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Abstract

Renewable hydrogen is one of the tools necessary to reduce carbon emissions and achieve
climate neutrality by 2050, so its production and consumption is planned to increase in the
following 30 years. Developing new techniques for hydrogen storage is thus extremely relevant
at the moment. Magnesium is a good candidate for hydrogen storage in solids due to its light
weight, abundance, safety of operation and high achievable hydrogen density. However, the
Magnesium-Hydrogen system needs to be investigated and understood more deeply.

This work focuses on the behaviour of hydrogen in magnesium thin films, using the tech-
niques of electrochemical loading in KOH and gas-phase loading. The formation of magnesium
hydride was studied by measuring and comparing isotherm curves. With electrochemical load-
ing it was possible to observe different behaviours during magnesium hydride formation, related
to the intensity of the applied driving force. Both hydrogen loading techniques allowed to ob-
serve effects related to the thickness of the Magnesium layer. In particular, the voltage or
pressure at which Magnesium hydride is formed increases as the film gets thinner.
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Introduction

Renewable hydrogen is one of the tools necessary to reduce carbon emissions and
achieve climate neutrality by 2050, reaching the goal set in the Furopean Green Deal.
As stated in the European hydrogen strategy, investments are planned to upscale the
production and consumption of renewable hydrogen in the following 30 years. The
objective is to increase production up to 10 million tonnes of renewable hydrogen and
to extend its use in fields that are hard to decarbonize, such as the industrial and
transport sectors. In this perspective, the development of new techniques for hydrogen
storage becomes extremely relevant. Magnesium is a good candidate for hydrogen storage
in solids due to its light weight, abundance, safety of operation and high achievable
hydrogen density. However, the Magnesium-Hydrogen system needs to be investigated
and understood more deeply.

As Hydrogen enters Magnesium new phases with a high hydrogen concentration,
known as the hydrides, are created. Hydride formation can be observed as a plateau in
pressure-concentration (or equivalent) isotherm curves, and also indirectly because of the
associated metal-to-insulator transition. This work focuses on hydride formation in Mag-
nesium thin films, which was investigated by measuring and comparing isotherm curves.
The controlled loading of hydrogen in Magnesium was performed with two methods: via
electrochemical reactions in KOH and from the gas phase. While gas-phase loading is a
widely established method, electrochemical loading in KOH is a less mature technique
which required preliminary studies to understand the behaviour of the electrolyte and
to perfect the experimental setup. Once that was achieved, possible thickness effects
were investigated by comparing the behaviour of the Magnesium-Hydrogen system for
three different thicknesses of the Magnesium layer (~13nm, ~26nm and ~39nm). To
prevent oxidation, the samples were covered in Palladium, which can influence the be-
haviour of the system by alloying with Magnesium. Alloying effects were investigated by
surrounding the Magnesium layer with two thin layers of Titanium.

This thesis is structured in four chapters. Chapter 1 deals with the theoretical back-
ground necessary to understand the behaviour of hydrogen in metals such as Magnesium
and Palladium, highlighting the differences between bulk metals and thin films. Chap-
ter 2 details the experimental methods, including samples’ preparation and hydrogen
loading techniques. Chapter 3 exposes the main results, including alloying and thickness
effects. Finally, Chapter 4 interprets and discusses the obtained results, while comparing
the two different methods employed for hydrogen loading.

iv



1. Motivation and theoretical background

1.1. Hydrogen as an energy carrier and hydrogen storage

As acknowledged in the Furopean Green Deal [1], renewable hydrogen is one of the
tools necessary to reach climate neutrality by 2050, together with the process of electri-
fication and the use of energy from renewable sources.

Hydrogen does not emit COy when used; however, at the present moment, the major-
ity of hydrogen in the European market is produced from fossil fuels and thus introduces
air pollution and contributes to global warming. Renewable hydrogen is defined as hy-
drogen produced by water electrolysis, using energy from renewable sources: in this way,
the greenhouse gas emission during production is close to zero. Hydrogen is a good
candidate for a clean and cost-efficient fuel also because it is abundant and light, it has
the highest known energy contents (see Table and it is non-toxic.

For this reasons — as stated in A hydrogen strategy for a climate-neutral Europe issued
by the European Commission in July 2020 [3] — European institutions are determined to
boost the supply and demand of renewable hydrogen by 2050. The process will unravel
in three phases:

(1) 2020-2024: Decarbonization of hydrogen production for the current uses. The
objective is to install 6GW of renewable hydrogen electrolysers and to produce
up to 1 million tonnes of renewable hydrogen.

(2) 2024-2030: Extension of hydrogen usage in new sectors. This requires to install
at least 40GW of renewable hydrogen electrolysers and to produce up to 10
million tonnes of renewable hydrogen.

(3) 2030-2050: Extension of hydrogen usage to all hard-to-decarbonize sectors.

In the first phase renewable hydrogen will be employed in industrial applications such as
steel making, refineries, production of ammonia and methanol. From the second phase

TABLE 1.1.1. Comparison of energy contents of some fuels [2].

Fuel Energy content (MJ/kg)
Gaseous hydrogen 119.96
Liquid hydrogen 120.04
Natural gas 47.13
Crude oil 42.68
Liquefied Petroleum Gas (LPG) 46.60
Conventional gasoline 43.44
Reformulated or Low-Sulfur Gasoline (RFG) 42.35
Conventional diesel 42.78
Bituminous coal (wet basis) 26.12
Methanol 20.09

Ethanol 26.95
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FiGURE 1.1.1. Hydrogen’s phase diagram. RT indicates the room tem-
perature condition, while the blue area identifies liquid hydrogen [4].

on, new applications of hydrogen as fuel will be promoted, especially in the transport
sector. The city mobility will be addressed first, involving city buses, rail network and
commercial fleets (taxis, for example). Heavy-duty road vehicles and trains will follow,
since 46% of train railways in Europe are still not electrified and thus rely on Diesel fuel.
Further applications will involve waterways, short-sea shipping and, in a more distant
future, aviation and maritime shipping; the latter applications will however face higher
technical difficulties related to refueling.

In this context, the problem of hydrogen storage becomes extremely relevant. Figure
1.1.1] shows the phase diagram of hydrogen. The small area where hydrogen is in the
liquid state is highlighted in blue; the liquid state is observed only at temperatures
between those of the triple point and of the critical point. At ambient temperature and
pressure however hydrogen is a bi-atomic gas with a low volumetric density: 1kg of gas
occupies 11m?3. To store hydrogen efficiently its density has to be decreased, this can be
achieved by increasing the pressure, by cooling the gas to create liquid hydrogen or by
using the interaction with other materials. In evaluating storage methods we have to take
into account the volumetric density (mass of hydrogen per unit volume), the gravimetric
density (mass of hydrogen over the total mass, usually expressed in percentage) and
also the reversibility of the process, since ideally we want to use all the hydrogen that
has been stored. Other relevant parameters, especially for mobile applications, are the
working temperature and pressure. Some of the most common methods for hydrogen
storage are:

e High pressure gas cylinders. This is the most common method for hydrogen
storage. The achievable volumetric density depends on the tensile strength of
the material and it can be up to 36kg/m? [4]. Usually though, a high volumetric
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TABLE 1.1.2. Comparison of different hydrogen storage methods based on
the gravimetric density p,,, volumetric density py, working temperature
and pressure [4]. RT stands for room temperature.

Storage method pm(mass%)  py(kg/m®) T(°C) p(bar)
High pressure gas cylinders 13 < 40 RT 800
Liquid hydrogen size dependent 70.8 -252 1
Metal hydrides ~ 2 150 RT 1
Complex hydrides < 18 150 > 100 1

density will decrease the gravimetric density because thicker and heavier walls
are necessary to allow an higher internal pressure.

e Liquid hydrogen. Liquid hydrogen is created with the Linde cycle, after
precooling the gas with liquid nitrogen, and it is then conserved at 21.1K at
ambient pressure. Due to the higher energy consumption this process is not
competitive with other storage methods. On top of that, part of the hydrogen
is continuously lost in evaporation [4].

e Physisorption. This method relies on the adsoption of hydrogen at the surface
of a material, mediated by Van der Waals forces. Nanosized carbon structures
such as carbon nanotubes are generally employed for physisorption [4].

e Hydrides. This method is based on hydrogen absorption in metals, followed by
the formation of hydrogen-rich phases, known as hydrides. This is the main focus
of this work so thermodynamics and kinetics aspects of hydrogen absorption
and hydride formation in metals will be discussed in detail in the following
paragraphs. The gravimetric density can be increased by employing complex
hydrides with lightweight materials [4].

Some relevant parameters for these methods are compared in Table As we can see
hydrides can offer good volumetric and gravimetric densities at ambient pressure and
temperature, and are therefore of great interest in the development of hydrogen storage
methods for new applications.

This work will mainly focus on hydride formation in Magnesium thin films, com-
paring two different techniques to load hydrogen in the films and investigating how the
behaviour changes with the film’s thickness. Within the storage methods based on hy-
drides, Magnesium has been given particular attention with a growing number of results
and publications. This metal is interesting for its high abundance and low costs of pro-
duction. It is also non-toxic and relatively safe to operate when the hydride is formed
by interaction with hydrogen gas or through electrochemical reactions. Due to its light
weight and large stoichiometric hydrogen storage capacity it provides a high gravimet-
ric density of 7.6mass%H and an acceptable volumetric density of of 110kgH /m3 [5].
However, M g has several drawbacks as a hydrogen storage material. Firstly, the hydride
phase forms at low pressures; this means that at normal pressures a very high tempera-
ture is necessary for the hydrogen to leave the material, which is incompatible with most
practical applications. The second aspect is related to its low rate of interaction with
hydrogen gas. As will be discussed in the following paragraphs many mechanisms could
be responsible for the slow kinetics, the main one probably being the slow diffusion of
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hydrogen in the hydride phase. These problems can be partially solved by nanostruc-
turing, which destabilized the system by increasing the equilibrium pressure and at the
same time provides faster routes for diffusion, other techniques involve alloying with
other elements or various mechanical treatments.

1.2. Basic aspects of Hydrogen-Metal systems

This section deals with some fundamental aspects that are necessary to understand
the hydrogen-metal system: how hydrogen is adsorbed at the metal surface and then
absorbed into the metal (paragraph , how hydrogen behaves once inside the metal
(paragraph and the effects of hydrogen absorption on the host metal’s crystal

lattice (paragraph |1.2.3]).
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FiGURE 1.2.1. Labelled as Hy + M: potential describing the interaction
between an hydrogen molecule and metal atoms as a function of the dis-
tance from the surface. Labelled as 2H + M: potential of the interaction
between two single hydrogen atoms and metal atoms at the surface and in
the bulk of the metal. On the right side two different scenarios are repre-
sented, depending on whether the H absorption is endotherm or exotherm.
The difference between the two curves far from the surface (on the left side)
corresponds to the dissociation energy for the Hy molecule [6].

1.2.1. Hydrogen adsorption and absorption. Hydrogen intake in metals begins
at the surface, where an hydrogen molecule Hs can interact with the metal’s surface
atoms through Van Der Waals forces. This first step is called physisorption because
it is only mediated by attractive dipole-dipole interactions and thus it doesn’t involve
the dissociation of the molecule. The Lennard-Jones potential for this type interaction
is represented on the left side on Figure [[.2.1] together with the energy necessary to
dissociate the Hy molecule and create a bond with the surface atoms. The bond between
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single H atoms and surface atoms is called chemisorption and it becomes energetically
favourable as we get closer to the surface, even though it might be necessary to overcome
a potential barrier in the case of an activated process. H absorption in the bulk of the
metal can follow from chemisorption, if the process is exotherm.

Depending on the temperature and on the orientation of the surface, H adsorption
shows different phases, which are mainly characterized by the surface coverage. For
instance, Pd(100) and Pd(111) exhibit a surface coverage of ~ 1H/Pd at room temper-
ature, but this value can increase up to 1.5H/Pd at lower temperatures [6].
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FIGURE 1.2.2. Representation of Octahedral (O) and Tetrahedral (T)
interstial sites for body centered cubic (bcc), face centered cubic (fec) and
hexagonal close packed (hep) crystals [7].

TABLE 1.2.1. Space group and lattice parameters for pure element, solid
solution and hydride phases of Mg [10] and Pd [11].

Phase Space group Lattice parameter (nm)

a b c

Mg P63 /nmc 0.32 0.32 0.52

a P63/nmc 032 032 0.52

I5; P4y /mnm 0.45 0.45 0.30
Pd Frn3m 0.388874 - -
« Frn3m 0.3895 - -
o Frn3m 0.4025 - -

1.2.2. The solid solution and the hydride phase. As they move away from the
surface and make their way into the bulk of the system, due to their small volume, H
atoms will occupy interstitial sites in the metal’s crystal structure. As an example, figure
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FIGURE 1.2.3. On the left: crystal structure of MgHs (Mg in green and
H in white) [8]. On the right: crystal structure of PdH (Pd in blue and
H in red) [9].

[1.2.2] represents Octahedral and Tetrahedral sites for some common crystal structures
(bee, fec and hep). Other interstitial sites exist, but they are not represented as they are
not large enough to host H atoms. At low concentrations, hydrogen atoms will occupy
random interstitial sites in what is called a solid solution. In the case of Magnesium
and Palladium, the low quantity of hydrogen in the solid solution does not affect the
material’s properties. As the concentration increases, new phases known as hydrides
form. The hydride is characterized by a modification of the structure of the metal lattice
caused by hydrogen absorption [7], and it can have radically different properties from the
pure metal. For example M gH, — the hydride phases of Mg — is an insulator and thus
it has a higher resistance and optical transmittance with respect to pure Magnesium.
The higher hydrogen density of the hydride phase can also affect the hydrogen diffusion
constant. For example, the diffusion constant of Mg at room temperature drops by 17
orders of magnitude — from D}/ ~ 107%m?/s to D™ ~ 107*"m?/s — upon hydride
formation [5].

In the case of Mg, the pure element and the solid solution, usually indicated as a-
phase, exhibit a hep structure (see Figure[1.2.2)) while the hydride, indicated as -phase,
shows a rutile crystal structure (see Figure(1.2.3)) [10]. For Pd both the solid solution (a-
phase) and the hydride (o/-phase) have a fcc crystal structure, but the hydrogen presence
modifies the lattice parameter [11]. The MgH crystal structure is also represented in
Figure [[.2.3] Space group and lattice parameters of the presented phases are reported
in Table a more detailed discussion on their relation to H concentration, pressure
and temperature will follow.

1.2.3. Lattice expansion. Hydrogen absorption causes a deformation of the crys-
tal lattice. Lattice expansion can be evaluated considering the volume change per ab-
sorbed hydrogen atom Awv. The relative variation of the total volume of the metal AV/V
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after absorbing ny hydrogen atoms is then given by:

AV B ngAv B ngAv B Av
T T vo cHﬁ (1.2.1)

where N is the total number of metal atoms, €2 is the mean metal atom volume and cy
is the concentration of hydrogen atoms. Figure [1.2.4] shows that the linear relationship
between volume variation and hydrogen concentration holds for different types of fcc
metals at concentrations up to ~ 0.7H/M.

Considering a first order approximation, the volume variation can be translated to a
length variation and subsequently to a relative variation of the lattice parameter a:

Aa 1 Av
— = —Ccy— 1.2.2
a SCH Q ( )

This quantity is of particular interest since it can be measured precisely by XRD and

then used to extract Av/€. This volume variation upon hydrogen absorption is 19% for
Pd [6] and 30% for Mg [5].
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FIGURE 1.2.4. Realtionship between the volume variation and the hydro-
gen concentration for different fcc metals and alloys (Pd, Ni, Ir — Pd, Au—
Pd, Ag— Pd, Pt— Pd, Cu— Pd and Cu— Ni) from the work of Baranonwski
at al. [12].

1.3. Thermodynamic aspects of the metal-hydrogen system

This section examines some thermodynamics aspects of hydrogen absorption in met-
als, especially focusing on Magnesium and Palladium. All the results refer to bulk
metals; the deviations from this behaviour in thin films will be discussed in a following
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FIGURE 1.3.1. Phase diagram of Pd-H at a pressure of 1 bar [6].

section. Paragraph deals with Mg — H and Pd — H phase diagrams, describing
the conditions to develop the solid solution and the hydride phase and the resulting
pressure-concentration isotherms. Paragraph describes hydrogen absorption at low
concentration in the solid solution, while paragraph deals with the thermodynamics
of hydride formation.

1.3.1. Phase Diagrams and Isotherms. Figure shows the phase diagram
for the Pd-H bulk system at a pressure of 1 bar. Except for very low temperatures we
find the two phases introduced in paragraph [I.2.2} the solid solution, or a-phase, and
the hydride, or o/-phase. The a-phase is the equilibrium state of the system at low
hydrogen concentrations, while the o’-phase is the equilibrium phase at higher concen-
trations. Between those two regions is the miscibility gap, where the two phases coexist
at equilibrium over a wide range of hydrogen concentrations. For example, at 25°C we
have only the a-phase up to a concentration of 0.017H/Pd, and only the o’-phase for
concentrations larger than 0.60H /Pd [11]; for all the intermediate values both states will
be observed at equilibrium. The maximum hydrogen concentration at which the a-phase
represents the system’s equilibrium state is known as the hydrogen solubility limit; in
the case of Pd at 25°C it is, as mentioned above, 0.017H/Pd. The miscibility gap’s
size decreases with temperature and eventually disappears at the critical temperature
T = 293°C, where the two phases become indistinguishable. At temperatures below
~ —220°C' more phases appear. These phases are related to an ordered distribution of
the H atoms in the interstitial sites but are of no interest for the objectives of this work,
since all measurements were performed at room temperature.
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FIGURE 1.3.2. Phase diagram of the Mg-H system at (a) 1bar, (b) 30 bar
and (c) 250bar [13].

Figure [1.3.2 represents the phase diagram of the Mg — H system at three different
pressures (1bar, 30bar and 250bar). Together with the liquid (L in the figure) and the
gas phase, the solid solution and the hydride, presented in paragraph [1.2.2] appear on
the diagram. Here the solid solution (a-phase) is indicated as (Mg) while the hydride
(B-phase) is indicated as MgH. Also, the x-axis considers the molar fraction Xy =
ny/(ng + N) instead of the hydrogen concentration ¢y = ny/N. The solubility of
hydrogen in magnesium in extremely low; to see the solid solution area we need to
focus on a very small portion of the x-axis (Figure and the highest solubility is
Xy = 7 x 1074, right below the Mg fusion temperature. At 1bar the hydride phase
MgH, is present only for temperatures below 650.7K, in equilibrium with the solid
solution (Mg) or with the gas phase depending on the hydrogen molar fraction. Above
this temperature the hydride dissociates in (Mg)+gas. As we can see comparing the
three panels in Figure the temperature for the M gHs «— (Mg)+ gas dissociation
increases with pressure, while the L «<— (Mg) + gas dissociation temperature is almost
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gen concentrations. From Zeng at al. [13], compared with the results of

other studies.
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F1GURE 1.3.4. Pressure-concentration isotherms at differents tempera-
tures for a metal-hydrogen systems that presents a miscibility gap [14].

constant at ~ 922K. Other metastable phases have been reported to appear at high
pressures but are of little concern to this work.

Phase diagrams of the kind of Pd and M g, where two phases are in equilibrium over
a certain area, determine a plateau in the pressure-composition isotherms: when the
phases are in equilibrium their chemical potential is expected to remain constant, and
so will the logarithm of the pressure. Pressure-composition isotherms are in fact used
to derive the phase diagrams, since the width of the pressure plateau can be used to
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FiGURE 1.3.5. Isotherms for the Palladium-Deuterium system at differ-
ent temperatures. An hysteresis between loading and unloading curves is
visible especially at lower temperatures [7].

define the boundaries of the miscibility gap. A generic example of this behaviour for a
hydrogen-metal systems is reported in Figure [1.3.4}

The isotherms often present an hysteresis, an example is reported in Figure [1.3.5]
The equilibrium pressure is usually higher when we start at a low H concentration and
gradually increase it to create the hydride (loading), than in the opposite process of
starting from the hydride and gradually decreasing the H concentration (unloading). In
this case, the unloading plateau is usually considered to construct phase diagrams [13].
The presence of an hysteresis indicates that some energy is dissipated along the process.
This is usually attributed to the formation and migration of dislocation as we enter or
exit the two-phase region: the different lattice parameter or crystal structure between
the two phases (see Table as an example) creates elastic strain energy, that can be
released by forming a dislocation [6].

1.3.2. Sievert’s law. The first stages of hydrogen absorption from the gas phase
can be described by Sievert’s law. The exact expression will be derived in the next
paragraph, but essentially it expects the hydrogen concentration in the metal to scale
with the square root of the gas pressure: cy o< |/pa,. This behaviour was first observed
by Sievert in 1929 during his studies on gases dissolution in metals.

To derive this equation we will suppose a thermodynamic equilibrium between hy-
drogen atoms absorbed in the metal and molecules in the gas phase. The condition for
thermodynamic equilibrium is that the two phases must have the same chemical poten-
tial. The chemical potential for the gas phase is well known and, assuming a perfect gas,
is given by:

P, = o + kyTln (pglz) (1.3.1)
0
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where pi is the standard chemical potential of the gas phase, accounting for the molecule’s
dissociation energy and for vibrational contribution to the entropy, py = 1.013 x 10° Pa
is the standard pressure for the gas phase and kj is Boltzmann’s constant. The chemical
potential also depends on the temperature 7" and on the gas pressure pgy,.

The chemical potential of absorbed hydrogen atoms can be found as the Gibbs free

energy per unit mole:
oGY
iy = (a—H) (1.3.2)
ng o, T

where ny is the number of hydrogen atoms and G¥ is the Gibbs free energy. By definition
the Gibbs free energy can be written considering enthalpy (H¥) and entropy (S¥):

Gif = HYf —Ts) = HYf —T (S5 + 557°) (1.3.3)

In the second part of the equation we have separated the configurational part of the
entropy (S5, that depends on the possible different ways to arrange the ny hydrogen
atoms over the available n; interstitial sites, from the rest of the entropy (S¢¢) that is
due to vibrational and electronic contributions. Considering Boltzmann’s definition of
entropy, S;}mf can be written considering the binomial coefficient of n; and ng, which
represents the number of ways in which we can arrange the hydrogen atoms in the
available interstitial sites.

|
S = kyln ('"—> (1.3.4)

ny!(n; —ny)!
Using Stirling’s approximation (nz! ~ xlnx — x, we can expand the equation as:

S;;nf =k (nzlnnl —n; — (nz — nH)ln(nZ — TLH) +mn; —ng —nylnnyg + nH)

. 1.3.5
=k (niln (L) —ngln (n—H)) ( )
n; —Ng n; —Ng

and we can derive Eq. ((1.3.5) with respect to ny:

8Sccmf ;
A —f, <n——lnnH—1+ln(ni—nH)—n—H>
ong n; — ng n; —nyg

— kyln (—” - ”H>
ny

At this point we can finally write an expression for the chemical potential of the hydrogen
atoms absorbed in the metal:

P = M pseae | Tl (”—H) (1.3.7)

ni —ng

(1.3.6)

By dividing numerator and denominator of the logarithm argument in the previous
equation by the total number N of metal atoms we introduce the hydrogen concentration
cy = ny/N and the interstitial sites fraction r = n;/N, obtaining:

M = pM T 4 jyTin ( i ) (1.3.8)

r—CqHg
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The value of r depends on the metal’s crystal structure, for example Pd with its fcc
structure has r = 1.

The last step consists in equating the chemical potentials. The gas chemical potential
(Eq. (1.3.1)) will have to be divided by two since it refers to an hydrogen molecule

composed by two individual atoms.

Mo ka P, M exc CH
— + —1 =hy =T kT
2jL 2 n(ﬁo) " SR r—<CH

Pa, CH M exc Ko
kT (1 y _ M _ pgeze _ Ho
i (oo = (525, ) ) =it - o

r—CHx |PH, 1 (M exc MO)
/ = — (Y =T _ =
CH Po efp(ka H oH 2 )

CH PH, 1 < M exc IU’0>
- — (M _pgeme _ MO
r—cCqg Do crp ( kT 1 oH 2 )

Considering a small concentration of hydrogen, so that cy << r, the left part of the
previous equation can be approximated as cy/(r — cy) = cy, giving the final result for
Sievert’s law:

(1.3.9)

PH, 1 eze MO
e =y [Dteap (—kb—T (h% _ Tsere ?)) (1.3.10)

As stated at the beginning of the paragraph, hydrogen concentration in the metal is
proportional to the square root of the hydrogen gas pressure. This relationship derives
from diving in half the gas chemical potential when imposing the equilibrium condition
(Eq. ), so it is caused by the biatomic nature of the hydrogen gas. Similar rela-
tionships are observed for other biatomic gases such as oxygen and nitrogen — of course
the argument of the logarithm, that contains the difference between standard chemical
potentials in gas and in the solid solution, will have different values. For monoatomic
gases, like helium or neon, we will instead observe a linear relationship between concen-
tration in the metal and gas pressure; this also applies when gas molecules dissolve into
a solid without dissociating. The approximation of a small concentration with respect
to the interstitial sites fraction r is usually valid for a very small interval; in the case
of Pd, where r = 1, Sievert’s law is experimentally observed up to a concentration of
x = 0.006H/Pd [11].

The heat of solution is defined as the the enthalpy variation during hydrogen absorp-
tion: Ah}Y 9 = hM — 1/2h%'°. At low concentrations it is given by [7]:

M—gas _ Olncy
Ahy = B0k T (1.3.11)
Figure|1.3.6|shows the dependence of the heat of solution on the hydrogen concentration
for different metals. The curves show a common trend: the heat of solution decreases at
first with the concentration and then increases again. This can be explained considering
H-H interactions. In particular the initial decrease is explained by average elastic interac-
tion, while the increase is due to electronic effects. The hydrogen atoms introduce extra
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x=H/M
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F1GURE 1.3.6. Heat of solution for hydrogen in different metals as a func-
tion of its concentration. The heat of solution tends to decrese at first and
then increase again [7].

electrons that will occupy the metal’s energy levels, thus increasing its Fermi energy and
the heat of solution. This effect is particularly strong when the Fermi levels lies close to
a low-density part of the energy spectrum [6].

1.3.3. Hydride formation. As the hydride phase forms, the conditions for equi-
librium become more complicated with respect to the one considered in the previous
paragraph to derive Sievert’s law. When we are in the miscibility gap two phases will
coexist in the solid, with different hydrogen concentrations ¢, (solid solution) and cg
(hydride); the value of ¢z will be somehow close to the stoichiometry value (for example
~ 2H /Mg for MgH,). The two phases also need to be in equilibrium with the gas phase.
The hydride formation from the a-phase in a generic metal M can be described by the
reaction:

1 1 1
M Hc + —H. 9 —>
cg — Cq c 2 cg — Cq
Considering the enthalpy and entropy variations in the reaction the equilibrium condition
is simply given by:

MH

s

(1.3.12)

AP —TAs 7P =0 (1.3.13)

If we consider the chemical potential the equilibrium conditions between the two phases
in the solid and the gas phase are given by [7]:

1
/“La(pa T7 Ca) = :uﬂ(pa T7 Cﬁ) = §,uga$(p7 T) (1314)

16 (P, T, ca) = 1o (0, T, 5) (1.3.15)
where pg represents the chemical potential when the hydrogen concentration is zero, so
the chemical potential of the metal species. Since we have three equations, only one
between the four variables p (pressure), T' (temperature), ¢, and ¢z will be independent
from the others.



1.3. THERMODYNAMIC ASPECTS OF THE METAL-HYDROGEN SYSTEM 15

Ficure 1.3.7. Common tangent construction for an example metal-
hydrogen system. ¢ represents the free energy for the solid solution,
while ¢” is the free energy for the hydride. The hydrogen concentration
at equilibrium is z, in the a-phase and z in the [-phase since at these
two points the free energy curves have the same derivative and thus the
same chemical potential (see Eq. ) Also the second equilibrium
condition (Eq. (1.3.17)) is satisfied since the two tangents intercept the
y-axis at the same point [7].

These conditions for equilibrium can be visualized with the common tangent construc-
tion, considering the relationship between chemical potential and free energy introduced
in Eq. (1.3.2). This can further be elaborated as:

e dg )
_ _ (99 1.3.16
i (anH)nT (8CH p, T ( )

where g is the Gibbs free energy per metal atom. This means that, at a certain pressure
and temperature, the equilibrium conditions are met for concentrations that yield the
same derivative of the free energy curves of the two phases, as we can see in figure[1.3.7]
In reference to this figure the chemical potential at equilibrium can also be written as:
B «
9" (cg) — g°(ca)
1 (ca) = 1 (cg) = == . (1.3.17)
Cp — Cqu
Considering an explicit expression for the gas chemical potential (see Eq. |1.3.1]) the
first equilibrium condition becomes:

1. [p | 1 | |
Sin(Per) = (e ) = (P — e 1.3.1
2n<Po) kT (M 20 ) kT <M p!0 ) (1.3.18)
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TABLE 1.3.1. Plateau pressure at 25°C, enthalpies and entropies of for-
mation for Mg and Pd hydrides [6].

Deg(mbar)  AH*P(kJ/molHy) AS*P(kJ/K — molH,)
Mg — MgH, 1.1x10° 745 20.135
Pd — PdHg 83 -41.0 -0.0976

Comparing this result to the reaction for the hydride formation (Eq we can see
that the enthalpy and entropy changes in passing from the « to the § phase correspond
to the enthalphy and entropy of formation of the two phases at the equilibrium con-
centration. Values for the equilibrium pressure (in bulk), together with enthalpy and
entropy variation when passing from the solid solution to the hydride are reported in

Table [L311

1.4. Hydrogen in Metal Thin Films

The results discussed so far all refer to hydrogen in bulk metals. This section will
illustrate the behaviour of hydrogen in metal thin films, highlighting the differences from
the bulk case. Those differences are mainly due to defects and surface effects and to
mechanical stress following hydrogen absorption.

1.4.1. Equilibrium pressure variation in metal thin films. The higher surface
to volume ratio in thin films with respect to bulk metals can destabilize the system
by increasing the pressure for hydride formation, if the hydride has a higher interface
energy with respect to the pure metal. The following paragraph discusses the position of
the hydride formation plateau pressure in Magnesium films of different thicknesses, but
similar considerations can be extended to other metals.

Neglecting the solubility in the a-phase the reaction for hydride formation (Eq.

1.3.12)) becomes:
1 1 1
—M+ -Hy — —MH,, (1.4.1)
Cs 2 Cp

In the case of Mg cg = 2 so we will consider the reaction:

The equilibrium pressure for this process in bulk Magnesium pl}}”;k is given by [15]:

pbulk 1
ln( gj ) = ﬁAfG%QHQ (1.4.3)

where R is the universal gas constant, 7" is the temperature and A fG9Wg m, 18 the Gibbs
free energy variation upon hydride formation. Considering now a thin film of Magnesium
we will have to add to the free energy for hydride formation a second contribution, related
to the interface energy . In particular we have to consider the interface energy variation
between pure Mg and M gH,, and sum it for the different interfaces present in the sample
(for example with pure Mg, with the substrate and with the capping layer for the different
crystal orientations). Adding this contributions we obtain for the equilibrium pressure
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01

FIGURE 1.4.1. Representation of the Magnesium hydride (in red) sur-
rounded by pure Magnesium (in green). On top and on bottom of the Mg
layer are two other layers, in pink [15].

peg"e of a thin film [15]:

Prye 1 o
" ( Po ) N RT (AfGM9H2 T ; (AV)Mgth - (AW)MW) (1.4.4)

where A is the interface area per unit mole and ¢ indicates the different interfaces in the

sample (for an example see Figure [1.4.1). Comparing Eq. [1.4.3| and Eq. [1.4.4] we can
ple ( p g paring Eq q

study the equilibrium pressure for a thin film compared to the bulk:

pnaéno 1 1
In ( fulk) ~RT (Z (A’Y)Mgqu - (A’Y)Mgﬁ) = ﬁAAfy (1.4.5)

Py .

in the second passage, to simplify the equation, we consider only one type of interface and
we assume that the interface area per unit mole A does not vary with hydride formation
— this corresponds to ignoring the MgH,|M g interface, which is justified by the small
area compared to other interfaces. A~y represents the interface energy difference between
Mg and M gH,. At this point if we consider a cylindrical shape of the hydride we can
write the area as A = 2V/d, where d is the thickness of the film and V' is the volume per
unit mole. We finally obtain:

P 2VAy 1
[ . = = 1.4.6
(Gie) =5 40

Therefore if Ay > 0 — meaning that the hydride has a higher interface energy than
the metal — we expect the equilibrium pressure to increase as we consider thinner films.
This behaviour was experimentally observed for the first time by Mooij et al. as is shown
in Figure [1.4.2] In the case in which A+ were negative the equilibrium pressure of the

thin film would decrease with respect to the bulk, thus stabilizing the system.

1.4.2. Effects on the solubility limit. As introduced in the previous paragraph
the solubility limit indicates the maximum hydrogen concentration at which we still have
the solid solution or a-phase. In the first chapter it was stated that hydrogen atoms
occupy interstitial sites in the metal’s crystal lattice; that is only partially true as there
are other sites that can be occupied, namely: surface, subsurface, grain boundaries,
dislocations and vacancies (see Figure [1.4.3). The presence of lattice defects and the
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FIGURE 1.4.2. Pressure-concentration isotherms for Mg thin films of dif-
ferent thickness. We can see the pressure plateau increase as the thickness
decreases. The concentration is measured indirectly from the film’s relative
transmittance [15].
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FIGURE 1.4.3. Hydrogen sites in a metal lattice: (a) interstitial sites, (b)
surface sites, (c) subsurface sites, (d) grain boundaries, (e) dislocations
and (f) vacancies [6].

surface sites can affect the hydrogen solubility in a metal. This effect is particularly
relevant in a thin film due to the larger volume fraction of defects and surface to volume
ratio. The solubility limit variation due to surface sites in a film of thickness d is given

by [6]:

d— dsur dsur
Ca,5 = d fCO + d ! Cs

(1.4.7)
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FIGURE 1.4.4. Solubility limit of hydrogen in the a-phase as a function of
the film thickness considering the contribution of surface sites (black line),
grain boundaries sites with dg,qin = dfium (red line) and misfit dislocations
with 10nm distance (green line). The red dashed line combines the effect of
surface and misfit dislocations, while the red dashed line combines surface
and grain boundaries [6].

where dg,, ¢ is the surface and subsurface thickness (for example 0.7nm for Pd) and c,
is the surface hydrogen concentration (for example 1H/Pd for Pd), while ¢ is the bulk
solubility limit. The contribution from grain boundaries is given by [6]:

d—d 2dgpd
Ca,GB = dZGBCO + CC;QB cGB (1.4.8)

assuming spherical grain boundaries of thickness dgp and with solubility cgp; in the
case of PdH we have dgp = 0.9nm and cgp = 0.3H/Pd. The solubility limit can
also be increased by misfit dislocations that arise at the sample-substrate interface when
there is a lattice mismatch. The relation between solubility limit and film thickness
is represented if Figure considering the contribution of surface, grain boundaries,
misfit dislocations and their combined effects. As we can see these corrections to the
solubility limit are strongly related to the film thickness d, and become less and less
relevant as the film grows thicker.

1.4.3. Effects of stress. As described in paragraph [1.2.3] hydrogen absorption
deforms the metal’s crystal structure and this can contribute to destabilizing the metal-
hydrogen system. This deformation introduces stress in the crystal, that can be described
with a linear approximation, as long as no defects form. The relationship between the
strain tensor € and the stress tensor ¢ is then given by Hooke’s law:

045 = Uijki€kl (149)

where C' is the elasticity tensor. The elastic energy density is then:

1
f= §Cijkl€ij€kl (1.4.10)
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FIGURE 1.4.5. Stress as a function of hydrogen concentration for 200nm
Niobium Nb, Yttrium Y and Palladium Pd thin films [6].
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FIGURE 1.4.6. The effect of increased free energy in the S-phase due to
elastic energy following hydrogen absorption causes an increase of the free
energy with H concentration, manifesting in an inclined pressure plateau

[6].

The strain tensor, describing lattice deformation, is at first order proportional to the
hydrogen concentration in the metal so, as long as Eq. holds, we expect the strain
to grow linearly with the hydrogen content. This is in fact observed experimentally up
to a certain concentration known as yield concentration, as is shown for different metals
in Figure After the yield concentration the stress slope decreases and the linear
relation ceases to be valid. This can be explained by stress relaxation mechanisms such
as the formation of a dislocation or film detachment.
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The effect of stress in thin films also manifests in the pressure-concentration isotherms.
As the hydrogen content increases so does the free energy of the system, due to the in-
creased elastic energy. As is shown if Figure this causes an increase in the chemical
potential with hydrogen concentration, which can be observed as a pressure plateau
inclined upwards.

1.5. Nucleation and growth of the hydride phase

AG(Surf)

:4;9--,;/

- —
-

Free energy
)
V
y
r

AG(Bulk)
4
== AG, AN

3 \

F1GURE 1.5.1. Variation of the free energy upon creation of a nucleus of
radius 7 of S-phase in the a-phase matrix [16].

The creation and growth of the hydride phase in the a-phase matrix can be described
by classical nucleation theory [17]. As outlined in previous paragraphs the free energy
variation upon nucleation accounts for the free energy difference between hydride and
solid solution, but it also contains terms related to interface energy and elastic energy.
In particular if we disregard the elastic term and consider a spherical hydride of radius
r the free energy variation upon hydride formation AG will be:

4
AG = §7rr3AGB + 4mr3y (1.5.1)

where AGp is the bulk term related to the difference in free energy between the two
phases and + is the interface energy between o and  phase.

Figure [1.5.1| represents the interplay between these two terms. Due to the positive
interface energy, the creation and growth of an hydride nucleus increases the total free
energy up to the critycal radius 7*. After this value an increase in the nucleus size will
lower the free energy; the critical radius therefore marks the smallest dimension of a
stable nucleus. Its value is given by [16]:

. 2y 2y
r = — =
ACTYB A(NJload - [Lﬁ)AC

(1.5.2)
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FIGURE 1.5.2. Model for hydride nucleation and growth [17].

in the second passage the driving force for nucleation is written as the difference in chem-
ical potential between the hydrogen atoms during loading and in the S-phase multiplied
by the variation of hydrogen concentration. In the case of gas loading 1,44 is given by
Eq. We notice that the dimension of the critical nucleus is inversely proportional
to the driving force: for larger driving forces even smaller nuclei will be stable. The max-
imum of the free energy, reached at the critical nucleus, is called the nucleation barrier
AG* and is also related to the driving force [16]:
3
AGr = 10 " _ (1.5.3)
3 (A(,uload - M,B)AC)

The nucleation barrier is finally related to the nucleation rate N, which is the rate at
which new hydride nuclei are formed:

. AG*
N o exp (— RC; ) (1.5.4)

This means that a large driving force will produce a smaller nucleation barrier and
therefore a higher nucleation rate. Putting together all these elements, as the driving
force increases we will observe a large number of small hydride nuclei.

The formation of these nuclei does not usually start in the bulk of the material, but
it is generally located at the surface. A model for their growth has been proposed by
Uchida et al. and is represented in Figure |1 At first hydride nuclei are created at
the surface and grow independently at a mean dlstance [. As their radius reaches the
value [/2 a layer of hydride is created at the surface, the mean thickness of this layer is

= [/2. From this point on the hydride layer propagates downwards until eventually
covering the whole volume. Since the diffusivity of hydrogen is much smaller in the
hydride phase compared to the a-phase — Dy " ~ 1072"m?/s while D} ~ 1079m?/s
— we can identify two regimes: in regime I, before neighbouring hydrides touch, the
growth is driven by hydrogen diffusion in the a-phase, while in regime II the growth is
driven by diffusion along grain boundaries in the S-phase and at the o — 3 interface.

The hydride layer that characterizes regime II is called the blocking layer because, due
to the low hydrogen diffusivity, it slows down the absorption and desorption of hydrogen.




1.5. NUCLEATION AND GROWTH OF THE HYDRIDE PHASE 23

in GPa

aisua)

Q
o]
E]
he)
@
@,
<
(4]
-5
n GPa 10
. . 9
compressive stress component tensile stress component 8
. 7
= 16
5
4
3
25: 2
1
-30

FIGURE 1.5.3. Stress distribution for a sphere and for a cylinder of MgH,
in a Mg matrix [I8]. When the hydride has a spherical shape tensile
stress develops underneath, favouring a growth in this direction. When
the hydride is cylindrical we have compressive stress at the bottom and
tensile stress on the sides, favouring a half-sphere growth.

The thickness of the blocking layer depends on the applied driving force: a higher driving
force will produce small nuclei closer to each other and so a thinner blocking layer while
a lower driving force will produce a larger blocking layer. However, a low driving force
will extend the duration of regime I since the nuclei will be further apart and take more
time to touch each other, that’s why lower driving forces counterintuitively lead to faster
absorption and desorption kinetics.

The growth of the hydride can partially be explained with thermodynamic consider-
ations involving stress and elastic energy. As is explained in the work of Hamm et al.,
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tensile stress arises below the initial hydride nucleus (see Figure , which will lower
the local hydrogen chemical potential thus creating a region for preferred hydride growth.
This causes the hydride to grow at first into a cylinder. In this cylinder shape compressive
stress arises at the bottom (Figure , increasing the chemical potential, while tensile
stress is present at the sides of the cylinder; this situation encourages the growth in a
half-sphere shape, in agreement with the previously presented model. However, lateral
growth of fingers from the cylinder or half-sphere shape can also be observed [18]. This
cannot be explained by thermodynamics arguments since the compressive stress would
discourage growth in this direction, but can be understood considering the very low dif-
fusivity of hydrogen in magnesium hydride — which is at maximum D%Z ~ 10717m?/s
along grain boundaries — compared to hydrogen in the a-phase. This can lead to lateral
growth of the hydride because of higher hydrogen availability with respect to the bottom
of the hydride, where hydrogen can arrive only through grain boundaries.

1.6. Mg-Pd and Mg-Ti phase diagrams

Figure shows the phase diagrams of the Mg-Pd and on the Mg-Ti systems. The
Mg-Ti systems is characterized by a very low mutual solubility of the two elements, and
by the presence of no intermetallic compounds. The solid phases are just given by the
equilibrium of the magnesium solid solution (Mg) and « or § pure Ti, depending on the
temperature. On the contrary, the Mg-Pd systems exhibits a richer phase diagram with
a large number of intermediate phases between (Mg) and (Pd) solid solutions. More
details on the equilibrium phases, such as the composition and space group, are reported
in Table [I.6.1] We can also notice that the Mg solubility in Pd is larger than the Pd
solubility in Mg.

TABLE 1.6.1. Pd concentration and space group of the equilibrium phases
of the Mg-Pd system [20].

Phase Composition (Pd at.%) Space group
(Mg) 0 P63/mmc
MgePd 12.7-15.2 Fm3m
V(M gs7 Pdi3) 18.6
(M gss.4Pd13.5) 19-19.5
(M g3o6 Pdr7) 20.1
C(Mgrg5Pd21.5) 21-21.8
MgsPd 25 P63/mmc
M95Pd2 27-28.4 P63/mmc
Mg, Pd 33.3
MgPd 45.5-50 Pm3m
Mgo.9Pdi 4 55 P4/mmm

(Pd) 75-100 Fm3m
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Phase diagrams of the Mg-Ti [19] and of the Mg-Pd [20]
systems .



2. Experimental Methods

Four different types of samples were deposited to study the behaviour of Hydrogen
in Magnesium thin films. Information on the behaviour of the system was collected by
measuring the isotherm curves. To do so controlled loading of hydrogen in the thin films
is necessary, this was achieved using two different techniques: electrochemical loading in
KOH and loading from the gas phase.

2.1. Sample preparation

2.1.1. Cathode beam sputtering. All the samples were prepared by cathode
beam sputtering. This technique belongs to the family of Physical Vapour Deposition,
meaning that the deposited material is transported from the source to the substrate in
the vapour phase. In cathode beam sputtering, the material is ejected from the source
by bombardment with accelerated positive ions of Argon gas (Ar™); this phenomenon is
known as sputtering and gives the name to the whole deposition technique. The whole
system must be kept under Ulta-High-Vacuum conditions to make the deposition possi-
ble. The Ar* ions are created by letting Ar in a magnetic field, that ionizes and confines
the gas creating a plasma. The ions are then accelerated towards the targets by two
grids at different voltages.

The argon-ion beam sputter source was implemented in an ultra-high vacuum appa-
ratus with a background pressure lower than 10~?mbar. This low pressure is necessary to
sputter pure Magnesium. A prechamber allowed to insert the substrates and to remove
the prepared samples without breaking the UHV condition. The background pressure of
the prechamber was always in the range of 10~ "mbar before substrates or samples were
transferred. The argon pressure during sputtering was around 1.3 x 10~*mbar.

Up to four targets could be mounted on a rotating holder, allowing sputtering of
different materials without removing the sample or the target. For this work three
targets were used: Magnesium, Palladium and Titanium. Mg and Ti targets had to be
cleaned before deposition by pre-sputtering for a few hours to eliminate surface oxides
(see Table 2.1.1)). The deposition rates for the three different targets were determined
by sputtering on a substrate for a set amount of time and then measuring the thickness
of the sample by X-Rays Reflection (XRR) and are also reported in Table . All
samples were deposited at room temperature.

2.1.2. Examined samples. Four different types of samples were prepared to study
the behaviour of the Mg-H system, schematically represented in Figure[2.1.1] All samples
were deposited on 1lem x 1em Sapphire (1000) substrates, the substrates were polished on
both sides to allow optical measurements. Table summarizes the deposition times
and nominal thickness for each layer of the created samples. The first three types of
samples (Figure A-C) were used to study the behaviour of Magnesium during hy-
dride formation for different thicknesses of the film, and contain one layer of Magnesium
covered by one layer of Palladium. The Pd layer was necessary to protect Magnesium

26
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TABLE 2.1.1. Deposition rate and required pre-sputter time for the used
targets.

Target Deposition rate pre-sputter time

(nm/min)
Mg 1.3 3h
Pd 2.13 -
Ti 1.19 2h

Pd
Ti
Mg Mg

Mg

Mg

A B C D

FIGURE 2.1.1. Schematic drawing of the prepared and analyzed samples.

TABLE 2.1.2. Deposition time and nominal thickness of the layers of the
samples represented in Figure [2.1.1} The nominal thickness is obtained
from the deposition rates reported in Table 2.1.1]

Sample Material Deposition time Nominal thickness

A Mg 10 min 13 nm
Pd 15 min 32 nm
B Mg 20 min 26 nm
Pd 15 min 32 nm
C Mg 30 min 39 nm
Pd 15 min 32 nm
Mg 20 min 26 nm
D Ti 8 min 30s 10 nm
Pd 15 min 32 nm

from oxidation and also to accelerate the process of hydrogen absorption. The thickness
of this Pd layer was held constant for all the deposited samples, for an easier compari-
son of the results. Some samples were also prepared by surrounding the Mg layer with
two thinner layers of Titanium (Figure D) to prevent alloying with the Pd layer;
this allows us to determine whether alloying affects the behaviour of the system during
hydrogen absorption.
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2.2. Electrochemical loading

Electrochemical loading introduces hydrogen in a sample using electrochemical re-
actions at the sample’s surface. Usually, an electrochemical cell in the three-electrodes
geometry is employed. The sample is the cell’s working electrode, and a counter elec-
trode is used to generate pulses of current inside the cell. If a suitable electrolyte is
chosen hydrogen will then be absorbed by the sample to allow current propagation. The
variation in hydrogen concentration Acy following a current pulse can in principle be
found using Faraday’s law [6]:

Acy = — 2.2.1
cH F e ( )

where [ is the current’s intensity, At is the pulse’s duration, F' is Faraday’s constant
giving the charge of a mole of electrons and n,;. is the number of moles of metal, which
can be found dividing the metal’s total volume by its molar volume. In fact, At gives the
total charge entering the sample, which is transformed in moles of hydrogen dividing by
Faraday’s constant. At the same time, the reference electrode is measuring the potential
(or electromotive force) inside the cell. When an equilibrium condition is reached, after
the current pulse, this quantity corresponds to Nernst potential U and it is therefore
related to the hydrogen chemical potential by Nernst equation [6]:

pg = —(U = Uy)F (2.2.2)
where the reference voltage Uy depends on the chosen reference electrode and electrolyte.
Otherwise, the measured equilibrium potential can also be translated to an equivalent

hydrogen pressure:
RT PH
Uy = —""1 2 2.2.

Acquiring pressure-concentration isotherms is therefore relatively easy. The concen-
tration axis can be found directly from equation [2.2.1], while a quantity equivalent to the
pressure can be obtained simply by measuring the electromotive force once the system
has reached an equilibrium condition after the current pulse.

2.2.1. Experimental Setup for electrochemical loading. Figure repre-
sents the circuit used to load and unload hydrogen in the sample. The current through
the counter electrode (CE) was generated using a DC voltage source, and its value was
measured through the voltage drop across a 100€) resistor. A timer was set in series
to the resistor to control the duration of the current pulse and finally connected to the
CE. The other terminal of the voltage source was connected to the sample or working
electrode (WE). The voltage between the sample and the reference electrode (RE) was
measured with a DAQ board, to which an impedance converter was added to prevent
current leakage. The voltage drop across the resistance was also acquired using a sec-
ond channel of the DAQ board. This part of the setup allowed to measure the Nernst
potential and the current entering the sample, from which the concentration can be de-
rived according to equation [2.2.1] An optical method to indirectly measure hydrogen
concentration was also employed. During hydride formation Mg and Pd become more
transparent; hydrogen concentration can therefore be measured indirectly by recording
variations in the film’s transmittance. In particular, according to Lambert-Beer’s law,
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FIGURE 2.2.1. Schematic drawing of the circuit for hydrogen loading.

TABLE 2.2.1. Technical information on the elements used for electrochem-
ical loading of hydrogen.

Knick Prazisions Spannungsgeber s13

Voltage source Keithley 2601 SYSTEM Source Meter

Resistor DEKADE Typ 4205
DAQ [Otech Personal Daq/56
DAQ software Personal DAQ View Plus
Microscope Leica DM 2700 M
Objective 10x 0.25 HI PLAN
Camera Leica MC170 HD

Camera software LAS V4.9

the hydrogen concentration is proportional to the logarithm of the relative variation of

the film’s transmittance 7" [21]:
T
cy x In (T_) (2.2.4)

M

where T} is the initial transmittance of the film. The transmittance is measured using
an optical microscope with a light source below the sample and the objective connected
to a CCD camera above it. The optical part of the setup is represented in Figure 2.2.2]
Technical information on the employed instruments and software are reported in Table
[2.2.0] As can be seen in Table the voltage source had to be replaced due to damage.

All operations for loading and unloading had to be performed under a fume hood
to prevent hazard from the used electrolyte. The electrochemical cell is represented

in Figure 2.2.3. We can see the RE which was based on mercury oxide (Hg/HgO), the
platinum counter electrode and the sample. To make sure that the sample was in contact
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FIGURE 2.2.2. Schematic drawing and pictures of the complete setup
for electrochemical hydrogen loading, including the elements needed for
optical measurements.

with the electrolyte only through the Pd-coated surface and not from the sides it was
pressed onto a rubber ring by a plastic mask, secured with four screws. This sealing is
extremely important because leakage of the electrolyte leads to self-loading of the film,
which increases the potential above the Mg hydride formation plateau therefore making
it impossible to acquire the isotherms. At the same time the applied pressure can’t be
too large to avoid cracking or otherwise damaging the substrate. The film is connected
to the voltage source using a small copper wire which touches the conductive surface of
the sample in one of its corners, outside of the rubber ring. To prevent KOH leakage the
electrochemical cell was slightly modified reducing the diameter of the rubber ring from 9
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FicUure 2.2.3. Electrochemical cell used for hydrogen loading in 5M
KOH: A) complete view of the cell with installed sample, reference elec-
trode (RE) and counter electrode (CE). B) closeup view of the sample
covered by a plastic mask to ensure that no electrolyte leaks out of the
cell. The blue wire touches the sample on one of its corners and is used
to connect it to the voltage source. C) Top view of the cell without the
reference electrode.

to 8 mm, therefore leaving more space for the wire to touch the sample’s surface without
risking to overlap with the rubber ring, which would make the sealing ineffective. This
second version of the cell also contained a smaller volume of electrolyte to reduce cell
resistance effects. The mask has a circular hole to allow optical measurements.

2.2.2. KOH as an electrolyte. The electrolyte used in the electrochemical cell was
5M potassium hydroxide (KOH). When in contact with water the KOH molecule splits
in two ions, K™ and OH~, which allow electricity conduction. However, the process
used to load hydrogen inside the samples differs from the general procedure that was
introduced in the previous paragraph, because the electrolyte is not directly employed
in loading and unloading processes, but hydrogen is produced by water electrolysis. The
electrochemical reactions happening at the sample’s surface during loading and unloading
are represented in Figure[2.2.4. For hydrogen loading a negative voltage has to be applied
to the sample. This will start the water reduction reaction:

HyO +e™ — OH™ + Hyys (2.2.5)

the produced hydrogen atoms can be adsorbed at the sample’s surface and then diffuse
inside the sample to eventually create the hydride phase. For the opposite process of
hydrogen desorption a positive voltage has to be applied, leading to the inverse reaction:

OH™ + Hads — HQO +e (226)
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FIGURE 2.2.4. Representation of the electrochemical reactions at the
sample’s surface during hydrogen loading and unloading in KOH [22].

Only looking at these reactions one might think that hydrogen loading and unloading
could be performed with only water in the electrochemical cell; in practice that is not
possible because it would cause oxidation in the sample’s surface which would make
hydrogen absorption impossible and cause damage to the film. Hence, KOH is applied
to prevent sample oxidation. Cyclic voltammetry measurements allowed for a better
understanding of the loading and unloading processes and inspired the experimental
setup in Figure [2.2.1] which had previously been designed with a current source instead
of the voltage generator to control the current intensity. However, by directly controlling
the applied voltage we can minimize the blocking layer effect because we can generate
just the driving force necessary to start the loading reactions. Before hydrogen loading
the cell was also bubbled with Argon gas for 30 minutes, to eliminate oxygen content
and therefore avoid oxidation at the surface.

2.2.3. Data Analysis. To obtain the isotherm curves three quantities had to be
extracted from the acquired data: a direct measurement of the concentration from equa-
tion [2.2.1] an indirect measurement of the concentration from the film images and the
value of Nernst potential from the voltages measured with the reference electrode.

(1) Direct measurement of the concentration. To obtain the concentration
we need the amount of charge entering the sample. This was extracted from the
voltage drop across the resistor in series with the voltage generator (see Figure
. This quantity was acquired by one of the DAQ channels and integrated
over time for each pulse. The obtained value was then divided by 10052 to have
a charge value and then inserted in equation [2.2.1}

(2) Indirect measurement of the concentration. This method involved eval-
uating the film’s transmittance, which is proportional to the brightness of the
film’s image when using an optical microscope with a light source from below.
An example of the acquired images is reported in Figure 2.2.5] These images
were analyzed with the software ImageJ to obtain the distribution of the pixels’
intensity. This distribution was then fitted with a gaussian curve to find the
central value. Finally, to evaluate the relative brightness variation, the mean
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FiGUure 2.2.5. Example of two pictures acquired with the optical mi-
croscope and analyzed to find the mean intensity. From each image the
intensity distribution was analyzed with ImageJ (the blue dots represent
the pixels count for each intensity) and then fitted with a gaussian curve
(red line) to obtain the central value.

intensity of the images acquired after every loading step was divided by the
intensity of an image acquired before applying any currents to the sample.

(3) Equilibrium potential. An example of the voltage registered by the reference
electrode during loading is reported in Figure [2.2.6| The shape of the curve
will be commented in detail in the following chapter; however, the initial peak
corresponds to the current pulse (when the timer is allowing the current to reach
the counter electrode). After this, the voltage rapidly decreases and, after a first
plateau, it reaches a stable value. To decide which voltage should be plotted
in the isotherms as the equilibrium value one technique could consist in always
waiting the same time interval after each current pulse, and to take the voltage
at that time as the equilibrium voltage. However, since the time needed to
reach a stable value is not constant during Mg hydride formation, this leads
to plateaus that are quite scattered around a central value. A more reliable
method consisted in calculating the derivative of the electromotive force (EMF')
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FIGURE 2.2.6. Time evolution of the voltage measured by the reference
electrode during hydrogen loading. On the left the double-plateau curves
are related to Magnesium hydride formation while the single-plateau curves
are related to palladium hydride formation (see arrows). The real value of
the voltage would be negative in agreement with the cyclic voltammetry
results (Figure , here and in all following Figures the inverse of the
voltage is shown for an easier visualization of the plots.

and selecting, after each pulse, points where the derivative has the same value.
This can be applied because all curves exhibit a similar shape with two plateaus
during Magnesium hydride formation. During palladium hydride formation the
curves only have one plateau and the time needed to reach a similar derivative
is approximately constant, so this correction becomes unnecessary.

2.3. Gas-phase loading

Hydrogen loading from the gas phase consists in increasing the hydrogen pressure
surrounding the sample in controlled steps. After each step we must wait until the sample
reaches an equilibrium condition after absorbing part of the hydrogen; the pressure at
equilibrium is proportional to the hydrogen’s chemical potential according to equation
[1.3.1 In the case of bulk samples the pressure variation after hydrogen absorption can
be measured if the volume of hydrogen is not too large compared to the sample’s volume;
this is not the case for thin films due to their very small volume.

2.3.1. Experimental setup for gas-phase loading. The experimental setup con-
sisted in a ultra-high vacuum system that allowed to precisely control the hydrogen pres-
sure applied to the sample, represented in Figure[2.3.1} The sample was placed in a glass
tube that could be removed from the rest of the system to install the sample, and then
attached again through a CF40 flange secured with six screws. The tube was connected
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FIGURE 2.3.1. Picture of the experimental setup for hydrogen gas loading.

to the main chamber with a valve that could be kept open or closed. At the bottom, the
main chamber was also connected to a turbo molecular pump and to a rotary vane pump
to create the initial vacuum condition and to correct the applied hydrogen pressure at
every step. The hydrogen gas was coming in through pipes and a flow regulator. An
additional valve allowed to completely interrupt the flux of hydrogen.

Before starting any hydrogen loading, a vacuum of at least 2 x 10~ "mbar was achieved
opening the valves between the sample and the main chamber and between the main
chamber and the pump. After that, those valves were closed and the desired pressure
was achieved by allowing hydrogen inside the main chamber. Finally, hydrogen was
let in the sample’s glass tube by opening the valve between the sample and the main
chamber; this procedure was repeated for each loading step. The pressure in the system
was measured at all times using three vacuum gauges attached to the main chamber with
different operative ranges (up to ~ lmbar, from 0.0lmbar to 10mbar, and from lmbar
to 1000mbar). All the measured values could be read in the relative displays, the value
considered to plot the isotherms was the first one observed after opening the valve to
the sample’s glass tube.

The hydrogen concentration inside the sample was evaluated with two different in-
direct methods, based on the metal to insulator transition during hydride formation in
Mg. The first method consisted in a four-point measurement of the sample’s resistance.
To do so four pins touched the sample’s surface and were then in contact with four wires
leading to a Keithley2000 source measure unit. The measured value was registered every
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FIGURE 2.3.2. Picture of the sample mounted on its holder for hydrogen
gas loading.
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FIGURE 2.3.3. Example of the measured resistance as a function of time
during hydrogen gas loading, the vertical lines mark the points at which
the hydrogen pressure in the sample’s glass tube was increased. After each
step the sample was let to reach its equilibrium for a sensible time interval.

second with a computer and a dedicated software. The front and back of the sample
holder are represented in Figure 2.3.2] The back of the sample holder has a circular
hole to allow for the second method to measure the concentration, which consisted in an
evaluation of the film’s transmittance similarly to what was done during electrochemical
loading. In this case however the setup was more simple because it didn’t involve a mi-
croscope but just a lamp and a camera attached to a computer to acquire images of the
film. This allowed to evaluate the film’s brightness but not to choose the magnification.
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To construct the pressure-concentration isotherms the applied hydrogen pressure was
plotted in logarithmic scale as the y-axis, given its proportionality to the chemical po-
tential. Two different x-axis were constructed. The first one based on the optical mea-
surements, evaluated with the same procedure applied for electrochemical loading (see
Figure [2.2.5)). The second consisted in the final value of the sample’s resistance before
applying the following hydrogen pressure, recorded with source measure unit in the four-
points measurement setup. An example of the acquired resistance is reported in Figure

233



3. Results

This chapter shows the most relevant obtained results. Paragraph contains the
results for the Cyclic Voltammetry experiments that allowed to better understand the
behaviour of KOH as an electrolyte. Paragraph reports the isotherm curves for the
creation and dissolution of Magnesium hydride. Paragraph deals with the different
patterns observed during magnesium hydride formation. Paragraphs and dis-
cuss the effect of the magnesium layer’s thickness on the plateau EMF and pressure for
magnesium hydride formation. Finally, paragraph discusses the effect of a Titanium
interlayer to prevent Mg-Pd alloying.

3.1. Cyclic Voltammetry

To better understand the behaviour of KOH as an electrolyte Cyclic Voltammetry
(CV) measurements were performed on samples of the type B with a potentiostat, while
at the same time measuring the film’s transmittance with an optical microscope. Cyclic
Voltammetry consists in varying the voltage applied through the RE in small steps
between two limiting values, and at the same time measuring the current through the
CE. The measure can be repeated for a certain number of cycles. The results for CV
with in-situ optical microscopy are reported in Figure The curve is composed of
two cycles between 0 and -1.5V, with a step of 20mV /s and the starting point at -0.2V.
As we can see, when we start at -0.2V the current is close to zero and it remains so as we
move towards more negative potentials; this indicates that no electrochemical reaction is
happening at the sample’s surface. As the applied potential goes below -1.2V the current
moves to negative values; this indicates a reduction reaction which we identify as the
one in equation leading to water electrolysis and hence to hydrogen absorption in
the sample. This hypothesis is confirmed by the increase in the brightness of the film’s
images (images 1 — 2 in Figure , which proves that the hydride is formed. As
we move again towards OV the current decreases and stays close to zero, until a voltage
around -0.4V is reached. At this point we see a positive current, that is identified with the
reaction in equation leading to hydrogen desorption from the sample. This is again
confirmed by the recorded images that show a decrease in the brightness, meaning that
the sample became less transparent and thus part of the hydride was removed (images 3
— 4 of Figure . The fact that the image does not return to the original brightness
can be explained considering that the voltage is changing quickly and that does not allow
enough time for the hydrogen to diffuse out of the sample.

While proving that KOH can be used as an electrolyte to load hydrogen in Magnesium
thin films, the CV results show already one of the limitations of this electrolyte, which
is the high voltage that must be applied to start the reactions leading to hydrogen
adsorption. This means that we will have to send current pulses with a high intensity
I and, since with the used setup their duration At cannot not be shorter than a few
seconds to observe some response from the sample, at each loading step a large amount
of hydrogen is created. Not all this hydrogen can be absorbed into the sample, but part
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FI1GURE 3.1.1. Results of CV measurements on samples of type B using
KOH as an electrolyte. Images of the film were acquired during the CV
with an optical microsope.

FI1GURE 3.1.2. Hydrogen bubbles on the sample’s surface during hydrogen
loading.
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of it creates hydrogen bubbles at the sample’s surface, as can be observed in Figure
3.1.2l This makes Faraday’s Law (equation inaccurate when determining the
concentration at each loading step because we cannot know how much hydrogen actually
entered the sample and how much was eliminated in bubbles; the calculated values will
however always be overestimated. Moreover the high driving force is related to a quick
formation of the hydride blocking layer in Magnesium, as was discussed in paragraph
[I.5] This blocking layer, where the hydrogen diffusivity is significantly lower than in the
solid solution, slows down the absorption of hydrogen.

3.2. Magnesium hydride formation and dissolution isotherms
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FIGURE 3.2.1. Isotherms obtained with electrochemical hydrogen loading
and unloading in a sample of ~ 26nm Mg and ~ 32nm Pd (Type B
in Figure and in Table [2.1.2)). The arrows mark the directions of
loading — left to right, in the top part of the curve — and unloading — right
to left, in the bottom part of the curve. As expected, the EMF shows
two plateaus for magnesium hydride formation and dissolution, separated
because of the hysteresis effect. The curve obtained from the transmittance
is closed, meaning that the sample returned to its original transparency
and hydrogen concentration. This is not mirrored by the isotherm obtained
from a direct calculation of the concentration due to hydrogen loss at the
sample’s surface.

Figure|3.2.1|reports the isotherm curves for a sample of ~26nm Mg covered by ~32nm
Pd (Type B in Figure and Table . These curves were obtained by electro-
chemical loading with in-situ optical microscopy and were constructed with the procedure
introduced in paragraph [2.2.3] In the first portion of the curves, the electromotive force
(EMF) at equilibrium increases with each applied current step. After this first region
the electromotive force at equilibrium becomes constant, indicating that the Magnesium
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FIGURE 3.2.2. Images of the film during hydrogen loading and unloading.
The images were recorded with a 10x magnification.

hydride phase is forming and that it is in equilibrium with the solid solution phase. The
formation of the hydride is accompanied by an increase in the film’s transmittance, as
can also be seen in some images of the film in Figure When the applied current
is reversed for hydrogen unloading, we see a decrease in the equilibrium EMF followed
by a plateau and finally by a portion were the EMF decreases again with each current
step. The curves exhibit a strong hysteresis: the plateau during hydrogen loading is at
0.343V, while the one during hydrogen unloading is at 0.201V.

The isotherm whose concentration axis is evaluated from the film’s transmittance
(right box in Figure is a closed curve. This means that, after hydrogen unload-
ing, the film has returned to its original transmittance and so to the original hydrogen
content, as can also be observed in Figure The loading and unloading plateaus
are in fact found in the same portion of the x-axis, approximately one above the other.
The second isotherm, where the concentration axis is calculated directly from the cur-
rent pulses according to equation [2.2.1, appears different: the curve is open and the
unloading plateau is much smaller than the loading plateau. The different shape of the
two isotherms can be understood considering the behaviour of the electrolyte during hy-
drogen loading. Due to the necessary high driving voltages, a high volume of hydrogen
is created at the sample’s surface, part of which desorbs from the surface and creates
bubbles in the electrolyte instead of being absorbed by the sample. The creation of
bubbles thus causes an overestimation of the hydrogen concentration during loading,
leading to unphysical values of the concentration inside the sample. We know in fact
that the concentration in the magnesium hydride (M gH,) phase should not be higher
than two hydrogen atoms per magnesium atom: the x-axis is therefore to be taken as an
apparent hydrogen concentration. At the same time, the width of the unloading plateau
is Acy ~ 1H/Mg, which is a reasonable value and indicates that the problem of bubble
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formation does not affect the concentration calculated during hydrogen unloading. The
plateau for Palladium hydride formation would have been visible at higher concentra-
tions. However, the film could be kept inside the electrolyte only for a limited amount of
time before being damaged: this means that it was not always possible to record loading
and unloading plateaus for both Magnesium and Palladium.

3.3. EMF curves and patterns during Magnesium hydride formation

0.4l | . . . . . .
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Time(s) <104

Ficure 3.3.1. EMF measured by the reference elcetrode during Pd hy-
dride formation for a film of type C (~ 39 nm Mg, see Figure [2.1.1). The
green area marks the interval where an external voltage was applied using
the voltage generator. After this peak, the current relaxes exponentially
to its plateau value. The real value of the voltage would be negative in
agreement with the cyclic voltammetry results (Figure , here however
the inverse of the voltage is shown for an easier visualization of the plots.

During electrochemical hydrogen loading, the electromotive force (EMF) in the cell
is continuously recorded at the reference electrode. This is necessary to construct the
isotherm curves, whose y-axis is given by the recorded EMF once a stable value is reached
after each current pulse. Even though they are not needed for the isotherms, the voltages
between the current pulse and the equilibrium condition can provide further information
on the system’s behaviour.

Figure [3.3.1] represents the typical curve during Palladium hydride formation. The
peak highlighted in green indicates that we are directly applying a potential in the cell
using the voltage generator (by activating the timer, see the circuit in Figure [2.2.1));
the value at this peak provides the driving force for water electrolysis and hydrogen
absorption in the sample. After a certain interval, the timer is deactivated so we are
not applying any external voltage. At this point, the voltage measured by the refer-
ence electrode decreases exponentially until it reaches a stable value around 0.45V. This
behaviour was observed during Pd hydride formation for all the examined samples.
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FiGure 3.3.2. Comparison of two EMF curves during Mg hydride for-
mation. (A) A higher external voltage was applied and the curve exhibits
two plateaus. The first plateau is around 0.45V, the same value observed
during Palladium hydride formation. (B) A lower external voltage was ap-
plied, the curve shows an exponential relaxation to equilibrium and there
is no plateau around 0.45V.

Different behaviours were observed during Mg hydride formation. Some samples ex-
hibited a two-plateau curve: after the peak corresponding to an applied external voltage
the recorded EMF decreased to a first plateau, and only after that the voltage decreased
again to reach a final stable value. Some samples instead exhibited a EMF curve sim-
ilar to the one of Pd hydride formation, with a simple exponential relaxation to the
plateau value. Two examples of these different behaviours are reported in Figure [3.3.2}
the sample exhibiting a two-plateau curve was labelled as Sample 1, the sample with an
exponential curve was labelled as Sample 2. Sample 1 had a ~15nm Mg layer, while
Sample two had a ~39nm Mg layer. The different shapes of the EMF curves during Mg
hydride formation where also accompanied by different patterns in the pictures recorded
with the optical microscope. As represented in Figure [3.3.3] the double-plateau curve
is characterized by a uniform increase of the film’s brightness after each loading step.
On the other hand, the exponential curve is characterized by the appearance of quite
large circular hydrides that expand after each loading step, to eventually cover the whole
surface.

These different behaviours can be understood considering the role of the driving force
to hydride nucleation and of the Magnesium hydride blocking layer. We notice in fact
that the larger hydrides and single plateau curve are related to a lower applied voltage
(around 1.4V), which generates a lower driving force. At the same time, the double-
plateau curve and the uniform brightness variation, which is caused by very small hydride
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Sample 1, high driving force

Sample 2, low driving force

Ficure 3.3.3. Two different patterns observed during Magnesium hy-
dride formation. These patterns are related to different shapes of the
recorded EMF curves between the loading voltage and the equilibium con-
dition. A unifrom variation of the film’s brightness comes with a two-
plateau curve, while circular structures at the surface comes with an ex-

ponential curve (cfr Figure [3.3.2)).

precipitates, are observed for an higher applied voltage (around 1.5V). Further details
will be given in the Discussion chapter.

3.4. Thickness effects with electrochemical hydrogen loading

Figure |3.4.1| represents the isotherm curves measured with electrochemical hydrogen
loading for the three different Mg-Pd samples introduced in paragraph[2.1.2 The samples
were composed by Magnesium layers of different nominal thicknesses — ~13nm, ~26nm



3.4. THICKNESS EFFECTS WITH ELECTROCHEMICAL HYDROGEN LOADING 45

0.5 w w w w 0.5 T T ‘
0.45f 1 0.45f
0.4 1 0.4
0.35 ['F 1 0.35 ///.
03y 1 __ 03
2 2
L 0.25 1 L 0.25
= =
w w r
0.2 1 0.2}
0.15f 1 0.15}
0.1 A (~ 13nm Mg) | ] 0.1f A (~ 13nm Mg) | ]
I B (~ 26nm Mg) | | I B (~ 26nm Mg) | |
0.05 C (~ 39nm Mg) 0.05 C (~ 39nm Mg)
0 : ‘ ‘ ‘ 0 : : :
0 5 10 15 20 25 0 0.5 1 15 2
¢ (H/Mg) In(T/T,,)

= i

FIGURE 3.4.1. Isotherm curves obtained via electrochemical hydrogen
loading for three different Mg-Pd samples (A,B and C in the figure). All
samples had the same Pd thickness and different thicknesses of the Mg
layer (13nm, 26nm and 39nm as also reported in Table . We can
see that, while the Pd hydride formation plateau is always in the same
position, the Mg hydride formation plateau moves to higher EMF values
as the film gets thinner.

TABLE 3.4.1. Central value of the Mg hydride formation plateau calcu-
lated from electrochemical and gas phase hydrogenography for three differ-
ent Mg-Pd samples. All samples had the same Pd thickness and different
thicknesses of Mg.

Sample nominal dy;, EMF plateau (V) pressure plateau (mbar)

A 13 nm 0.315 £ 0.002 1.0+£0.2
B 26 nm 0.347 £ 0.009 1.5+04
C 39 nm 0.375 4+ 0.009 -

and ~39nm — always covered by a ~32nm layer of Palladium (see Table for more
details). As in previous results, two sets of isotherms were plotted with different x-axis:
one from direct measurements of the concentration and one from the logarithm of the
film’s transmittance. All the measured curves exhibit two loading plateau regions. The
one at lower concentrations is related to the formation of the hydride phase in the Mg
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layer, while the one at higher concentrations corresponds to hydride formation in the
Pd layer. The Pd loading plateau is at the same voltage for all the measured samples,
as we expect since the Pd thickness was always kept constant. On the contrary, the
position of the Mg loading plateau varies with the layer’s thickness: the 13nm film has
the highest plateau, the 26nm one is intermediate and the 39nm film shows the lowest
plateau. The plateaus’ central values are reported in Table [3.4.1} this was necessary
since, as we can observe in Figure the plateaus are not perfectly horizontal but
they exhibit a downward inclination.

The acquisition of the full loading and unloading curve was possible only for the
thinner sample. In this case, similarly to what was found in paragraph [3.2] the unloading
plateau has a reasonable value of Acy = 1.3H/Pd and an hysteresis is observed during
Mg hydride dissolution. In the other cases damage from the electrolyte prevented the
measurement of hydrogen unloading.

3.5. Thickness effects with gas-phase hydrogen loading
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FicURE 3.5.1. Isotherms measured via gas-phase hydrogen loading for
two Mg-Pd samples of different Mg thicknesses: Sample A with 13nm Mg
and Sample B with 26nm Mg. The concentration axis is given by the
sample’s resisatnce on the left and by its optical transmittance on the
right.

Figure [3.5.1] reports the isotherm curves obtained from gas-phase hydrogen loading
for films of the type A (13nm Mg, 32nm Pd) and B (26nm Mg, 32nm Pd). As explained
in paragraph [2.3] the concentration was determined from the sample’s resistance and
optical transmittance, while the y-axis was built using the logarithm of the hydrogen gas
pressure, which is proportional to its chemical potential. Similarly to electrochemical
measurements, we observe two plateaus in the loading curves: the first one related to
Mg hydride formation and the second one related to Pd hydride formation. Table
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shows that, in agreement with the results from electrochemical loading, the pressure
plateau for the thinner film is slightly higher than the one of the thicker film, even tough
the achieved precision is barely sufficient to properly distinguish the two values. A more
precise result could be obtained by applying smaller pressure steps when measuring the
curves, this would however slow down the measurement process because of the slow
kinetics of the system, especially at pressures close the the plateau’s edge.

3.6. Effect of a Titanium interlayer
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FIGURE 3.6.1. Electrochemical isotherms of two samples of Type B (26nm
Mg, 32nm Ti) and of Type D (equal to Type B but with two 10nm Ti layer
surrounding the Mg one). Mg and Pd loading plateaus are in the same
position for both samples, indicating a negligible effect of the Ti interlayer.

Figure [3.6.1] shows the electrochemical isotherms for two samples of Type B and D.
The two samples were built with the same thickness of the Mg and Pd layers (26nm Mg
and 32nm Pd, see Table[2.1.2)). However, the Type D sample had two extra 10 nm layers
of Titanium surrounding the Magnesium layer. The Ti interlayer separates the Mg and
Pd layers, thus preventing the formation of alloys between the two metals. Moreover,
as was shown in paragraph Ti has a very low solubility in Mg and does not form
intermetallic compounds. This interlayer thus excludes alloying effects from the measured
isotherms, with respect to Magnesium hydride formation. As we can see in Figure|3.6.1,
the position of the EMF plateaus does not vary when the Ti layer is inserted. This
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indicates that alloying does not play a major role in the Mg hydride formation potential
for films around 30nm thick; an effect may be detected by considering thinner Mg films.



4. Discussion

This chapter discusses and interprets the previously reported results, focusing on
the two patterns observed during Magnesium hydride formation (paragraph and on
thickness effect (paragraph . Paragraph concludes the chapter with a comparison
and evaluation of the two methods used for hydrogen loading.

4.1. Patterns during hydride formation and the driving force

The two different behaviours observed in paragraph during Magnesium hydride
formation can be understood considering the role of the blocking layer and its relation to
the applied driving force. The double-plateau curve that was sometimes observed dur-
ing Magnesium hydride formation is related to the presence of the blocking layer at the
interface between Magnesium and Palladium. The Mg hydride blocking layer prevents
hydrogen from quickly diffusing from the Pd to the Mg layer. Instead, hydrogen is briefly
blocked in the Pd layer where it forms Palladium hydride with variable concentration,
creating the first voltage plateau at 0.45V (the same value observed during Pd hydride
formation, as can be seen in Figure . Then, hydrogen diffuses through the blocking

1.6 : : : : : : 1.6
Pd hydride Pd hydride
1.4F — Mg hydride | { 1.4F Mg hydride | 4
1.2r 1 1.2r
s S
L LL
= =
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0.4F] 1 0.4f
0.2 . . . . . . 0.2 . . .
0 50 100 150 200 250 300 350 0 100 200 300 400
Time (s) Time (s)

FIGURE 4.1.1. Electromotive force during Magnesium hydride formation
for the two different observed patterns, compared with the curve for Palla-
dium hydride formation. We see that during Palladium hydride formation
the EMF curve settles to a higher value. However, the first plateau during
Magnesium hydride formation, that arises for an higher applied voltage, is
in the same position as the Pd hydride formation plateau. On the contrary,
the curve with a lower applied voltage only exhibits one plateau during Mg
hydride formation.
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FIGURE 4.2.1. Relation between the central value of the Mg hydride for-
mation plateau, taken form the curves in Figure [3.4.1] and the inverse of
the film’s nominal thickness. We can see that the EMF plateau increases
as the film gets thinner.

layer to create Magnesium hydride and the voltage drops to its final value. The time du-
ration of the first plateau increases after each loading step, which is compatible with the
growth of the blocking layer’s thickness. The two-plateau curve was observed in samples
where a higher driving voltage was applied, with values around 1.5V as we can observe
in Figure [3.3.3] A higher applied voltage will produce a higher hydrogen concentration
at the sample’s surface, leading to a higher driving force for hydride formation. The high
driving force creates a large number of small circular hydride precipitates all very close
to each other, leading to a uniform variation of the recorded pictures’ brightness (see
Sample 1 in Figure . On the contrary, a lower applied voltage of around 1.4V leads
to the creation of hydrides that are larger and further apart, and can even be observed
with the optical microscope (see Sample 2 in Figure [3.3.3). This delays the creation
of the blocking layer and in fact the additional plateau at 0.45V is not present in the
recorded EMF (see Figure [4.1.1]).

4.2. Thickness effects

The downward orientation of the EMF plateaus in Figure |3.4.1] can be explained by
stress relaxation mechanisms — such as the creation of dislocations and defects — that
can lower the system’s free energy as more hydrogen is introduced in the sample, in a
mechanism opposite to the one introduced in paragraph [I.4.3]where a growth of hydrogen
concentration without stress relaxation increases the elastic energy and thus the total
free energy of the system, leading to an upward plateau.

Figure shows the central value of the EMF during Mg hydride formation as a
function of the inverse nominal thickness of the Mg layer dy,. We can see that the plateau
potential is roughly inversely proportional to the film’s thickness; this could depend on
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the interface energy between the hydride and the substrate or the Pd layer, which is
more relevant in thinner films due to their higher surface-to-volume ratio (see paragraph
1.4.1). In that case we should observe a linear relation between the voltage plateau and
1/d g (see equation, which is however difficult to assess in the presented data, even
though the general trend is respected. Three data points are obviously not sufficient to
evaluate a possible linear correlation; further studies should consider a larger pool of data
to eventually fit the distribution and extract information such as the interface energy.
Also, the plotted thickness is only a nominal value calculated from the deposition rate
of the source for different targets. This value could however fluctuate as the samples
are created: a more precise result could be obtained by introducing a scale to have a
real-time measurement of the achieved thickness.

4.3. Evaluating and comparing electrochemical and gas-phase loading

One of the main objectives of this work was to devise a routine for controlled elec-
trochemical hydrogen loading in Mg-Pd thin films, using KOH as an electrolyte. This
allowed the measurement of consistent loading and unloading isotherms across a number
of different samples. The measured EMF values during hydride formation seem reliable
as all samples with the same thickness of Mg and Pd exhibited a plateau at the same
voltage. Moreover, the measured values are compatible with the results from previous
studies with similar samples in KOH [23]. However, one of the main advantages of
the electrochemical loading technique, that differentiates it from the gas-phase loading,
should be the ability to directly calculate the hydrogen concentration from the applied
current pulses. Due to the characteristics of the electrolyte this was only possible during
hydrogen unloading, but not during hydrogen loading. Therefore, if we only consider
the construction of isotherms, electrochemical hydrogen loading in KOH brings the same
information as gas-phase loading: a quantity proportional to the chemical potential and
an indirect measurement of hydrogen concentration in the sample. A precise measure-
ment of the concentration also during hydrogen loading might be achieved in the future
using a different electrolyte or somehow estimating the amount of hydrogen that creates
bubbles on the sample’s surface instead of being absorbed.

Despite yielding similar information, the main difference between the two techniques
lays in the way hydrogen is introduced in the sample. In electrochemical loading a set
quantity of hydrogen is created at the sample’s surface, based on the intensity and dura-
tion of the applied current pulse: we are therefore creating a closed system with a limited
quantity of hydrogen. After the hydrogen has entered the sample and created the metal
hydride, the Nernst potential in the electrochemical cell — which is proportional to chem-
ical potential — is measured. So we directly control the concentration of hydrogen and
measure the quantity proportional to the chemical potential. On the contrary, during
gas-phase hydrogen loading the quantity we directly control is the hydrogen pressure,
whose logarithm is proportional to the chemical potential. After the system has reached
equilibrium we then measure the hydrogen concentration from the film’s transmittance
or resistance. Due to the small volume of the sample compared to the hydrogen gas,
we are creating an open system with a virtually infinite hydrogen reservoir. The quan-
tity we actually measure is not the chemical potential at equilibrium, but rather the
chemical potential that is necessary to start the hydride formation reaction. This could
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be misleading when there are potential barriers to the nucleation of the hydride, which
would require a higher driving force to start hydride formation. It might also mean that
it is not possible to measure intermediate steps in the pressure plateau: once the nucle-
ation barrier is surpassed, due to the high availability of hydrogen, the whole sample will
transform in the hydride phase before reaching an equilibrium condition.

Both techniques have their advantages and disadvantages, and should be chosen on
the basis of the desired outcomes. As was shown in paragraph [3.3] the acquisition
of the potential in the electrochemical cell brings more information on the behaviour
of the system during hydrogen absorption; for example, from the EMF curves we can
see whether the Mg hydride blocking layer is present at the Mg-Pd interface. Other
advantages of the electrochemical method are given by the easier to assemble and less
expensive experimental setup. Common electronic instruments that can be found in
every laboratory and an optical microscope are sufficient, opposed to the UHV system
with a turbomolecular pump and several vacuum gauges needed for gas-phase loading.
The employed electrochemical cell was custom-made to fit with the rest of the setup and
with the sample’s dimension, but it was still based on cheap common materials. Another
advantage of this technique is that the high driving force makes the process of hydrogen
absorption and hydride formation significantly faster than in gas-phase loading. The
main disadvantage of this technique is that each sample can be measured just one time
because of the damage caused by the electrolyte, whereas the samples are completely
intact after gas-phase hydrogen loading.



Conclusions

The objective of this work was to study hydride formation in Pd-covered Magnesium
thin films. The controlled loading of hydrogen was performed with two methods: via
electrochemical reactions in KOH and from the gas phase. While gas-phase loading is
an established technique, electrochemical loading in KOH required preliminary studies
to optimize the experimental setup and measuring routine. Cyclic Voltammetry experi-
ments with in-situ optical microscopy clarified the electrochemical reactions involved in
hydrogen loading and unloading, and indicated the optimal driving voltage necessary
to start these reactions while minimizing the creation of a Magnesium hydride blocking
layer. The experimental setup for electrochemical hydrogen loading was then designed to
directly control the applied voltage. With this setup it was possible to measure reliable
loading and unloading isotherms for Magnesium thin films. When working with electro-
chemical loading, the isotherms were built by measuring the Nernst potential inside the
electrochemical cell, which is proportional to the hydrogen chemical potential. At the
same time, the concentration was evaluated directly from the applied current and indi-
rectly from the film’s transmittance. The formation of the hydride phase in Magnesium
and Palladium was then observed as a potential plateau in the acquired isotherms.

Using optical in-situ microscopy during electrochemical loading, two different pat-
terns for Magnesium hydride formation were observed. On the one hand, lower driving
forces were associated to the appearance of large hydride nuclei. In this case, the recorded
voltages suggest a direct loading of the Magnesium layer, without the formation of Pal-
ladium hydride. On the other hand, higher driving forces were related to a uniform
variation of the film’s transmittance, which can be caused by hydride nuclei whose size is
smaller than the microscope’s resolution. In this case, the recorded voltages indicate that
Palladium hydride is briefly formed in the top layer before the formation of Magnesium
hydride.

To investigate the role of alloying, the isotherms of a simple Mg-Pd sample (~26nm
Mg and ~32nm Pd) were compared to the ones of a second sample where the ~26nm Mg
layer was surrounded by two 10nm Titanium interlayers. The Ti interlayers prevented
alloying between Mg and Pd; however, their presence did not affect the position of the
loading plateau, indicating that for this thickness alloying does not play a major role in
determining the equilibrium potential for hydride formation.

To study thickness effects three types of samples were prepared, consisting of a Mag-
nesium layer of varying thickness (~13nm, ~26nm and ~39nm) covered by a ~32nm
Palladium layer. Loading isotherms were measured for all three types of samples, re-
vealing an inverse relation between the position of the Magnesium hydride formation
plateau and the film’s thickness. Pressure-concentration isotherms for the ~13nm and
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~26nm Mg films were also measured with gas-phase loading and the relative position of
the pressure plateaus was consistent with the results from electrochemical loading.
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