 
hydrided layer of standard thickness with both hydrogen and deuterium. With high depth 
resolution ERD measurements we found that the hydrogen and deuterium resided more or less 
at the same depth in the magnesium layer, see paragraph 5.5. Figure 6-6a shows the 
desorption spectrum of the samples containing both hydrogen and deuterium. It appears that 
upon increasing the temperature of the sample, the D2 desorption peak was recorded 
significantly before the H2 desorption peak was observed. The difference in desorption 
temperature for the two isotopes amounts to ~10 K.   
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The reverse experiment was also conducted by loading a standard sample with 30 minutes of 
2.0 mbar D2 followed by 30 minutes of 2.0 mbar H2. In this case the H2 desorption peak was 
recorded at a ~10 K lower temperature than the D2 peak, see Figure 6-6b. We conclude that 
the isotope incorporated at a later stage in the hydride formation desorbs at a lower 
temperature. The combined results of these two experiments excludes that the kinetic isotope 
effect causes the difference in desorption temperature, although this may play a role in the 
loading stage of the experiment.  
The temperature behaviour of the mixed isotope molecule HD desorption follows more of less 
the desorption of the molecular species which desorbs at the highest temperature. These 
molecules are apparently not formed in the very first stage of the desorption of the species 
introduced last, as it is most clearly visible in Figure 6-6b. In this measurement the HD 
desorption peak area is about equal to the H2 desorption peak area. If the formation rate of H2 
and HD would be solely determined by the relative concentrations of hydrogen and deuterium 
and the H2 and HD formation rates are equal, then the hydrogen concentration is expected to 
be twice as large as the deuterium concentration. This is in fact what we conclude from the 
relative peak areas in Figure 6-6a, if we only consider the temperature range in which HD and 
H2 desorbs. 
 
 

 
Figure 6-6. (a) Thermal desorption spectrum of the standard layer structure exposed to H2 for 20 minutes 
at 2.0 mbar, followed by 20 minutes exposure to D2 at the same pressure. (b) Thermal desorption 
spectrum of the standard layer structure exposed to D2 for 30 minutes at 2.0 mbar, followed by 30 minutes 
exposure to H2 at the same pressure. The temperature ramp was 1K/minute for both experiments. 

6.7 Discussion 
 
We conclude that the desorption process proceeds in the following distinct steps: Mg-H bond 
breaking, diffusion in atomic form towards the surface, recombination into a molecule in or 
on the Pd layer and subsequent desorption from the surface. It is further assumed that 
recombination in and desorption from the Pd layer is a relatively fast process in comparison to 
the other two steps.  
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The observations reported in this chapter are consistent with a model in which the first stage 
of the desorption involves hydrogen located very near the Mg/Pd interface. This is the 
hydrogen which has been incorporated in the last stage of the loading, see chapter 5. Since for 
these hydrogen atoms the diffusion distance is very small, it is reasonable to deduce that the 
bond breaking step is rate-limiting [61], requiring a temperature of about 350 K, in agreement 
with the data in the literature. From the evolution of the hydrogen/deuterium concentration 
depth profiles during loading, see chapter 5, it is deduced that hydrogen is mobile in the sub-
hydride film at the temperature of the loading, presumably in a vacancy diffusion process. 
This same mechanism might be active occur during the desorption as well. Vacancies formed 
in the initial stage of the desorption diffuse to deeper layers, maybe in a di-vacancy diffusion 
[54] or in a recently observed MgH2-δ phase [52, 53], enabling hydrogen to reach the Pd layer 
where they recombine into a molecule and for the molecules to desorb from the Pd layer. 
Cycling of loading and desorption results in a slight increase of the onset temperature of 
desorption. At the same time, measurable modifications occur at the Mg/Pd interface as a 
result of hydrogen loading and unloading. As argued above the onset temperature for 
desorption is determined by Mg-H bond decomposition at the Pd/Mg interface, and it is 
therefore plausible that modifications in the interface region have an influence on the 
desorption onset temperature. 
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7 Ion beam desorption of thin 

magnesium layer structures 

 

7.1 Introduction 
 
 
The mechanism and kinetics of the hydrogen release from hydrogen storage materials are 
usually studied by Thermal Desorption Spectroscopy (TDS), giving directly applicable 
information concerning the process of the hydrogen release as a whole [58].  With this 
technique modelling and more elaborate procedures and reasoning are necessary to find 
information concerning the distinct steps in the desorption process [61].  In the desorption 
process the following steps may be distinguished: bond decomposition, i.e., hydrogen release 
by decomposition of the β-MgH2, transport towards the surface, molecular hydrogen 
formation and desorption from the surface.  These steps have their individual rates with their 
own temperature dependence, and in principle the relative magnitude of the rates of the 
distinct steps is not a priori obvious. 
From a different point of view the understanding of the hydrogen release mechanism from 
hydrogenated inorganic and organic layers under the action of high-energy ion irradiation has 
increased in recent years [62-64].  In this mechanism also several steps have been 
distinguished: ion beam induced bond breaking along the ion track, molecule formation, 
transport to the surface and desorption from the surface.  It is a second order process in the 
sense that 2 free hydrogen atoms have to be created close to each other, because in the ion 
track molecule formation competes with the recombination of hydrogen atom with a lattice 
atom.  Indeed, in this mechanism there exists a critical hydrogen concentration below which 
the hydrogen escape rate during irradiation is very low.  Below such a critical hydrogen 
concentration the probability of a free atom to get trapped in the network is much larger than 
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the probability to form a hydrogen molecule by reacting with another free hydrogen atom.  
This process of ion beam induced desorption has been extended to other molecules, for 
instance N2 and O2 [65-67]. The loss of molecules from the material structure may be limited 
by re-trapping of the (less inert) molecule on their way to the surface [64].  This process has 
been applied to study the permeability of certain materials for molecules at low temperature, 
i.e., at a temperature at which the thermally induced hydrogen bond dissociation rate is 
immeasurably low [63, 67].  In this way high-energy ion irradiation of hydrogen containing 
material enables the investigation of the distinct steps in hydrogen release. 
In this chapter we report and discuss the measurements of the high-energy ion induced release 
of hydrogen from hydrogen loaded Pd/Mg/Pd layer structures.  It will be shown that the ion 
beam induced release of hydrogen from magnesium dihydride exhibits a completely different 
behaviour compared to the release of N2 and O2 from the above discussed other materials.  
The observed behaviour will be discussed in view of the particular mechanism of hydrogen 
desorption from MgH2. 
Hydrogen depth profiling in hydrogen storage thin film structures using high-energy ions has 
in the past only been applied to a limited extent, despite its straightforward and quantitative 
character [27, 68, 69].  By keeping the ion flux as low as 3·1010/cm2s   in case of 2.8 MeV He+ 

projectiles for simultaneous Rutherford Backscattering Spectrometry/Elastic Recoil Detection 
of titanium hydrides [69] or by cooling the Pd/Mg layered sample down to 140 K in 15N 
hydrogen depth profiling [27] desorption of hydrogen from the considered layer structures 
was excluded during the ion beam analysis.  Thus, so far no systematic investigation of the 
hydrogen loss from metal hydrides during ion beam irradiation has been reported. 
 

7.2 Experimental 
 
Most experiments were carried out on samples consisting of a carbon or silicon substrate with 
layers of 0.5-1 nm Pd, 160-250 nm Mg and 4-6 nm Pd as top layer. After preparation of the 
layer structure, the samples were kept in a storage vacuum chamber with a residual pressure 
of 10-8 mbar for a day and were subsequently exposed to a H2 or D2 atmosphere. Standard 
hydrogen or deuterium exposures last 30 minutes at a pressure of 2 mbar. However, also 
treatments involving the 2 isotopes in subsequent exposures were carried out. At no time 
during the sample handling were the samples exposed to the ambient atmosphere. 
In the present work the typical 2 MeV He+ particle current of the ion beam amounts to 6 ·1010 
ions/s which corresponds to a power on the sample of the order of 0.01 W or power density of 
about 0.05 W/cm2 which is not supposed to result in an significant increase of the global 
temperature of the sample [63]. During the irradiation occasionally the partial pressure of the 
species with atomic mass number 2 (H2), 3 (HD) and 4 (D2) was monitored using a rest gas 
analyzer of type MKS HPQ2S. For further experimental details the reader is referred to 
chapter 2. 
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7.3 Results  

Standard layer stack, single isotope 
 
Figure 7-1 shows simultaneously measured RBS and ERD spectra of the hydrided standard 
sample.  In the RBS spectrum we distinguish the Mg layer of thickness 200 nm, the interfacial 
and surface Pd thin layers with thicknesses 1 nm and 6 nm, respectively, and the carbon 
substrate.  We also find a small contribution of oxygen, with an estimated areal density of (5 ± 
3) ·1015 atoms/cm2, predominantly present in the surface region of the carbon substrate.   
The interfaces between the distinct layers can be considered abrupt within the depth 
resolution of these RBS measurements (5 nm). In the ERD spectrum we distinguish hydrogen 
present in the surface region of the carbon substrate with an areal density of (80 ± 20) ·1015 
atoms/cm2, which is also present in the non-hydrogen exposed samples, and hydrogen in the 
(quasi-saturated, see chapter 5) hydrided layer near to the surface with an areal density of 
(430 ± 50) ·1015 atoms/cm2, corresponding to a MgH2 layer having a thickness of 50 nm. It is 
estimated that in the not-hydrided part of the magnesium layer the hydrogen concentration 
amounts to a few atomic percent. The large number of hydrogen atoms in the surface Mg 
layer can also be observed in the RBS spectrum, figure 7-1a, by a lower yield just below 
channel number 2000. In the surface region the stopping power in the MgH2 layer is larger 
per Mg atom than in pure Mg. 
 
 

 
Figure 7-1. (a) RBS  spectrum of a standard layer stack of Pd/Mg/Pd on a glassy carbon substrate. (b) The 
ERD spectra of both the as deposited layer and the hydrogen exposed layer.  Both spectra were scaled to 
the same fluence. 

 
Irradiation of the hydrided layer structure with 2 MeV He+ ions at an angle of 8o with the 
surface results in hydrogen loss from the sample, notably from the magnesium layer, as 
deduced from ERD measurements during the irradiation.  It appears that in the beginning of 
irradiation the desorption rate of hydrogen is low, but at a certain fluence the desorption rate 
increases. Figure 7-2 shows also the ERD spectra at various stages in the desorption.  It 
appears that effectively the hydrogen removal takes place everywhere in the layer where the 
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hydrogen was originally present, and that there is a small tendency for the peak maximum to 
shift to the surface with increasing fluence, particularly in near-empty samples. 
 

 
Figure 7-2. The ERD spectrum (a) and surface hydrogen peak content (b) as a function of the fluence. In 
this experiment the beam current amounted to 40 nA. 

 
According to the Van ‘ t Hoff plot for the Mg/H2 system, the hydrided magnesium layers are 
unstable in vacuum at room temperature (see chapter 1).  However, the hydrogen remains in 
the layers for some time because the activation energy for desorption is so high that the 
release rate is very low, despite the presence of a catalyst layer.  It is conceivable that the 
action of the ion beam is that the temperature of the entire sample is increased such that 
thermal desorption occurs at an appreciable rate.  In the following we present observations 
from which we conclude that the hydrogen release is not predominantly due to an increased 
temperature of the sample as a whole. 
At first, after irradiation the sample surface exhibits a clear metallic beam spot with rather 
sharp boundaries in contrast to the rest of the surface which has a di-electric like look. Since it 
is expected that there are no appreciable temperature differences over the sample material 
[63], the local metallic outlook points to the local action of the ions, see Figure 7-3. 
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Figure 7-3. Photograph of a sample with a standard layer stack exposed to deuterium for 30 minutes at 2 
mbar. The sample was irradiated for 2 hours. Clearly visible are the sample holder mask on the square 
silicon substrate and the oval irradiation spot over the width of the sample.   

 
Furthermore continued ERD measurements after the desorption of hydrogen was completed 
for a particular beam spot, showed that magnesium adjacent to the beam spot did still contain 
significant amounts of hydrogen.  
Next, we consider the rate of hydrogen loss for various ion beam currents. Figure 7-4 shows 
the hydrogen areal density in the hydrided layer structure as a function of ion fluence, for 
several beam currents.  It appears that the hydrogen loss rate can be considered to be the same 
function of the ion fluence, irrespective of the ion current value, which is not consistent with a 
model in which the temperature of the sample plays a major role.  By measuring the color 
change with a temperature monitor label attached to the sample surface it is estimated that the 
temperature during the irradiation does not exceed the value of 100oC, see chapter 2.  In fact, 
the hydrogen desorption temperature in these layers is in the range 60-110 oC, see chapter 6. 
In Figure 7-5 the hydrogen desorption is measured using an intermittent ion beam irradiation. 
The results are presented as a function of both the time and fluence.  
 

 
Figure 7-4. The ERD determined surface hydrogen areal density in a hydrided layer stack as a function of 
the fluence for different beam currents.  The black, blue and red crosses correspond with beam currents 
of 12, 30 and 45 nA. 
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Figure 7-5. (a) The ERD determined surface hydrogen areal density of a standard layer as a function of 
time. The areal density was measured every half hour for 5 minutes up to 5.5 hours. After 6.8 hours (13 
fluence) the sample was continually exposed to the beam. (b) The same data plotted as a function of 
fluence. 

 
The temperature of maximum desorption rate, in a normal thermal desorption experiment 
shifts to higher values as a result of loading/desorption cycles of the same film, see chapter 6. 
However, the ion beam induced desorption rate is not so much influenced by repeating the 
loading/unloading treatment.  Although the amount of hydrogen loaded decreases with 
repeated loading under the same conditions, the rate at which this hydrogen desorbs, does 
hardly vary with cycle number: Figure 7-6. 
 

 
Figure 7-6. Hydrogen areal density in a saturated hydrided layer stack as a function of the fluence. The 
colours black, red and blue indicate the first, second and third desorption after repeated loading of the 
same sample under the same conditions.  The beam current amounted to 30 nA. 
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Based on the above observations it is concluded that the observed hydrogen loss cannot be 
ascribed completely to the heating of the entire sample to or above the desorption 
temperature. In contrast, it is supposed that the ion beam induced hydrogen loss is initiated by 
the (electronic) energy deposition in a cylindrical region around the ion track. 
Notwithstanding this deduction, the dependence of the hydrogen content in the layer structure 
on the fluence is completely different from the usually observed fluence dependence of 
hydrogen loss, which is characterized by a fast initial decrease and a critical hydrogen 
concentration, at which the loss virtually stops [62].  In contrast, in the present case the loss 
rate at zero fluence is small and increases with increasing fluence or, stated differently, with 
decreasing hydrogen content.  In fact, the observed dependence of the hydrogen content on 
the time or fluence is indicative of a nucleation and growth process, which is often observed 
in β-MgH2 decomposition [44, 60, 70, 71]. If the total hydrogen content of the layer structure 
is corrected for the hydrogen present in the carbon substrate surface region, it becomes clear 
that the hydrogen content in the magnesium layer diminishes with irradiation. 
 
 

 
Figure 7-7. (a) RBS and (b) ERD spectra of a standard layer structure exposed to 2.0 mbar deuterium for 
15 minutes.  

 
The hydrogen containing species in the hydride layer and in the carbon substrate can be 
distinguished more accurately when using D2 as the “hydriding” gas. Figure 7-7 shows an 
ERD spectrum of a deuterated layer structure, in which the amount of D corresponds to a 
MgD2 layer of (40 ± 20) nm.  Also discernible in the spectrum are the contributions of 
hydrogen in the substrate and a small contribution of H amounting to (50 ± 10) ·1015 
atoms/cm2 in the hydride layer (see dotted line). This is, however, not in the surface region of 
the magnesium film but at an estimated depth of (40 ± 20) nm.  This layer structure has been 
irradiated with a beam of 2 MeV He+ ions at different beam current values.  Figure 7-8 shows 
the corresponding ERD spectra and the total deuterium contents of the layer structure.  We 
note the same shape of the decrease curve as with the hydrogen loaded layer structure, with a 
similar rate, and it is clear that deuterium completely disappears from the sample.  At the end 
of the irradiation the D areal density appears to be only (2 ± 1) ·1015 atoms/cm2, indicating 
that also the deuterium possibly present in the α-phase disappears, and also the hydrogen 
present in the magnesium layer desorbs.  In contrast, the hydrogen content in the carbon 
substrate is virtually constant during the irradiation. 
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Figure 7-8. (a) The ERD spectrum and (b) the deuterium areal density as a function of the fluence. In this 
experiment the beam current was 70 nA. 

 
During the irradiation we monitored the partial pressures of H2, HD and D2, see Figure 7-9.  
As expected, the D2 partial pressure shows the largest value during the irradiation.  There is 
also a small increase of the HD partial pressure, whereas the H2 partial pressure remains close 
to the background value. The dependence of the D2 partial pressure on the irradiation time is 
completely in line with the observed desorption rate: after a slow increase at the beginning of 
the irradiation, the partial pressure has a pronounced maximum when the desorption rate has a 
maximum. 

 
Figure 7-9. Partial gas pressures measured during the ion beam desorption of deuterium from a standard 
Pd/Mg/Pd layer. See figure 7-8 for the corresponding ERD measurements. Masses 2, 3 and 4 are indicated 
in red, blue and green, respectively.  

   
Strikingly, the HD signal has a maximum earlier in the irradiation treatment, which is 
consistent with the earlier decrease of the H content in the magnesium layer (see Figure 7-9). 
A further interesting observation is that the D2 partial pressure has already an appreciable 
value before irradiation starts, and that it even becomes larger after the irradiation.  Since in 
the beam spot the deuterium has disappeared, the increased partial pressure of mass/charge 
ratio equal to 4 must be due to deuterium loss from the beam spot edge, were the current 
density is lower, or from the rest of the sample surface area.  



Ion beam desorption of Mg layer structures   69  

 

Thick Pd interface layer 
 
When the interfacial Pd layer in the substrate/Pd/Mg/Pd multilayer structure has been given a 
thickness of 5 nm hydride formation during exposure to 2.0 mbar of H2 or D2 for 30 minutes 
does not only take place below the top Mg/Pd interface, but also in the Mg interfacial region 
near the lower Pd/Mg interface: see chapter 4.  Ion beam irradiation of this double hydride 
structure results in a loss of the incorporated hydrogen (deuterium), but only from the top 
hydride layer.  Figure 7-10 shows the evolution of the deuterium ERD spectra during 
irradiation for a first and a second loading of the sample. 
 
 

 
Figure 7-10. ERD spectra of deuterium profiles from a deuterated Pd/Mg/Pd structure with a 7 nm 
interface palladium layer. (a) Shows the spectra during irradiation after the first exposure to 2.0 mbar 
deuterium for 30 minutes,  (b) Shows the spectra during irradiation after the second exposure of the layer 
structure to deuterium, now 50 mbar for 30 minutes. 

 
It is seen that the surface hydride layer diminishes under irradiation like the hydride in the 
standard layer structure, and that the interfacial hydride layer remains virtually constant. 
 

Standard layer stack with two isotope loading 
 
From experiments in which the layer stack was first exposed to D2 and subsequently to H2, it 
was concluded that during the loading process the hydrogen introduced first forms a sub-
hydride in the entire layer which is subsequently more completely hydrided in further 
exposure.  The hydrogen concentration after this initial exposure of, for instance 5 minutes, 
decreases with increasing depth, see chapter 5.  In further stages of the loading this sub-
hydride layer is filled until it is converted to a near-stoichiometric dihydride layer, see chapter 
5.  In these latter stages the hydrogen isotope introduced first is further distributed over the 
hydrogen containing layer with a tendency to be incorporated at a position further away from 
the outermost palladium layer.  This is explained by a model in which the hydrogen 
incorporation proceeds through vacancy diffusion in β-MgH2 from deeper in the material 
towards the surface, so that hydrogen atoms can be transferred from the Pd layer into the Mg 
sub-hydride part of the Mg film.  So the atoms incorporated first have a tendency to be in 
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deeper layers in a saturated hydride layer.  In subsequent thermal desorption experiments the 
hydrogen atoms, incorporated in a later stage of the loading, appeared to desorb in the first 
stage of the thermal desorption (see chapter 6).   
 

 
Figure 7-11. Shows the desorption of both hydrogen and deuterium from a layer loaded for 30 minutes at 
2.0 mbar of D2 followed by 30 minutes of 2.0 mbar of H2. Left shows the ERD spectra of these 
measurements, right presents the areal density of both the hydrogen (black) and deuterium (red) as a 
function of the fluence. 

 
Figure 7-11 shows, as a function of the irradiation time the amounts of H and D in the 
standard layer stack, which has been exposed prior to the irradiation to 2 mbar D2 for 30 
minutes and subsequently to H2 for the same duration at the same pressure. This results in a D 
content which is much larger than the H content. We note for both isotopes a similar removal 
curve: the amount in the layer initially remains constant and after a certain irradiation time 
both isotopes start to desorb and their amounts in the layer diminish. It appears that hydrogen 
has disappeared at a lower fluence than deuterium does. It seems that during the irradiation 
the last incorporated hydrogen is removed slightly before the earlier incorporated isotope.   
 
 

 
Figure 7-12. Hydrogen (a) and deuterium (b) ERD spectra for a standard layer stack exposed for 5 
minutes to 2.0 mbar of D2 and subsequently for 30 minutes to H2 at a pressure of 2.0 mbar. The fluence at 
which the spectra were taken is indicated. 
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Figure 7-13. Hydrogen and deuterium areal densities as a function of the fluence of the sample of Figure 
7-12.   

A similar conclusion is drawn from irradiation experiments on layer stacks which have been 
exposed to D2 for 5 minutes and subsequently to H2 for 30 minutes, both at the pressure of 2.0 
mbar, see Figure 7-13.  For both isotopes a similar removal curve is found, and for both 
isotopes the center of the depth distribution shifts towards the surface during the irradiation.  
In the experiments the desorption of the isotope introduced first, in this case deuterium, starts 
at a larger fluence than the last introduced isotope.  
From the above we deduce that the earlier incorporated, deeper lying hydrogen apparently 
desorbs in a later stage during the irradiation than the hydrogen incorporated more closely to 
the surface.   
 

7.4 Discussion 
 
Considering the experimental information the following deductions are made.  During the 
irradiation there is only a small increase of the global temperature of the sample, but in view 
of the low hydrogen desorption temperature, hydrogen desorption from the entire sample 
during the irradiation is assumed to play a role, but at a much lower rate than observed within 
the beam spot area.  Since the temperature gradient over the sample  is assumed to be small 
[63], the global temperature within the beam spot area is supposed not to be so high that it is 
the magnitude of the global temperature which causes the measured hydrogen desorption.  
Since similar curves, as given in Figure 7-2 for a glassy carbon substrate, are also found for 
the same Pd/Mg/Pd layer structure on a silicon substrate, with its different heat conductivity 
and heat capacity than the glassy carbon, and since the global temperature in this type of 
experiments becomes constant on the timescale below 1 minute [63], the shape of the curves 
of Figure 7-2 is not ascribed to a slow heating of the sample. We therefore conclude that the 
measured desorption behavior is initiated by processes occurring within the individual ion 
tracks. 
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The hydrogen loss rate from the hydride is appreciable, despite the use of 2 MeV He+ ions 
with their relatively low stopping power and concomitant small track radius [62].  A typical 
fluence to remove all hydrogen from the beam spot area amounts to 6·1014/cm2.  For 2 MeV 
He+ the Coulomb track cross-sectional area is estimated to amounts to ~ 1 Ǻ2 which implies 
that a fluence of the order of 1016/cm2 (taking into account the angle of incidence) is necessary 
to cover the entire sample surface once. However, a much smaller fluence is sufficient to get 
all incorporated hydrogen removed, we therefore conclude that the relevant processes occur in 
the thermal spike cylinder, which has a much larger radius [72].  
The fluence dependence of the loss rate is notably different from the fluence dependence of 
the hydrogen loss in the case of the irradiation of the organic layers. From all of this it 
becomes clear that for hydrogen loss from organic layers a different mechanism is operational 
than the above discussed mechanism. In fact, this is not surprising since the loss of hydrogen 
from organic and similar layers proceeds through the formation of inert molecules inside the 
material, which subsequently leave the sample.  In contrast, hydrogen transport in magnesium 
and magnesium hydride is assumed to proceed through hydrogen atoms (ions) and the loss 
rate is therefore, in principle, first order in the hydrogen concentration and a critical 
concentration is not expected. 
Hydrogen desorption from these multilayers during ion bombardment is therefore due to 
consecutive nanoscale, nanosecond and high temperature heating of cylindrical regions 
caused by the swift ion, while the global temperature of the material is close to room 
temperature.  The lifetime of the thermal spike cylinder and the particle current density are 
such that every ion trajectory is considered to be an individual event.  A similar description is 
applied to understand the SiO2/Si phase separation in SiOx films under the influence of swift 
heavy ions [64].  
The first step in the desorption process is inevitably the Mg-H bond breaking.  It is expected 
that within the brief existence of the ion track thermal spike free hydrogen atoms/ions exist in 
a cylinder along the entire track, both in the slow as in the fast stage of the dehydrogenation.  
In the beginning of the irradiation apparently only a small fraction of the number of these 
hydrogen atoms can escape i.e. reach the surface Pd layer, recombine to form a molecule and 
escape into the vacuum. The latter two processes are considered to be very fast.  
Now the question is which process determines the (nucleation and growth type) fluence 
dependence of the incorporated hydrogen. The thermal desorption of hydrogen from MgH2 
structures has been proposed to be diffusion limited [60, 71].  However, this diffusion 
limitation in [60, 71] has been attributed to the microcrystalline nature of their magnesium 
samples [61].  In contrast, in the nanocrystalline films, as used in the present work, diffusion 
is considered to be fast, and it has been argued that in such films the thermal desorption rate 
limiting step is the decomposition of β-MgH2 and therefore the production of diffusing 
hydrogen atoms [61].  In the experiments described here, the situation is somewhat less clear, 
since it is assumed that the hydrogen bond breaking occurs at high temperatures whereas the 
diffusion is supposed to occur at low temperature. 
The energy of the incoming He+ ions is such that the stopping power increases with increasing 
depth in the material, and so does the energy dissipation in a cylinder along the trajectories of 
the ions.  The energy available for decomposition of the β-MgH2 within the cylinder is 
certainly not less at larger depth in the film, and therefore the lack of desorption from the 
lower hydride layer (Figure 7-13) cannot be ascribed to less energy available for bond 
breaking in that region.  The strong difference in hydrogen desorption between the two 
regions has likely to do with the presence of the surface in one of the regions, through which 
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the hydrogen can escape, facilitated by the fast molecule formation within the surfacial Pd 
layer.  Apparently, escape of hydrogen through the interfacial Pd layer is prohibited, and if H 
atoms are excited into this Pd film, they could again be incorporated in magnesium in a later 
phase of the existence of the ion track or after the cooling down of the material around the ion 
track. 
It is postulated that the desorption process starts with excitation of hydrogen into the Pd 
surface layer. Presumably these are hydrogen atoms near the Pd/MgH2 interface, because the 
diffusion of hydrogen from deeper layers is supposed to be severely hindered in view of the 
small diffusion coefficient in magnesium dihydride [73] and in the beginning of the 
irradiation this region consists of a closed or nearly closed dihydride layer. Note, that the 
thermal spike lifetime is so short (< 1 ns [72]) that within this period no long-distance 
diffusion can occur.  (It also must be noted that the integrity of the layer structure is not 
destroyed: in the course of the irradiation the RBS spectrum does not measurably change.) As 
desorption proceeds the center of the hydrogen distribution appears to shift to the surface, 
which indicates that removal of hydrogen preferentially occurs at larger depth or that removal 
of hydrogen occurs at the immediate surface after which the resulting vacancies diffuse 
relatively fast towards deeper layers, maybe in a divacancy diffusion process [54] or in the 
recently observed (destabilized) MgH2-δ phase [52, 53]. 
There is a tendency, both in the thermal desorption experiments (see chapter 6) as in the ion 
beam induced desorption, described here, that the hydrogen incorporated in an earlier  stage 
of the loading is removed in the later stage of the desorption.  Indeed, the atoms incorporated 
in a first stage are found in deeper layers compared to the atoms incorporated in a later stage 
of the loading.  In fact, atoms incorporated in the initial stage of the loading are found in the 
surface region in the initial stage, but at saturation they are present in deeper layers (see 
chapter 5), which demonstrates the ability for hydrogen to move around in the sub-hydrided 
layer, at least under reactive conditions like in the room temperature loading and unloading 
process.  So it is suggested that the shift of the center of the hydrogen distribution is due to 
removal of hydrogen from the immediate surface region, and subsequent vacancy diffusion 
into deeper layers [54]. In this mechanism the MgH2 grains within the surface layer becomes 
diluted in hydrogen, and consequently fast diffusion paths emerge, or stated the same 
phenomenon differently, the MgH2-δ phase comes into existence, and hydrogen starts to 
escape virtually from the entire layer, because H atoms readily reach the palladium layer: the 
fast stage. This line of thought is completely in agreement with the conclusion that hydrogen 
is the diffusing species in the hydride formation [21]. The existence of the MgH2-δ phase could 
be made possible by the nanocrystaline nature of the magnesium film [52] or/and by the 
presence of the catalyst Pd layer [53]. 
The interpretation of the fluence dependence of the desorption rate is made difficult by the 
variation of the sample temperature during irradiation in combination with the low 
temperature of desorption from such layer structures. The observation that this fluence 
dependence is independent of the particle current suggests that the nucleation and growth type 
of behavior is a property of the desorption process, and cannot be ascribed completely to a 
slow increase of the temperature. 
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7.5 Conclusion 
 
Comparison of the discussion above with that of the thermal desorption experiments (chapter 
6) shows that the ion beam irradiation induced desorption experiments give additional 
information, especially because of the possibility to continuously monitor the depth 
distribution of the distinct isotopes. The variation of the depth distribution of the distinct 
isotopes in combination with their distinct desorption rates, shows the mobility of the 
incorporated hydrogen atoms within the hydride layer. Consistent with this mobility the 
difference between the desorption behavior of the hydrogen incorporated in an earlier and in a 
later stage of the loading is small. The latter observation is in agreement with the evolution of 
the partial pressure of the distinct isotope molecular species during thermal desorption 
analysis of similar films (chapter 6). 
The mechanism of hydrogen loss from magnesium dihydride films during swift ion irradiation 
is completely different from the mechanism of hydrogen loss from organic or hydrogenated 
silicon-based materials. 
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8 Summary and conclusions 

8.1 Introduction 
 
This thesis describes experiments designed to study the uptake and release of hydrogen by 
thin magnesium films. In this thesis, “thin films” means films with a thickness in the range of 
30-300 nm. The work is motivated by the possible application of magnesium as a hydrogen 
storage material for mobile applications. For this application it is of utmost importance that 
the weight of the storage device compared to the amount of stored hydrogen (gravimetric 
efficiency) is as low as possible, and that the loading and unloading steps are fast and cost 
little energy [2].  
With these requirements in mind, MgH2 could be a good candidate as hydrogen storage 
vehicle, but it is well known that the loading and unloading rates of bulk material are too low. 
However, it has been found that the addition of catalysts and/or nanostructuring of the 
magnesium can improve the kinetics of absorption and desorption of hydrogen. The detailed 
mechanism of this improvement is still debated [53]. 
 
In the experiments described here both the addition of a catalyst and nanostructuring have 
been applied. In the sequence of process and analysis steps the sample has always been under 
ultrahigh vacuum conditions, except for the hydrogen exposures of course, so that the 
possible role of oxygen and/or water vapour can be excluded. A thin layer of palladium is 
deposited on top of a magnesium film that consists of grains with a size of the order of 10-40 
nm. The role of the Pd layer is conceived to be (at least) twofold. It is supposed to prevent the 
Mg film oxidation in ambient air, although some oxidation has been reported to be beneficial 
for the hydrogen uptake rate [74]. The second important role of the Pd layer is that it is 
supposed to be the medium in which fast dissociation of molecular hydrogen occurs, and by 
which the atomic hydrogen is quickly transferred to the underlying magnesium: the spill-over 
mechanism. Also, it is supposed to be the medium in which hydrogen atoms quickly associate 
and from which hydrogen molecules readily desorb. In this way the favourable 
thermodynamic properties of magnesium and magnesium hydride are preserved, whereas the 
kinetics is greatly improved.  
A literature survey of studies of hydrogen storage aspects of Mg/Pd layer structures reveals 
that the studies can roughly be divided into two categories. In the first category are those 
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studies in which the loading is carried out by exposing the layer structure to H2 (or D2) at 
higher pressures of around 1 bar or even higher, at an elevated temperature of 373 K or higher 
and at durations of 5 minutes to days [24, 40, 45, 47, 55, 61]. In a second category are studies 
in which the hydrogenation take place at room temperature and at reduced pressures just like 
in this thesis [15, 28, 29, 57, 75]. 
 
From this literature survey and from the work presented in this thesis, we conclude that the 
hydrogenation is fast at room temperature, which is noticeable at room temperature and at 
pressures in the mbar range, which leads to hydrogen incorporation in a thin-layer of 30-50 
nm thickness below the Pd cap layer up to a hydride composition approaching that of MgH2. 
A pre-requisite is that the Pd layer thickness is larger than 2-3 nm and the layer structure has 
not experienced a temperature higher than about 400 K. After the formation of this hydride 
layer, the hydrogenation at room temperature exhibits a very low rate during further exposure, 
so that this hydride layer is best conceived as passivation layer for further hydrogenation. To 
overcome this passivation, the temperature and hydrogen pressure have to be increased. There 
seems to be general agreement that the mechanism of passivation has to do with the very 
limited diffusion rate of atomic hydrogen in a fully loaded and therefore closed hydride layer. 
Within this picture of hydrogenation of Mg/Pd layer structure, this thesis deals with the 
formation and thermal decomposition of this passivation layer, with an emphasis on the 
application of techniques with a quantitative and depth and isotope sensitive character as far 
as the determination of the hydrogen concentration is concerned. 
The formation of this (passivation) layer has been pioneered in the work of Krozer et al. [15, 
27-29], with a theoretical description of Zdhanov [30, 51]. Indeed, many aspects of this 
pioneering work have been reproduced in the present work. 
 

8.2 Hydride formation 
 
The reported observations are consistent with the following model of hydrogen incorporation 
in the considered multilayer stack. Molecular hydrogen dissociates readily in the Pd top layer, 
and the atomic hydrogen is transferred to the Mg layer in a spill-over mechanism [16]. 
Hydrogen incorporation in magnesium starts in the immediate Mg/Pd interfacial region. This 
incorporated hydrogen is able to diffuse into deeper layers, presumably in the α-phase. When 
the local hydrogen concentration is high enough, nucleation of a hydride phase β-MgH2 [29] 
or γ-MgH2-δ [52, 53] takes place. Before a closed and diffusion limiting β-MgH2 layer is 
formed, hydrogen incorporation in deeper layers occurs presumably through vacancy or 
divacancy [54] diffusion (possibly in the γ-MgH2-δ phase [52, 53]), in which process surface 
hydrogen is transported to deeper layers, leaving sites for further hydrogen uptake near the Pd 
layer. This process continues as long as vacancy diffusion is possible, and effectively stops 
when the top layer has a stoichiometry and structure close to that of β-MgH2 or when the γ-
MgH2-δ phase has disappeared. This line of thought is in agreement with the deduction that 
hydrogen is the diffusing species in the hydride formation [21]. 
An important observation is that at room temperature the hydrogen uptake appears limited to 
a layer of about 45 nm thickness near the top Pd layer. In the Mg metal layer below the 
saturated hydride layer, the hydrogen concentration is not larger than a few atomic percent. 
This observation is different than with the formation of passivation layers on many other 
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systems, there is no layer by layer thickening of the surface film in this case. In contrast, the 
overall passivation layer thickness appears to be already established in the beginning of the 
process, and in the continued exposure to hydrogen the concentration of hydrogen within this 
layer increases simultaneously over the entire depth of this layer. 
In the model of Zdhanov et al. [30] the limited hydride thickness has was explained by 
considering the interplay of the kinetics of the diffusion, of the nucleation of the β-MgH2 layer 
and the diffusion limiting character of a closed β-MgH2 layer. This model predicts a 
decreasing hydride layer thickness with increasing H2 pressure, which is also found in the 
present study for the higher pressures of the considered pressure range. The model of 
Zdhanov et al. also predicts that the centre of the hydrogen distribution shifts to the surface 
when the hydride formation proceeds. This is however not observed in the present 
investigations. So it is questionable whether Zdhanov’s model is fully applicable under 
conditions of the present study, although it has been developed for precisely the Pd/Mg 
interfacial region under the conditions of the present study.  
Indeed, the origin of the limitation of the (passivation) hydride thickness may be found in two 
fundamentally different directions. It may be found in the kinetics of the hydride formation in 
this system, as in the model of Zdhanov et al. [30]. Alternatively, the preferential hydride 
formation in the interfacial region may be ascribed to the presence of the interface itself, 
which makes this region different from the deeper part of the Mg film. In this category there 
are explanations based on the formation of a Mg/Pd intermixing layer [55, 56] or an oxide 
layer at the interface. However, nor Mg/Pd interface mixing nor incorporation of oxygen 
seems to play a role in the present investigations, and can therefore be ruled out as a reason 
for the limited hydride thickness.  
More recently it has been proposed that fast hydrogen sorption and desorption kinetics, as 
observed in the present work, is to be ascribed to the existence of a destabilized γ-MgH2-δ 
phase induced by a catalyst in nanocrystalline magnesium [53]. The observed limitation of the 
hydride layer thickness, which indeed has the stoichiometry of MgH2-δ may be indicative of 
the range of the Pd catalyst induction effect. The observation of hydrogen incorporation at the 
lower Pd/Mg interface for sufficiently thick Pd interface layers (see chapter 4) fits in this 
picture. The interfacial Pd layer could induce the formation of the sub-hydride phase in its 
vicinity. 
 

8.3 Desorption 
 
According to Higuchi et al. the hydrogen desorption temperature can be as low as 390 K for 
“amorphous” Mg and increases with increasing “crystallinity”, but also decreases with 
increasing Mg layer thickness [47]. In [58] and [61] a TDS peak starting around 360 K has 
been found, where it must be noted that in [61] it has been reported that the dehydrogenation 
temperature increases with increasing Mg layer thickness. Also, it has been shown that the 
decomposition of the β-MgH2 phase has an appreciable rate at a temperature of 350 K [40, 47, 
53, 61]. Similar temperatures have been found in the present work, so a preliminary 
conclusion is that, in first order, the onset temperature of the desorption in Mg/Pd layer 
structures is in the range 360-400 K, independent of the pressure and temperature range of 
hydrogenation. In second order, other details of the layered structure and hydrogenation 
conditions become important for the temperature of desorption. 
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It is assumed here that the desorption process proceeds in the following distinct steps: Mg-H 
bond breaking, diffusion in atomic form towards the surface, recombination into a molecule 
in or on the Pd layer and subsequent desorption from the surface. It is further assumed that 
recombination in and desorption from the Pd layer is a relatively fast process in comparison to 
the other two steps. The observations reported in this thesis are consistent with a model in 
which the first stage of the desorption involves hydrogen located very near the Mg/Pd 
interface. This is the hydrogen which has been incorporated in the last stage of the loading, 
see chapter 5. Since for these hydrogen atoms the diffusion distance is very small, it is 
reasonable to assume that the bond breaking step is the rate-limiting step [61], requiring a 
temperature of about 350 K, in agreement with the data in the literature. Indeed, the measured 
value for the activation energy for desorption (0.88 eV, chapter 6) is close to the energy of 
formation of MgH2 [10, 17]. 
From the evolution of the hydrogen/deuterium concentration depth profiles during loading, 
see chapter 5, it is deduced that hydrogen is mobile in the sub-hydride film at the temperature 
of the loading, presumably in a vacancy diffusion process. This might occur during the 
desorption as well. Vacancies formed in the initial stage of the desorption diffuse to deeper 
layers, maybe in a divacancy diffusion process [54] or in the recently observed γ-MgH2-δ 
phase [52, 53], enabling hydrogen to reach the Pd layer where they recombine into a molecule 
and desorb. From the experiments it also became clear that the room temperature desorption 
of hydrogen in vacuum can not be neglected on the time scale of hours.  
 

8.4 Repeated loading and unloading 
 
Repeated loading and unloading of the layer structure results in a slight decrease in the 
incorporation of hydrogen whereas a tendency has been observed that the desorption 
temperature slightly increases. However, when the layer structure has experienced a 
temperature of  about 420 K or higher the uptake virtually stops. It may be restored by further 
deposition of palladium on the top of the layer structure. Indeed, the uptake of hydrogen 
depends critically on the Pd layer thickness, at least in the small thickness regime as studied 
in the present work. It appears that also hydrogen plays a role in the modifications of the 
Pd/Mg interface. 
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Samenvatting  

 
Waterstof als benzine 
 
Vandaag rijdt elke auto nog op benzine, diesel of lpg, maar binnen 20 jaar zal dit moeten 
veranderen omdat de natuurlijke reserves van de grondstoffen olie en gas opraken. Waterstof 
zou een goede kandidaat zijn om in auto’s als vervanger van benzine te dienen. Er zijn zelfs 
nu al demonstratie-auto’s die waterstof als brandstof gebruiken. Het principe is eenvoudig: 
Wanneer twee waterstofatomen (H) reageren met één zuurstofatoom (O) ontstaat een water 
molecuul (H2O). Bij deze reactie komt per gevormd watermolecuul een kleine hoeveelheid 
energie vrij, die wordt benut. 
Bij het gebruik van waterstof als “benzine” moet de waterstof meegenomen worden en wordt 
de zuurstof uit de buitenlucht betrokken. Waterstof is bij normale druk en kamer temperatuur 
een gas. Dus relatief weinig atomen bevinden zich in een liter, vergeleken met een liter 
vloeistof of een vaste stof. Om toch genoeg waterstof mee te nemen in een auto kan het 
waterstofgas of samengedrukt of afgekoeld worden. Nadelen van afkoelen zijn dat daarbij 
veel energie verloren gaat en dat het ook veel energie kost om het waterstof koud te houden. 
Nadelen van samendrukken zijn de energie nodig om het gas op hoge druk te brengen en het 
gevaar die een hoge-druk waterstoftank in een auto met zich mee brengt. 
Er is echter nog een derde manier om waterstof in auto’s mee te nemen: het gebruik van 
metaalhydriden. Een metaalhydride is een verbinding van metaal- en waterstof-atomen, vaak 
als vaste stof, waarin het aantal waterstofatomen per liter erg groot kan zijn. Als het 
metaalhydride ontleedt vormt zich weer metaal en waterstof. Zo kan waterstof toch met grote 
dichtheid vervoerd worden zonder het onder grote druk of op lage temperatuur te houden.  
 
Magnesium als tijdelijke waterstof opslag 
 
Veel metalen kunnen zich omkeerbaar verbinden met waterstof, maar omdat het metaal ook 
meegenomen moet worden tijdens het rijden, is het interessant om een zo licht mogelijk 
metaal te kiezen. Bovendien slaat het ene metaal meer waterstof op dan het andere. Een 
metaal dat licht is en veel waterstof kan opnemen is magnesium (Mg). Per kilogram 
magnesium kan 75 gram waterstof meegenomen worden. Om met de inhoud van één tank 
even ver te kunnen rijden in een waterstofauto als in een hedendaagse benzine-auto is 
ongeveer 4 kilogram waterstof nodig. In het ideale geval zou dus een magnesiumtank van 60 
kilogram volstaan met een afmeting van 40 liter. Voor een auto is dat een reële mogelijkheid. 
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Er zijn echter ook enkele problemen verbonden met het gebruik van magnesium als 
waterstofopslag voor auto’s. Het eerste duikt op bij het laden van waterstof in het magnesium. 
Om waterstofatomen in het magnesium te krijgen zijn grote drukken en hoge temperaturen 
nodig. Ook duurt het erg lang voordat het waterstof in het magnesium wordt opgenomen. En 
om de waterstof weer uit het magnesium te krijgen zijn opnieuw hoge temperaturen nodig. 
Dat kost veel energie. 
 
Dit onderzoek 
 
Dit proefschrift beschrijft experimenten die dienden om er achter te komen waarom de 
temperatuur zo hoog moet zijn voordat waterstof het magnesium in of uit gaat. In het eerste 
deel van het onderzoek maken we dunne laagjes magnesium en bestuderen we hoe die laagjes 
eruit zien. Hoe ruw is hun oppervlak? Hoe groot zijn de ‘klonten’ waaruit ze bestaan? Komt 
er ook zuurstof in het magnesium? Deze vragen moeten beantwoord worden, zodat de 
resultaten van het onderzoek vergeleken kunnen worden met de onderzoeksresultaten van 
anderen.  
Vervolgens wordt waterstofopslag onderzocht in de laagjes magnesium. In de literatuur werd 
al gerapporteerd dat magnesiumlagen heel moeilijk waterstof opnemen, maar ook dat met een 
dun laagje van een ander metaal, palladium (Pd), bovenop het laagje magnesium, waterstof 
wel gemakkelijk in het magnesium wordt opgenomen. Waterstof als gas bestaat uit moleculen 
die elk uit twee waterstofatomen bestaan. Palladium zorgt ervoor dat de waterstofmoleculen 
gesplitst worden zodat elk waterstofatoom apart met het magnesium kan reageren. 
In hoofdstukken 4 en 5 is beschreven hoe de magnesiumlaagjes met een laagje palladium er 
bovenop, blootgesteld werden aan waterstofgas, zodat er waterstof in de laagjes werd 
opgenomen. Uit metingen met geavanceerde apparatuur bleek dat er veel waterstof ging zitten 
dicht bij het oppervlak van de magnesiumlaag, dus aan het grensvlak met het palladium.  
Maar al snel werd duidelijk dat de hoeveelheid waterstof die werd opgeslagen erg afhankelijk 
was van hoe warm het in het laboratorium was en of het buiten regende. Dat maakte het erg 
moeilijk om conclusies te trekken over de eigenschappen van de laagjes. Dit probleem werd 
opgelost door met de laagjes in een luchtdichte omgeving te experimenteren, zodat er geen 
ongecontroleerde verontreiniging optreedt door blootstelling aan gas, zoals water of zuurstof 
uit de lucht. In de daartoe gebouwde vacuumopstelling is het mogelijk om laagjes magnesium 
en palladium te maken, aan waterstof bloot te stellen en te meten hoeveel waterstof erin zit en 
waar het zit, zonder dat de lagen aan de lucht worden blootgesteld. Dit kan niemand anders op 
de hele wereld. 
 
De magnesium- en palladiumlaagjes 
 
We bestudeerden hoeveel waterstof de laagjes opnemen als de dikte van de magnesium- en 
palladiumlaagjes wordt gevarieerd, onder gecontroleerde vacuumcondities. We vonden dat als 
een dun laagje palladium als deklaag wordt gebruikt, er geen waterstof opgenomen wordt. 
Boven een bepaalde dikte van de palladium laag, (3 nm) bleek er opeens wèl waterstof 
opgeslagen te worden. Dat is intrigerend en een belangrijk resultaat. 
Hoewel het voor onze opstelling niet nodig was, zijn toch enkele lagen blootgesteld aan de 
buitenlucht om te kijken of zuurstof of water uit de lucht het moeilijker zou maken om 
waterstof op te slaan. De verwachting is dat palladium nauwelijks met zuurstof reageert en 
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ervoor zorgt dat zuurstof niet de magnesiumlaag  bereikt en dat dit beter gaat naarmate de 
palladium laag dikker is. Dat is precies wat we vonden. 
We hebben ook bestudeerd of het uitmaakt hoe dik de magnesium laag is. Daarbij bleek dat 
alle lagen dikker dan 200 nm evenveel waterstof opslaan. Bij magnesium lagen dunner dan 
200 nm wordt minder waterstof opgeslagen. Een mogelijke verklaring daarvoor is de variatie 
van de ruwheid van het magnesiumoppervlak of de variatie in grootte van de magnesium 
kristallieten bij dunne lagen vergeleken met die bij dikkere.  
 
Waterstofopname  
 
In de natuur worden drie isotopen van het element waterstof aangetroffen. Hoewel de 
isotopen alle drie maar één proton hebben, heeft deuterium (D) een extra neutron vergeleken 
met ‘gewone’ waterstof (H) en tritium (T) heeft twee extra neutronen. De drie isotopen 
gedragen zich in veel opzichten hetzelfde, maar ze kunnen wel worden onderscheiden in 
technieken waarbij de massa van de waterstofkern een rol speelt, zoals bij de technieken die 
wij gebruiken bij het onderzoek naar dunne lagen. In dit onderzoek werden waterstof en 
deuterium gebruikt.  
Na de bepaling van een goede laagstructuur van magnesium en palladium is, zijn de 
laagstructuren blootgesteld aan waterstof of deuterium. Dit is gedaan bij verschillende 
gasdrukken en voor verschillende perioden bij kamertemperatuur. Deze resultaten leverden 
een goed antwoord gekregen op de volgende vragen: Hoe snel trekt waterstof in het 
magnesium? Hoe is het verloop daarvan in de tijd? en Waar in de laag waterstof wordt 
opgeslagen?  
Gevonden werd dat de dikte van de magnesiumlaag waar waterstof in trekt altijd ongeveer 40 
nm is. Verder zagen we dat die dikte van 40 nm al snel bepaald was bij het beladen, hoewel 
dat het 40 nm laagje niet meteen vol was. Door langer te laden ging er eerst meer waterstof in 
die eerste 40 nm zitten en later ook nog iets meer waterstof dieper dan die 40 nm. De totale 
hoeveelheid waterstof neemt niet lineair toe met de tijd: in het begin wordt er weinig 
waterstof opgeslagen, maar na een tijdje (~10 minuten) gaat de opname sneller tot de 
bovenste 40 nm magnesium nagenoeg volledig MgH2 is geworden (40 minuten), hetgeen 
overeen komt met 0.7 µg waterstof per cm2. Als de bovenste 40 nm eenmaal ‘vol’ is, wordt er 
maar heel langzaam meer waterstof opgeslagen. 
Bij hogere drukken (~50 mbar) verdeelt de waterstof zich over een dunnere laag dan bij lagere 
drukken. Dat is iets waar in de literatuur al een theorie over bestond. Bij de laagste drukken (< 
1 mbar) vonden we in het geheel weinig waterstof in het magnesium.  
 
Waterstofafgifte 
 
Door verwarming van het magnesium in vacuum tot een temperatuur van ongeveer 80oC, 
trekt het waterstof uit het magnesium. Door de magnesium met verschillende snelheden op te 
warmen, kan berekend worden hoe groot de energiebarrière is die snelheidsbepalend is voor 
het onttrekken van waterstof uit het magnesium.  
Voordat waterstof uit het magnesium kan komen, moet een aantal stappen doorlopen worden. 
Elk van die stappen heeft een, veelal onbekende, energiebarrière. Door de temperatuur van het 
magnesium te verhogen, neemt de vibratieenergie van de atomen toe en kunnen de barrières 
in het proces genomen worden. We onderscheiden de barrieres van : bewegen door het 
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magnesium met veel waterstof erin, de overgang van waterstofatomen aan het grensvlak van 
magnesium naar palladium, het bewegen door palladium, het samenkomen met een ander 
waterstofatoom en vervolgens als waterstofmolecuul loskomen van het materiaal. Het is een 
interessant resultaat dat de gemeten energiebarrière overeen komt met de vormingswarmte 
van het hydride. 
 
Conclusies 
 
Met dit onderzoek is met nieuwe experimentele technieken een bijdrage geleverd aan de 
puzzel van waterstof opslag in magnesium. Het is vastgesteld hoe dunne, met palladium 
bedekte, magnesium laagjes waterstof opslaan en hoe de waterstof bij temperaturen van  70-
90 oC weer vrijkomt. Wij hebben gemeten hoe de details van de laagstructuur van palladium 
en magnesium de opname- en afgiftesnelheid en de totale hoeveelheid opgenomen waterstof 
beïnvloeden. Voor het gebruik van magnesium in een auto zijn dunne magnesium lagen 
echter niet de oplossing. Hier denkt men aan het gebruik van magnesiumkorrels. We hopen 
dat de gepresenteerde inzichten in de eigenschappen van laagjes magnesium zullen helpen bij 
het ontwerpen deze systemen.   
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