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The dissociative and non-dissociative hydrogen uptake in carbon nanostructures and
metallic films were investigated by measurements and analysis of solubility isotherms.
The total, non-dissociative, uptake for multi-walled nano-barrels and amorphous
nanoporous carbon was determined to be 6.2 and 4.2 wt.% respectively at 77 K
and the adsorption energies (at lowest coverage) -7.2 and -4.2 kJ/mol. At 298 K the
H-uptake was negligible.

At low concentrations the H-uptake of Nb-films is strongly affected by the film
thickness. For thicknesses less then about 31 nm, the absorption energy was found to
be temperature dependent. Such changes have not been observed in Nb films before.
The presence of multiple absorption energies was shown to limit the possibility to
obtain relevant absorption and interaction energies by traditional Sievert’s and van ’t
Hoff analysis.

The Mg1−xNix system (0< x <0.43) was investigated with respect to the hydrogen
uptake. For Mg2Ni the hydrogen uptake, at an external hydrogen pressure of 1 bar,
is close to 1.33 H/M (Mg2NiH4). The enthalpy of formation is smaller in the film
as compared to bulk material. The changes in the absorption energy are caused by
the adhesion to the substrate as well as the nanocrystallinity of the absorbing layers.
The optical band gap of Mg2NiH4 was determined to be 2.4 eV.

In Mg1−xYx (0< x <0.17) it was found that the Y-concentration limits the hydrogen
uptake at 1 bar. However, the kinetics of the uptake improves substantially with a
minimum of 7 at.% of Y. For Mg-Y the optical band gap (3.6 eV) is independent of
Y concentration within the concentration range investigated, while the transmittance
decreases with increasing Y content.
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Introduction

”An increasing body of observations gives a collective picture of a warm-
ing world and other changes in the climate system. The global average
surface temperature has increased over the 20th century by about 0.6
◦C and it is very likely that the 1990s was the warmest decade in the
instrumental record since 1861 and it is very unlikely that the warming
is to be due to internal variability alone [1]”.

The above citation is taken from the Report of Working Group I of
the Intergovernmental Panel on Climate Change, (IPCC) [1] and the
signs of an actual influence on the global climate due to the use of
fossil based energy carriers and sources become stronger during further
reading of the report. The atmospheric concentration of the greenhouse
gases CO2, CH4 and N2O has increased by 31 %, 151 % and 17 %
respectively since 1750 (the early days of the industrial revolution). If
humanity continues to consume energy produced from today’s sources
the consequences might be dramatic and catastrophic. The need for
sustainable and environmentally acceptable energy carriers are therefore
enormous. One of the more challenging and exciting candidates to fulfil
these demands is Hydrogen. Hydrogen was discovered during the 15th
century and recognized as an element 1766 by Cavendish [2] and even
Jules Verne anticipated the future of Hydrogen as an energy carrier [3]
but it was not until the beginning of the 1970s that hydrogen attracted
special topicality as an energy carrier due to the oil crisis. However at
that time the environmental aspects came on second hand.

Hydrogen is the most abundant element in nature but it exists almost
exclusively in a bonded form in different chemical compounds. The na-
ture of hydrogen containing compounds is multi-faceted and all kinds of
chemical bonds are realized, i.e. ionic, covalent and metallic [4]. For H to
be released, energy has to be supplied, and today this can be done both
in an economically and environmentally acceptable way. The amount of
energy required is related to the nature of the chemical bond. Hydrogen
can be produced through steam reforming of natural gas, classical elec-
trolysis of water, and also from direct splitting of water on the surface
of photovoltaic cells. But one of the most thrilling and exciting methods
to produce hydrogen has to be the use of cyanobacteria and green algae
which during their metabolism produce hydrogen. However, the road to
bioreactors from which hydrogen is ”bubbling” is still long. Since the
bacteria use hydrogen as energy through a hydrogen uptake enzyme,
uptake hydrogenase, they have to be genetically modified to suppress
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this hydrogen consuming mechanism [5].

The largest obstacle to realize the hydrogen economy today is not
the production or how to utilize the hydrogen but rather effective and
safe means of storage. Today 9 Mtons/yr. of hydrogen is produced in
the US alone, through steam reforming of natural gas. At present most
of the hydrogen is used in the fertilizer, petroleum and chemical in-
dustries. The energy used for transportation (in the U.S.) corresponds
to approximately 200 Mtons/yr [6]. If hydrogen is to be used as the
major energy carrier for the transportation sector the production has
to increase significantly without any major increase in the discharge of
CO2. An intermediate route of accomplishing this might be to increase
the production via steam reforming of natural gas and utilize carbon
sequestration before some of the other mentioned production techniques
have been developed further [6]. Up to present date there are basically
three viable techniques to store hydrogen: liquefication, compression
and storage in the form of metal hydrides. Each technique suffers from
its specific disadvantages. Liquid H2 requires temperatures of 20 K,
compressed gaseous H2 bulky high-strength containers or, in the case
of pressures as high as 800 bars, specialized containers [7]. Concerning
metal hydrides there are alloys available that store H, but the problem
is a very low gravimetrical density. The volume and the weight of a
tank for mobile applications will simply be too large to be practically
usable [8], see also figure 4.3. The last 15 years a lot of effort has been
put into finding porous compounds, especially carbon based, suitable for
hydrogen storage. This branch of the hydrogen research emerged after
the discovery of fullerenes and carbon nanotubes [9, 10]. The science
of hydrogen sorption in carbon related materials is fairly new as com-
pared to the science of metal hydrides (MH). The pioneering work was
done on high-surface-area carbon by Kidnay and Hiza in 1967 [11] and
Carpetis and Peschka suggested in the late 1970s that hydrogen could
be stored on activated carbon materials by adsorption at cryogenic tem-
peratures [12]. More recently Hynek and i.e. tested various carbon
materials in order to find out if their uptake capacity was comparable
to storage systems of compressed gas [13]. Only one of ten tested car-
bon sorbents tested were found to increase the volumetric density of a
compressed hydrogen storage system. The improvement was marginal
and only at cryogenic temperatures [13]. Since the middle of the 1990s,
hydrogen uptake characteristics of graphite nanofibres [14, 15], single
and multi-walled nanotubes [16, 17] have also been studied. The mech-
anism of hydrogen uptake in a material can either be non-dissociative
or dissociative and the objective of this thesis will be to explore both
these routes as a method for hydrogen storage. The non-dissociative
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hydrogen uptake will be illustrated by sorption of hydrogen in different
carbon nanostructures synthesized using a selective etching procedure
of SiC and Al4C3 precursors. Traditional methods like the arc-discharge
or catalytical methods are complex and energy inefficient [9]. Compared
to these methods the selective etching procedure allows production of
fairly large amounts (on the laboratory scale: a couple of grams), mak-
ing it easier for conversion to production on an industrial scale. The
amount of material is also important for measuring accurate isotherms.
In 1866, Graham [18] reported that Pd could absorb large amounts of
hydrogen, and since this discovery substantial work has been devoted to
the subject of hydrogen in metals, alloys and intermetallic compounds.
For good reviews on the subject see for example references [19-21]. Many
metals form hydrides, but most of them do not fulfil the requirements for
commercial use as hydrogen storage material, i.e. high reversible stor-
age capacity and fast kinetics at ambient temperatures. Metal hydrides
can be divided into three groups [22] as illustrated in figure 1.1. The

Metal Hydrides

Binary Hydrides Intermetallic Hydrides
Complex

Metal Hydrides

Ionic Hydrides

(LiH, BaH2)

Metallic Hydrides

(VH2, PdH0.6)

Covalent Hydrides

(p elements + H)

AB5 Type
(LaNi5H6)

AB and AB Types2

(TiNiH0.95, ZrNi2H2.23)

Transition Metal
Complexes

(Mg2[NiH4], Li[PdH2])

Metal Complexes
(Na[AlH4], Na3[AlH6])

s elements + H

d elements + H

Figure 1.1: Classification of metal hydrides. The figure is partly a re-
production from reference [22].

binary or elemental hydrides can be additionally divided into the follow-
ing subgroups: ionic hydrides, formed by the reaction of s-elements
and hydrogen, metallic hydrides which are formed through the reac-
tion of most of the transition elements and hydrogen and the covalent
hydrides, hydrogen forming molecules or polymeric structures together
with the p-elements [22]. The intermetallic hydrides are based on inter-
metallic AxBy alloys. ”A” (found to the left in the periodic table) is an
strong hydride former while B is not. By combining different (A and B)
elements and varying the individual ratio, thermodynamic and kinetic
properties can be adjusted. Examples of this type of hydrides are the
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AB, AB2 (laves-phase) and AB5 compounds [22]. The last group of
metal hydrides are the complex metal hydrides. This type of compound
is characterized by a metal or transition metal covalently bonded to hy-
drido ligands, forming negatively charged complexes, [MHx]y− which are
counterbalanced by Az+ cations [22]. These cations donate their valence
electrons to the anionic complex yielding Ay[MHx]z. The Mg2[NiH4] is
one example of a complex metal hydride [23]. Among all the differ-
ent hydrides described the alanates [24], e.g. NaAlH4 with a theoreti-
cal storage capacity of 5.6 wt. %, and magnesium-based hydrides, e.g.
MgNiH4 [25] with a capacity of 3.6 wt. %, are currently considered as
the most promising. In this thesis the intermetallic (Mg-Y) and complex
metal (Mg-Ni) hydrides will be discussed.

The traditional ways of synthesizing metal alloys, i.e. melting and
mechanical alloying, are associated with problems related to the physical
properties of the constituents. Mg2Ni for example is formed through a
peritectic reaction and to avoid precipitation and solidification of the
non-hydrogen absorbing phase MgNi2 the alloy usually is melted to a
ratio of Mg50:Ni50. However this always results in some Mg present
(see [26] and references therein).

The development of growth and synthesis of thin films and multi-
layers created new playgrounds for the studies of hydrogen in metals.
Compared to bulk, thin films are different with respect to shape and
boundary conditions, and the behaviour of the hydrogen is determined
by interface as well as bulk properties (often a result of the competi-
tion between the two) [27]. The thin film surface can be either free or
connected to a substrate on one or both sides. This makes it possible
to investigate whether the hydrogen uptake properties of the materials
are dependent upon the boundary conditions or not. Thin films offer an
specific advantage as compared to bulk samples with respect to geome-
try, crystal orientation and chemical purity [28]. In addition, thin film
synthesis allows for compositions not accessible through classical prepa-
ration techniques, where the Mg-Ni system is an excellent example as
described previously above. Phases that are metastable in bulk can be
stabilized in thin films. Thin films makes it possible to investigate op-
tical, electrical and transport properties not accessible in powders [28]
and in addition the purity of samples produced through sputtering or
molecular-beam epitaxy (MBE) are often superior and easily monitored.
Overviews of hydrogen in thin films has been given by for example Zabel
and Weidinger [27] and by Weidinger et al. [29].

Magnesium is one of the most abundant elements on earth and com-
bines characteristics like low weight, low cost and a high, reversible,
hydrogen storage capacity. Together these qualities make Mg a highly
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interesting candidate as a major constituent of future high capacity hy-
drogen storage alloys [30]. Pure Mg absorbs H forming MgH2 with
a maximum capacity of 7.6 wt.%, but the practical use as a storage
medium is limited especially if the size of the Mg particles is to large.
A self-passivating layer of MgH2 is formed, preventing any further hy-
drogen uptake due to the the low diffusion rate of H through the MgH2
β-phase [31]. The thickness of this layer is about 2000 Å at low hy-
drogen pressures but the thickness decreases with increasing pressure.
This process is schematically illustrated in figure 1.2. Reducing the

β-MgH2

H2+Mg Mg

Figure 1.2: Schematic illustration of the self-passivation process of a Mg
particle through the formation of MgH2. Note that there is
no correlation in this figure between the thickness of the
hydride layer and the size of the Mg-particle

size of the Mg particle, i.e. making it smaller than the thickness of
the hydride layer, improves the uptake performance. However due to
kinetics, i.e. too high absorption and desorption temperatures (a tem-
perature of more than 683 K to dehydride MgH2 [32]) the practical use
as a storage medium is severely hampered [33]. Alloying Mg with other
elements that do not form stable hydrides, d -elements like Ni or Pd, im-
proves the thermodynamic and kinetic properties. However, this results
in a significant reduction of the hydrogen uptake [30]. In 1968 Reilly et
al. [25] discovered the hydrogen absorbing capabilities of Mg2Ni and ever
since it has been extensively studied mainly through various bulk tech-
niques [30, 34]. The intermetallic compound Mg2Ni absorbs hydrogen
to form Mg2NiH0.3 without structural rearrangement, and upon further
hydrogen loading Mg2NiH4 is formed, corresponding to 3.6 wt.% of hy-
drogen [25]. As compared to pure Mg the hydrogen uptake capacity is
reduced but the thermodynamic and kinetic properties are improved,
i.e. lower absorption and desorption temperatures [35]. The use of tra-
ditional casting and milling techniques for synthesizing Mg containing
alloys or compounds is associated with problems related to the different
physical properties of the metal constituents, impure starting materials
and other contaminations mainly arising from the synthesis technique.
By using the sputtering technique and thin film synthesis it is possible
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to overcome some of these problems and at the same time it might be
possible to separate the effects of bulk and surface properties. Thin films
have been sparsely usedas model systems for hydrogen storage, and only
few results have been reported where the aim was to investigate the hy-
drogen uptake properties in the context of using the Mg-Ni system as a
hydrogen storage alloy [36-38].

In comparison to the Mg-Ni system there the effect of alloying Mg
with Y on the hydrogen uptake is relatively unknown. One example
is the AB2 type alloy YMg2 with a reported uptake capacity of 2.3
wt.% [39]. The structural, optical and electrical properties of MgxY1−x,
with 0.01≤x≤0.5, upon hydrogenation have been investigated by van
der Molen [40]. In that work it was shown that the alloys disproportion-
ate into YH3−δ and MgH2 and concluded that YH3−δ is a transparent
isemiconductor. The Mg-Y binary phase diagram exhibits some Mg
rich phases, for example Mg24Y5 with a wide homogeneity range, and if
these phases can absorb and desorb hydrogen reversibly they are highly
interesting as future hydrogen storage alloys. In the current work the
possibility to synthesize Mg-Y alloys with higher Mg content through
magnetron sputtering have been investigated. The Mg-Ni or Mg-Y sys-
tems are not only interesting from an energy related point of view. Al-
loying Mg with Ni or Y changes the band gap of the hydride as compared
to MgH2 and, in addition, the electronic properties are drastically al-
tered upon hydrogen loading [41-43]. Thin Mg-Ni and Mg-Y films have
been reported to behave as switchable mirrors. Upon hydrogen load-
ing the Mg-Ni films become transparent going from a shiny reflecting
metallic to a transparent semi-conducting state [41, 42, 44, 45] and can
therefore be used as a model system to study the impact of added d -
elements on the electronic structure of Mg. Devices with this switching
capability can be used in different applications, for example in smart
windows, switchable absorbers and hydrogen sensors, see reference [46]
and references therein. However the practical use today is limited due
to thermodynamic and kinetical reasons, i.e. the switching is too slow.

6



Theoretical considerations: Hydrogen in solids

The aim of this chapter is to present some basic models and theories
associated with the subject of hydrogen in solids. Two fundamentally
different systems, namely nanostructured carbon and metals, will be
discussed.

2.1 Adsorption models

The aim of this section is to give a brief introduction to the basic
concepts concerning adsorption of hydrogen on nanostructured carbon.
There are numerous textbooks available on the subjects of surface physics,
surface chemistry and adsorption analysis, and references [47-49] are
some examples.

Dealing with adsorption processes one normally distinguishes between
two different types of adsorption: Physisorption where the adsor-
bate is weakly attracted to the surface by van der Waals forces, and
Chemisorption, in which a chemical bond between the adsorbate and
the surface is formed. Furthermore it is common to distinguish between
monolayer and multilayer adsorption. Multilayer adsorption is basically
a condensation process in which attractive interactions between the ad-
sorbates cause the gas to condensate on top of the first monolayer. In
1918 Langmuir presented the most basic theory of adsorption which
describes the nature of monolayer adsorption on an ideal surface [50].
The definition of an ideal surface means that the energy variations are
periodic and that the magnitude of these variations is larger than the
thermal energy of a molecule (kBT ), where kB is the Boltzmann constant
and T the temperature [47, 50]. The basic assumptions of the Langmuir
model are:

• The surface is homogeneous: the adsorption energy is the same at all
sites

• Adsorption is localized
• Only one molecule or atom can be adsorbed at each site

The Langmuir theory is based on kinetic principles, meaning that the
rate of adsorption is equal to the rate of desorption. The rate with which
molecules impinge on a surface can be described by the kinetic theory of
gases, see for example Do and/or Masel [47, 48]. The original derivation
of Langmuir [48, 50] assumes that the rate of adsorption rad, and the
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rate of desorption, rd, are given by:

rad = kadPA[S] (2.1)

rd = kd[Aad] (2.2)

where PA is the partial pressure of A over the surface, [S] is the number
of empty sites (number/cm2), [Aad] is the surface concentration of A
in molecules/cm2 and kad and kd are constants. Embedded into these
constants is the sticking coefficient, i.e. the probability that an atom
or molecule will condense on the surface multiplied by the degree of
coverage on the surface [49, 50]. At equilibrium the rate of adsorption
equals the rate of desorption and setting rad equal to rd yields, after
rearrangement:

[Aad]
PA[S]

=
kad

kd
= KA

eq (2.3)

The equilibrium enthalpy, entropy and free energy of adsorption are
furthermore defined through [48, 50]:

[Aad]
PA [S]

= KA
eq = e−∆Gad/RT = e∆Sad/Re−∆Had/RT (2.4)

In order to express the amount of gas that adsorbs onto a solid surface
as a function of the partial pressure of the gas, equation 2.3 has to be
combined with a site balance. Through this, the equilibrium coverage
can be calculated. The introduction of the site balance yields:

[S] = [S0]− [Aad], (2.5)

with [S0] equal to S0/a, giving that [S0] is the total amount of sites
expressed in number/cm2. Combining equation 2.4 and 2.5 yields [48]:

[Aad]
PAKeq

+[Aad] = [S0] (2.6)

By defining the fraction of surface sites covered with specie A as θA [48]:

θA =
[Aad]
[S0]

(2.7)

and rearranging, the Langmuir adsorption isotherm for noncompetitive,
non-dissociative adsorption is obtained:

θA =
KA

eqPA

1+KA
eqPA

(2.8)
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At low pressures the coverage will vary linearly with the pressure, but
as the pressure increases the coverage will saturate. Saturation does
not necessarily correspond to a monolayer coverage. Occupation of
one adsorption site might block adsorption to the nearest neighbour-
ing sites. Equation 2.5 assumes that there is only one specie taking part
in the adsorption process. If more than two gases compete for the same
adsorption sites, this expression is no longer valid. Since hydrogen is
the only gas (adsorbate) used in this study, the theory of competitive
non-dissociative adsorption will be disregarded. Information and details
about this branch of adsorption analysis can instead be found in, for
example, reference [48].

So far we have only considered ideal surfaces and since ideal surfaces
are rare, we need to take into account the nature of heterogeneous or
real surfaces. A heterogeneous surface has a large variation in the en-
ergy of adsorption, which means that the probability for condensation
is different at different sites [48, 51]. For example, adsorption is often
more favourable at defects, steps or grain boundaries [49]. Hence the
model developed by Langmuir [50] fails to explain the details of the
complex behaviour of adsorption on real surfaces. Other models are
therefore needed. These are based on the Langmuir model, but modi-
fications have been done to account for inhomogeneous surfaces, where
the heat of adsorption varies from site to site. Sips developed such a
model in 1948 [52]. From this approximation it is possible to calculate
the adsorption energies and the distribution function of a surface when
the adsorption isotherms are known, furthermore Sips assumed that the
adsorption is localized and interactions are absent [52]. Moreover he
rearranged the so called Freundlich isotherm [53], in the sense that he
took into account that at high enough pressures, the adsorbent surface
becomes saturated and θ asymptotically tends towards unity. The out-
come is known as the Sips isotherm [47, 52]:

θA =
(KA

eqPA)n

1+(KA
eqPA)n (2.9)

The isotherms have so far been described in terms of fractional cover-
age but experimental data are usually collected as the amount of gas
adsorbed as a function of applied pressure. To account for this it is
often convenient to express the isotherm in terms of the amount of gas
adsorbed in mole per unit volume, Cµ. Expressing equation 2.9 in terms
of Cµ yields [47]:
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Cµ = Cµs
(KA

eqPA)1/n

1+(KA
eqPA)1/n , (2.10)

where Cµs is the maximum adsorbed concentration corresponding to
monolayer coverage. Figure 2.1 illustrates the dependence of cµ as a
function of PA for different values of n. The Langmuir isotherm is re-

n=3

n=2

n=1

C
 
[a
rb
.u
ni
ts
]

P
A
[arb. units]

µ

Figure 2.1: Plots of the Sips isotherm with different values of n.

covered when n is equal to 1. When n is larger than unity the isotherm
becomes more quadratic in appearance. The parameter n can therefore
be considered to describe the heterogeneity of the system. The exper-
imental data presented in paper I were successfully fitted using this
model. The values of n were between 3 and 5, indicating a complex
heterogeneous structure.

Porous solids can be classified according to the average pore size they
possess. IUPAC1 (International Union of Pure and Applied Chemistry)
has recommended the following classification:
• micropores for d < 2 nm, where d is the pore size
• mesopores for 2 < d < 50 nm
• macropores for d > 50 nm

1http://www.iupac.org
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In the case of microporous materials, micropore filling is an other im-
portant adsorption mechanism [47, 54]. In micropore filling the whole of
the accesible volume present in the micropores is regarded as adsorption
space, as distinct from surface coverage which takes place on the walls
of macropores or mesopores. Monolayer formation on the pore walls of
micropores enhances the adsorption affinity in the core of the pore and
thus complete pore filling occurs. This phenomenon is often referred
to as the cooperative effect and also invokes the interaction between
adsorbate molecules, see [54] and references therein.

2.1.1 Thermodynamics of adsorption

Adsorption processes are, as mentioned in the previous paragraphs,
based on kinetic principles, i.e. the rate of adsorption is equal to the
rate with which molecules impinge on the surface multiplied by the stick-
ing coefficient (the probability of adsorption). If the adsorption process
is exothermic heat is released. This heat is then to some extent ab-
sorbed by the adsorbent, while some portions will dissipate to the sur-
roundings [47]. The increase in temperature due to absorption of the
released energy will locally favour the desorption kinetics, slowing down
the overall uptake process if the conditions are not isothermal (reca-
pitulate equation 2.4). The rate at which a surface is covered by the
adsorbate, and thereby the mass uptake rate, is dependent on the abil-
ity of the substrate to dissipate the energy of the incoming particles [51].
If the energy is not diverted quickly enough, the particle might migrate
over the surface until a vibration expels it into the gas phase [51]. Infor-
mation about the amount of heat released during the adsorption process
is therefore important. The ratio of the infinitesimal change in the ad-
sorbate enthalpy to the change in the amount adsorbed, often referred
to as the isosteric heat of adsorption, is a basic quantity in the con-
text of adsorption analysis. The isosteric heat of adsorption, i.e. the
standard enthalpy of adsorption at a fixed surface coverage [51], can be
calculated from the reaction isochore equation, also known as the van ’t
Hoff equation [55]: (

∂lnP
∂T

)
cµ

= −∆Had

RT 2 , (2.11)

and from plots of lnP as a function of 1/T at different adsorbed densities
∆Had can be obtained from the slopes of the isobars.
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2.2 Absorption

Many metals have the ability to absorb hydrogen although the solubility
varies considerably [19, 20]. In contact with the metal surface the hy-
drogen molecule can be physisorbed. Physisorption is purely governed
by electrostatic van der Waals interactions. Once physisorbed, the hy-
drogen molecule can undergo dissociation and chemisorb at appropriate
chemisorption sites of energy Echem. The difference between physisorp-
tion and chemisorption is mainly the strength in the interaction between
the adsorbent and adsorbate. Physisorption as previously mentioned,
is purely governed by electrostatic van der Waals while chemisorption
involves the formation of a chemical bonding between adsorbate and ad-
sorbent. In metal-hydrogen systems almost all kinds of chemical bonds
are realized, ionic, covalent and metallic [4]. The nature of the dissoci-
ation process is either non-activated, as in figure 2.2, or activated as in
figure 2.3. The flat minimum in the H2 + M curve corresponds to ph-

U

z

Ephys.

Echem.

2.4 eV/H-atom

Bulk Surface Vacuum

0

Ediff.∆

E diss.∆

∆H< 0

∆H> 0

Figure 2.2: Illustration of the absorption potential as seen by a hydrogen
molecule upon absorption. The dissociation process is non-
activated. The figure is taken from reference [56].

ysisorbed H2 with energy Ephys, while the deep minimum in the H + M
curve illustrates chemisorbed and dissociated H [57]. If the two curves
intersect below the zero energy (see figure 2.2), the adsorption process is
non-activated. If the intersection of the curves is above the zero energy
level the chemisorption requires an activation energy which slows down
the kinetics of adsorption and recombinative desorption (see figure 2.3).
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The next step in the chain of reactions is diffusion and absorption at
interstitial sites in the host lattice, in the case of interstitial alloys such
as metallic hydrides. Every single step in the overall absorption process
is associated with a potential barrier for the hydrogen to pass. If the
potential energy of the H atoms in the host lattice is lower than the
energy of the free H2 molecule the reaction is exothermic, and if it is
higher then the reaction is endothermic. Examples of metals where the

U

z

Ephys.

Echem.

2.4 eV/H-atom

Bulk Surface Vacuum

0

Ediff.∆

E diss.∆

∆H< 0

∆H> 0

Figure 2.3: Illustration of the absorption potential as seen by a hydrogen
molecule when the dissociation process is activated. The
figure is taken from reference [56].

dissociation processes is activated or non-activated are Mg and Pd re-
spectively. Pd is often used on top of other metals as a catalyst for the
hydrogen dissociation. Physisorption as previously mentioned, is purely
governed by electrostatic van der Waals while chemisorption involves the
formation of a chemical bonding between adsorbate and adsorbent. In
metal-hydrogen systems almost all kinds of chemical bonds are realized,
ionic, covalent and metallic [4].

In a lattice of a crystalline material there are two types of inter-
stitial sites, namely tetrahedral and octahedral. The number of each
site depends on the specific structure, i.e. if the material has a bcc,
fcc or hcp type unit cell. In the bcc structure there are six tetrahe-
dral sites per metal atom in the host lattice, as illustrated in figure 2.4.
Transition metals like Nb, Ta and V have a bcc-structure and at low
concentrations the hydrogen atoms are randomly distributed among the
interstitial tetrahedral sites. As the hydrogen concentration increases
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the hydrogen atoms start to interact, and eventually an ordered hydro-
gen sublattice is formed. In connection to the absorption of hydrogen in
interstitial sites, the host lattice is expanded. In the case of a thin film
or superlattice clamped to a substrate, the expansion is exclusively in
the out-of-plane direction. This might give rise to a simultaneous pop-
ulation of both tetrahedral and octahedral sites [56]. Mg2Ni has a hcp

x
y

z

Octahedral sites Tetrahedral sites

Nb

Figure 2.4: Schematic illustration of a bcc-unit cell with some of the
octahedral and tetrahedral sites visualized.

structure and for low hydrogen concentrations, i.e. c < 0.3, the intersti-
tial sites are randomly populated by hydrogen atoms and the structure
is preserved. Additional hydrogen loading at temperatures above 508 K
results in a phase transformation to an anti-fluorite type structure [22]
where the Mg-ions form a cube around the [Ni0H4]−4 complex. If the
alloy is hydrided slowly at temperatures well below 508 K a distorted
monoclinic structure is formed.

2.2.1 Theoretical models: energies of hydride formation

The purpose of the coming paragraphs is to give a brief review of the
concepts that have been used in the thermodynamic analysis. For com-
pleteness, some theories and models will also be briefly outlined.

Energy-band calculations

It is possible to perform energy-band calculations to evaluate the heat
of formation for a metal-hydride system [4]. If the following general
reaction for a metal and hydrogen is considered:

M(s)+
1
2

xH2(g) → MHx(s)−∆E, (2.12)
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the heat of formation or solution, ∆E, is defined by

∆E = E(MHx)−E(M)− 1
2

xE(H2) (2.13)

where E(MHx) and E(M) stand for the total energies per unit cell of the
hydride of concentration x and the metal, respectively [4, 58]. E(H2)
is the energy needed to dissociate the hydrogen molecule. Gelatt et al.
investigate the trends of ∆E for some 3d and 4d metals [58]. The metal
hydrides (for simplicity) were assumed to have a NaCl-structure and the
pure metal to a fcc-structure. The calculations they performed are based
on the assumption of the hydride being stoichiometric, i.e. x equal to
1, meaning that the interstitial site, ”hydrogen site”, is occupied by one
electron. The difference between the sums of one electron band energies
of the metal and the hydride, ∆E1, is expressed by E(MH) - E(M). The
results suggest that it is possible to approximate ∆E1 as:

∆E1 = 2(
〈
εMH

LB
〉−〈εM

LB
〉
)+nMH

d (
〈
εMH

d
〉−〈εM

d
〉
)+ εM

F (2.14)

where the first term represents the difference in the average energy of
the lowest band (LB) of the hydride and the metal respectively. The
second term describes the shift of the d bands,

〈
εMH

d

〉
and

〈
εM

d

〉
are the

average energies of the occupied d states above the LB in the metal
and the hydride respectively. The number of d electrons in the hydride
is denoted by nMH

d . Finally the contribution of the additional electron
per metal atom due to the hydrogen atom added at the Fermi level
is approximated by εM

F [58]. The results from the calculations of the
heats of formations, using equations 2.13 and 2.14, that Gelatt et al.
performed are shown in figure 2.5 together with some experimental data.
Other effects like Coulomb contributions and strain effects are however
neglected in this approach. This results in an overestimation of the
stability of the hydrides. Included in figure 2.5 are calculations taking
these correction terms into account, making the predictions closer to the
experimental data. The details on this subject is beyond the scope of
this thesis, instead see reference [58]. Comparisons between this type of
calculations and experiments should be done with precaution due to the
crude apprpximations made in the formalism. As observed in figure 2.5,
the heats of formation indicate that the stable hydrides are formed to
the left in the 3d and 4d periods (of the periodic table).
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Figure 2.5: Calculated heats of formation per hydrogen atom for sto-
ichiometric hydrides with (solid line) and without (dashed
line) Coulomb interactions. The figure is taken from refer-
ence [58].

The effective medium theory

Another approach to estimate the heat of solution of hydrogen in transi-
tion is to use the effective medium theory. The effective medium theory
(EMT) is a simplified way of calculating the total energy of a low sym-
metry system where ab initio methods fail. In the EMT the metal host
is replaced with a homogeneous electron gas where the density reflects
the density of the host at the interstitial position [59]. This procedure
leads to an expression for the hydrogen binding energy that involves the
binding energy of a hydrogen atom in a homogeneous electron gas, and
correction terms that compensates for effects impossible to include in
such an environment [60]. The general expression of the EMT takes the
following form:

∆E(R) = ∆Ehom
eff (n(R))+∆Ehyb(R)+∆Ec(R)+∆Ev(r), (2.15)
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where ∆E(R) is the total binding energy of the hydrogen atom and
∆Ehom

eff (n(R)) is the binding energy of the hydrogen atom in a homo-
geneous electron gas. ∆Ehyb(R), ∆Ec(R) and ∆Ev(r) are the correction
terms describing the the hybridisation between the hydrogen s state and
the metal d states, the interaction of hydrogen with the core electrons
of the metal (transition metals) and the correction terms describing the
inhomogeneity of the metal respectively [60]. The potential energy of
an interstitial hydrogen atom in a transition metal depends primarily
on the interstitial electron density (IED). A qualitative description of
the potential energy of a hydrogen atom moving through a metal lattice
is presented in figure 2.6, and as revealed in this figure, ∆Ehom

eff (n(R))
as a function of electron density exhibits a parabolic behaviour. Thus
there is an optimum electron density giving maximum energy gain upon
absorption [59]. The effective medium term in equation 2.15 has also

H

∆Eeff

hom

n

x

n

∆Eeff

hom

x

a

b

c

Figure 2.6: Qualitative description of the potential of a hydrogen atom
upon absorption and diffusion. (a) The path of the H-atom.
(b) The electron density as a function of the position (to
the left) and ∆Ehom

eff as a function of electron density (to the
right). (c) ∆Ehom

eff (n) as a function of position. The figure is
taken from reference [56].

been expressed in a parameterized form, see for example reference [61].
Nørskov used equation 2.15 to qualitatively describe the variation of the
heat of solution for Ni, Pd and Pt [61], but the trends can be investi-
gated for all transition metals. It was shown that the major part of the
total binding energy and most of the trends originates from the terms
that only depends on n. Using the effective medium theory, Nørskov and
co-workers have shown that it is possible to calculate the chemisorption
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of hydrogen [59], the binding energy of hydrogen in 3d metals [61] and,
for transition metals, the heat of solution of hydrogen and vacancy trap-
ping energies [62]. The EMT cannot successfully be used to describe
the hydrogen binding energy in hydrides where the hydrogen atoms are
localized (no free electrons), e.g. MgH2, since ∆Ehom

eff is 0.

2.2.2 MH-systems: thermodynamic considerations

The laws of thermodynamics are applicable to all processes in which
temperature or heat play an important role and they supply the basic
theory of chemical reactions.

The entropy and enthalpy of solution

Calorimetry is a classical method to determine thermodynamical pa-
rameters [55] but in the case of thin films other methods are more con-
venient, for example measurements of solubility isotherms. From this
type of measurements where the solubility of hydrogen is measured as
a function of the external hydrogen pressure, ∆H and ∆S can be de-
rived. Hydrogen gas reacting dissociatively with a metal undergoes the
following reaction:

1
2

H2(g) → H(M), (2.16)

where H(M) is the hydrogen atom solved in the host lattice. In some sit-
uations the reaction described in 2.16 is reversible, meaning that under
some conditions the hydrogen can desorb from the metal lattice with-
out any structural rearrangement or changes in the physical properties.
Before equilibrium is attained the driving force of the reaction is the
difference in Gibbs free energy of reactant and product. The change in
Gibbs free energy during a reaction can be described as [55]:

∆G = ∆H −T ∆S, (2.17)

where ∆H and ∆S is the change in enthalpy and entropy, respectively.
The change in Gibbs free energy with the amount of hydrogen atoms
NH, at constant pressure p and temperature T , is known as the chemical
potential µH:

µH =
(

∂G
∂nH

)
nM,p,T

(2.18)
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At equilibrium, i.e. ∆G = 0, the chemical potential is expressed as:

1
2

µH2 = µH, (2.19)

where µH2 is the chemical potential of the hydrogen gas and µH(M) is the
chemical potential of the dissolved hydrogen. The chemical potential
can also be regarded as the free energy per mole in a pure system [55]
and from this, equation 2.17 can be rewritten as:

∆µH = ∆HH −T ∆SH, (2.20)

where ∆HH and ∆SH are the partial molar enthalpy and entropy of so-
lution. The chemical potential µH can be determined through measure-
ments of pressure-composition isotherms. Following the derivation from
Meuffels [63] the enthalpy and entropy of solution may be determined.
The chemical potential of the hydrogen gas can be expressed as:

µH2 = µ0
H2

+ kBT ln
(

p
p0

)
−Ed, (2.21)

where µ0
H2

is the standard chemical potential for H2, Ed is the energy
required for dissociation of the hydrogen molecule and p0 is the pressure
at the standard condition (1 atm). The change in chemical potential in
the metal-hydrogen reaction can be expressed as:

∆µH = µH − 1
2
(
µ0

H2
−Ed

)
(2.22)

Combining eqs. 2.21 and 2.22 connects the chemical potential to the
external hydrogen pressure

∆µH = µH − 1
2

(
µH2 − kBln

(
p
p0

))
(2.23)

The equilibrium condition of the chemical potentials, equation 2.19,
combined with equation 2.23 yields:

∆µH =
1
2

kBT ln
(

p
p0

)
(2.24)

Finally the partial molar enthalpy and entropy, ∆HH and ∆SH, are linked
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to the external hydrogen pressure through insertion of equation 2.24
in 2.20:

ln
√

p
p0

=
∆HH

kBT
− ∆SH

kB
(2.25)

This equation is known as the van ’t Hoff equation (also recall equa-
tion 2.8). ∆HH and ∆SH can then be obtained from the slope and inter-
cept of a plot of ln

√
p
p0

versus 1/T .

Low concentrations, ideal solution

The partial entropy of the hydrogen can be split into a configurational
and a non-configurational partition:

SH = Sc
H +Snc

H , (2.26)

where the superscripts c and nc denotes configurational and non-configur-
ational respectively. The configurational term is calculated for a distri-
bution of n H atoms over N interstitial sites and Sc

H can be expressed
as [4, 63]:

Sc
H = kB ln

c
n− c

, (2.27)

where n is the number of interstitial sites per metal atom and c is the
hydrogen concentration expressed as H/M (atomic ratio). The second
term in equation 2.26 sums the rest of the contributions to the entropy
of solution, i.e. the vibrational and lattice expansion contributions [64].
If equations 2.20, 2.26 and 2.27 are combined, ∆µ at infinite dilution
can be expressed as [63]:

∆µ0
H = ∆H0

H −T ∆S0
H + kBT ln

c
n− c

(2.28)

When n � c it is possible to rewrite equation 2.28:

√
p ≈ Ks · c (2.29)

This relation is known as the Sievert’s law and Ks is recognized as the
Sievert’s constant, that is:

Ks = exp

(
∆H0

H

kBT
− ∆S0

H + kBln n
kB

)
(2.30)
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From equation 2.29 it becomes evident that a plot of a measured isotherm
on the form

√
p versus c yields Ks as the slope. The enthalpy and entropy

at infinite dilution, i.e. ∆H0
H and ∆S0

H, can then readily be determined
through solubility measurements at several temperatures. Plotting the
corresponding logarithm of Ks vs. 1/T yields ∆H0

H and ∆S0
H as the slope

and intercept respectively. The knowledge of ∆H0
H and ∆S0

H, is of great
importance since they determine the nature of the hydrogen uptake pro-
cess. ∆H0

H describes whether the reaction is exothermic or endothermic
while ∆S0

H indicates the degree of order or disorder in the sample.
At low hydrogen concentrations mainly metal-hydrogen interactions

have to be considered. When the hydrogen concentration increases
the hydrogen atoms start to interact and this can have great influence
on properties like structural phase transitions and phase formations in
metal hydrogen systems. For further detailed discussion in this subject,
see for example references [56, 65].

2.3 Hydrogen induced resistivity changes

A possible route to investigate the hydrogen uptake properties of met-
als and alloys is to use four-probe resistivity measurements. Moreover,
measuring the resistivity is a useful tool to investigate and monitor the
effects of heat treatment on metals and alloys. This brings out the need
of understanding the basic concepts of resistivity changes in M-H sys-
tems.

The total resistivity of the metal, ρtot, is affected by electron scatter-
ing processes, and according to Matthiessen’s rule ρtot can be expressed
as [66]:

ρtot = ρTh +ρimp., (2.31)

where ρTh is the electron-phonon scattering term which includes all
changes the hydrogen causes on the electronic structure of the metal.
The residual or excess resistivity, ρimp., is the temperature independent
electron-impurity scattering term which has its origin from the local
disturbance of the periodic lattice by impurity atoms, defects and grain
boundaries.

In a metal, interstitial H atoms can be considered to act as impurities
in the sense that the periodic potential of the lattice is distorted increas-
ing the electron scattering and thus also ρimp.. The residual resistivity
should according to this model also decrease if the H atoms form an or-
dered sublattice within the metal host, restoring the lattice periodicity.
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Pryde et al. and Watanabe et al. have shown that this is the case in
several M-H systems [67, 68]. The applicability of Matthiessen’s rule in
the α-phase has been studied by for example Tsong, Watanabe and van
Ek. They showed that ρimp. for Ta, Nb, V and Pd is temperature inde-
pendent, giving that the change in ρtot depends mainly on the hydrogen
concentration [67-69]. It is assumed that hydrogen at low concentra-
tions (a few atomic percent) acts as non-interacting scattering centres
and this implies that the residual or excess resistivity is proportional to
the hydrogen concentration [67, 68]. For higher concentrations Pryde
and Tsong developed a model that also might be used for the α-phase.
In this model the excess resistivity due to absorbed hydrogen is given
by [67]:

ρimp. = Kc(n− c), (2.32)

where K is a constant that depends on the difference of the potentials
within the filled and empty interstitial sites, n is the number of hydrogen
atom sites per metal atom in the crystal and c is the hydrogen concen-
tration [67]. According to relation 2.32 the maximum excess resistivity is
achieved when c = n/2, but deviations might occur due to local ordering
of the hydrogen atoms [66].

2.4 Electronic and optical properties of Mg-based al-
loys

In this section the origin of switching capabilities from reflecting metallic
to semiconducting transparent that some Mg-based alloys exhibit upon
hydrogen absorption and desorption will be discussed. The specific sys-
tems with optical switching capabilities investigated within the frame
of this thesis are Mg-Ni and Mg-Y alloys. The metal-insulator transi-
tion observed upon absorption of hydrogen in these materials is due to
changes in their electronic properties.

The free electron model states that the valence or conduction elec-
trons of a metallic element in the periodic table are free to move through-
out the crystal. They are not specifically bound to any particular ion
but rather contained within a uniform potential well. The free electron
model gives a good description of properties like heat capacity, electri-
cal conductivity, magnetic susceptibility and electrodynamics of metals
but fails to explain the difference between metals, semi-metals, semi-
conductors and insulators. In order to explain some of the mechanisms
and principles behind the switching capabilities of Mg-based alloys band
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theory is used [70]. Within the band theory the potential is modeled to
vary periodically with distance through the crystal, the period being the
interatomic distance between the ions creating the crystal. The effect
of this periodicity of the crystal potential on the electronic energy levels
is a grouping into allowed bands and energy gaps (band gaps) [70, 71].
A crystal behaves as a metal if one or more bands are partly filled (ac-
cording to Kittel [70] the filling percentage should be between 10 and
90%), an insulator if the allowed bands are either filled or empty and
finally the crystal is a semiconductor or semi-metal if one or two bands
are sligthly filled or empty [70]. The highest occupied state in a band
corresponds to the fermi level, Ef, at 0 K.

Mg2Ni has a hexagonal crystal structure (C16 CuAl2 type) [72] and, as
mentioned in the introduction, absorption of hydrogen is possible with-
out structural rearrangement up to Mg2NiH0.3 (α-phase). Upon further
hydrogenation a complete structural phase transition occurs and the β-
phase Mg2NiH4 forms [25]. The β-phase in turn exists in a cubic high
temperature phase (T > 508 K), which upon cooling transforms into a
monoclinic low temperature phase [73]. The following argumentation is
mainly based on the work performed by Gupta [72, 74] and more re-
cently by Garcia et al. [75] and Andrews et al. [76]. In order to visualize
the role played by the absorbed hydrogen, Gupta [72] performed band
structure calculations on the fictitious compound Mg2NiH0 correspond-
ing to the antifluorite structure for Mg2NiH4 but with the hydrogen
atoms removed. Comparisons with calculations for Mg2NiH4 showed
that Mg2NiH4 is a semiconductor due to a complete filling of the four
low energy metal-hydrogen induced band and the narrow Ni d-bands.
More recently Häussermann et al. used ab initio density functional
calculations to determine structural stability and bonding properties for
the low temperature modification of Mg2NiH4 [77]. The density of states
was calculated and their result is presented in figure 2.7. The designa-
tions a1 and t2 corresponds to the bonding states, e to the non-bonding
state and 2a1 and 2t2 to the antibonding states. The hybridization is
assumed to be sdn [22, 77]. Mg2NiH4 has 18 valence electrons, the four
M-H bands as well as the five Ni bands are filled, and the energy gap
existing between the Ni d states and the higher states results in a semi-
conducting hydride. The band gap is approximately 1.54 eV, which is
in good agreement with other studies [41-43]. The size of the band gap
and the electronic structure of the hydride is such that the energy of
photons within the visible range is enough to excite the electrons below
the Fermi level.
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Figure 2.7: Total density of states
(DOS) and partial DOS of
the sites H, Ni and Mg of
Mg2NiH4. The figure is
taken from reference [77].
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Experimental methods

In this chapter all the methods used to synthesize and characterize the
investigated samples will be briefly described.

3.1 Synthesis of carbon nanostructures

In the current literature there numerous studies that reports on the syn-
thesis and properties of nanoporous carbon materials. Among the dif-
ferent synthesis techniques one can for example find flame synthesis [78],
chemical vapour deposition [79, 80] and arc-discharge methods [81]. A
comprehensive review of the science of carbon nanotubes and fullerenes
has been compiled by Dresselhaus et al. [9].

The carbon materials used in this thesis have been synthesized by
halogenisation, using Cl2(g), of metal carbides in a silica tube hot-wall
reactor at temperatures ranging from 673 to 1273 K [82, 83]. The pre-
cursors for the materials used are SiC and Al4C3. The Al-based pre-
cursor consists of close-packed carbon in a mixture of hexagonal and
cubic packing. Aluminium is coordinated tetrahedrally by carbon, and
carbon tetrahedrally and octahedrally by Al [84]. The crystal structure
of Al4C3 is illustrated in figure 3.1 The overall redox process follows the
general reaction:

MCa(s) +2a ·X2(g) −→ a ·C(s)+MX4a(g), (3.1)

where a equals 1 for a 4-valent metal. The metal chloride formed, is
led away by the excess gas flow of Cl2. Argon gas is used to flush the
reactor during heating and cooling [84]. Through the etching reaction
the Si and Al atoms are removed from the lattice. SiCl4 and AlCl3
are thermodynamically more stable than CCl4 and this brings out the
selective etching process [85]. The selective etching procedure produces
fairly large quantities of carbon material as compared to other methods:
a laboratory reactor can produce some grams of sample each run. This,
together with the relative simplicity of the method, makes it superior in
terms of a possible scale up for industrial applications.
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Figure 3.1: The crystal structure of Al4C3, illustrating the different co-
ordinations around carbon, with Al at the vertices of the
polyhedra, and C in the centres. The bond network shows
the mixed hexagonal and cubic packing of C. The figure is
taken from reference [84].

3.2 Thin film growth and sample preparation

In this work two different physical vapour deposition (PVD) techniques,
molecular beam epitaxy (MBE) and magnetron sputtering, have been
used to grow thin films. These techniques will only be briefly described
here, detailed descriptions of thin film synthesis are available in several
review articles and text books, see for example reference [86]. Common
for all PVD processes is that the fluxes of the materials to be deposited
are created from different sources. Shutters, manual or computer con-
trolled, placed between the target and the substrate can be used to shut
off the flux of atoms moving towards the substrate. This allows the
growth of layered structures like multilayers and superlattices. If the
shutter is motorized and the speed of the movement can be adjusted,
wedged samples can be grown. In magnetron sputtering it is possible to
achieve layered structures by sequentially switching the sources on and
off.
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Thin film growth, usually divided into three different growth modes
denoted Frank-van der Merwe (FV), Volmer-Weber (VW) and Stranski-
Krastanov (SK), is affected by several kinetic processes with different
activation energies. Which type of growth that will occur depends on
the surface energies as well as the lattice strain, i.e. the degree of lattice
matching between the substrate and the film [86]. The FV mechanism
is described as a two dimensional layer by layer growth where one mono-
layer after another is deposited. VW is a three dimensional (3D) growth
were the film nucleates as islands immediately upon contact with the
substrate. The SK growth mode can be described by an initial layer-
by-layer growth up to a certain thickness, usually a few monolayers,
followed by nucleation of 3D islands.

PVD techniques can also be used to produce amorphous films. Amor-
phous materials have a structure that only exhibits short-range order.
Production of amorphous thin films usually requires high deposition
rates and low substrate temperatures (cryogenic). The latter immobi-
lizes the impinging atoms on the substrate and prevents them to diffuse
and relax at an equilibrium lattice site [86]. However, there are exam-
ples were amorphous thin films have been deposited at 298 K on for
example glass substrates, e.g. the Mg-Ni and Mg-Y films synthesized in
this work.

3.2.1 Growth of Nb(110) thin films by Molecular Beam Epitaxy

All PVD growth techniques have in common the need of an experimen-
tal set-up with a low rate of outgassing. Low levels of impurities in the
growth chamber allows the growth of well defined sample compositions.
Molecular beam epitaxy (MBE) is a powerful tool to grow single crys-
talline epitaxial layers on a single crystalline substrate. The evaporants
are called molecular beams when their mean free paths are considerably
larger than the size of the chamber. The expression epitaxy refers to
the formation of a single crystalline film with a well defined structural
relation to the single crystalline substrate. If the material to be grown is
the same as the substrate growth is called homo-epitaxial and if the sub-
strate and the film are different, one speaks about hetero-epitaxy. In the
MBE process the molecular or atomic beam of the elements crystallize
on a substrate held at elevated temperatures. The optimum growth tem-
peratures for growing for example Nb(110)-films on Al2O3(1120) are in
the range of 1073-1173 K. Within this range only the three dimensional
relation of [0001]Al2O3||[1̄11]Nb i.e. a Nb(110) film is achieved [87].

The MBE system that was used to synthesize the samples investigated
in paper II was equipped with a Balzers TPU 450 H turbomolecular

27



pump and a liquid nitrogen cooled Varian titanium sublimation pump.
This pumping system was capable of attaining a base pressure of ap-
proximately 10−9 Pa. Residual gases were monitored by a Quadrupole
Mass Spectrometer (QMS). Evaporation of the metals could be achieved
via two techniques, either resistively from a Knudsen effusion cell, or by
electron beam evaporators from crucibles. Simplified, a Knudsen cell can
be described as a heated cavity with an orifice. The size of the orifice
should be small enough not to disturb the equilibrium vapour pressure
inside [88]. Both Nb and Pd (used for capping) were evaporated using
effusion cells. The deposition rates were monitored by a quartz crystal
microbalance.

The Nb films were evaporated on Al2O3(1120) (sapphire) substrates
with high crystalline quality: mosaicities typically between 0.002◦ and
0.006◦. Prior to deposition the substrates were annealed ex situ at 1023
K for 36 hours in order to further improve the crystalline quality, i.e.
reduce the mosaicity. The substrates were also baked in situ to remove
any adsorbed species on the surface. The three dimensional relation
between the sapphire substrate and the Nb film is well known, see for
example references [87, 89]. The deposition rate of Nb was chosen to be
0.5 Å·s−1.

3.2.2 Magnetron sputtering of Mg-Ni and Mg-Y thin films

The sputtering configuration consists of a target (cathode) that is bom-
barded by energetic ions. These ions are generated in a plasma in front
of the target. The impinging energetic ions cause removal of the tar-
get atoms, i.e. sputtering. These atoms may condense as a thin film
on a substrate [90]. In addition, secondary electrons are emitted from
the target and these electrons help preserving the plasma. The basic
sputtering process is somewhat limited by low deposition rates, low ion-
isation efficiencies in the plasma and, in addition, the substrate suffers
from high heating effects [90]. Through the development of the mag-
netron sputtering process these problems were reduced. In a magnetron
a magnetic field is configured parallel to the target surface. This mag-
netic field constrains secondary electrons in the target vicinity. Figure
3.2 is a schematic illustration of the magnetron sputtering process. The
cylindrical core magnet (south in figure 3.2) is placed along the central
axis of the target. Shaped as a hollow cylinder the second pole (north) is
placed below the target. This configuration greatly enhance the proba-
bility of having an ionizing electron-atom collision. The plasma becomes
more dense as a consequence of the increased efficiency, leading to an en-
hanced ion bombardment and thus causing higher sputtering rates. The
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Figure 3.2: Schematic illustration of the magnetron sputtering process.
The curved arrows represent the magnetic field lines. The
pits illustrated on the target indicate the erosion of material
which develops during the deposition.

increased ionisation efficiency also allows for lower operating pressures
of the sputter gas, typically in the 10−3 mbar range. For example an Ar
pressure of 3.33·10−3 mbar was used when growing the Mg-Ni and Mg-Y
films. Using the magnetron sputtering technique it is also possible to
control the energy distribution of the particles that impinge on the film
and this can be used modify the structure and properties of thin films.

The sputter deposition system system used in this work is schemati-
cally illustrated in figure 3.3. The system is equipped with three mag-
netrons designated A (Mg), B (Ni or Y) and C (Pd) in the figure. The
size of the Pd-magnetron is 2 inches while the Mg, Ni and Y magnetrons
have 3 inch targets. The size of the magnetrons makes it possible to
use larger and stronger magnets, which results in a larger homogeneous
plasma, and thus a larger plume of sputtered atoms compared to smaller
magnetrons. Thereby the size of the substrates can be increased. The
overall length of the vertically mounted sample holder is 8 cm, allowing
for a single substrate with a maximum size of 1×7 cm or a set of up to
six 1×1 cm substrates. The main components, except the magnetrons,
are the pumping system, two shutters, the gas delivery system and a
rotatable hollow feedthrough. The feedthrough allows for both cooling
of the substrate with liquid nitrogen (77 K) or heating to a maximum of
approximately 500 K. The pumping system of the main chamber (growth
chamber) consists of a Pfeiffer-Balzers turbomolecular pump (designated
TMP in figure 3.3) and a diaphragm roughing pump. The base pressure
in the chamber, after 72 hours of baking at 423 K, is typically in the low
10−9 mbar range. Even after baking there will be some degree of out-
gassing from the interior walls of the growth chamber. Through residual
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Figure 3.3: Schematic illustration of the magnetron sputter deposition
system.

gas analysis using a quadrupole mass spectrometer it is possible to mon-
itor the individual levels of these impurities and detect any leaks. The
load-lock is pumped by a separate pumping system consisting of a TMP
and a roughing pump. Sputter gas, Ar 99,9999% purity from the bottle,
is additionally purified by a West Associates ULTRAPURE gas purifier.
The sputtering gas pressure is monitored by a Balzers-Leybold capac-
itance manometer (0-0.1 Torr), and by connecting the pressure gauge
to a Granville-Philips 216 servo driven leak valve the pressure can be
held at a constant level during the growth. The magnetron discharges
are generated by a DC power of 20 W at an Ar pressure of 2.5 mTorr,
giving deposition rates of 0.19, 0.59 and 0.55 Å·s−1 for Mg, Ni and Y,
respectively.

The magnetrons are always operated in constant power mode min-
imizing the change in deposition rate during the growth of the sam-
ple [86]. The deposition rates are calculated from the thickness of sam-
ples of the pure elements as determined by means of x-ray reflectivity
measurements using a Philips PW 3020 with Cu-Kα radiation and a
scintillation detector. The substrates are held at floating potential and
prior to any deposition the target are pre-sputtered for 15 min.

Shutters located in front of the targets are used to shut off the flux
of the different atoms moving towards the substrate. One shutter is
pneumatic (Mg) and one motorized (Ni/Y) and both are computer con-
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trolled. The motorized one allows for growth of wedged samples due
to its vertical movement in front of the substrate. The speed of which
the latter one is opened, as well as the dwell time, are adjusted via a
LabView program. Prior to deposition the substrates are ultrasonically
solvent cleaned and also heat treated at 478 K for 10 hours.

The choice of baking temperature of the substrate is limited by the
construction of the hollow feedthrough. A copper block was fused to-
gether with a stainless steel plate. The center of the stainless steel was
milled, until the copper block is reached. Finally this piece is welded
onto a hollow rotary feedthrough. The difference in thermal expansion
between copper and stainless steel limits the baking temperature to a
maximum of approximately 500 K. In addition, at higher temperatures
the copper can readily be oxidized.

3.2.3 Post annealing of Mg-Ni multilayers

There are different routes to create an alloy using magnetron sputtering:

1. Using a target that has been prepared by melting of the elements to
the correct ratio

2. Co-sputtering of the pure elements, i.e. simultaneous sputtering of
the pure elements. The ratio is controlled by adjusting the applied
power on the magnetrons

3. Post annealing of multilayers is another possible way of creating an
alloy. After the growth the sample is annealed in a UHV furnace. This
heat treatment initiates diffusion and intermixing of the constituents

4. The last route to use if a binary alloy (AB) is wanted, is to grow very
thin (monolayer or fractions of monolayers) consecutive layers of the
individual elements

Using the last approach, a stoichiometric AB-alloy can be achieved by
growing one monolayer of A on top of B. This sequence is repeated until
the desired thickness is reached. It is also possible to deposit half a
monolayer of A and half a monolayer of B repeatedly to achieve the
composition AB.

In this subsection a more detailed description of the attempt to post
anneal thin Mg-Ni multilayers will be presented. The results was a part
of the work presented in paper III. The experimental set-up will be
described in more detail further on in the text, in connection to the
description of the hydrogen loading experiments, but it was basically
a UHV chamber equipped with a sample holder for four-probe resis-
tivity measurements. The temperature was controlled and monitored
by a Eurotherm 2408 temperature controller, with a resolution of 0.1
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K, using a type K (chromel–alumel) thermocouple . The four-probe
resistivity measurements were accomplished using a combination of a
Keithley 2400 source meter and a Keithley 2182 nano-voltmeter. The
sample temperature was increased continuously from 298 K to 623 K
and back to 298 K with a ramp rate of 0.5◦/min. The samples had a
constant repeat distance of 2 nm and the Mg-Ni ratios were 1/4, 1/2
and 3/4 (total thickness equal to 100 nm). Typical results from the
annealing experiments are presented in figure 3.4. The upper panel of

Figure 3.4: The upper panel illustrates the change in resistivity and the
lower panel shows the second ramping (same conditions) of
the same sample.

figure 3.4 illustrates that the resistivity was not only changing due to an
increased temperature. Such an increase would be linear in this temper-
ature range, recall section 2.3. Apparently there were several different
regions. Initially the resistivity increases almost linearly with tempera-
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ture. At T ≈ 390 K there was a significant drop in ∆R/R0, which was
shown to originate from a structural rearrangement in the film. This
decrement come to an end at approximately 555 K. After this the change
was again linear with increasing T . When the sample temperature was
back to 298 K the ∆R/R0 was lower than the initial value. This im-
plies that the processes present during the annealing are irreversible. As
observed in the lower panel of figure 3.4 additional heat treatment did
not induce any further irreversible changes in the resistivity. The small
hysteresis of approximately 4 K, that can be observed in the inset of
the lower panel was an effect of a time lag between the external heating
jacket and the sample holder tube.

3.3 Gas loading equipment

3.3.1 Hydrogen loading of carbon nanostructures

When determining the hydrogen uptake of a porous solid one has to con-
sider some specific problems connected to adsorption analysis. In order
to obtain precise and accurate results, both the sample to be investigated
and the experimental set-up have to be as clean as possible. Impurities
in this context are gases and adsorbed species other than hydrogen in the
system. The experimental set-up therefore has to be UHV-compatible,
i.e. the outgassing rate from the materials has to be low and the com-
ponents have to withstand heat treatment to a minimum temperature
of 423 K (minimum temperature to effectively desorb water) [91]. In
addition, the hydrogen gas that is used has to be as clean as possible.
Consider the situation when water is present in the gas during measure-
ments of the hydrogen uptake in a porous solid. The mass ratio of H2O
and H2 is 9:1 and if the uptake is considered to be only due to hydrogen
the result in terms of hydrogen uptake will be severely misinterpreted.
It is widely conceived that the results presented in reference [14] are due
to adsorption of water.

To eliminate this kind of problems, a UHV-compatible Sievert’s ap-
paratus was designed to load the nanostructured carbon materials with
hydrogen as described in paper I, figure 1. This experimental set-up,
was used to measure adsorption and desorption isotherms volumetri-
cally i.e. the change in pressure that occurs when a porous material is
introduced into the volume containing the gas. The requirements for
this vacuum system with gas loading capabilities were: UHV compati-
bility, a possibility to introduce hydrogen of a pressure up to 150 bar,
possibility to additional gas purification, a QMS for residual gas analy-
sis, a sample holder possible to cool down to 77 K and finally accurate
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temperature reading in the whole temperature range, i.e. 77 to 300 K.
The hydrogen gas used was of N56 quality (99.9996% purity) to min-

imize the possibility of any water affecting the uptake measurements.
The pumping system consisted of an Alcatel Pascal 200S SD roughing
pump and a Varian V250 turbomolecular pump. This combination was
capable of attaining a base pressure in 10−9 mbar range after baking
(partial pressure of H2O in the 10−10 mbar range). The quadrupole
mass spectrometer was used to monitor the outgassing process during
baking as well as some stages of the desorption process. Monitoring of
the temperature of the isotherms was accomplished with a Eurotherm
2408 temperature controller, with a resolution of 0.1 K, configured for
a type K (chromel-alumel) thermocouple. The temperature controller
also served as a controller for the bake-out process preceeding all mea-
surements. The external hydrogen pressure was measured with a MKS
Baratron 870B capacitance manometer, with an accuracy of 1% of read-
ing. The temperature controller and the pressure reader were connected
to a computer running LabView.

The differential hydrogen uptake was determined from measurements
of the hydrogen volume in the empty sample holder, and in the sample
holder filled with carbon, at different applied pressures and three tem-
peratures (298, 152 and 77 K). A homogeneous sample temperature was
very crucial, since any gradients in temperature resulted in a different
amount of hydrogen being absorbed in the sample. In order to avoid
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Cooling agent
container
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Thermocouple

Gas inlet
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Figure 3.5: Schematic illustration of the sample holder.

any temperature gradients in the sample, the sample holder was placed
in an insulated vessel and thereafter submerged into the cooling agent
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(liquid nitrogen or a mixture of dry ice and iso-propanol). A schematic
illustration of the sample holder and its insulation can be seen in fig-
ure 3.5. To obtain the total hydrogen uptake one had to assume some
density of the carbon material and compensate for the volume of carbon
spanned in the sample holder. The standard way of determining the
total surface area of a porous compound, including carbon materials, is
to use the BET-N2 adsorption method [47]. However, since the size of
some of the interstices and voids present in the samples were to small to
allow for nitrogen adsorption the surface area will be underestimated.

3.3.2 Resistivity measurements and hydrogen loading of thin films

The experimental set-up used to expose Nb, Mg-Ni and Mg-Y thin films
to hydrogen has been extensively described elsewhere although some
modifications has been done during the years, see for example refer-
ences [56, 92-94]. The p-c-T setup is illustrated in figure 3.6. All com-
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Figure 3.6: Hydrogen loading system: (1) Keithley 2182 Nanovoltmeter.
(2) Keithley 2400 Sourcemeter. (3) Keithley 2000 DMM for
reading of pressure gauges. (4) Gas purifier. (5) Metal hy-
dride bed. (6) Pressure gauges, 0-1000 mbar. (7) Section for
sample storage under H2 atmosphere. (8) TMP and RGA.
(9) Temperature controller for the MH-bed. (10) Eurotherm
2408 temperature controller. (11) Sample holder.

ponents are UHV compatible and the hydrogen gas, 99.9996% purity
from the bottle, is additionally purified in a two step process. Initially,
the gas is lead through a West associates ULTRAPURE gas purifier and
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thereafter by means of absorption in a metal hydride bed also serving
as storage medium for the gas. The level of impurities in the system are
monitored by residual gas analysis and at pressures in the 10−9 mbar
range the main contribution to the residual gases is hydrogen. The
hydrogen pressure in the sample holder is monitored by one of three
capacitance manometers (0-1.33, 0-133 and 0-1000 mbar) depending on
the pressure range chosen. The temperature on the sample surface is
measured and controlled by a Eurotherm 2408 temperature controller,
with a resolution of 0.1 K, equipped with a type K (Cr-Al) thermocou-
ple. The resistivity of the sample is measured utilising a DC current-
reversal technique using the Keithley 2400 Sourcemeter and Keithley
2182 Nanovoltmeter. This specific technique has been described in de-
tail in reference [56] but the main characteristic is the very effective
noise reduction, i.e. thermal EMF in the current leads, resulting in very
accurate and precise measurements.

3.4 Structural characterisation

X-ray reflectivity and x-ray diffraction can today be considered as stan-
dard tools in materials science. Utilizing X-ray diffraction (XRD) and
x-ray reflectivity it is possible to establish information about the crys-
talline quality, phases, stress, texture and surface and interface rough-
ness in crystalline and polycrystalline materials. The basic theories
of the two variations is treated to some extent in almost every inor-
ganic/materials chemistry and physics text book. In this thesis both
x-ray reflectivity and XRD measurements have been performed for in-
vestigation of hydrogen uptake properties of Nb, Mg-Ni and Mg-Y. In
the two coming subsections, the two techniques will be described briefly.

3.4.1 X-ray reflectivity

X-rays are electromagnetic waves and hence one can expect refraction at
the interfaces between materials with different refractive indicies. The
incoming photons will at low scattering angles (2θ < 10 ◦) be refracted
at the interfaces between materials with different electron densities, i.e.
both at the air/film and film/substrate interfaces. The difference in
refractive index of the film constituents gives rise to an interference
pattern when the incident angle of the x-rays is varied. The interference
pattern arising from the beam reflected at the top and the bottom of a
film, i.e. Kiessig fringes, can be used to determine the thickness (D) of
the film of interest, using the period of the oscillations, which in Q is
equal to 2π/D. The peaks in the oscillations correspond to waves that
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are scattered in phase, and the dips to those scattering out of phase [95].
The amplitude of the fringes is influenced by the interface roughness and
thickness variation.

By performing simulations on reflectivity curves it is possible to quan-
titatively investigate the deviations from ideally flat interfaces, i.e. sur-
face and interface roughnesses. Reflectivity measurements offer a unique
possibility to investigate crystalline and amorphous thin films, multilay-
ers and superlattices [95]. In a multilayered structure there will ad-
ditional peaks from the bilayer repetition. The x-ray reflectivity mea-
surements performed within the scope of this thesis served as a tool to
calibrate the deposition rates in the growth processes. In addition the
reflectivity measurements were used to examine if the Mg-Ni and Mg-Y
samples exhibited any characteristics of a multilayer.

3.4.2 X-ray diffraction

X-ray diffraction (XRD) is one of the most common tools to establish an
understanding about phases, stress and texture in crystalline materials
and extensive details can be found in for example references [95, 96]. To
avoid any misunderstandings, the different diffractometer axes treated
further on in the text will be defined in figure 3.7.
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θ 2θ
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Figure 3.7: Schematic illustration of the different diffractometer angles
and axes.

In the x-ray diffraction process x-rays (preferentially well monochro-
matized, i.e. with a well defined wavelength) strike the sample surface
at an angle equal to θ. An x-ray with wavevector k scatters from an
atom to the direction specified by k’. The diffraction condition (Laue
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condition) is fulfilled whenever Q = G, where G is a reciprocal lattice
vector. The three-dimensional real lattice is specified through a set of
vectors Rn according to:

Rn = n1a1 +n2a2 +n3a3 (3.2)

where a1, a2 and a3 are the lattice vectors in a 3D rectangular lattice,
and n1, n2 and n3 are integers [95]. A Bragg diffraction peak will appear
when the scattering vector satisfies the following relation:

Q ·Rn = 2π× integer (3.3)

The scattering vectors Q that fulfill equation 3.3 define the reciprocal
lattice of Rn with basis vectors a∗, b∗ and c∗. The points on this recip-
rocal lattice are specified by [95]:

G = ha∗ + kb∗ + lc∗ (3.4)

where h,k, l are integers [95]. If Q coincides with G, there will be con-
structive interference for the scattered amplitude, i.e. the diffraction
condition is fulfilled.

One common scan type in thin film analysis is the locked coupled
θ-2θ scan, and in this scan it is only possible to measure diffraction
from planes parallel to the sample normal. In the locked coupled θ-2θ
scan the sample and the detector are rotated simultaneously in order
to maintain the source-sample and sample-detector angles. This type of
scans were measured using a Siemens D5000 diffractometer with a Bragg-
Brentano geometry equipped with a graphite monochromator and Soller
slits. High angle (HA) θ-2θ scans were performed on the Nb, Mg-Ni and
Mg-Y thin films. For Nb, the HA measurements were used to determine
the average out-of-plane (110) lattice spacing of the films before and
after hydrogen loading.

The rocking curve, or ω-scan, is another scan type often used in thin
film analysis. The 2θ diffraction angle is kept constant, while the ω-
angle is varied at both higher and lower angles than the position of
the Bragg peak of interest. Using rocking curve measurements it is
possible to estimate the angular distribution of a specific film plane and
hence also the crystalline quality of the film. The full width at half
maximum (FWHM) of the rocking curve is a measure of the mosaic
spread of the crystals in the film, i.e. the angular distribution of the
crystallites. Hence information on differences in the structural quality
can be obtained directly without any simulations.

Highly epitaxial thin films exhibit sharp peaks with a FWHM less
than 0.05◦. In the case of Nb and some MBE-grown semiconductor sam-
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ples, a two-line shape (a delta-function-like feature on top of a broader
peak) in the rocking curve peak can be observed. The MBE grown
Nb(110) samples studied in paper II also exhibit these characteristics,
see figure 3.8.

Figure 3.8: Rocking curve of a 539 Å thick Nb(110) film illustrating the
characteristic two line shape.

The origin of this two component line shape can be explained by the
presence of two correlation length scales in the sample. The films have
growth planes that are, on average, very flat over long distances giv-
ing rise to the narrow component, while misfit dislocations and height
deviations due to strain are the origin of the broad component [87].

3.5 Ion beam analysis

3.5.1 Rutherford back scattering

Information about the chemical composition, structure and depth distri-
bution of the elements is important when the hydrogen uptake properties
of a material is explored. XRD can, as explained in section 3.4.2, be used
to determine the structure of a single or poly-crystalline sample but fails
to determine the chemical composition and depth distribution of the el-
ements in the sample of interest. In RBS (Rutherford Back Scattering)
this is possible, as will be described in the coming paragraphs.
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By measuring the number and energy of 2 MeV He+ ions in a beam
which back-scatters after the collision with atoms of the target material,
it is possible to determine elemental mass and concentrations versus
depth [97]. RBS is well suited for concentration determination of ele-
ments heavier than those of the substrate. There is much greater separa-
tion between the energies of particles backscattered from light elements
than from heavy elements, because a significant amount of momentum is
transferred from the incident particle to a light target atom. As the mass
of the target atom increases, and the energy of the backscattered particle
asymptotically approaches the incident particle energy. If the incident
ions are heavier than the masses in the target the latter can recoil in
a forward direction and in this case forward scattering geometries can
be used [97]. However, the RBS set-up in Uppsala is a back-scattering
geometry and therefore forward scattering will be excluded here. The
energy measured for a particle back-scattering at a given angle depends
upon two processes. Particles lose energy while they pass through the
sample, both before and after a collision. Mass information is given by
the kinematic scattering equations, i.e. equations 3.5 and 3.6:

E3 = KE1 (3.5)

where E3 is the energy of the back-scattered ion, K the kinematic factor
and E1 the energy of the incident ion. K is given by:

K =

{(
M2

2 −M2
1sin2θ

)1/2 +M1cosθ
M2 +M1

}2

(3.6)

where M1 is the mass of the incident atom, M2 the mass of the target
atom and θ is the scattering angle. Concentration determinations of the
constituents of the target can be obtained from the average differential
scattering cross-section, which is a function of the atomic number and
the energy of the incident ion, the atomic number of the target and the
scattering angle. The number of scattered particles measured by the
detector can than be converted into concentrations [97]. The incident
α-particle will loss energy both along the incident path and along the
exit path after scattering. The amount of energy lost is dependent on
that material’s stopping power. Using RBS simulation programs (in
this thesis RUMP2 [98]) it is possible to deduce the composition depth
profile using the incident and exit energy loss components. The RBS
measurements in this work were performed at the Tandem accelerator

2http://www.genplot.com
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in Uppsala, 2 MeV +He ions were used and the measurements were
performed until a dose of 10 µC was obtained. This approach ensures
reliable counting statistics.

3.5.2 Nuclear reaction analysis

The hydrogen concentration in a material can be measured by a number
of different methods, e.g. volumetrically, gravimetrically, by neutron
reflectivity, resistivity and x-ray diffraction. The two last ones are in-
direct methods, meaning that to determine the absolute concentration
a relation between the change in resistivity or lattice expansion and
the hydrogen concentration has to be established. The calibration with
a direct method is therefore crucial and for thin films volumetric and
gravimetric methods fails since the volume or the mass of the hydrogen
absorbed in the sample is so small. NRA (Nuclear Reaction Analysis)
is superior as compared to these two methods. NRA is based on the
resonant nuclear reaction:

15N+1 H −→12 C+4 He+ γ(4.43MeV), (3.7)

generally written as 1H(15N,αγ)12C. This non destructive technique is
also known as the 15N method, and makes it possible to measure hydro-
gen concentration profiles of the sample and calculate the total hydrogen
uptake [97]. A hydrogen containing sample irradiated by 15N ions with
an energy equal to or above the resonant energy, Eres (6.385 MeV), can
undergo the nuclear reaction. Excited 12C is produced and upon de-
excitation to the ground state, 4.43 MeV γ-particles are emitted. While
penetrating the sample the ions lose energy, mainly due to multiple colli-
sions with the target electrons, and at a depth where the energy is equal
to the resonant energy the probability for reaction is highly enhanced.
The reaction therefore occurs at different depths for different energies,
E, of the incoming 15N ions. Thus if the yield of 15N ions with energies
above the resonant energy is measured a depth profile of the hydrogen
concentration is obtained. The depth corresponding to E is deduced
from the following equation:

x =
E −Eres

(dE/dx)
, (3.8)

where dE/dx is the stopping power for the 15N-ions in the sample. The
stopping power varies with the energy of the ions. The yield is di-
rectly proportional to the hydrogen concentration at the probed depth.
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The detection limit is typically 50 ppm (atomic ratio) [28]. The hy-
drogen concentration can be determined by measurements using a cali-
bration standard with a known hydrogen concentration and energy loss.
Through the yield from this standard the concentration of the sample
can be calculated through:

CHs =
Ys

Yst
· (dE/dx)st
(dE/dx)s

·CHst , (3.9)

where Ys is the yield from the sample, Yst the yield from the standard
and CHst the concentration of the reference sample. The accuracy of the
concentration determination using tabulated values of dE/dx is typically
better than 5-10 % [92].

The hydrogen profiling measurements in paper II-VI were performed
at the Tandem Accelerator in Uppsala. The gamma rays are detected in
a BGO detector placed at a distance of 3 cm from the sample (incident
angle of the beam with respect to the sample is 90◦). The beam current
is typically in the range of 10-40 nA. The precision is determined by
the counting statistics and the accuracy is governed by the accuracy of
the tabulated stopping power. Tantalum hydride (TaH0.47), with the
dimensions 10×10×0.5 mm, is used as a calibration sample for the ab-
solute hydrogen determination [99]. A detailed description of the NRA
measurement set-up can be found in reference [100].

3.6 Optical measurements

To investigate the change in optical properties of Mg-Ni and Mg-Y thin
films upon hydrogen loading an Ocean Optics S2000 spectrometer was
used. The set-up, schematically illustrated in figure 3.9, consists of a
light source, a sample holder with possibilities to move the sample hor-
izontally and a detector. The scanning possibilities are motivated by
the sample design, i.e. the variation in composition along the sample,
which is schematically illustrated in the figure. In addition to transmis-
sion, absorption, reflection and scattering will occur when the photons
pass through the sample. These processes have to be accounted for since
they result in a lowering of the transmittance. By using a reference sam-
ple consisting of only the substrate capped by Pd (same thickness as on
the films), and measuring the transmittance of this sample, it is possi-
ble to compensate for the reflection at the surface and the film-substrate
interface.

The wavelengths that were used to investigate the samples were 220 -
1100 nm (5.64 to 1.13 eV). For the interval 360 - 1100 nm (3.44 to 1.13
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Figure 3.9: Schematic illustration of the setup used for optical trans-
mission measurements. The dashed arrow illustrates the
scanning possibilities of the sample.

eV) a tungsten halogen light source (HL-2000) was used and prior to
any measurements this light source was calibrated using a red laser of
635 nm as a reference. For wavelengths below 360 nm, i.e. the interval
220 - 359 nm (5.64 to 3.45 eV), a variable pulsed xenon lamp was used
(Ocean Optics PX-2).

After the hydrogen loading was completed the samples were trans-
ferred from the H-loading chamber to the spectrometer set-up and placed
in the sample holder. To ensure accurate and reproducible measure-
ments the movable sample holder was graded. The samples were initially
measured at 10 spots using the xenon-lamp source. After a completed
cycle the light source was changed and the measurement repeated afresh
at the same positions. In figure 3.10 the appearance of one of the mea-
sured films after hydrogen loading is shown (see paper III for further
details). As seen, the sample is shifting from a dark brownish to a light

Increasing Ni content

Figure 3.10: Mg-Ni film after hydrogen loading. The dashed lines are
only rough guides for the eye, emphasizing the different
regions. The Ni content increases in the direction of the
arrow.

43



greyish colour. The dark part corresponds to a composition of Mg2NiH4
with an excess of Ni, while the greyish part corresponds to a stoichiom-
etry of Mg0.81Ni0.19 and a H/M ratio of approximately 1.4. In paper
III the composition profile, as determined by RBS measurements, of
this sample is presented. The optical band gap can be determined by
plotting the transmittance as a function of the photon energy. Two dif-
ferent methods can be used to determine the band gap from this type
of plots: the linear extrapolation formalism or the Lambert-Beer law.
Further details about the data analysis are presented in paper III.

3.7 X-ray photoelectron spectroscopy

Photoelectron spectroscopy is a non-destructive technique to investigate
the electronic properties of materials. It utilizes photo-ionization and
energy-dispersive analysis of emitted photoelectrons to study the com-
position and electronic state of the surface region of a sample. The use of
electron spectroscopy for chemical analysis (ESCA) was pioneered by K.
Siegbahn (Nobel Prize 1981) [101]. The principal process is governed by
a photon, usually Al-Kα, that displaces an electron from a K-orbital in
the examined material. The characteristic kinetic energy of the emitted
electron is measured in an electron spectrometer, making the method el-
ement specific. For every element, there will be a characteristic binding
energy associated with each atomic core orbital, i.e. each element will
give rise to a characteristic set of peaks in the photoelectron spectrum
at kinetic energies determined by the photon energy and the respec-
tive binding energies. The chemical environment of the atom of interest
influences the binding energies to the core electrons. This effect is com-
monly known as the chemical shift and can be explained by assuming
that the attraction of the nucleus for a core electron is attenuated by the
presence of outer electrons [102]. If one of these electrons is removed the
effective charge sensed for the core electron will increase. This results in
an increase of the binding energy [102]. Investigation of the elemental
composition as a function of the depth of the sample is made possible
through depth profiling. With a beam of argon ions, layer by layer of
the sample is sputtered away, and at a number of different depths XPS
spectra are recorded. This of course irreversibly deteriorates the sample.

The XPS measurements in the present work were performed using a
Phi Quantum 2000 x-ray photoelectron spectrometer with a monochro-
matic Al-Kα source of 1486.6 eV. The samples investigated were Mg-Ni
and Mg-Y multilayers. The purpose of these experiments was to es-
tablish an understanding about the elemental distribution as a function
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of depth and also to investigate the possible presence of any oxygen or
oxygen-containing compounds. The measurements were performed on a
total amount of 16 points equally distributed along two parallel lines on
the sample. A depth profile of the elements in the sample was established
through Ar-sputtering of the surface followed by a new measurement.
The total sputtering time for the depth profile was approximately 12
minutes with a total amount of 14 cycles by intervals of 6 seconds for
the first eight cycles, 1 minute for the next 5 cycles and 3 minutes for
the last two cycles. The used XPS electronic levels were Mg2s, Ni2p,
O1s and Pd3d, qualitatively illustrating the elemental distributions as
well as the oxidation states.
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Summary of results and conclusions

4.1 Hydrogen uptake properties of nanoporous carbon
materials (Paper I)

The hydrogen uptake of two nanostructured carbon based materials de-
noted Multi-Walled Nano-Barrels (MWNB) and Amorphous Nanoporous
Carbon (ANPC) was explored. The objective was to establish an under-
standing of the hydrogen uptake mechanism and to determine the max-
imum hydrogen uptake. The materials used were synthesized through
a selective etching procedure with SiC and Al4C3 as precursors. The
resulting materials exhibited a high porosity and large specific surface
area (1000 m2·g for ANPC and 600 m2·g for MWNB) and the density
was 2.2 g·cm−3 and 0.75 ·cm−3 for the ANPC and MWNB, respectively.
The ANPC exhibited an amorphous structure with pores typically of
10 Å in size while the MWNB consisted of inter-grown nanotube like
aggregates, typically 5-10 walls separated by 0.34 nm with an inner di-
ameter of 5-27 nm and an outer diameter of 6-30 nm. Each barrel was
covalently connected to a neighboring barrel forming networks of larger
particles.

The accuracy of thermodynamic measurements are limited by the
amount of the sample to be investigated. The selective etching reactions
in the laboratory scale produce several grams of sample in each run. The
mass of the ANPC and MWNB samples investigated were 2.0124 g and
0.4717 g, respectively. The isotherms were measured at three temper-
atures (77, 195 and 300 K) in a UHV compatible Sievert’s apparatus.
Special measures were taken to ensure that the measured uptake was
solely due to hydrogen adsorption and not influenced by any water poi-
soning. The uptake was determined to be non-dissociative since no hys-
teresis could be observed during the adsorption-desorption process. The
isotherms were well described by the Sips adsorption isotherm which is
a modification of the Langmuir isotherm, taking into account the com-
plexity of heterogeneous surfaces, see section 2.1. The values of n are
deduced to approximately 4.5 and 3.6 for the ANPC and MWNB respec-
tively. The isosteric heat of adsorption was determined at intermediate
concentrations through van ’t Hoff analysis using the Clausius-Clapeyron
relation. Large differences in ∆Had was observed for the ANPC-sample
(-7.2 to -2.2 kJ·mol−1) while ∆Had for the MWNB-sample was constant
at a value of -4.2 kJ·mol−1. This could be explained in terms of a larger
heterogeneity of the ANPC. The lower value of n for MWNB indicated
a larger range of adsorption sites with similar adsorption energies as

47



compared to ANPC. This was qualitatively in line with the inferred
structure of the materials, i.e. distribution of channel size, where the
investigated materials have a range of sites with similar adsorption ener-
gies. The maximum hydrogen uptake at 77 K and hydrogen pressure of
10 MPa was determined to be 4.2 and 6.2 wt.% for ANPC and MWNB,
respectively. The larger uptake of the MWNB indicated that the as de-
termined specific surface area is underestimated. Diffusion of N2 into
the interstices was hindered by the size of the molecule. Hydrogen has
a smaller diameter and diffusion could therefore be possible into voids
not accessible for the N2-gas.

4.2 On the solubility of hydrogen in thin Nb(110) films
(Paper II)

The topic of paper II was hydrogen absorption of thin epitaxial Nb(110)
films emphasizing extremely low hydrogen concentrations, i.e. the anal-
ysis was restricted to concentrations below 4 H/M (%). The influence of
film thickness and misfit dislocations on the initial stages of the absorp-
tion process was discussed together with investigations of the applicabil-
ity of Sievert’s law and van ’t Hoff analysis. The Nb(110) samples of four
different thicknesses (1009, 539, 309 and 215 Å) on Al2O3(1120) were
prepared through MBE. The crystallinity and the mosaicity of the films
were investigated by both θ-2θ and ω-scans around the Nb(110) diffrac-
tion peak both before and after hydrogen loading. The films appeared to
be of excellent quality, and the ω-scans exhibited the two line component
shape characteristic for high quality epitaxial Nb(110)-films [87]. The
FWHM of the Lorentzian and Gaussian component was typically 0.03◦

and 0.15◦, respectively. When comparing the θ-2θ and ω-scans before
and after hydrogen laoding, see figure 1 in paper II, it became evident
that the structural coherence was preserved after hydrogen desorption.
In order to describe the changes of the out of plane lattice parameter a
discrete model was applied. The film was divided into two regions with
different cell volumes and according to this model the lattice spacing
should decrease linearly with 1/L when L ≥ Lb:

d = da +
Lb∆d

L
(4.1)

where da is the atomic plane spacing of the outermost region, Lb the
thickness of the near–substrate region, ∆d the difference between the two
out of plane spacings [db(110) - da(110)] and L is the total film thickness
(L=La + Lb). The applicability of this model was tested by performing an
analysis of the parameters obtained from the HA-XRD measurements.
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The average out-of-plane lattice spacing versus the inverse film thick-
ness is plotted in figure 4.1. A linear relation between the inverse film

Figure 4.1: Variation of the average (110) plane lattice spacing with
inverse film thickness. The full line represents the linear fit.

thickness and d can be observed and when 1/L → 0, d converge to the
bulk value. Relaxation of the misfit strain between the substrate and
the film is therefore evident, as the film thickness increases. The slope in
figure 4.1 was determined to be −2.4 Å2. By using the estimated strain
in the (110) direction (≈ 0.4%) as an upper value, the thickness of layer
Lb was estimated to be less than 260 Å (slope = ∆d·Lb). This conclusion
is consistent with the results of Grier et al. [103], as the critical thick-
ness for the formation of misfit dislocations must be smaller than the
thickness required for establishing unstrained growth (Lc	Lb).

The hydrogen solubility appeared to be lower than in bulk Nb and
increased with increasing film thickness. When taking a closer look into
the low concentration region (0–1 %), it became clear that the uptake
in the two thinnest films was noticeably different, as compared to the
thicker ones. Sievert’s law appeared not to be applicable for concentra-
tions above 0.7 H/Nb % in those films (215 and 309 Å). Instead, these
samples exhibited two clearly distinguishable linear regions. One when
H/Nb� 0.7 %, followed by a second linear region for 0.7� H/Nb� 4
%, both with intercepts through zero but with different slopes. The
slopes in the low concentration region appeared to be dependent upon
temperature. Misinterpretations are therefore expected when trying to
separate the chemical potential in enthalpy and entropy terms: the stan-
dard way to determine ∆H0

H and ∆S0
H by using the slope and intercept of
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a plot of lnKS versus 1/T is only applicable if the enthalpy and entropy
are temperature independent. The reason for the unusual temperature
dependence could be the occurrence of multiple absorption sites with
energy differences comparable to kBT . Using NRA it was discovered
that hydrogen at low concentrations resided preferentially close to the
surface, consistent with the thickness dependence of the solubility.

These results clearly demonstrate the complexity of the hydrogen ab-
sorption potential in Nb thin films. The use of a single site absorption
potential and spatially invariant interaction energy must therefore be
questioned in this context.

4.3 Hydrogen uptake of sputtered Mg-Ni and Mg-Y
thin films (Paper III-VI)

The hydrogen uptake properties of Mg-Ni and Mg-Y thin films were in-
vestigated. The samples were synthesized using a custom designed UHV
magnetron sputtering chamber. Regarding the Mg-Ni system (paper
III), two different methods were used in the attempts of creating an al-
loy. Initially multilayered samples with a constant repeat distance equal
to 2 nm were grown with a thickness ratios of Mg and Ni equal to 1/4,
1/2 and 3/4. The resulting total thickness was set to be 100 nm. The
films were capped by a 10 nm Pd layer serving both as a catalyst for
hydrogen dissociation and an oxidation barrier [104]. Post-annealing,
monitored by resistivity measurements, was applied in order to alloy
and homogenize the samples, but at temperatures exceeding 385 K an
irreversible structural change was induced, irrespective of sample compo-
sition. XRD, RBS and XPS measurements revealed that this irreversible
change involved a redistribution of the elements. After annealing an ex-
cess of Ni was found in the film-substrate interface and in addition Pd
was present almost throughout the whole film, which was in agreement
with the discovery of Mg6Pd from XRD measurements. No hydrogen
uptake was observed for these samples after annealing, consistent with
the deteriorated Pd capping layer and oxidation of the Mg surface layer.

The second method involved the growth of one of the constituents
(Ni in papers III and V or Y in paper VI) as a wedge, keeping
the individual layer thicknesses on the monolayer or fractions of mono-
layer scale. Alloying was accomplished through intermixing during the
growth as corroborated by the absence of multilayer peaks in the x-
ray reflectivity measurements. During the hydrogen loading the Mg-Ni
film, with a composition ranging from Mg0.85Ni0.15 to Mg0.55Ni0.45, began
to switch from the reflecting metallic appearance towards transparency.
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The change in colour indicated that Mg2NiHx did form. Hydrogen depth
profiling measurements revealed that the absorbed hydrogen was evenly
distributed in the sample and that the hydrogen uptake capacity de-
creased almost linearly with increasing Ni content. The uptake capacity
for a Ni ratio of 0.33 which corresponds to Mg2Ni was deduced to be
close to the theoretical maximum capacity of H/M = 1.33 (Mg2NiH4).
During the absorption process the samples underwent a transformation
from a reflecting metallic to a coloured pale yellowish to brownish (Mg-
rich to Ni-rich) transparent semi-conducting state, corresponding to a
change in the effective optical band gap of 3.6 eV (Ni-poor) to 2.4 eV
(Ni-rich). The decrease of the effective optical band gap goes together
with a decrease of the maximum transmittance which was related to
the presence of free conduction electrons originating from pure Mg and
Ni. The change in the band gap as a function of Ni concentration ap-
peared to be composed of two regions. While the Ni concentration was
increased, the bandgap decreases approximately linearly until the com-
position of Mg0.7Ni0.3 was reached. For higher Ni concentrations the
effective band gap was constant at about 2.4 eV.

Thin films of Mg2NiHx exhibit, besides the two ’normal’ states, a
third black state [41]. Upon hydrogen loading initially a homogeneous
solid solution layer of Mg2NiH0.3 was formed as illustrated in paper
IV. Further hydrogen loading initiated nucleation of Mg2NiH4 at the
film substrate interface, creating a mixed layer of both Mg2NiH0.3 and
Mg2NiH4. This loading sequence was corroborated by hydrogen depth

Figure 4.2: Hydrogen depth profiling of a 200 nm thick Mg2Ni film
capped with 5 nm Pd.
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profiling measurements made on a sample loaded at 103 Pa until the
black state was reached. The hydrogen depth profiling of a 200 nm
thick sample is shown in figure 4.2. The sample in paper IV was
electrochemically loaded. The plateau pressure increased with increasing
temperature. Using these equilibrium plateau pressures and the van ’t
Hoff equation the enthalpy of formation, ∆H, was deduced to be -31.7
kJ/mol. This is in good agreement with the reported value for hydrogen
absorption in bulk Mg2Ni [25, 34]. This sample was textured with a
preferred orientation of (003), however the crystallinity was poor.

In paper V the solubility of hydrogen at low concentrations in thin
sputtered Mg-Ni films with a composition of Mg0.67Ni0.33 and Mg0.75Ni0.25
was investigated by in situ four-probe resistivity measurements. The
solubility was found to decrease with increasing Ni concentration (also
observed in paper III), and the measured isotherms exhibited good
agreement with Sievert’s law. The calculated values of the enthalpy of
solution at infinite dilution were -22.4 and -43.8 kJ/mol for Mg0.67Ni0.33
and Mg0.75Ni0.25, respectively. The structural analysis revealed that the
investigated samples were amorphous or nanocrystalline and it was in-
ferred that an decreased grain size and increased number of grain bound-
aries lowered the enthalpy of solution at infinite dilution and destabilized
the hydride. Furthermore it was inferred that the adhesion of the film
to the substrate influenced the uptake process and lowered the absorp-
tion energies. The higher enthalpy of solution at infinite dilution of
Mg0.75Ni0.25 was attributed to the higher concentration of Mg, while the
higher crystalline quality partially explained the lower enthalpy of so-
lution at infinite dilution of the sample in paper IV. The entropy was
found to be higher than previously reported for samples with similar
compositions. The difference in entropy of the two samples, Mg0.67Ni0.33
and Mg0.75Ni0.25, was less than 2 J·K−1 mol−1, however, as compared to
other results the difference is much larger. This is in line with the in-
ferred structural properties of both samples, being nanocrystalline or
amorphous which results in a more random population of hydrogen
atoms in the samples, thus lowering of the entropy data.

The wedged Mg-Y films presented in paper VI had a composition
ranging from pure Mg to Mg0.83Y0.17. The virgin samples exhibited a
substitutional incorporation of Y into the Mg lattice, resulting in an
extended solid solution as compared to bulk alloys. RBS measurements
were performed in order to compare the XRD results with the chemical
composition of the film and to investigate the concentration depth profile
of Mg, Y and Pd. The sample composition was found to be homogeneous
as a function of depth with Pd on top. The sample was exposed, in
steps from 0.01 bar, to a maximum hydrogen pressure of 1 bar at 298 K.
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XRD measurements after hydrogen loading revealed no diffraction peaks
indicating that the hydride that forms did not exhibit any long range
order and that the phase was either nanocrystalline or amorphous. RBS
measurements after hydrogen loading refuted any apprehensions about
hydrogen induced cold annealing, since no migration of any species could
be observed. Depending on the Y content, two different hydrogen depth
profiles were found using the 15N technique. For a Y content less than
4 atomic percent a surface hydride was formed, effectively blocking any
further uptake. When the Y concentration increased to 7 (or more)
atomic percent, hydrogen diffusion through the film was possible. As the
Y content increased the hydrogen content decreases significantly and the
experimental conditions, i.e. 298 K and an applied hydrogen pressure
of 1 bar were not enough to hydride the sample fully. Upon hydrogen
absorption the sample began to switch from metallic reflecting towards
a greyish/colourless insulator. The optical band gap was determined
through transmittance measurements ex situ. Using the Lambert-Beer
law [105] the band gap was deduced to 3.6 eV. No significant difference
could be found as a function of Y concentration.

4.4 Conclusions

The development of the UHV compatible chamber with high pressure ca-
pabilities and high purity hydrogen gas ensured accurate, reliable and re-
producible hydrogen adsorption and desorption measurements on nanos-
tructured carbon materials. In contrast to other results [14] it is possible
to exclude any poisoning of other species using this system. Nanostruc-
tured carbon materials synthesized using a selective etching procedure
of SiC and Al4C3 only exhibited a limited hydrogen uptake at cryogenic
temperatures. The adsorption process can successfully be described us-
ing an expansion of the Langmuir isotherm called the Sips isotherm.
Even though the materials investigated in this thesis did not fulfill the
requirements for a future hydrogen storage material it is possible that
other carbon conformations, not synthesized today, will do. Further,
more detailed investigations of the uptake/release mechanisms are also
needed in order to give a comprehensive knowledge about the subject of
hydrogen in carbon nanostructures.

Sievert’s law and van ’t Hoff analysis have been extensively used to
derive and describe thermodynamical parameters of metal-hydrogen sys-
tems. Epitaxial Nb(110) films are no exception. At low hydrogen con-
centrations and film thicknesses less than 309 Å it was possible to prove
that Sievert’s law did not hold for this particular system, due to the
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presence of more than one absorption energy. To achieve a full descrip-
tion of the absorption process the use of multiple absorption sites with
variable interaction energies might be needed. Moreover it was shown
that a discrete step model can be use to describe the changes in cell
volume with film thickness. Nb is today not a candidate for future hy-
drogen storage alloys for several reasons, but the well established high
quality growth of thin Nb films makes it valuable to use Nb as a model
system for fundamental investigations of the hydrogen uptake properties
of transition metals.

Mg is a highly interesting candidate for being the major constituent
in future hydrogen storage alloys. Synthesis of this kind of materials us-
ing bulk methods, for example melting, has proved to be rather difficult.
The interest of using for example magnetron sputtering has therefore in-
creased. In this thesis post annealing of Mg-Ni multilayers synthesized
using magnetron sputtering was investigated. Even fairly low tempera-
tures induced separation of the elements. Instead wedged samples with
individual layers on the monolayer scale were used. It was proved that
a homogeneous sample is formed due to intermixing while growing and
that this sample readily absorbs hydrogen even at 298 K. The thermo-
dynamic properties seem to be dependent upon the structural properties
of the Mg-Ni alloys. Nanocrystallinity reduces the heat of formation due
to decreased grain size and increased number of grain boundaries.

There are examples of systems were thin film growth stabilizes phases
not possible in bulk, but no such evidence have been found for the Mg-Ni
system so far. The Mg-Ni system has been extensively studied since 1968
and still it has to be considered as highly interesting for future hydrogen
related applications, especially due to the switching capabilities of Mg-
Ni thin films.
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Summary in Swedish

Indikationerna p̊a att det globala klimatet p̊averkas av den ökande
växthuseffekten blir allt tydligare. Koncentrationen av de viktigaste
växthusgaserna i atmosfären CO2, CH4 och N2O, har ökat med 31 %,
151 % respektive 17 % sedan mitten av 1700 talet (början av den indus-
triella revolutionen), och under 1900 talet har jordens genomsnittliga yt-
temperatur ökat med 0,6 ◦C. Den globala energianvändningen förväntas
samtidigt öka dramatiskt under de kommande årtiondena som en följd
av högre levnadsstandard och en växande population. Som ett resultat
av detta kommer energiproduktionen att behöva öka väsentligt, och om
vi inte börjar utnyttja andra energialternativ än dagens traditionella i
betydligt större utsträckning kan följderna bli katastrofala.

Ett av de tänkbara alternativen i jakten p̊a miljövänliga och h̊allbara
alternativ är att utnyttja väte som energibärare. Väte är det vanligaste
grundämnet och vid exempelvis förbränning tillsammans med syre blir
den enda restprodukten vatten. Produktion av vätgas kan bland an-
nat genomföras genom ångreformering av naturgas, elektrolys eller di-
rekt uppdelning av vatten till dess best̊andsdelar, väte och syre, via
fotokemiska processer p̊a katalytiskt aktiva ytor. Enligt min mening är
dock en av de mest spännande metoderna att producera vätgas biol-
ogiska system, som grönalger eller cyanobakterier vilka som en del av
sin metabolism producerar vätgas. Vägen till bioreaktorer som bubblar
vätgas är dock l̊ang. Det största hindret idag för att realisera den s̊a
kallade väteekonomin är dock inte produktionen av väte eller hur vätet
ska användas, utan säker och effektiv lagring. Idag finns tre mer eller
mindre etablerade tekniker för att lagra väte: komprimerat i gas fas, fly-
tande eller i fast form bundet i metaller eller legeringar. Bland de nyare
teknikerna som ännu befinner sig p̊a laboratoriestadiet märks porösa ma-
terial som nanostrukturerat kol samt utveckling av nya metallhydrider.
Ingen av de nämnda teknikerna är i dagens läge optimerade för mobila
tillämpningar, vilket illustreras i figur 4.3, n̊agot som av m̊anga anses
vara nödvändigt för att tekniken skall f̊a ett större genombrott. Syftet
med det här arbetet har varit att utveckla och karakterisera nya material
för lagring av väte.

De senaste 15 åren har forskare världen över lagt ner stor möda p̊a att
finna porösa material, särskilt kolbaserade, som är lämpliga för lagring
av väte. Hittills finns det dock inget material som uppfyller de riktlinjer
som exempelvis det amerikanska energidepartementet satt upp om en
lagringskapacitet om minst 6,5 viktsprocent, en siffra som bedöms som
ett minimum för att materialet skall vara använbart för mobila tillämp-
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Figure 4.3: Figuren är tagen fr̊an L. Schlapbach och A. Züttel, Nature
414, 353 och illustrerar volymen av väte i form av (fr̊an
vänster till höger) Mg2NiH4, LaNi5H6, vätska samt kom-
primerad i gas (200 bar) som behövs för att förflytta en
småbil ca. 400 km.

ningar. Kolmaterialen som studerats i denna avhandling har syntetiser-
ats via en selektiv etsningsreaktion med Cl2 (g) som etsningsmedel och
SiC och Al4C3 som utg̊angsmaterial. Klorgasen reagerar med Si och Al
och bildar SiCl4 eller AlCl3. Resultatet blir ett kolmaterial med hög
porositet och i fallet med Al, en multiväggstruktur. En av fördelarna
med denna metod är att relativt stora kvantiteter kolmaterial kan syn-
tetiseras under rimliga tidsperioder samt att processen enkelt kan skalas
upp. En uppenbar nackdel är dock användandet av klorgas i tillverkn-
ingsprocessen eftersom klor har en väldokumenterad negativ p̊averkan
p̊a natur och miljö. Ett väl övervakat slutet system, där överskottet av
klorgasen återvinns är därför nödvändigt. Det finns flera olika metoder
för att bestämma mängden väte som tas upp i ett poröst kolmaterial
men den gemensamma faktorn är dock att kolmaterialet, vätgasen samt
den experimentella uppställningen m̊aste vara s̊a rena som möjligt för att
säkerställa att det enbart är väte som tas upp av materialet. Adsorption
av föroreningar, bland annat vatten, ger upphov till en överskattning av
mängden väte som tas upp. Genom att volumetriskt mäta väte up-
ptaget vid minst tre olika temperaturer, t.ex. -196 (flytande kväve),
-78 (kolsyreis och isopropanol) och 25◦C, är det möjligt att bestämma
viktiga termodynamiska parametrar. Utifr̊an denna information kan
sedan slutsatser dras om materialens förm̊aga att ta upp väte vid olika
förh̊allanden. Resultaten fr̊an experimenten utförda i detta arbete visar
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att kolmaterialen har ett begränsat väteupptag och d̊a endast vid kryo-
gena temperaturer.

1866 upptäckte Graham att palladium hade förm̊agan att absorbera
stora mängder väte. Detta blev startskottet för ett nytt forskning-
somr̊ade, nämligen metallhydrider. Termodynamiken är en viktig länk
för att belysa den ibland komplexa mekanismen bakom absorption av
väte i metaller. Genom att utnyttja s̊a kallad tunnfilmsteknik och sput-
tring, i vilken metallerna deponeras p̊a ett substrat atom för atom, lager
p̊a lager, till en önskad tjocklek ofta inte mer än ett par 100 nm kan man
p̊a ett noggrant sätt undersöka hur metallens olika egenskaper förändras
under absorptions processen. Bland de viktigaste fördelarna med tun-
nfilms tillväxt märks renheten hos utg̊angsmaterialen, den mycket rena
miljön i tillväxtkammaren (vanligtvis är trycket i kammaren lägre än
10−9 mbar) samt möjligheten att noggrant kontrollera och styra synte-
tiserings processen. Lämpliga modellsystem för att studera vätets in-
verkan p̊a exempelvis metallstrukturen är tunna filmer med mycket hög
kristallin kvalitet, till exempel Nb som studerats i detta arbete.

Den metall som har den den största förm̊agan att absorbera väte i
förh̊allande till sin egen vikt är Mg (7,6 vikt%) men de tryck och temper-
aturer som är nödvändiga för att n̊a den helt hydrerade formen, MgH2,
är alldeles för höga för att det skall vara praktiskt genomförbart att
använda Mg som ett lagringsmedium. Ytterligare en komplikation vid
användandet av ren Mg är att när väl hydriden har bildats, s̊a hindras
vidare upptag genom att diffusionen av väte genom hydridfasen är my-
cket begränsad. Genom att legera Mg med en metall som inte bildar
stabila hydrider, exempelvis Ni, Pd eller Y, är det möjligt att förbättra
de termodynamiska och kinetiska egenskaperna avsevärt. Nackdelen är
dock att metall-väte vikts förh̊allandet samtidigt försämras, d.v.s upp-
taget minskar. De flesta undersökningar som genomförts hittills inom
detta omr̊ade har utförts p̊a prover som tillverkats genom smältning eller
mekanisk bearbetning. Dessa tekniker är behäftade med stora problem
i de fall där de olika best̊andsdelarna har väldigt olika fysikaliska egen-
skaper, s̊asom i fallet Mg-Ni eller Mg-Y. Tillvägag̊angs sättet för att
tillverka proverna som utnyttjats i detta arbete har därför varit annor-
lunda. Mg-föreningar inneh̊allande Ni eller Y har syntetiserats med hjälp
av sputtring. Genom att växa prover där vartannat lager är Mg eller
Ni/Y (ett s̊a kallat multilager) och l̊ata dessa lager vara mycket tunna
(n̊agra Ångström) är det möjligt att åstadkomma en legeringsprocess
under själva tillväxten. Många av dessa prover växtes med en s̊a kallad
kilformad konfiguration hos Ni eller Y, och p̊a s̊a sätt erhölls en stor
sammansättningsvariation p̊a ett och samma substrat.

Vissa legeringar av Mg (Mg-Ni och Mg-Y) har uppvisat en förändring i
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sina optiska egenskaper när de laddas med väte. Den elektroniska struk-
turen förändras och legeringen underg̊ar en omvandling fr̊an ledande
till halvledande. Material med dessa egenskaper kan vara lämpliga för
m̊anga tillämpningar, exempelvis optiska sensorer eller ljuskontroll.
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