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Abstract VI

Abstract

Hydrogen storage has becomeogressively important due to increasiagergy demandMagnesium
(Mg/MgH) is one of the most promising elemerdaghydrogen uptakehowever the slow kinetics and
needfor high temperatures during dehydrogenation makes materialchallenging for mobile appli-
cations.Meanwhile, Titanium (Ti/T#ATiO,) draws attentiondue to its catalytic effect in hydrogenation

of other metalswith higher capacitiesA comprehensive way to quantitatively characterize the kinetics
of hydride formationin both systems (Mg and T§shownhere. A techniqueallowing alargerange of
pressures andemperatures(room temperatureto 300 °C and from 0.05 bap to 100 bar)is devel-
oped successfullythin films (56L000 nm), deposited by ion beam sputtering (PVD), are used because
of their smooth surface and defined structut@. order to study hydrogetransport precisely Xray
diffraction (XRD), electron microscopy (SEM/FIB/TEM) and electric resistance measurements are used.
In the case of Mgyhile aPdcoatingis usal as catalysthe hydride is formed from the surface towards
the substrateand transformationin the morphology is observed. Parabolic law is followed and the
diffusion coefficienof hydrogenin MgH is obtainedat room temperature(2.67 - 10 cn¥/s). Addi-
tionally, a model is created to fit the experimental change in resigaheing hydrogen loading and
shows the changes in the behavior of thicker lay&he interface between Pd/Mg discussedsince
MgsPd and MgPd are formed at high temperatures and are most domir@arér dehydrogenation
However, at room temperaturethis interface appears to be more stablehe activation energy of
hydrogenation is calculategkperimentallyfrom an Arrhenius ploto beequal toE, = 22.6+ 2.0kJ/mol
andthe prefactor Dy = 3904cnv/s. Additional attention is given to magnesiumydride as an anode
electrode in L-ion batteries. TEM investigations of thin film electrodes demonstrate the complete lithi-
ation of the material however, with drastic volume changes, legdinbad reversibilityln Ti he thin
oxide layer naturally formaonthe surfaceappears tqlay a dominant role in the kinetics of hydrogen
transportleading toa linear kineticsA pressure dependendsg observedwhile an experimental eval-
uation of the permeation coefficierh the oxideis also discussedmportart information on the hy-
drogen transport is obtaineth both systemsgiving an input for further improvementsf such hy-

drides






Kurzfassung IX

KurZassung

Die Wasserstoffspeicherung ist aufgrund des steigenden Energiebedarfs zunehmend wichtig gewor-
den. MagnesiuntMg / Mgh) ist eines der vielversprechendsten Elemente der Wasserstoffaufnahme,
die langsame Kinetik und der Bedarf an hohen Temperaturen wahrend der Dehydrierung machen die-
ses Material jedoch zu einer Herausforderung fir mobile Anwendurfyechmacht Tian (Ti/ TiH/

TiQ) aufgrund seiner katalytischen Wirkung bei der Hydrierung anderer Metalle mit h6heren Kapazi-
taten auf sich aufmerksam. Ein umfassender Weg zur quantitativen Charakterisierung der Kinetik der
Hydridbildung in beiden Systemen (Mg ungird hier gezeigt. Eine Technik, die einen groR3en Bereich
von Dricken und Temperaturen.{Rbis 300 ° C und von 0,05 bar bis 100 bar) ermdéglicht, wurde er-
folgreich entwickelt. Dinne Schichten (000 nm), abgeschieden durch lonenstr&ipluttern (PVD),
werden wegen ihrer glatten Oberflache und definierten Struktur verveendJm den Wasser-
stofftransportgenau zu untersuchen, werden Rontgenbeugung (XRD), Elektronenmikroskopie (SEM /
FIB / TEM) und elektrische Widerstandsmessungen verwendet. Im Fall weirdyigenn Pd als Kata-
lysator an der Oberfigheverwendet wird, das Hydrid von der Oberflache in Richtung auf das Substrat
gebildet Gleichzeitig wirdeine Veranderungler Morphologie beobachtetEinparabolische Zeitg-

setz wird befolgund der Diffusionskoeffizient in Mghird experimentell bei R. (2.67- 10 cné/s)
bestimmt Dariiber hinaus wurde erfolgreich ein Modell erstellt, um die experimentelle Widerstands-
anderung wéahrend der Wasserstoffbeladung zu beriicksichtigen und dimdéungen im Verhalten
dickerer Schichten zu zeigen. Die Grenzflache zwischen Pd / Mg wird diskutiert;Rth tvhgl Mg;Pd

bei hohen Temperaturen gebildet werden udik Dehydrierungkontrollieren. Bei H. scheint diese
Grenzflache jedoch stahkili seinDie Aktivierungsenergie der Hydrierung wird experimentell aus ei-
nem ArrheniusDiagramm berechnegzuE, = 22+ 2kJ/mol bei einemVorfaktorvon Dy = 3904cm2/s.
Zusatzliches Augenmerk wird auf Magnesiumhydrid als AnodenelektrodéoimeniBatteriengelegt.
TEMUntersuchungen von Dinnschichtelektroden zeigen die vollstandige Lithiierung des Majerials
dochmit drastischen Volumenanderungen, die im Laufe der Zeit zu einer schlechten Reversibilitat flh-
ren. In Ti scheint dieatlrlich gebildete diinne kerflachenxidschicht eine dominante Rolle in der
Kinetik des Wasserstofftransports zu spielen, wasiazerlinearer Kinetilder Hydridbildungihrt. Die
Druckabhangigkeit wird beobachtehd derexperimentelle Bewertung des Pernigmskoeffizientim
Oxidebenfallsquantifiziert Wichtige Information Giber den Wasserstofftransport in beiden Systemen

wird soerhalten, wasvesentlichennput fur weitere Verbesserungen solcher Hydride liefert.
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INTRODUCTION 1

1 INTRODUCTION

Imagining a worldvithout connection to energy seenisipossible in ouhighly technological society
Switching on the light, opening our fridge, switching on our phodeging to work,are actiongaken
for granted, but they represent a stage in the chain of a k@e@nologicalprocess.Erergy igshe motor

of our modern, industriakociety and as such foundation for its progressince the industrial revo-
lution, energy consumption has increasedabfactor of 8Q while the world population has grown only
6 times[Je031P Ly { 2 Rénévbleenegdsdn®rEplacenent of fossil fues are of great im-
portance, not only to industrybut to human natureas well

Hydrogenseems to play a bigple in this evolution As the lightestand most abundant element in the
universe|t has been a great focus of research since its discoasran alternative fuel, standing in its
ability to power fuel cellsvith zero-emission, industrieand governments turn their focus to this-
portant element. The dream of a clean environment, sustainable energy and greener transportation
seems to burrbrightly in the promise of hydrogebased materials.

Firewas civilizato® & F A NBR {3 Nd bandl wddy vEiskE Sainkugl@sa/long time, untile
Chinesdirst burntcoal for heating and cookingiater, Hropeans butlwheekin rivers and streams to
harness water energyersians built the first windmilis 1000 A.Q which reacheda more efficient
form in the hands of Dutch engineers towards thé" i&ntury. Usingonly green energy, water and
wind, was for centuries reality.

While Roman engineers used pumipsminescenturies ageinthe early 17" century, the progresof
pumps made coal mining more intensive since water could be removed from the mireseasily

2 A0K ¢K2YIl A& bSg oktheStgdniengingh @8 Y, theABaitigh discoveed how coal
could be burnedn orderto power heat engines angasproducedmajor fuelthis wayin their industry
for the last centurieslt was clear that burning coal provided significantly larger amounts of power,
than what muscle, water or wind could offé@rherefore, coabegan to replace other fuels and became
the main energy source of civilizatiowithout considering at the time, the negative effects it might
have on nature

It was much later, in 1776 that hydrogen was first identified as a separate element by the British sc
entist Henry CavendishA few years later, in 18Q@lessandro Volta invented tHest electrical battery
and discoverednethane.In the same yearanotherimportant invention, the process of electrolysis
was discovered, when English scienti¥lliamNicholson and Sir Anthony Carliggpliedanelectric
current to water and produced hydrogen and oxygen gabkis discovery was an important historical
step in the development of hydrogeas anenergyfuel. In 1838 William Robert Grove developed the

FANRBO & Ivhide usinbaplatiSuUNMBPE electrode immersed in nitric acid and a zinc electrad
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zinc sulfategenerded electricityin this way Later in 1889Charles Langer and Ludwig Mond deypeld

D N2 @redtion and builtthe first fuel cell device using air and industrial coal gas, a device they
Y YSR &7 dzS t amé tie fwiilebhydragien teéhBologies werevelving,in 1850 the first oil

well was dilled in Titusville in Florida artte industrial evolution hd just startedgrowing.

Hydrogen ha become a fascinating element, promising only mtresociety.A big eventhowever,
gave a shock to the hydrogen world 1937the Hindenburg Zeppelin, LZ 128asdestroyed by fire

and crashed pon landing in New Jersephis eventlarmed the populatiombout the use of hydrogen

as gas. Thainfortunate mystery crash wasnly solved in 1997 when studies showed that the
explosion was not due to the hydrogen ga$e silver colored canvas of teeterior of theairshiphad

been treated with solid rocket fuel, which wésen ignited due to weather related static electric
dischargeMeanwhile, the discovery dhe Ghawar oil field in 1948 I @S NRA &S (2 (KS
petroleum deposit in Saudirabig producing5 million barrelsof oil daily. The same yeathe first
nuclear reactor generated electricifgr the first timein Oak Ridge Tenness@géSA. Today more than
160nuclearreactors have a capacigf over 1.000 MWand many otheprovide electricityworldwide.

The fear of using hydrogeas a fuel sourcpartiallyexists in our culture to this day.

In the competition of renewable energs versusoil discoveries over the years, NASA played an
important role in the hydrogen world witthe use intheir spacgprogram, mostly for rocket proputsn
andfuel cells.In 1959 engineer Francis T. Bacon was the most interesting figure to innovate fuel cell
technology.While early designers were using expenditeslectrodes and corrosive sulfuric acid as
electrolytes, he improved the system with cheaper, Ni electrodes and less corrosive alkaline
electrolytes.Hydrogen fuel cellshased upon his desigftalledd . I O 25§ ,iw&&devieloped by
General Electric (GBhdwerethe firstcellsused to generate oboard electricity, heat and water for
astronauts aboard the famous Apollo space@afhough his technology found no use outside of space
applications, because of its regament for pure hydrogen and oxyggits success was a technological
example and ingpation to research on many other fuel cell operating syst¢gi@9]

Car mantacturers raced to manufacture productghat took advantage of thetechnological
advancementsGeneral Motors was the first to release an Electric Car in 1966 available to Qulhdic
major car mantacturers alsostarted production of electric vehiclegsing hydrogerand today, more

and more people acgd the new technologys an alternative to current fuel¥he first hydrogeffuel-
ingstations in Europepened in Germany in 19%hd todaymany countries have hydrogen initiatives

in placefor a longterm vision of hydrogenuiel societies Billions aredevoted to hydrogen research
and \ehicle demonstration project8y the end of 201,there were 56 hydrogen refueling statism
Germany (45 for public acce$i)]. Hydrogen energy and fuel cell power promises a clean, abundant,

reliable and affordable replacement for fossil fuels.

g 2
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The fact that hydrogen can solutenmetals has beemell-studiedover centuries.A first appearance
occurred in 1808yhenGayLussac and Thenard obtainetetal hydridesusingpurely chemical meth-
ods.Aswith manyother inventionsmetal hydrides first started as cusiby tests in a laboratory and
took some time before becominggchnicallyimportant. As one of the carbofree renewable energy
carriers, hydrogen can be fabricated (via electrolysis), stored and consumed in a recyclable process.
Storing hydrogeimowever,is one of the challenges industrycks in our days, since demand and reli-
ability is important, but safety is also a big issue.

Hydrides are compounds were hydrogen is bonded to another elenttating the entire periodic
table of elements availab)éinding the best element combination remains a challenge. Some complex
hydrides, such as potassium borohydride better used as reducing agents. Other metals, such as Pd,
Ni and other transition metals amainly of interest due taheir catalytic effet, since they have high
affinity to hydrogenFa62] Hydrides of alkali metals show no electric conductivity, whereas other bo-
rohydrides and closoboranes are considered good ionic conductors and suitable festatdiglec-
trolyte applications in Li and Na ion batteries.

Awell-knownandwell-studiedhydride, not only for hydrogen storage applicatighait also for elec-
trochemical storage, is Magnesium hydride (Mglgis a remarkable material, essential for ocean
life, terrestrial plants and humans. As the third mostaburidanA 2y Ay &l td g GSNE Al
NEST F2NXNIGAZ2Y Ay GKS 20SlIyad 2AGK2dzi a3az OKf 2 NP
thesis in plants. Animals, from humans to dogs need magnesium for healthy bones, musdtiesrand
Today, Mgcanalsobe an indispensable element for storing energy.

Magnesium hydride is a cesfficient materia) which has beestudiedintensively since 195%long

with its low cost, the hydridéas a high gravimetric and volumetric hydrogen density of 7.6 (4%
kg/m® and 110 g H/I respectivelfCr16a] This in principle reversible storageystem, Mghki¢ Mg,
however,has some drawbacks. Hydrogen (H) acts as an igrir(khis so-called,ionic hydrides and

this makes the stable compound able to release hydrogenbatr bf H pressure at about 30€0C.This

high stability of the hydride and ttmonsequennecessity of lgh temperatures for releasing hydrogen
make it challenging for industrial largeale applicationswvhichis why researcls stillongoing Fur-
thermore, despite the great range of availalolearacterizatiortools in our dayshroad scatterin dif-
fusioncoefficients appeaisince studying bulk matergbr thin films, different temperatures or differ-

ent pressues appears to need challenging adjustment.

Even thoughlgallenging and stilinder intense investigationsome companies believe in the matdri

and havebeensupplyingsdutionsof energystorage based on magnesiwimce 2008Such companies
are, for example McPhyand Hydrexia. They do not use Mygili Qa  LJdABin &h allNgyhostly

with transition metals (T Thisimprovesthe material in an acceptable way for some applications,

mostly stationaryln general, rachanical modifications by ball millifigl13], [Hul3)pr severe plastic



4 INTRODUCTIO

deformation[Cr16a] alloyingZFS15&nd nan@onfinement[Zl13]are some of the techniques studied
today in order to modify the sorption properties bfg.

Likewise research s shown that transition metatsan improve he kinetics properties[Do06]as well

as protect Mghkifrom surface oxidation. Relevant transition metals arartium (Ti)[Eill], [Jul4],
[VeO08], [Zh5], [ShOORNd its oxide (TiI[CGW10hnd palladium (PdIGKC13]whicharestudied also
duringthis work. Titaniunis discussedntensively todayas a catalyst to accelerate the hydrogenation
kinetics of hydrogen storage materials. Jtiswever known that H absorption in Ti decisively depends
on the surface conditions (presence or absence of the natural surface oRiglediderablescattering
among the experimental data available in literature showsuheertainty and lack of information in
this field. Therefore, focus is given omderstandng the hydrogenation of Ti antthe impactof the
oxideon hydrogendiffusion in Ti and TiHn this work

In order to improve thesaystemsit is important to understand the reason for the slow kinetics of
hydride formation. Thin films provide a useful tool to analgseentialmechanisms. With a smooth
surface and avell-definedgeometry, one can quantify the atomic transport through the layers more
easilythan in powders. Thin films also enable us to monitor the growth process of the hydride inside

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

1.1 Aim of this thesis

The goal of this work is to study the hydem transport and phase transformationtime two systems
separatelyas demonstratedn Figurel-1: Mg ¢ MgH: and Ti¢ TiHin thin films. For the first time,
investigations ovea wide range of temperatures (room temperatur&00°C) and pressures (0.0Q1
100 bar) shouldprovide information for the kinetics of hydride formation in both systems.

By observing the formationrpcess of the hydrides, with the help of&y diffraction (XRD), resistance
measurements, cross sections by focused ion beam (FIBniagaelectron microscopy (SENtans-
mission electron microscopy (TEM) as wedlastron diffraction it is possibléo derive relevant quan-
titative transport coefficients for both systems. Due to the extensive temperature ramg&rrhenius
plot could be obtainedin the case of M@nd the activation energy for the Mgkb experimentally
determined. These results are of importancsince this is the first time that experiments could be
carried out in such a tempetare precision and range using a singganple geometryQuantified data
will be presented revealing the diffusion coefficients of hydiogao the hydrides at different tem-
peratures. Furthermore, the permeation coefficiem the case of Tigwill be measuredwhile the
effect of increasing pressure in the system is also studied. Even thoughTn@iles a weHlstudied
material, the hydogen permeation coefficient hasverbeen experimentally obtained.

Additional interest is given in magnesium hydride (Mdgkéananodeelectrode material in Lion bat-

teries. Despite its high theoretical capacitydrastic decrease of 70% capacitydas observed over
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the first cyclg[Bel7] During this work, investigations of the microstructure during the first lithiation

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

Both systems are of considerable interest, contributing to the understanding of key esdexpen

guestions related to the technological application of hydrogen storage materials.

/

Mg - MgH, system N/

Pd (5—40 nm)

¢ (501000 h)

Si0, ( = 200 nm)

Hydrogenation

. TiO, (10 nm)
De-hydrogenation

Ti (50— 800 nm)

Re-hydrogenation

Ti—TiH, - TiO, system

Pd (20 nm) Pd (20 nm)

Ti(50-800nm)  Ti(50-800nm)

\

(SEM/FIB/TEM)

only for Mg — up to 200°C

\ J \ Hydrogenation J
Temperature (RT— 300°C)
Pure H, Pressure (0.001 — 20 bar)
X-ray diffraction + Electron Microscopy + (Resistance measurements)

v' Diffusion coefficient
v' Kinetics of diffusion
v’ Activation energy

Additional tests as battery electrode
(anode) in Li-ion batteries

v’ Constant growth
v’ Permeability coefficient
v’ Pressure dependency

Figurel-1: Overview of the samples investigatedthis work. Both systems, Mand Ti are studieth a large
range of temperatures and pressures withrdy diffraction and electron microscgpAdditional resistance
measurements are carried out for the Mg systamwell as electrochemical tests
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2 FUNDAMHEBTALS

This chaptefocuseson the fundamental details afolid-state hydrogen storag@he thermodynamics
of hydride formationand the differentcategories of hydrides will be discussé&dirtherattention is
devotedto the kinetics of diffusiorf hydrogen iside ametal (linear and parabolic regimeas it will
be useful for the latercalculatiors. A brief bibliography information on each system (MgH: and T4
TiR-TiQ) isalsogiven providingan overview of thalreadypublished diffusion coefficients of the two

systems studieduring this work.
2.1 Solid statehydrogen storage

Hydrogen is namedfter the Greekwords:« + . " n ' YR S ‘6 KAOK Yiingy 46 & sl KIS NJ
French chemist Antoine Lavoisier in 1788, 10 years after its discovery as an ekfrezrthe Germans
Kirchhoff aad Bunsen demonstrated the presence of hydrogen in the spectra o$itheén 1861, it
became evident that hydrogen was the most abundant elemerdunsolar ystem. Hydrogen pro-
duced on Earth jhowever,able to escape the gravitational field. This exmahe very low concen-
tration of hydrogen gas in our atmosphebdost hydrogen is foundnainly chemicallyponded in wa-

ter, molecular forms and organic compounds.

Storing hydrogersione of the challenges industritsge today sincelmmediatedemand consistency

and safety aremportant. Storing hydrogen in its molecular gas form, one would think is the easiest
way. However, havinga density of 90 g/rhat 1 bar, gives rise to big volumes of such hydrogen tanks
[Z103] which is a big issue for mobile applicatidtesearch managed tociease the density down to

35 kg/n? by multiHlayered cylinders made from comgite materials reinforced with carboribgrs.

Such cylinders are usetwwadays in the current fuel cell carand industry has currently agreed on
using a onboard pressure of 700 batMany European projectsuch asHydrogen Mobility Europe
[h2me.com] have received funding for technological advancements in grid balancing and optimization
as well as on andff-site productionCurrently there are 44ydrogen stations operational in Germany
and the number increases exponentiatlyroughout the entire contnent [Hy] When hydrogen is
storedin a tank there is no danger of elgsiona A y OS | & S d@y$didnable dzSdntact wiiti Qa 2 y
oxygen However, the energy content is typically much less in comparison to cuigait fossilfuels.
Therefore,ongoingresearchtries findinga lighter way to store high amounts bfdrogen,thereby

trying to reach a goal 70 kg of hydrogen perand a release of hydrogen at temperatures lower than
100 °C.

Liquefying hydrogen is possibilitywhich providesa density of 71 kg/rhat a boiling point 0f250 °C
However, the energy ks inthe required process isevy large [ZU03] More than 30% ofthe stored
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energyis consumed for the liquefaction and this constant loss of hydrogenasoidable. This makes
the system very inefficient and expensive.

Beside considering the gas and liquid form, storing hydrogen inside a solid is a concept that has been
under investigation for the last fedecadesDiscoveredalreadyat the beginning of the I9century,
metal hydrides were considered worthy for systematicdéts only towards theend of the century.
Hydrogen can be absorbed inside a metal either as a molgouss an atomMolecular hydrogen is
bonded on the surfacby Van der Walsinteractions which are considered weakhus results in low
temperature stability. New physisorbed hydridedased on metal organic frameworlsich as MOF
177 can store up to 7.5 wt% hydrogen at 70 bar &b °C In contrast atomic hydrogen is bonded
to the surface with a stronger borehd such hydrides have higher storaggpacitiesThese hemi-
sorption hydrides arelividedinto four categorie§Zi03}

1) Covalent hydrides Hydrogenis chemically bonded with a nemetal by sharing of electron
pairs. The mast common example imethane (CH), with the highest gravimetric density
(mean density of the total contentf all fuels. Its consideration as a combustion fiiebugh,
is negotiable, since carbon dioxide is produc&8i% less than in the case of cpal

2) Metallic or interstitial hydrides Hydrogen is located in the interstitial sites of the lattice of
metals or alloysCharacteristicof these hydridesarethe different stoichiometricompositions
in which they can exist.

3) lonic hydrides An alkali or alkaline earth metalvith an extremdy electropositive character
comes intacontact with hydrogen. This causes hydrogen to act as a negatively charged ion and
the bond is considered almost covalent. Such metal hydnigesillyhavean elevatedgravi-
metric density.

4) Complex hydridesHydrogenis covalently bonded to either Al, B or N forming negatively
chargedcomplexanionsthis way Such metal hydrides are characterized by much higher grav-
imetric densitiesof up to 24wt%. Some examples of anions are: AIBH, NH, where the
negative charge of these anions is compensated by a catioln as LNaor Mg.

lonic and compbe hydrides are in principle the besandidatesfor storing hydrogenhowever, the

main drawback of the chemisorbed hydrogen is usually the rement of high temperaturefor re-

lease of hydrogedueto strongboninghighactivation energieskReversibility over many cycles of hy-
drogenation/dehydrogenatioins dso an important consideratiofsZ01]

For most hydrideghe temperature and pressure of hydrogeontrolthe reversible reaction of metal

and hydrogen into a metal hydride. If the pressure is high and the temperature is low, absorption of
hydrogen takes place and the hydride can be formed. However, if the pressure is low and the temper-
ature is high, the reaction favors the separation of the metal and the hydrdgerntropic reasons

In generala chemical reactioonf hydrideformation isformally describedor any Metal (Me)
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2
X
Whereas physisorbed hydrogenusuallybound too weakly, in chemisorptiohigh temperatures are

1
Me+ H, « 755485 gge 2 MeH, @)
X

required for hydrogen releaseue to a high thermodynamic stabilitfhe thermodynamic stability of
a hydride depends on the sign thfe Gibbs free energ{G)change for the decomposition reaction.
From thisit is known that the formation or decompositiorf the hydrideonly takes pce spontane-

ously ifnG is negativewhen defined as:

DG = a. Gproducts - a. Greactants @
If nGis positive, the reaction is ndavoredand if nG is zero, thermodynamic equilibrium has been
reached.
As a consequencéhe amount of hydrogen stored in a metdgpendson the temperatue and pres-
sure. In hydrideghe composition of thenydrideunder variations opressure and temperaturisgiven
by pcT diagramand they are of particular importancéAs shownin the example oFigure2-1, the
relation of the hydrogen pressure to the hydrogen equilibrium concentration in theahigtdride is
given for defined temperaturessuch pcT curves have been determined for many hydride materials.
At different temperatures, theurves showdifferent plateau pressures. Using thesgquilibriumpres-
sures, a linear relationan alsdoe drawn between the inverse temperature and thegarithm of the
plateau pressurandthiswayONB I G S |+ From which the enthalpy affoénétion can be

extracted

'.anj

peq ( T?}

Y

H 11T
Pressure composition isotherms Van’t Hoff plot

Figure2-1: Pressurecomposition isotherm of a solid solution of hydrogen imetal ( -phase) and the hydride
formation (LK S0 FyR GKS @FyQié | 2FF LIMRIA F2NI SadAyYld

Each equilibrium pressungg is related to the change iSy G K £ LJ®8 n 1 | y RcarBbg i NB LI
expressed as a function of temperature:
In Peg _ DH DS (€)
p° RT, R

Where @ is the standad pressure, R the gas constaand T temperature of the system.For the

systemsstudiedhere, more details will be given in thgpcomingchapters.
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2.2 Kinetics of diffusion

In order to obtain a new phase, hydrogen hagdisperse(diffundere)in the metal.Phase transfor-
mationsin the solid state are mostly of heterogeneous nature, meattirad the parent and product
phase can be distinguishday an interfacein all stages of the reaction. The kinetics of phase for-
mation/decomposition are controlled by the diffusion coefficients of the different species present in
the materialand, thus, these @mrameters are of great importanc®uring this workthe diffusion co-
efficients that control the formation of the hydride phassill be quantifiedexperimentally Abrief
reminder on the theory of diffusion is given in this chapter, in order to establis® f G katerihdeded
for the analysis bthe experimental data in chapteb and6.
As previously mentionedhe separation of the phasemustto be thermodynamically activated. In
order to form the hydridgohase the atoms have to diffuse inside tineaterial, a process thaeqguires
activationenergywhich is in this casprovidedin the form of heat The speed of atormigrationin
the material as dunction of tempeature is then characterized hgmperature dependentiffusion
coefficients. The phemenon of diffusion implies theansport of atoms in a solidThese atoms can
be of the same naturas the matrix or different, which ialled selfdiffusion or heterediffusion,
respectivelyln thiswork, focus will be given on diffusion bfdrogen mto Maghesium (Mg)Magne-
sium Hdride (MgH), Titanium (Ti), Titanium ydiride (TiH), Palladium (Pdnd Titanium OxideTiQ).
There are two main rachanismaised tounderstandthe diffusive transporbf the atoms inside a crys-
tal. One is the interstitial diffusigrasin the case of TiHformation. In this casgthe impurity atom is
placedon an interstitial site of te crystalline material and can jumpwards a neighboimterstitial
site. The secondase vacancy mechanisrmvolves the possibility that an atom migrates in an empty
site of the matrix. These two mechanisms are part of a more congylsbem but they are often ad-
dressed to describe numerous problems in materials physigsh as diffusn of doped materials or
interstitial diffusion during hydrogenation. de detailed description of thesdiffusion phenomena is
givenin the book of Diffusion and Mass transport in sofBg91]
There are numerous mechanisms that can describe the diffusi@n atomic level. Howeveby con-
sidelingthe atoms isolated, the process of diffusiomisstlyrandom and the movement of a solute
atom isapproximated as Brownianrandom movement. Byconsidering a certain concentration of
atoms B in a matrix of atoms, &4 KS ¥ A NJ& dan b kgiablish&dwHichcénsiders the flux of
movement(k) of atom Bin a material A. Fick, &erman physicigrwas the first to describe the phe-
nomenon of diftision (in 1855) formulating thahe gradient of concentration of an atom(&) along
the x directionis proportional to the number of diffusion species crossing a unit:area

3,=-DpHCe @

X
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This expressioniFA O1 Q& f I g0 A a S| dahdidctly Blstasthdiflax of atoskd®-NXY | £ F
fusing inside the volume, to the gradient @nzentration inside the volume lifae diffusion coefficient

of the movingspecieghydrogen for this wik) inside the metalFigure2-2a) illustrates this gradient

of concentration along a metaDuring this work, the concegration of hydrogen over time cannot
experimentallybe measuredwith sufficientaccuracy Therefore, focus is given on the chemical poten-
tials instead. The driving forder transport,in all cases is the difference of chemical potential between
two interfaces Focus is given in estimating the diffusion limits of the hydrogen transport process. Nat-
urally, two possibilities can be observed in naturenggrfacial barrierswhichslow down the growth

and introduce a linear regime in the kitics growth. Tis usually dominates the initial stages of a re-
action b) Fast interfacial transpoybut self-limitation by the growing productlows down the growth

and introducesa parabolic regime in the kineticggrowth. The later usually dominatg thelater stage

of a reaction. At the end of a reaction, entirely parabolic growth is expected. The nature of interfaces
between different elements/phasegaries broadlhand this wil lead to verydifferent kinetics behav-

iors. Figure2-2b) illustratesthe gradient of the chemical potential along a diffusion zone for the two

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

b) T gas | . solution
My L A
= Fast interfacial | Ap
b= transport i .
§ 1 i D‘\\'“‘%
8_ \I i ‘ofce
= ' Interface '
2 i control A
= i Hiright
2 EM—EE— SRS  E———— — MHx

; > : =' 5 X
X X X + 6x Interface Film thickness

Figure2-2: Schematic representation of a) 1st Fick's law showing the gradient of concentration changing inside
the material where green atoms represent the matrix of the metal and blue atoms the hydotgestitials
andb) the inter-diffusion potentials across the diffusion zone for the two casdmear @ashedine) and para-
bolic (solid line) growth kinetics.

Thedriving force for transportan therefore be calculated based on:

Dm=m, - My, (5)
where>y represents the chemical potential of hydrogen atoimshe outer atmospherdorm and>ye.
nthe chemicépotential of H in the Metadolution
The chemical potential is an energetieasure of the general tendency a substance to transform.
LGQa | F2NX 2F SySNHE GKId A& o0az2NDbSR 2me NBf S| &
higher the value of, the more active or more bustling substance isln contrast, the smaller the
value the more passive # is. Thechemical potential is therefore strongly dependent on the nature

of the substanceand its concentrationFurthermore, he chemical potential of gases is sensitive to
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changes of pressureaccording taa logarithmic relation beteen the chemical potentiabf and pres-
sure ). In casesvherethe transformation depends on botfjaspressure and temperature simulta-

neously the chemical potential can be expressed by:

m:,fﬁ;ﬂmﬂ.;ﬁ(—r_ T,)
2 p, MT

where R ishe fundamental gas constamtnd >° represents the chemical potential of hydrogen at

(6)

standard conditions. While the molecular hydrogen h4@+/g) = Oby definition the atomic hydrogen
hask af A3IKGf & KRBE/ES RD3KENDSViich kefledts it® t&ndency to forrhydrogen
molecules.
Following DeaGrove mode[TSE17]which is based on the growth ah oxide layer on the surface of
a materia) the fluxthrough the interface and the phasmn be expressed by:

Diw . oDDm i o Diige @)

. ° k ’ ) i k
Jleft left RT JD x RT Jrlght right RT
Based on the scheme shownHigure2-2b). This model assumes that the reaction occurs at the inter-

face between the surface and the material attius, it is necessary to consider thah this casehy-
drogen diffuses from the gas to tlsirface and from the interface towards the solution (bulk) of the
material where it reacts to form the hydride. It is implicit that these steps proceed at a rate propor-
tional to the concentration of hydrogein steady statethe three fluxes mentioned in equatiof7)

are equal to each othefransforming equatios|(7) and (4) in this way

3 D Dm 8)

QA sites X+B RT

jO

where atsmall thicknesses the effective barrier coefficient is dominant (linear kinetics) and when
xis high the diffusion coefficienD becomes dominant (parabolic kinetics).
The two kinetislaws will be described in more detail hereafter.

The atomic transport leads to the growth of the layer:

dx, D _Dm ©
dt X+B RT

whichis integrated to:
te f'(D)+ " (k) (10)

This model shows the sequential evolution of the layer thickngk#e clarifying the essential general
features of interfacial barriers. Firstly, they slow down the growth and secondly they introduce a linear

regime in the growth kineticsvhichdominates the initial stages of the reaction.
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2.2.1 Linear Kinetics interface control

In any system considerethe slowestprocess is the one controlling the reacti@deing able to calc
late the chemical potential anking into consideration the drivirfgrce between the interfaceshe
diffusion coefficient can be determinetivhen the thickness of the layer is small and the diffusion
inside the bulk is considerably fagitcan be expected tha& transfer of atoms across the interface
becomes th&kineticallylimiting factor(seeFigure2-3). No matter what the detailed atomic mechanism
is, the surfacdransportpresents a constant dominant barrier gritlerefore, a gowth kinetics linear

is expectedn time.

Surface limitation

~
% o9 || 0~
H, gas Jsurface

AX
Hydride increase

b R

L &P o o o o o o
I bulk

e

surfac

+—> >

Figure2-3: Schematic representation of the process along the interfaces in the case of a surface controlled re-
action

Consideringequation(8) the fluxthroughthe interface (slow processy givenby:
. k DmG (11)
Jsurtace = = ﬁ Qe

% K S NG angware cancelled out when thgrowth of the hydride phasis calculated and the equa-

tion is therefore transformed to:

L . 12
X Wy _ Dm .y RT dDx 12
dt n RT DmS dt

nx describes the thickness of the hydride after a given tifités equation shows thiinear behavior
of the system The growth constant may depend orthe temperature.

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

Dyt 2 A @X 13

limit

This characteristic kinesecegime is illustrated graphicalig Figure2-5.
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2.2.2 Parabolic Kinetics fast interface transport

Staying consistent with the previous arguments, the gradient of the chemical potential is the relevant
driving force.When the thickness increases in equatio(8), then the D may becomedominant. In

this case, the interface transport is fast and gp@wth isnow limited by the diffusivity, meaning
determineshow fast the hydride phase is formed (deigure2-4). This diffusion transprt is in general

dependern on temperature.

Diffusion transport

E bulk (jbulk) AX

nterface
% o FAST Y Hydride increase
H gas small : SLOW
% o
‘ gradient : high
‘ o .’m E gradient
& i
= :

Figure2-4: Schematic representation of the process along the interfaces in the case of a diffusion controlled
reaction

Considering equatio(8) again,the volume diffusion can be calculated by:
i =- 2 7 19
diffusion RT DX W

sites

where similarly as previously the equation is transformed to:
dDX _ W,es _DmD (15)
F - n Qdiffusion - aﬁ

DxiDx = 277D Gt (19
RT

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

_1RT Dx? (17)

From the last equationthe conclusioncan also be drawrthat the front of penetration of any given
concentration, in this case hydrogen, is proportional to the square root of time. Furthermore, the time
required for any point to reach a given concentoatiis proportional to the square of its distance from

the surface and varies inversely tioe diffusion coefficient. Lastly, the amount of diffusing elements
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entering the bulk medium through unit aaevaries with the square root of time.
Thetypicd charateristic behavior of both kinetic regimes shown graphically iRigure2-5 in two

important plotting variants: thickness and thickness squared

A F 3
. ]
I

H /
Ilnear{

parabolic

thickness
thickness?

Y

time time
Figure2-5: Graphic behavior of typical linear and parabolic regimes shown infoth ofthickness and thick-
ness square versus time
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3 STATE OF THE ART

Inthis chapterthe recent state of relevant researchsismmarizedNecessary background information
on the materials, some historical facts and what is known so far in literature will be discussed here.
small part is devotedo information about the hydrides used in electrochemical cells (batteries). How-

ever, this imot the focus of this work antherefore, onlyessential information will be given.
3.1 MagnesiumMagnesium hydride

Magnesium was namefiom Magnesia, a district of Thessaly in Greece were it was first fouwds
discoveedin 1618,when a farmer in Enghd attempted to give his cows water from a well and they
refused to drinkdue to bitter taste of the waterRemarkablythe farmer noticed that water seemed

to heal scratcheand wounds which was eventually recognized to be magnesium sulphate (MgSO
the well known today aEpson salt.

Magnesium is a very light metal, withdensity of 1.738 g/cifin its solidstate. Its heat of fusion is
equal to 8.48 kJ/mol anthat of vaporization reaches 128 kJ/mddue to its abundancand low cost
interestin using itas a soliestate hydrogen storage material vast Most importantly, magnesium
reacts with hydrogen and forms Mgl A 1 K KA 3 K 3 NJ ;& A6WiaNdhigh vBISnEtick ( &
Ké& RNER 3Sy,=RByHIlCongparéd to the categorigzreviously mentionedMgH: belongs to

the ionic hydrides since Mg as an alkaline earth metaéry electropositiveésan Matin and Manches-

ter [SM87a] presentedthe Mg-H phase diagrarat 100 barfirst in 1987 Investigating thesolubility of
hydrogen in the blk hasbeen challengingdue to the high vapor pressure and chemical reactivity of
Mg. The phase diagram between Magnesium and Hydrogpreisentedin Figure3-1, at 1 bar meas-

ured byAbdessameud et dAMM14]. TheMg-H system consists of helglg, the interstitial soliesolu-

tion of H n Mgo tMg) closeto the hcp structure of pure Mgndthe hydride {-MgH), which is rep-
resented by the horizontal lingt 0.66 moéar fraction of Hin Figure3-1. The hydride phase decomposes

at T= 2876 °C and the melting point of Mg is at T = 880Hydrogen solubility in Mg has been of great
interest in many experimental studi¢®o07], [Md.1]. The solubility limit is found to beerylow and
AGQa QliktGyBah MaBtR and Manchestdo be atroom temperaturecs = 3 - 16 H/Mg
[SM87a]

LG KIFIa 06SSy NBLRNISR GKIFIG GKS 7 Ke&RNAriRGBreindKl 8 S A &
a metastable phase when exposed to high compressive stresses. Describing the Gibbs free energy as a
function of the volume and temperature, computation of the temperature (pyessure (p) phase
diagram of Mgkl(and its isotopes) was perforrdeéby Crivello et al[Crl6a] as shown irFigure3-2c).

¢62 20KSNI LKI &S& | LIMyH NY RNigH KTabie K gdvekl modbl Setails doil & -
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the crystal structures of Mg and its hydrides. During this work2@®ar (0.002 GPa) were used and
20-300°C £ 450 K)which gves riseonly to the i -MgH: phase to be formed. Therefore, no further
consideration is given to the phases stable at higher presskigsre3-2a) shows the hexagonal struc-
ture of pure Mg and b) the tetragonal Mghith the big circles representing Mg and small circles the
hydrogen atomsAs demonstrated ifrigure3-2 Mg atoms are sifold, octahedrally coordinated by
the H atoms. Each Mgldctahedron shares the hydrogen atoms at its corners with neighboring octa-
hedral. Each hydrogen atom is shared by three octahedrons and is therefore coordiyatege Mg
atoms.

Tablel: Crystal structure information on the Mgihases, data obtaineby Crivello et al[Cr16a]

PHASE, TYPE OF STRUCTU a(nm) | b (nm) | V (&)
Mg hcp 0.321 | 0.321
I -MgH. TiG((rutile) 0.450 | 0.301 | 61.07
1 -MgH: h¢PbQ 0.450 | 0.541 | 120.06
Distorted
1-
MgH. Cak 0.466 101.55
1500 -
t Gas ]
1300 ¢ .
4
> 1100 F Gas + liquid T
2 922K
g 900 F :
- Gas + Mg-hcp
= 700t s 1
557.88 K
500 1
Mg-hcp + MgH, Gas + MgH,
300 N 1 N 1 ' 1 " 1 M
0 0.2 0.4 0.6 0.8 1
Mg Mole fraction, H H

Figure3-1: Phase diagram of HydrogeMagnesium at 1 bg/AMM14].

Thecriticaldrawback oMgH.that hinders its use in current applications, is its high stability, e.g. unfa-
vorable thermodynamics and slow kinetics for hydrogen uptake and release. Its unfavorable thermo-
dynamics is due to thstrong MgH bond, which causes a pronounaedctionenthalpy and thus very

low desorption pressure or high desorption temperatufée enthalpy of decomposition, is measured

G2 o0uefF pip [DY0K]CAldulated from the enthalpy of decomposition and the reaction en-

i NP Lg&0.18 kamol, for a bulk sample, the hydrogen release temperature at libaqual to T =

300 °C.
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Figure3-2: a) hexagonal close packed (hcp) sttuwetof metallic Mg (space grolgs/mmc, b) rutile-type
tetragonal structure of -Mghb, (space group PAnmm), c) Phase diagram of Mgkt different pressures

During this worka maximum o0 barat (0.002 GPandtemperatures fronroom temperatureto 300°C (F
450K)were usedwhereonlythei -MgH:phase is stable

For a pure Mg layer abom temperature the absorption of hydrogen is slow, because the dissociation
rate of hydrogen molecules at the surface is low. Furthermore, Mgl shows high reactivity towards
oxygen and moisture. The natural magnesium oXiger created athe surface2 ¥ a3 2y OS
posed taair, prohibits fast hydrogen absorpti¢Bo07], [ALI99Acording to literaturethis MgO layer

is about 2.5 nmwith negligibleincrease in its thickness over tinfgh97], [FMOO02]In practice Mg
powders require temperatures above 330 °C in order to achieve reversibiliydrogen loadingFor
this reason, using Pd to cover the Mg layer is a commpractice inexperimental work, in order to
avoid the formation of Mg@s well as speéng up thesplitting of thehydrogen molecule in atomst

is important to note that the Pdoatingdoes not alter the thermodynamics of the systgut only

lowers the barrier in the first step of the proces¢ghich is the dissociation of hydrogen molecules on

the surface of the materiallhe diffusion coefficient of hydrogenid is ng =3 - 10 cm?/s at room

temperature[Ho70]

AlGQ
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With increasing hydrogen concentratiom a meta) the interactions among thél atoms become im-
portant, since the lattice is expanding and the phase transition into the hydride phase takes place.
As previously mentioed, the hydride formation is described by theydrogen alsorption isotherm
diagramsThe study of akorption/desorption propertie®f Mg/Mgh: has been of great interest pcT
diagram wagxperimentally demonstratetly Saita et al[Sa07]for Mg as showrin Figure3-3 a). The
LIX I G§SFdz 20 aSNBBSR 2y (KS
width provides the miscibility gap in the phase diagram at the specific conditions. At a higher hydrogen
concentrationthe pure hydride phase is fourahd the hydrogen pressure increases steeply Viith

ther increasing concentration.

Mg Pd
a) 10 b) #.

O 560K
A 543K

01

Hydrogen pressure [MPa]

o
_1#15;
i3 . ]
#r %,*—H—-—*ZQ*‘*_*_-_HW \
1! #‘I i L L L L !
0 0.1 0.2 0.3 0.4 0.5 0.6

0.014
0.0 20 4.0

Stored hydrogen [mass%)]

H/Pd

Figure3-3: pcT diagram of a) M&a07]and b) PdJo10]

Similarly Johanssomet al.[Jo10]studied the PeH system and the pcT diagram is showhigure3-3b).
Inthe PdH systemthere is no change in the matrix of the metal upon hydrogen adsorption. Both are
fcc, howeverpure Pd has a lattice parameterd = cof 389.07 pm and PdH has=& =c 403 pm.

| 2FF LI 20 O2 NNB a -0yt Bkl Pl Asipe- (G K S
| 2 T ¥F sthéfdRedtionfof/tieis@ptich $rocess for each element

Figure3-4represents a V¥V y Q (i
viously discussed, dW Q (i
and it isrelated to the pcT curvest is noteworthy that by extrapolaing the reported data irFigure
3-3to room temperaturefi KS LI I ( S daVidkietha=2102038, which N3 drders of mag-
YAGdzZRS f 26 SN dP&ibryfatianK | & 2 F odzZ 1

The formation enthalpy, which is represented the slope of the fitted line ifkigure3-4, is negative.
This means that both, Mg and Pd heatwhbile absorbing hydrogen. The reaction heaay give rise

to problemsof heat transportduring cycling of the material.

Aadz2iKSAHE DyRddexidtBteINBE & Sy (

G N
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Figure3-4: Van't Hoff plot for MgMgH: (filled symbolsand PdPdH(empty symbol)

Another important parameter necessary to keep in mind, is the fact that Mg diffuses into Pd at low
temperatures.Okamotoet al.[Ok10]have improvedhe MgPd phase diagram obtained from 1985.
The revised Mgich part of the phase diagram is shownHigure3-5. Many different Mg-Pdphases

are possiby formed in the interfacial regionAlsotheir crystal structure isvell known and discussed

by Makongo et al[Ma06].
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Figure3-5: Mg-rich part of MgPd phase diagratfiMaO6].
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3.1.1 Hydrogensorption kinetics in Mg

As mentioned previousjythe biggest drawback of Mg for hydrogen storage is its slow kinetics. The
origin ofthis slow kinetics is mainly attributed to the slodiffusivity of H atoms through the hydride
and the metal[Uc15] The diffusion coefficient of hydrogen in metallic Mg has been experimentally
demonstratedto be D = 10’ cn/s at room temperature Figure3-6 shows the reportegparselitera-

ture data on diffusion coefficients of Hydrogen in Mg and MdHhe diffusion coefficientsliffer
strongly in the relevant two phasel (i K SMg 'phase hydrogen diffuses much faster via interstitial
diffusion while inii K Svigkt hydrogen diffuses several orders of magnitusiiewer. In1993,P. Spatz

et al.[P.93]determined the hydrogen diffusion coefficient of Mg&hd showedit to be as low as D =
102 cn?/s at room temperature They studied Mg thin films of few A thickness &mcthe first time-
have showrthat the hydride is preferentially formed athe PdMg interface and forms a diffusion
barrier for subsequent diffusion of hydrogeMore recently in 2017Teichmann, N. et a[THP17]
showedexperimentally that the effectivél diffusion coefficient in lateral Mg film directiors in the
order of D = 18cm?/s at room temperature They attribute this high value of hydrogen diffusion to
the preferentialH diffusion alonghe Mg/MgO interface, anisotropy of diffusion coefficients and low-
ering of diffusion energy barrier upon anisotropic film expansion. Despite many variations @xthin
perimental investigationst has exgrimentally been accepted todd¢€r16b] that the hydrogenation

in this system is controlled by the diffusion through the Migyer created over hydrogenationnse

the diffusion of hydrogen irthe new phase is significantlgecelerated The kinetics of diffsion
through Mg thin films haalso been studied by electrochemical measurements, where the amount of
hydrogen content in thin films can be estimated as JieIB3] Significant to note is that sie 1993,

no experimental datdnas beerobtained on the diffusion ofiydrogen into the hydride phase, which
motivates this work @ quantitativelyobtaining the diffusion coefficient of hydrogen i K SMgkt
experimentally.

The htest research by Mooij et gMD13], has shown in 2018hat at low pressures (I0*bar of H
pressure) and 10 nm of Mg thicknettse formation of hydride islands is observed by optical transmis-
sion. At aslightlyhigher pressure however, of 1102 bar, the MgH domains cannot be distinguished
anymore. Furthermore, they note that during dehydrogenation they do not observe any nucleation
and growth mechanism.

Knowing the diffusion coefficient of hydrogen at different temperatures one can calculate the activa-
tion energy (B of hydrogen diffusion. The activation energpresents the minimum energy required
for the atomic jumps andn the case of MgH, it has not been determined experimentaly far. Pre-
ciselythe activation energyk) isdefinedby the exponeritll term in the Arrhenius equation:

-2 (19)
D=D &~
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where D is the diffusion cdcient, R is the gas constaahd T the temperature. Taking the natural
logarithmic of both sides, equatidii8) yields:

19
InD=InD - E, 19
° RT

an equation that has a linear forrfy = ax + band in the correspondinggraph the y interception
represents the value of Dwhile the slope representSE/R). Since diffusion is expressed in logarithmic
scale, the activation energy haglacisiveeffect on the diffusion coefficientWith regard toFigure
3-6, it isobvious that theArrheniusslope of the experimental data given in literature can be obtained
by extrapolation obnlytwo or three measurements. However, a clear tendency thatglope of the
h-Mg is less steep (loweg)Ehan that of MgH, meaning that the reaction is less sensitive to temper-
ature changes than in the caseicMgH..
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Figure3-6: Diffusion coefficient of hydrogen iMg and Mgkl Authors and applied techniques &belled

By interpolating the theoretical resultsy X. Yao et aJYa08] shown inFigure3-6, the activation en-

ergy obtained by usingquation (18) amountsto 107.9 kJ/mol of H. A large activation energy that is
attributed to the fact that the formation of vacancies in Mgttmands a much higher energince

the chemicabond between MeH is ionic and covalenand thereforerather strong Hydrogen diffu-

sion into the hydride grains,igherefore, veryslowsince the activation energy is so higtowever, he
fluctuations in the reported valueare big, since most experiments are done gra a small range of
temperaturesand with different techniques

It is also important to mention, that the activation energy of hydrogen diffusion in Pd has experimen-
tally been determined by J.W. Simdi&-65py using a Pd wire and hydrogen absorption method in a

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

Whilethe stability of metal hydrides can be changed by partial substitution of the ¢omgsedements
with other atoms- where the delocalized electrons Inénce the overall stability of the interstitial
hydrogen atoms this is not possible for idahydrides such as MgHHere the electrons are strongly
localized. Therefore, other routes have been developed to destabilize hgdrides. Decresing the
patrticle size, habeenshown to be an efficient way.owering the grain size, increases tensity of
grain boundaries. It was setwn by M. Hamm et al[HP17]that the grain boundaries have a strong
influence on the overall hydrogen diffusion coefficient measured in M§his hypothesiis supported
by dmulationsthat showthat grain boundariebecomethe dominant diffusion path Wwentheir diffu-
sion coefficient isat leastthousand times larger than theolume diffusion coefficient.Ball milling
[FI13], [Hul3], [St10]s the most common technique reduce the grain sizand it increaseshe vol-
ume fraction of grain boundarigSLHO7h]Asindicated bythe data shown ifFigure3-6 as well, many
published diffusion coefficients might lsérongly influenced by the microstructure of the sample-
fortunately, usingonly smaller particles is not enough flmwering the enthalpy of formationf Mghb.
Reseachers have tried successfully to decrease the stability of the compound by adding transition
metals such as Fe, Cr, Ni, Ti, Rthand many otherf®©006]} A compromise between price and perfor-
mance as well as cyclability is still a concé&urthermore, mnoconfirement is anotherrecentway
studied to improve the desorption kinetics the hydrides.

Regardless thmtensiveresearch activities, the diffusion coefficients and the study of the slow kinetics
of hydride formation in this systenis stilla surprisingly open field ofeisearch and the focus of this
work. A way to diretty see the phase growth/changmd observe the formation process of Mgsi
proposedhere. With the help of Xay diffraction (XRD)p-situ measurements of resistivitgross sec-
tion preparationsby focused ion beam (FIB), soing electron microscopy (SEMNd transmission
electron microscopy (TEM), the mechanism of formatioMgf+is investigatedinder different tem-
peratures and pressureQuantitative measurements of thgrowth constant andliffusion coefficients

will bederivedand discussed.

3.1.2 MghH as battery electrode

Anotherpotential applicationof MghH , is using itas a battery electrodeMagnesiumhas been used in

its metallic form as an anodeue to its theoretical charge capacity and high energy density. At the
moment, there are commercially available Mg batteries with aqueous electrelyt®stly used for
military applicationsbecause of the fast selfischarge. Magnesium water activatedgidir batteries

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

cially available yetHowever, nagnesium compounds, caffsa be used in tion batteries Due to the
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high demand imeliablebatteries, moving mm pure Li batteries to alternatives is a high challenge in
today.
In 2008, Oumellal et aJOu08][Ou08]proposed the use of metal hydrides as electrode mials for
lithium-ion batteries Metal hydrides belong to the materials undergoing a conversion reaction with
lithium according to theyeneral equation:

MH, +xLi* +xe @ M +xLiH (20)
During lithiation, the hydride is reduced to its metal and lithium hydride (kitdymed. Based on the
nature of the hydride, the lithiation can be completa one step or more Metal hydrides argprom-
ising candidates for future lithiusion batteries because they havea) Interestingworking potential
window, generally betweef.1V andl V vs. Li+/Lisuitable to the application as an angd® higher
theoretical capacity compared to graphite (3#\h/g) andc)in comparisorio other conversion com-
pounds, metal hydrideshow the lowest polarization. Polarization is a si&féect observed in electro-
chemical reactions developed at the interface between eldgte and electrode and cadrastically
influencethe reaction mechanism over cyclabili§uch side effects can be the accumulation of gasses
at the electrode interface, SEolid electrolyte interfaceformation, concentration gradieni®gtc. Hy-
drides appear to have a good interface contact with specific electrqlige®ring the effect opolar-
ization On the otherhand, the slow kinetics atoom temperatureand the short cycle lifare still
important concerns thaneed to be improvedefore usingmetal hydrides as electrode materials in
practical energy storage applications.
The first hydride studied for itéthium ion reactivity was MgHn 2008 byOumellal et al[Ou08] They
characterizedhe process of MgHlithiation by XRD patterns at the different lithiation steps during
cyding of powder-pressed batteriesn a liquid electrolyte Unfortunately, theirbad reversibility has
not allowedthe expectedbreakthrough andafterwards different approaches have been suggested in
order to enhance the cycle life of this electrode. It has been reported that thé.iNdjoy reaction at
very low potential (01 V) is one of the limitations againsyclability. ConsequentlyAymard et al.
[AOB15haveshown a significant increase the reversibilityby stopping the cycle at 0.15 Vhey also
argue that this lowers the volume expansion in the cell, sinceMbé.i alloy reaction hasnaexcess
volume 0f200%, whereas the conversion reaction between Mghd Li only increases the volume by
only 83 %.
Furthermore, ball milling of the powders has been shown to improve the cyclability of theBreilis.
et al.[Br12]have shown that nangized powders show better electrochemical activity, similarly as in
the Mg absorption/desorption cyclabilith smilar approach byltering the particle size of the elec-
trode was studied bypumellal et al[Oul4] where they showed that composite MgHanoparticles
dispersednto porous Gscaffold can enhance the electrical conductivity of the electrode drate-

fore, increase the cyclability. They were able to reach B(®g over 100 cycles using this electrode
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composite material.

Zaidi et al[Zal1]studied the effecta binder can haven the reversibilty of the cell. They usedar-
boxymethyl cellulose (CMC) and carboxymethyl cellufosmate (CMEF) as binders for Mgielec-
trodesandda K2 4 SR AYAGALIf NBW 6fnb thebretiBabxpdctafiorChbvwieeer titeie £
wasstill a capacityNBS & Sy i 202oyafteg 4D cyEles. Thimprovementhas beerattributed to the
mechanicaktability of the binder to accommodate the volume changes during cycling.

Different catalysts, such as transition metddat also transition metal oxideand haldes, have been

reported in literature to improve the kinetics of MgHuring H absorption/desorption cycleiSCL16]

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

of electrochemical reactiong:ollowingthis ideg Zenget al.[Zel5]showed the effect of Ni©s addi-

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

tial, implying a better kinetigprobably due to a faster diffusion of hydrogen atomi® the electrode.
Nowadaysalso solid state electrolytes for lithium ions batteriesttract attention for replacing the

liquid electrolyteslislam et al[lk13]investigated the electrochemical properties of Mghisa solid

state electrolyte systemSeveratomplexhydrides have shown to have promising ionic conductivity,

such as LiBHLiBH-LINH, LiAIH-LEAIHs[Ma09b], [MO11], [Ma09a], [Og10Thesehydride solidstate
electrolytes workwell,F & € ST ad F 4G af A 3KG 200 ChafwhightcanuBtivitthS Y LIS NJ-
comescomparable to thatof liquid electrolytes Cells using such electrolytbave shownhigh dis-
charge capacity even at high current densities, featuringaftaiter plateau and smaller polarization
effect[Ma09b], [Og10]

Despite many attempts with all the mentiongzhrtial improvements, Mgkhlis still not ready to be
introduced in the market as electrode material. The poor capacity retention at room temperature still
remains the main issue to overcome. Hence, more research efforts are needed to find the right opti-
mization for practical applicatits.

During this work a collaboration was created between ECOSp@RErs of the funding (Marie Curie

ITN R 607040¢ Novel complex metal hydrides for efficient and compact storage of renewable energy
as hydrogen and electricityMgH: thin filmswere prepared in Grenobl@nd cycled in CNRS in Paris.
The characterization by FtBoss sections and TEM of these thin film electrodesceagpleted withn

the frame ofthis work and the results will beistussed in the later chapters.
3.2 Titanium/Titanium lydride/Titanium oxide

Titanium is the ninth most abundant element in E&th O NXza (1 6 y 2aind theyourth indst  LJdzNB
abundant metallic element. It was first discovered in 1790 in England by reverend William Gregor.
However, i wasnamedfive years late by the Germanemist Martin Heinrich Klaprothwhich he

namedl ¥ i S NJ { Ktl$e séng digtddegsEarth,from Greek mythology. The name seems to be
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very appropriate, since iindicated the advantageousharacteristicsof this element light weight
among the transitionmetals (itweighs56% less than steel), high strength to weight ratio, flexible with
low elastic modulusl12GPg [SR10]resistant to corrosion and erms, high thermal conductivity, as
well aslow coefficient of expansion. Is an element thatalsohasan importantbiological role(as a
biocompatible metain medical implants)butits role inaerospace industry as a structural material is
similarlyessential.

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

tions. Significantvork shows hydrogen embrittlement of Ti componsf&e04] as well as the influ

ence of titanium hydride (Tijlin biocompatible Ti implanfgh07]for controlling the surfaceough-
ness. Tiklis also used as a foaming agent in the production of metal fdaR84] Additionally, the
adoption of TiKas a possible negative electrode in rechargeable lithiombatteries]Ou09]and as a
highttemperaturemetal hydride in a solar power plant (as a thermal gyestorage systentecomes
relevanttoday.

Moreover, Ti is of general interest in the field of metal hydrides for ssiite hydrogen storage ma-
terials.Due toits low gravimetric density of 4 wt.{8LHO73]but also because of the high stability of
Tik, pure Ti is not of great interesis a hydrogen storage materidespite its high affinitjo hydrogen.
However, itanium alloys have attracted attention regarditigeir catalytic effect to othehydrogen
storage materia. It has been reported that pure Tarfd other transition meta)jdmprovesthe sorption
kinetics of otheiinteresting metal hydrides, such as NaAdiid MgH. Hence, considerable effort has
been expended towards investigating H diffusion in Ti for various applications.

In 1987 ,the same year athe Mg-H systemand in the same group, SaMlartin et al. describd the
phase diagram of T for the first time The appearance of a simple eutectoid system ofitanium
hydride toh -titanium and! -titanium hydride in a temperature range fror@73 to 900 °@vas shown,
with a composition of 0 to 60 & hydrogen. Anore detailed description was given Wy FukaiFu05]
with a larger tempeature (273¢ 1800 °C) and composition ¢€QL00 at%) range at a pressure of 300
bar. This phase diagram is showrFigure3-7. Further, theoreticatalculations of phase diagrams
presentedin the work ofWang et al[Wa96] are in agreement with the shown experimentdta
Their calculated phase diagrams at different pressures from 1 bar up tba&8#tave showtittle var-
iation with pressureespeciallyat the temperature and pressure range studied in this thesis (18 °C
300 °C and 1 bay100 bar).

Theh -Tiphase occts at temperatures below 900 °@/ithout the presence of hydrogen, thetita-
nium transforms intd titanium at temperatures above 900 °The melting temperature of titanium

is at 1650 °CThe hydrogen solubility in tHephase increases with temperatutg to a maximum of

F mn FaG®:> A& NBIFIOKSR G I 02dzi nrepectoicsysem withG GA Gy
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eutectoid temperature of JF 300 °C. The solubility limit fértitanium at thistemperature was exper-
imentallydetermined(i 2  &.% at.% bySetoyama et a[Se04] A recent theoretical DFT calculation
for the hydrogen solubility in-titanium at325 °Q2 ¥ 7.Fat.%dPol6alis in good agreement with the
experimental results.

The solubility rangén thei -titanium hydride phase is much broader and can vary fror8@32 at.%
hydrogen. With increasing hydrogen concentrations, the transition teéibell dzNS-titafitvite! - b
titanium hydride decreasesntil i K S S dzii SOl 2 A R 39G% Hyagerd isi reazhgéd a2 F F
300 °dKZz70] The composition range of-Tik: is between 51.22 66.67 at.% hydrogen. This range
depends on the respective temperature and pressure conditions. At temperatures below 3@ °C
phase transformation from -titanium to 1 -titanium hydride occurs without a previoustitanium hy-
dride formation. As many studies show, the decomposition ofitiikanium already takes place at a
temperature around 500 °C and finishes after reaching approxim&@0 °C. This is however depends
on the dimension (e.qg. particles, films, bulk),preatment of the samples (oxide layer tre surfacé

and heating rate§Galla]
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Figure3-7: Phase diagram of Hydrogeititanium at 300 bajWwa10]

The different structures, lattice parameters and volume of the titanium and titanium hydride phases
are listed inTable2. Theh-titanium has a hcp structure, thie-titanium a bcc structure and the-
titanium hydride a fcc structure Hydrogen should be solved in thetitanium only on the tetrahedral
interstitial lattice sitesNevertheless, theoretical aimitio calculation byBakulin et al[Bal6]state, that
occupation ofall interstitial sites seems to be stabla. the ¢ -titanium hydride phase th hydrogen
atoms are dissolvedrothe tetrahedral lattice sites. With increasing amounts of hydrogen solved in
titanium or titanium hydride, the lattice parameter increasesndeed, thiss exemplifiedfor the 4 -

titanium K @ R N&A R STiH.Jddpending on the composition x able2.
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Table2: Structure, lattice parameter and volume of uodll for different titanium and titanium hydride phases.

PHASE| STRUCTUR LATTICE PARAMETER VOLUMEnm®) A REF.
h-Ti hcp a=b=295 =476 0.0361 [R.62]

I -Ti bcc a=b=c=3.33 0.0369 [Le53]
4-TiHi23 fcc a=b=c=4.39 0.0846 [PM82]
4 -TiHus6 fcc a=b=c4.40 0.0852 [PM82]
L-TiHg fcc a=b=c=4.44 0.0874 [PM82]
L-Tik fcc a=b=c=4.46 0.0887 [PM82]

As previouslyliscussedor the magnesium hydrideacharacterization othe hydride formatioris pos-
sibleby the hydrogen adsorption isotherms (pcT curvésyure3-8 shows the pcT curve dlfe TiH

system at different tempeatures.
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Figure3-8: P-GT curves of the titanium hydrogen system ovewide pressure and composition range for

elevated temperatures above 300 °C with both phase regjdfe96}

Availablequantitative data for the solution process of hydrogen in a titanium mashixll be shortly
summarizedIn the work olWang et al[Wa96] a Sievert appatus was used to obtaithe pcTcurves.
The enthalpy and entropy of formation was determined by plottimgyexperimental results in alVy Q {
Hoff plot. An dternative experimental method to obtain such thermodynamically @& calorimetry

In Table3, the dissolution enthalpies of hydrogen!iaTi, i -Tiand4 -TiH hydrides are listed.They all
are exothermic, which means that the product of these reactioesn&getically more stabldan the
reactants Furthermore, the exothermioeat releaséncreasesromh-¢ A -Titd + -TiH hydride. The

energy for breaking the bonds between hydrogen and titanium is the higbegte 1 -TiH phase
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Table3: Dissolution enthalpy of hydrogen in the differeFfitanium/ Titanium hydride phaseas reported in
[Wa96], [Da83]

PHASH N lormation (kJ/mol H)
h_Ti 91
i -Ti -133
1-TiH -157

For further information on the thermodynamics of the phase transformation ffoifrito 1 -TiH , the

enthalpy and entropy of formation gathered from differtesourcedslisted inTable4. In literature the
formation entropy isreported to beOf 2 & SF-1B@ J Knél*, as recently reported byFukai et al.
[FuO5] Thepronouncedvariation of the formation entropy in the work &/ant et al.[Wa96]can be

explained by the different calculation methods of the formation entropies.

TabledY C2NXI GA2Y SyGKIfLR-THYR F2NXYIF A2y SyiNEP

TEMPERATURE (§ N hormation (kJ/Mol) | N {ormation (I/K:mol) | REF.
450¢ 550 -142 -174 [Wa96]

465 -137 [Da83]

400¢ 700 -179 -145 [ASI82]

With increasing amounts of hydrogen, the Gilflee energy of formatiorbecomes more negative
Thelowerthe Gibbs energythe morea reactionis favoredto happen spontaneously. In thigork, the
hydrogenationis studied at300 °C. Sdhe mostfavorabled (i I G S & K 2-Titd, Rith @ S&mib&-S !
tion of x = 2.

Despitemany advantages, once exposedaio, Ti directlyformsa thin oxide layer of few nanometers

in thicknessThiseffect is sometimes usefuin application, whenTiQ is formed purposely to based

as a catalyst in opticdliosensordDo17] Yd, in most cases it igndesirable. In the case of metal
hydrides, there are many unanswered questions, sincéhemmne hand, it has been shown that diffu-
sion of H in the oxide is much slower than in the metal plj@&513]which makes it challenging to
use Ti as a catalyst on the surface of a hydride. On the other hanchdseen reported to play a
catalytic effect itself, on the dehydrogenation properties of some metal hydrides. M. Daryani et al.
[Mo14] milled nanostructured Mgkl powder mechanically with TiHand TiQ particles and have
shown, by thermogravimetric analysis during dehydrogenation, that these compounds lower the acti-
vation energy of Mgkkignificantly. In order to clariffhe role of the oxide, itgrfluence on H diffusion

in Ti, TiQand TiHare of great interestFurther details on th passivationayer will be given in the

following chapter.
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3.2.1 H sorption kinetics in Ti

Hydrogen diffusivity in Ti, Tidnd TiQwas studiedpreviously Figure3-9 shows some of the reported

al f dzS &
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(circles) and Tigftriangles). Most studies on H diffusion in Ti are done in bulk systems in ideal condi-

tions without a passivating oxide layer formed on the surfig®l 6b], [Galla], [Cal6], [Malbiffu-

sion ofhydrogenat 300°C appearto belj dzA G S

a& X A ETHHRtHADYF 107 cns. Obviously,

the difference between metal and hydrides not as significant as it iis the case of other metal hy-

drides such as MgHvhere a difference of 9 orders of magnitude between the metal the hydride

is stated.In the case of Ti, the hydedphase does not hindduarther diffusion of Hsignificantly From

Figure3-9, it can also be seefplotted in stars) that simulatiostudiesneverthelesgpredict atendency

that hydrogen moves sleer at higher concentrabn of hydrogen.
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that has an hcp structure. This is to be expected, since bcc structures offer more interstitial sites for H

to be inserted. Unfortunately, the bcc phase is only stableigldr temperatures and therefore not

interesting for applications.

In the case of Tithe values vary strongly. Ti@ms formed by plasma&nhanced CVD on Pd sub-

strates have revealed a diffusion coefficient of hydrogen of* onAls [PPY95], [QZS13Thermally
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grown TiQon pure Ti substrates show a diffusion coefficient ot®@s [Yu03] while single crystal
rutile TiQ even shows a diffusion coefficient of only 2@m?s [P091] However, the tendency of
systematically slower diffusion through B0 (i K | Y -Ti & Wil sé#dnk to be clear. Despite some
scatter in the data, all of the aboveentioned papers agree that diffusion of hydrogen inzligdnuch
slower that in the Ti metal. Thus, the retardation of H permeation by fliif@s may be due to a com-
bination of low H adsorption and dissociation at the oxide surface and/or slow hydrogesptdn
through the oxide. In general, it is difficult to predict the rate of hydrogen transport through,diliO

and how many hydrogen atoms generated on the, Bi@face will actually reach the Ti layer each time.

3.2.2 Titanium oxide phases

It is important b realizethat different polymorphesof TiQ exist. Ritile is the most common one, the
anatase (metastable tetragonal structure), brookite (orthorhombic structure) and akaogiite (mono-
clinic form)are alternativesThe rutile form is the most stable polyngr of TiQ and the one naturally
formed on the surface of When exposed tair. Evidence of this will be given in the later chapter
whena characterization of the samples is discussed. For purposes of this work zaistiidsed in the
results partconcern the rutile Tigphase Figure3-10 shows the rutile structure of TiO

The diffusion of hydrogen through rutile Tikas been a key researchipt for yearslt is not a simple
case of transport of hydrogen through the layer, since a chemical reaction can also occur between
hydrogen and the oxideCommercially, TiQs used for many applications such as solar cells, toxic
materials conversion,iapurifying, seHcleaning windows etc. From many studigshas been shown

that the surface defects play a very important role in the chemistry of the oxide. Heeemay ask
what happens to the oxide once it comiescontactto hydrogen. Interestingly, a number of phenom-
ena have been suggested for what may eapa relatively simple system, with however firtal an-

swer to thisquestion.

The structure of the different oxides created on the surface has been investigated anértifeg-
gestions have been reported in literature. One of the most important reviews on this sxitece has
beengiven by Kunat et al[KBWO04] For many years, no information was availabfewhether the
hydrogen atoms form an ordered layer tite surfaceof the oxide[Sh00] By theAb-initio calculations

by Suzuki et alSh00] indicating that OH species should be stable at the surface once ttle isx
exposed to hydrogen atmosphere, many experimental investigations were motivated on this interest-
ing surface. In 2004, Kunat et fBWO04demonstrated experimentally by scanning tunneling micros-
copy (STM), that expositige TiQ surface to atomic hydrogen at room tem@ture leads to the for-

mation of a stable and highly ordered hydrogen celafer containing two hydrogen atoms per unit
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tures, up to 230 °C, the hydrogen odayer varies. At high temperaturghe layer consists only of OH
species (1 hydrogen atom per unit cell). It is also known in literdiB&V04] that heating the oxide

surface higher than 575 °C gives an excessive loss of the oxygen.
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Figure3-10: Crystal structure of the Rutile TAOndicating the bridge bonded oxygen (BBO) formed

While most studies focesl only onthe surface reactionquite recently,in 2008 Li et al.[LiO8] have
studiedexperimentally ad theoretically the diffusion of hydrogen in the rutile structuféney suggest
that hydrogen diffusion in the rutile oxide proceeds aitwvo-step mechanisn¥irst the initial diffusion

of localized charge followed by the hydrogen diffusibhe presencef repulsive OHDH interations

on the surfacavas shown to baignificantin both experimental and theoretical calculations.

Kunat et al[KBWO04Jstudied by helium atom scattering the amption and desorption kineticdlow-
ever, their kinetis pre-factors as well as their diffusiarctivation energyetermined experimentally
RATTFSNI aAi 3y mhdoketdal gaiculaBonsT peiBting o[it & Maie complex diffusion mechanism.
The surprisingly complex and intriguing behavior of hydrogeiii@nsurface points toa limited un-
derstanding of this model surface. Some research@®g12], [ICP11], [YiO8lave also excluded the
formation of TiH on the surfac@he situation became evanore complicated since in 2012, Tao et al.
[Tal2]have showrthat the bulk adsorption of H is different faine rutile (110) and (011) surfaces.
Regardless the wide activities on this system, the fluctuation and disagreement between different
characterization methods is remarkable and numericdilgven in Figure3-9 as well. In this workthe
hydrogenation of Ti thin films of controlled thickness (50 to 800 nm) is investigated. The oxide studied
during this work is formed naturally ®xposing theTi thin film to air. By measuring the time for full
LK aS (NI yaTF-2 NNV-TiHg, & @yipadsdolBivhe kinetipwith and without the presence

of a surface oxide laygtan bemade Also br this comparison, samples were prepared with palladium
(Pd) oating, in order to prevent the formation of TiOAs in the case of Mg, Pd is known to act as a
catalyst for Hsplitting and therefore, H absorption occurs faster, eliminating thisk thatthe oxide
surfaceacts as lte barrier to hydrogen absorptionuRhermore, experimentsvere done to observe

the pressure dependency, when an oxide layer is present.
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Due to its hightheoreticalelectrochemical capacity and electrowignductivity, Tiklwas also investi-
gated as electrode material Hu08] [Oul4] Interestingly, the conversion reactioaking place dur-

ing the lithiation of Tikldiffers significantly to that oMgH. XRD analysis of the electrode during the
discharge showed that the reactivity of Tikith Li ions cannot be desbed by a single reactiolike

for Mgk, but it involves thee different steps.

This work focuses on the diffusion coefficient of hydrogen into Ti as well as the permeation coefficient
of TiQ. Experimental investigations at 300 °C allow hydrogenation of Ti films of different thicknesses
(50-800 nm). A way to dietly see the phase growth/changend observe the formation processthe
hydrideis proposed here, similarly as in the Mg system. With the helpraf/Xiffraction (XRD), cross
sections by focused ion beam (FIB), scanning electron microscopy (SEMigandield transmission
electron microscopy (TEM) as well as diffraction patterns, the mechanism of formation if ihit¢s-
tigated. Quantitative measurements of the diffusion coefficient and a pressure dependency will be

discussed.
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4 METHODOLOGY

An experimentalchallengeof this workis thecharacteriation ofmaterialsthat have a very lovatomic
mass such as hydrogeithlum and magnesiuniTransmission electron microscopye() is one d the
few techniques that alloimaginganddiffraction analysi®f the particlesn paralleland, therefore, it
becomes possible tentify their microstructure and theicrystal structureAs a further complication,
MghH: is unstableunder theelectronbeamso thatthe direct identification of the hydriden the TEM
was not possiblesinceit is easilyoxidized during transport to the toolThis chapter describes the

experimental procedur¢hat was followed
4.1 Sample preparation

lon beam deposition is a physicaipa deposition (PVD) used for depositing thin filrhsii Qvall- I
establishedechniquefor the creation of thin filmsf controlled thicknessesnd smooth surfacedhe

equipmentused(Figure4-1) was custoramade byDr. Patrick Stenden 2005 The principle of depo-

sitionis explainechereafterand shown in more detail iRigure4-2.

Figure4-1: lon beam sputtering system

All samples were prepared by ion beam sputtering (IBS), a physical vapor deposition (PVD) technique
The apparatus consists of an UHV chambéhn wiresidual gas pressure ofLD® mbar equipped with
aVeecdDC 3 cm ion gun. The thin films aeposited using pure Ar gas that was ionized by a cathode
made of a Wthoriumoxid filament. By applying a DC current 8 A, the filament is heated and elec-

trons start to emit. Between the cathode and a cylindrical wall (anode) a discharge voltagdies ap
which causes acceleration of the electrons outwards. On their way to the anode, electrons ionize the
Ar gas atoms bgenningionization. Therefore, positive ions are accelerated to the cathode. A conduc-
tive neutral plasma(of nearly equal numbers @lectrons and ionss formed. An acceleration system

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

to focus the beam, while the ions passing are accelerated by the vadagieed tothe outer gid.



34 METHODOLOG

Outside the gun, before reaching the target, the ions are neutralized by another W helical filament (38
turns), to prevent charging of the target surfac&he energetic particlesit the target and due to

collisiors, the target materiais evaporatedand deposited to the substrate

e

Vacuum chamber

= 10®% mbar
quartz substrates DC ion gun cathode
\ 4—. /. Ar
. @
neutralizer . 4—

Target 2 C.D

S

Target 1

N

Accelerator voltage Discharge voltage

Figure4-2: Scheme of the lon beam sputtering chamber

Constant parameters were used for all samples, in order to produce a set edefieled layes. The

selectedsputtering conditions are shown rableb:

Table5: Sputteringparameters during deposition of the thin films
WORKING’RESSURE 2-10*mbar

BEAM VOLTAGE 600 V
BEAM CURRENT 20 mA
ACCELERATOR VOLTA(I 200V

The thickness of the deposited films 3100 nm) was controlled via a crystal quartz microbalance
(CQM) SQM160 Rate/Thickness Monitor from Sigma Instrumeptaced parallel to the substrates
and was also confirmed by electron microscopy (SEM/TEM). The deposition rates were 1.2 A/s for Mg,
0.6A/s for Tiand 0.8 A/s for Pd.

Mg and Ti diskof 8 cm in diameter and 5 mm thickness, were used as targets, purchaseti&oner
MetallischeWerkstoffe (HMWyvith a purity of 9995%. A further Pd disk of the same dimensions was
used delivered byWieland Edelmetallgvith a purity of 99.95 %. All tgets were cleaned by the ion
beam inside the sputtering chamber for 15 min prior to deposition. Furthermore, the Mg target was
stored in a desiccator under vacuumarder to avoicbxidation.

As a first stepthe possibility ohydrogenaing Mg directly by reactive ion beam sputtering (withy-
drogen inside the chamber dag Mg deposition) wamvestigated Figure4-3 showsa comparison of

the expectedhydrides vapor pressures, withe working pressure dlifferent sputtering techniques

Forion beam sputteringthe working pressure is &@t0*mbar. Thisis farbelow the partial pressureat
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which depositionof the hydride is possiblat low temperatures However, nagnetron sputtering
which can operate at pressures up to*tfibar, allows the direct formation of the hydride during sput-
tering. A magnetronchamber was cstom made during this work andastherefore possible to pro-
ducethe hydride insitu during sputteringFigure4-4 shows the importancef high pressures for the
hydride formation.After using a pressure of ¥onbar, the film was not purebut traces of Mg were
still found. Increasing the pressure to-1fbar, formeda pure hydride fimHowever the constructed
magnetron chambeonly allowed the deposbn of one material at a time. $@ was not possibléo
protect the layeby Pd before exposing it in air for further use. Since during this wods was given
on the kinetics of hyabgen diffusion into the filmdyetter contol of the time, pressure and tempera-
ture were necessary. Theamples weresubsequentlyproduced by ion beam sputtetepositionin the
pure metallicMg or Ti form andx-situ hydrogenatd at high temperaturesas itwill be discussed in

further detailin the hydrogenation part of this chapter
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Figure4-3: Vapor pressure of hydrides over temperature, showing the stability of the hydrides formation dur-
ing the different availablenethods
In the MgMgH: system, the samples were sputtered at roonmigerature on Si (100) orientaslafers
(from Siltronic A The Si wafers were previously oxidized at 1100 °C for 3 hours amdeent at-
mosphere The annealing time and temperature were chosen to obtain anrphuus Si@thickness
of about 200 nm, which has been shown to be stable in the later experiments. Pure Si wafers could not

be used, since M&i form intermetallic phas€®©k07]at the temperature of hydrogenatiorkigure
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4-5a) shows an example of the phases that are created with Mg/Si once the sample is heated up to
300 °Cif no oxide diffusion barrier layer is present. The use of the silicon oxide layer pseient

formation of these undesired silicates reliably.

substrate

Intensity (a.u)

10"'mbar
10*mbar

T T T 1T T 71T 1T " 7T " T "7 " T "7 "1 7T
26 27 28 29 30 31 32 33 34 35 36 37 38 39
2theta (degrees)

Figure4-4: In-situ formation of MgH by magnetron sputtering at two differeritydrogenpressures, indicating
that the pure hydride needs higher presss in order to be formed
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Figure4-5: XRDdiffractogramswith Cu K of preliminary tests showing the choice afthe substrateand b)the
need of using Pd as catalyst for the Mg system

Furthermore different thicknesses of Pd (540 nm) were deposited on top of the Midms, in order
to protect themfrom any oxi@tion as well as for catalytic assistancehia hydrogenation. Bferent
thicknesses were studied in order to seehetherthe Pd thickness has any effect on thaitting of
hydrogen moleculed=igure4-5b) demonstrategshe importance of using Pd ascatalyst on top of Ig
layers Samples without Pd could not be hydrogenated within a reasonable time. An attempt to hydro-

genate a Mg sample without Pd layan the surfaceat a ratherhighH. pressure of 20 bar and 300 °C
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wasshown to be unsuccessful even after 600nimcortrast, coating vith the Pd layeffully formed
the hydride everat lower temperatures and within ahorter time.
Forthe studies orthe TiTikb system three sets of samples were produced lIBSdeposition: TiQTi
thin films, Pd/Ti and Pd/T¥Xi layess. Layers were deposited at room temperature $n(111) sub-
stratesthat were cleaned by the Ar beam before deposition. In order to identify the influence of the
surface oxide orthe Ti films, 5 nm of Pd wewirectly deposited on fresh Ti film8Vhen the acuum
was kept in the chamber an oxidieee bilayer Pd/Ti was produced amdth an intermediate venting
of the chamber a triple layer Pd/TiDi was obtained
Asketch of all the prepared laysystems is presented Figure4-6.

& & ' ¢ Temperature ‘ ¢

& ' ' &f R.T.—300°C

Q00 © 000 Pd5-40nm

000 0
MgH,

—-
S0, Pressure
BT 1-20 bar Si subst. Si subst.
P L S
Temp. Tio, 000 Op 000 O;;
300°C TiH, TiO,
Ti (50 — 800nm) VS Vs -
’ TiH
Si substrate 5 - : : TiH,
0.05-100 bar Temp. Temp.
RT. 300°C

Figure4-6: Sketch of the systems studied during this work showlegconfiguration of the layersvestigated

4.2 Hydrogenation

Hydrogenation of the samples was performed using a high pressure laboratory rbagtpreactof™
BR300from Berghofshown inFigure4-7a) with atemperature controller and data loggefhe exper-
imental process of hydrogenation is illustrated in more detaligure4-7b). The change of pressure
and temperature over time is shown in order to describe the main steps of the experinidr@dy-
drogenation sequenceakes place as followd) pumping the reactor, 2) heating up to the required
temperaturewhile pumpingcontinuouslyfor removal of anympurities or oxides that might evaporate
during heating up of the interior of the react@®) insertion of pure Hprovided with a purity of 99.999

% H by Westfalen Ggsandholding at these conditions for a specifitiration, 4) pumping to remove

H, atmosphere andinally 5) cooling down taooom temperatureunder vacuumThis method assures
that the time measured for full hydrogenation starts at the same moment for all samples, when hy-

drogen is inserted inside the reactor.
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The experiments were cardeout in the temperature range from room temperature up to 3@and
pressures of 0.05 to 100 bar, gas atmosphere for different durations. For each systdifierent
temperatures and pressure were usetheyare presented in more detdih the discussio part(chap-
ters5and6).

L]
.

120 180 240 300 360 420
time [min]

Figure4-7: a) Hydrogenationreactor from outsideandb) a sketch of the hydrogenation procedfystratingthe
change in pressure and temperature over time for each saniplpumping the reactor, 2) heating up to the
required temperature while continues pumping, 3) insertion of pused) hold at these conditions for a spe-

cific time and finally 5) cooling down toom temperaturewith no hydrogen inside the reactor

4.3 Resistane measurements

A convenient way of investigating the progress of hydrogenatiom Mathin film is by observing the
change in resistivity. Mg iscenductive metalwhich upon hydrogenation converts intdesssconduc-

tive hydride phaseThe electronic structure of the hydride is naretallic with the energy gap d¢f4
eV[NV15] So, despite the volume changes during the transition from a metal to a semiconductor, a
significant difference is expected to be observed in the resistivity as well. Not much has been reported
in literature regarding the resistance change in this system. Therefore, fwaslacedn investigat-

ing this resistance change upon the hydrogenation prodesig this work Thissub-chapter focuses

on the theoretical background, necessary in understanding the chahgesistance and how the thin

film structure may affect this in addition.

When introducing hydrogen ia Mg there is a small hybridization of the orbitals between the H and
the Mg states in the valence banaghich have a dominant hydrogen characfgrO7] The conduction
bands have however mixed contributions from the hydrogens and the metal cations. Since the solubil-
ity of H in Mg is very lowtd be at room temperaturecy = 3-1¢/ H/Mg [SM87a]) the change in re-
sistance at the beginning is very smalbwever, mce the hydride starts to form, an increase in re-

sistance is expected.
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In 2005 Ingason et al[lO05]investigated 100 nm Mg thin filmaith a thin Pd layer othe surfaceat
different pressuresn the range of & mbar andwith resistance isothermshowedthat the binding
energy of the hydride is similar to the bulkarough theirisotherms a weak increase of resistance is
visible, when H is solved in theMg phasewhile a steep increase in resistance is observed when the
hydride is formed.
Later,Ozgit et al[GAO13]studied the resistance change in Mg thim, alsowith a thin Pd layer
under isochronal conditions between 60 °C and 120 °C with a constant pressure ofritharway,
it was showrthat higher thicknesses need higher temperatures to fully hydroteemathin the same
time. However, they havefocused more orthe texture change once hydrogenation took place.
During this work, Mg layers are covered with a Pd laypahe surfacdor reasongreviouslyexplained.
Assuming a paralléhyer structure and measurement in the plane directions, the structure ofahe
ers is considered to give a total resistance according to a parallel cBauhe total resistance is given
by:
1 _ 1 N 1 N 1 21
Roa  Rea Rugn, Rug

Values of resistivity of each element, in bulk, are found in literattagner et al[WP11]studied in

2011 Pd hydrogenation and showed that thaseresistivity of Pd is 100 Ohnm atroom tempera-
ture. Mg is knownto have a resistivity of 40 Ohnm atroom temperature Furthermore, the inter-

metallic phases formed between Mg and Pd appear to have a higher resistivity. Myith = 180

11k

Ohmnm and’ ygea2= 70 Ohmnm

Mg
W

Figure4-8: Schematic representation of sheetsistance measurements. Current is applied on the outer pins
and voltage is read through the inside pins

A
v

From the resistance measurementie evaluation of thethickness of the hydride upon timeanbe

estimated. Knowing the resistivity, of amaterid, its resistance can bealculated as:

RAA 1 Q (22)
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where L is the length of the sample and A the area through which the current tr®eassng in mind
all the layers contributing to the total resistance, equat{@2) becomes:
1 _Au®, A, Ay (23
I:etotal :l MgL :l' MgH, L :I' PdL

where A = d-wwith d andw the thickness and width of theespectivellayer.Considering that the

resistance of the Pd is niggjble during the first cycleequation(23) transforms to:

1 w,d,- dMgHz ® dMgH2 ® (24)
=¥ 1 S )
I:Qtotal L } Mg } MgH,

WheredMg (t) =dy - dyge, (1) (while the hydride is growing in the filthe Mg metal layer is decreasing
accordingly. Solving equatio24) for dMgHz(t)the hydrogenation thickness is experimentaily-

tainedfrom the measured resistance:
} Mg @MgHz Q- WCj) MgH, Go@a) (25
} g QVAR() - WQ,, AR(E)

dMgHz ®=

This formulas used later ta@stimatethe remaining hydride in the layer during dehydrogenation.

The resistance discussed so far is usually calculated bylu$ing Q a f IRé& U/BHOEeNSS, in the

case of thin films, that are nominally uniform in thicknassnakes more sens® discusshe sheet

resistance as a matials property. Using therefore:siRe:= (U/l)i 0 ~ Khik pfesuim®s preconditions

for the distance between the contact pointSigure4-8 shows a schematic representation of the cur-

rent flow in the samples. It is important to note, that the spacing eswthe pins is constant and that

the film thickness has to be less than%0of this spacing. The change in the final end is only a factor

of 6 = k [SH3B)However,in afour-point probe measurement, where current is passing through the

outside two contactsand the voltage is measured across the inner two contacts, it is more seientif

cally correct to consider the sheet resistance.

wSaAaidlryoOS YSI adiNBYSyia gSNB OF NNASR 2dzi Ay | Od
I OG0 2N OKIF YOSNE a F2NJ 6KS K& RNER 3 Ssite résistange mésst 3 dzZNB Y
urements whie hydrogenation and de/rtydrogenation take place. These experiments were per-

formed only for the Mg system for which the resistance change upon hydrogenation is remarkable.

The device is used at the same conditionsnate before mentioned hgrogenatian treatments be-

tween room temperatureand 200 °C and 20 bar. An image of the setygresentedin Figure4-9. It is

composed othe main chamber, which contains a hieg plate. The sample holder is composed of

four springloaded gold plated pins mounted abom temperaturedeliveredby Feinmetall contact
technologiesThe outer pins of the samplesénd k) are connected to a DC Current souré&§1C HP

¢ Hewlett Packard and 1 mA is applied. Rohde and Scharz HAMEG Digitaltimeter is used for

measuring the corresponding voltage contacted at the inside pinan® \&). This waya fourpoint
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probe resistance measurement waeslized according tthe cnfiguration sketchin Figure4-9, where
I isthe applied current and/ therecorded voltage. Samples were heated to 2@0under controlled
conditions and the temperature waneasuredusinga ktype thermocouple connected tcand con-

trolled by theBerghofelectronics.

v

la Va Vg Iy

Figure4-9: Resistance measurement setup. Sketch and photo of the sample holder.

4.4 X-Ray Diffractia

X-ray diffraction (XRD) Bnon-destructiveanalysis techniquérequently used in material sciences to
determine the crystal structure arntéxture of a sampleX-rays are scattered elastically on the periodic
crystal lattice, which results in a materiaesific diffractogram Analysis of the reflection peaks is
oraSR 2y . N}33Qa (g

441 XRD Exsitu Measurements

Lattice structure and properties of hydrogenation of the specimens werestigated by &5000 X
Ray Diffractometefrom SiemengFigure4-10), with Cu K-radiation The characteristic peaks of the
hydrides and thepure metalsare recorded For a more accurate determination of the peak position,
the measuredntensityprofileswere fitted with a Lorentz functiowith the Program @Plot 0.9.8 from

lon Vasilief.

Figure4-10: XRD Diffractometer D5006rom IMW ¢ Stuttgartdepartment
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4.4.2 XRD In-situ Measurements

Somesamplesof the Mg systenwere further characterized byn-situ measurements in collaboration
with the group ofProf. Orimo at thaJniversityof TohokuJapan. Dr. Sato helped with these measure-
ments for whichat ! b | f & ( A @ipuie4-11)Rt GWAHEK / dz Yh NI RAIFIGA2Y S
K vand 1.5444 A for K, was used Samples wereplaced in a reactor chamber (Anton Paar XRK 900)
andhydrogenated at %ar of B pressure while heated up to 150C from room temperature with a
heating rate of 5 °C/mirThe Xray diffractogramst N2 Y K ‘to 60° werenobtained over a 10 min
measurement at 25 °C anslbsequently at stepwis@creasedemperatures fromb0 to 150 °Gn 10
°Cintervals. At 150 °C and 5 bafurther isothermal measurement was performed for 60 min in order
to attain a fully hydrogenated sampl&his temperature was chosen so thiae half hydrogenation of
400nm sampless clearly visibleyopXRand focus on the peak shift was giv@he results are discussed

in detail in chapteb.1.1.

Figure4-11: Diffractometer PANalytical X'PERffom Prof.Orimo's lab.

4.5 Electron nicroscopy(SEMFIBand TEM

In order to investigate the samplasicrostructurehigh resolution transmission electron microsgop
(TEM)wasemployed APhilis CM20eFEG(Figure4-12) was used at 20V forimaging as well as

electron diffractometry

Figure4-12: TEM Philips CM200 FEG.

gl
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In TEM a highenergeticelectron beamirradiates a thin film sample tprovide detailed information

about the structure or chemistry of thepecimen The beam however, can causeermanent un-
wanted changet the electron transparent thin film#lanyhydridesdecompose fast upoirradiation

with the electron beamThis has laeadybeenreported for LBH,, LiH, Al LiAIH, NaBH, NaAlH.

Recent work on MgH[SSR17$hows also the instability afie hydrideinvestigated during this work
Transparent thin film$or TEM observationwere prepared for crossectionalimaging by means &

FIB (SCIGEEI dual beam Figure4-13). Scanning electron microscopy (SEM) as well as the energy
dispersive xay (EDX) characterizatioragperformedat 5kV.

The preparation takes place four main steps.Themicrographsobtained by the SEM illustrate these
steps inFigured-14. Firststep (Figure4-14a))isthe deposition of the Pt protective lay&¥ moémp > Y
the surface of the sampiia order to reduce thelamageof the area oftiterest during the preparation.

This layer is deposited by a gas injection system (BiSplesignated & & LINB § SOG A BS I & SN
this work Once the Pt is depositetivo parallel squares are milled on top and bottom of this area
(Figure4-14b), using focused ions accelerated witlvaltage of 3&kVand 65nA.In this way, damella

is created and is ready to beteacted. Thethird step is calledi K S -2¢dg{PgEiré4-14c) and shows

the extractedpiece of the material mounted on a needle called the micromanipulddsitg the mi-
cromanipulator.the lamella is transported t@ Cu grid Kigure4-14d-e), which is fixed by gluing with

Pt

Figure4-13: SCIOS Duel beam (SEM/FIB).

The fourth step consists of thinning the lamella progressively until it reaches a thickness that makes

the sample electron transparenFigure4-14f-g)). This is succeeded by using differiemtcurrents 1

nA, 300pA and 10QA until a thickness lower than 100 nm is achieved. The final step of the preparation

2F GKS &l yYLX Sa O2yarada 2F aOtSEyAy3aé GKS &AdzNFI
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introduces the implantation of gallium ions and/or amorphization & slurface of the sample. In order
to minimizethis damaged layer othe surface the use of low acceleration voltagesZkV) is neces-
sary. These iomsrerather slow,so that they allow a gentle pohof the sample by removing only the

surfacelayerthat haspreviouslybeen damaged

Figure4-14: Steps offTEMlamella preparation out of thin filrsample, with the FHEBSCIOS dui®eam a) the
LINEGSOGAGS @SN 2F t 0 dzaAy 3 b)cwsSo fidd the lafedof iRGdsipthel § SR A Y
free lamella is ready to be moved) the lamella is glued to the Cu TEM grid with the help of the easy lift and
the GIS$e) the mcromanipulator (easyift) is removedf) the lamella is thinned while controlling its thickngss

g) when tranparency is shown in the electron imaghe laye is thin enough for imaginip the TEM where a
higher resolution can be obtained

To performthe subsequent analysis by TEWe samples aréransported from the FIB to the TEN

contact toair. An inconveniece, unfortunately unavoidable with the available equipment.

4.5.1 Grain size analysis

Analysis of the graisize wasompletedfor both systemsn orderto confirmthat investigationgluring
this workare dore on nanostructuredrystallinethin films.Figure4-15shows the bright and dark field
TEM images dfoth systens. For a first orientation20nm ofthe metalwasdeposited on & coated
Cu gridThisis givingan overview ofhe grain size of the samplesoWever, the actual grain size might
differ since the deposition of tteelayers is donen adifferent substrate whichmayaffect the size of
the grainsimageJ was used tanalyzethe grain size and the distribution was fitted with a Gaussian
fit.

In the case of Mgan average 017.3+ 7.6 nmin grain diametemvas obtainedThe grain distribtion

is shown inFigure4-15c). In the case of Tian average of 4.3 2.3 nm diameterwas obtained. The
corresponding grain distribution shown inFigure4-15f) and therather largeerror is attributed to the
precision of the image threshold chosen with the softwaBecause of the very small grain size and

the artificial carbon substratdurther analysis was doney XR[at thin filmsof different thicknesses
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deposited on oxidized Si (in the case of Mgjegrain size can be caletkd using the Schegr-equa-
tion:
_ /3K (26)
w3 cosJ
where0 represents the size of crystalline domains perpendicular to the surtatiee Scherer shape

factor andv the broadening of the measured peak (full widdhhalf maximumin H * n radians). For
the shape factara value ofY f was dsgxlvalid for approximately spherical graifds78] This way

an average graidiameterof 16 + 0.5 nmwas obtained for Mg and £ 0.5 nmfor Ti.
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Figure4-15: Grain analysis dfoth metalic films:a) Bright field image and b) dark field image6fnmMg
depositedon a carbon filnt) Graindiameteranalysis from the TEM images of Mg showing an average grain

diameter of 17.27%m marked with dashed ling) Bright field and e) darfkeld of Ti 20hm deposited on a
carbon filmf) graindiameterdistribution of Tirecordingan average sizef 4.15nm marked with dashed line

Fromthis analys, it is clearthat the filmsgrainsin the range of 20 nm in diameter. Furthermore,Ti
has the tendency téorm smaller grains than Mg during ion beam sputter deposition.
Additionally, the lattice parameter of the @eposited samples was calculated in order to ahether
there is anysystematic change wita variation of thehicknes. The dspacing wasletermined based
on. NJ 3 3 &nd cobisegaenyl the crystal geometry and the iNer indices of the peak are used in
order to calculate the lattice parameter. Sirtbe latticestructure is hcpn both cases theppropriate
equationis:

:f(h2+hk+k2)+£ (27)
dr?kl 3 ?

n/ =2d,,,Sing and forhcp: 7 c
in which® represents themeasuredangle by the XRD characterizationkh are the Millerindices of

the respectivepeak, aand ¢ arethe lattice parameters angthe wavelength of the«-rays(Cu k<=

0.15418nm). dh represents the distance between the plandhisXRD characterizatiofocuses on
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the (002 and the(100) peaks(depending on the thicknesd}igure4-16 shows the calculated lattice
parameters versudeposited thickness for both systems, showing the condtttite parameter at all

thicknesses of film deposition.

. A 28
Forhcp (002)c =/ sinJ * andfor hcp (100)a =/ (\/C_Ssmq) (28)
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Figure4-16: Calculated lattice paterameters versus thickness of the deposited films. Values obtained by XRD
characterizatiordata. Red dashed line represents the literature valfegsa) Mg system b)Tisystem

4.5.2 HRTEMmage aalysis

In high resolution TEMHRTENImicrographs shown in the later chapteasalysis of the lattic&inges
observed was done in ordeo identify the phases. Here an example of the analggisesentedtaken

the example oPd. Later the Pd layer is often seen as a black/ dark lalyisrisTdue to its high density
and high electronorder number However, wen thinning the materiaio few nm(with the FIB)it is
possible to observe the lattice planes in HRT®&hich allowdo evaluate whether thesputtered layer

is pure Pdlt is important to mention that good thinning of the TEM lamellas and detailed preparation
of the sample aressential for the HRTEM analysis.

From the HRTENnagesobtained and shown ifrigure4-17, one can use the Fast Fourier Transfor-
mation (FFT)Whereas FFT is oftenagfor focusing during the expeanental imaging, it can also yield
important information after the imagesave beerobtained. Theimage transformation decomposes
the image into its sine and cosine components. The output represents a frequency domainasvhere
the image observed directly in the TEM represents the spatial domain. Eachtpeiafore, repre-
sents a particular frequency contained in the spatial domain image. In seiapy this effect is essen-
tial, sinceone canidentify the crystalline nature of a material localizedviery small regions. In other
words, it gives information on the reciprocal space of the selected region.

Regardindrigure4-17, each dot from the FR# b)(reciprocal pattern) showa periodicityin the direct

image inFigure4-17a). This can help obtain a clearer image and obséhe lines of the planes more
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clearly, when removing the background information of the image.

In order to do thisFigure4-17 shows the performed imagerocessingThe same process is followed

for all HRTEM images referred in chaptet.S. By selecting the dots seanthe FFT, which repsent

the crystalline materiaand inversing theminto animage & C2 dzZNA SNJ FA{ G SNBER A Yl 38§
the lattice fringesare more clearly seen and the contrast gives a better precision tetaduated

lattice spacing

a) HRTEM image b) FFT of HRTEM image c) “Fourier filtered” image

1

0.398 nm
2 0.387 nm
0.391 nm

Figure4-17: HRTEM analysis method a) HRTEM image obtaédT transformation of image a)a C 2edzNJA
FAL GSNBRE A Yl 3 SFTaftetdnly thd do & NEPFTAR baersefected
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5 MAGNESIUMSYSTEM

In the followingchapter, the quantitativeanalysis 6the hydrogen sorption kinetics dhe Mg/MgH,
system will bgoresented With the XRDOn-situ characterizationthe hydrogenatiorprocesss first fol-
lowed. TEM imagingonfirmsthree important stagesthe asdeposited,the partially hydrogenated
andthe fully hydrogenated sample3he kineticss studied at different temperatureSfromroomtem-
peratureto 300 °Cso thatthe characteristic Arrhenius plaian be given for the first timeMore pre-
cisely the nature of the hydrogen transport, during the first hydrogenation, is studied in detad@t
°C(10 bar and 20 bagnd 300°C(20 bar)by exsitu XRD measuremenasid aquantitative calculation
of the diffusion coefficientss given.Additional characterization bglectricalresistance measurements
allows studyinghe growth of the hydride at various different temperatur&ehydrogenatioras well
as subsequentre-hydrogenationat 200 °Cand 300 °Qill also becharacterizedoy XRDresistance
measurementsand TEM. The latter especially demonstisatiee creation of MgPd alloy supported
by EDX measurementss stability and effect to theyclability of the material will be discussed.

Table6 summarizes the important parameters and the techniques usezhch sulchapter.

Table6: Samples and parameters summary for each-chdpter.

Mg LAYER

Pd LAYER

PRESSUR

TEMP.

TIME

5.1 Hydrogen sorptiorf1st hydrogenation)

5.1.1 Overview characterization of theydrogenation process
(Collaboration with Tohoku University)

In the first part of this chaptethe hydrogen sorption kinetics of pure Mg layers under hydrogen at-

mosphere is studied. The samples are covered with a Pd layer as previously described, in order to avoid

CHAPTEF _ TECHNIQUES
(nm) (nm) (bar) (°C) (min)
8 5.1 400 20 5 150 In-situ XRD/TEM
<
E 5.2 50-800 5-40 10/20 200 10-400 Exsitu XRD
O]
8 5.2 50-1100 20 20 300 60 Exsitu XRD
&)
> RT.- )
T 52 80-1100 5-40 20 200 10-7200 Resistance
w8
Exsitu XRD/
X o MgH; o Vacuum
oo 53 6%0 (initial) 20 20 200 F 0 N1 Resistance/TEM
oz
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any idation of Mg during transpoind to accelerate the dissociation of hydrogenletules on the
surface. Only single hyagen atoms migraténto the metal Part of this subchapter has been already
reported in the publication by Hadjixenophontos et[&lal7]

In order to estimate the time needed for full hydrogenation of different Mg thicknesses, the samples
were tested first in incremental time stepBigure5-1 shows the XRMiffractogramsof 400 nm Mg
layers at different stages. k) (blue), the asdeposited state is shown with féber texture along the
Onnu0O LI Iy S°+0.02° which iB theoemetgetitally or kinetically preferred orientation for
ahcpstructured material during depositigi$c98] At 200 °C (100 min / 20 bar), tfermation of MgH

is observedy apeakt G H ' F'+002° which represents the (110) plane of the hydride, shown
in the red(b) partially hydrogenated sampjelncreasing the time at 200 °C (250 min / 20 bar), full
hydrogenation is taking place amgbre orientations of the hydrideecome@A & A 6t S P4l W
0.03c I YR H ‘“°+0[02° fopte oriemtations (220) and (1Q1espectively. Théully hydrogen-

ated samplegd visiblen Figure5-1c) (black)

i Mg (002) :
= ]
3 ]
=
= Pd (111) -
£ 7 / a) as-deposited]

TMgH, (110) ]

4 sub. b) partly hydrogenated|

] MgH, (101) MgH, (220) |

i 2 ~—

¢)fully hydrogenated.
LIS L B BRI L BN B L L B BN L B NI RNLEY BRI B

26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
2 theta (degrees)

Figure5-1: Xray-diffraction diffractogramsof three sample®f Mg, 400 nm in thickness coated with Pd 20 nm,
investigated at different hydrogenation steps) asdeposited Mg, b) partially hydrogenated sample (100 min
at 200 °C / 20 bar) and c) fully hydrogenated for 250 min at 20&ntl 20 bar

Evaluatinghe XRDdiffractograms the intensity of the Mg peakeems to be much higher than the
intensity of the final Mgklayer of same thickness. This is however no surprise since the scattering
factor of hydrogen is very low as the element is so liffal. a clear comparisoand to ensure the

purity of MgH thin films, a comparison was done with a Mgpbwder sampleFigure5-2 shows that



50 MAGNESIUMYSTEM

the peak position of the thin films are comparable to the one of powdeesidethe fact that a strong

texture is present in the thin films along the (110) direction of the tetragonal A\pgEse.

45000 - MgH, (110) A

40000 thin film sample

35000 - powder sample -
= 30000 - ]
3 | -
2 25000 ]
Z ] 1
O 20000 - MgH, (101) ]
c

15000

10000 MgH_ (211
gH, ( ) (ﬂ,@

MgH,, (200)

5000 Pd(111)

~rrrrrrrrtry Tttty T
28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
2 theta (degrees)

Figure5-2: Xray-diffraction patterns fora comparisonof the intensities between powder and thin films of
magnesium hydride. powder sample of MgHred)with multiple reflections visible, comparegith a thin film
(black) where theeflections have a preferred orientation along (110) directiBeaks fronthe sample holder

are also visiblevhen measuring thin films

The Mg (002) peakn Figure5-1a) and b)js only weaklyshifting from lower angls tohigher angles
from the asdeposited to the partidy hydrogenated sample. Furth@r-situ xray diffraction experi-
ments were performed in order to observe the hydrogenation of AG0Mg thin films duringsother-
mal treatmentin more detail In Figure5-3, the shift of the peaks is better observed by thesitu
characterization of the sample, while heating up from room temperature to 150 °C. Signii¢hat
Mg (002) peak (seBigure5-3b), thatshits ¥ NB Y W ‘ ° atroomtenpprraturei 2 W *‘ °T

at 100 °Cwhere it then stays constant while decreasitgjintensity over hydrogenation (sdeigure

on dnn

530 QU ¢KAA&A aKz2ga GKF G G Kn$5.106 Atdb.Bld A, &®& thedilmlis &-S G SNJ S

tached tothe substrate and theperpendiculardirection to the substratéehas a higher podsility to
change Although the Mg peak does not shift anymore above 1Q0QH&Bragg peak positions of the
hydride (110) shift to lower angles (sEgure5-3I (pobably due to thermal expansiom. Moser et

al. have repaed volume expansion during hydrogenation and dehydrogenation reactions of powder

MgH: as a function of temperaturfDa09] The volume expansion can be roughly calculated from the

volume ratio d the unit cells. Since Mg has a htpucture and the hydride has a tetragonal structure
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the volume of the unit cells can be calculated ky; =22 c,, sin_ Visgh, = 8gh, Cugh, - With
3 2 2

Cug =5.194 , 3, =3.204, Cugr, =3.01A and Bugh, =4.50A the volume ratioVig, _ 6095_, ..

V,, 4602
a) MgH, (110) b) Mg (002)
5000  Heating 25-150 °C Heating 25-150 °C ke
150000
= 150 °C = o 25°C o
g < 100 °C 25°C
S 4000 ., Sample = 3
8 .\ holder = 8100000
> 3000 | >
£ 2000 £ 50000
= =
1000 0
a') 6000 . Isotherm. 150 °C b')30000 Isotherm. 150 °C
P = ~0 min
E 5000 i z £\
3 1\ 3 20000 [\ ...
= 4000 K - -+ 10 min
> /i > // \\
B o ¥7 / / \\
c 3000 c 10000 e =
% :g /V / \\\
< 2000 & = A~ S
0 60 min
1000
27.0 28.0 29.0 34.0 34.5 35.0
26 (degree) 26 (degree)

Figure5-3: Insitu characterization of a Miiym heatedfrom room temperatureto 150°C. XRD data recorded
every 10°@K2gAy3d (GKS LISI] aKAFAG RdAzZNARYy3I KeRNRISYILGA2Yy |0
isothermal measurements at 150 fidal7]

TEM observations of this studthat will be further discussed later, allow ttatementthat Mghb
formsas a layefrom the surface of the g towards the substrate. Thisowever, explains the Bragg
peak of Mg (002) above 100,%hich is observed near the substrafEhe thermal expansion of the
GKAY FAEY Oly 0SS FaaSaaSR o0& aAYLI S OFf Odzt I GA2y2
0.000025 m/m°K). This estimation shows that the expansion of the c lattice parameter of Mg cause
by thermal expansion should bring the lattice up to 5.26 A. This is more clearly shBiguiies-4a),
where thetheoretical increase ishown by the dashed lin@herefore, it is assumed that the +shifted
Bragg peak of Mg (2) above 100 °C is related to compressivess coming from thégH: phase,
which overlays the expansion of the Mg lattee showrby the arrows inFigure5-4a). If the hydride
isnot formed, the lattice should theoretically continue expanding as shown with the dashetitine.

ever, the Bragg peak position of Mg (002) shifts even to higher angtég ifirst 10 min of isothermal
annealing at 150 °C with increasing fraction of igkhich corresponds ta shrinkage of the lattice

along the eaxisas shown irFigure5-4b). Thiscan only be due tthe phase transformation of Mg to



52 MAGNESIUMYSTEM

MgH, which is everfurther confirmed since the thin film is attached to the substrate aamdhermal
expansion along the-axis should be even mopgonounced

Anyvariation in temperature can give rise to strdsse variations in the latticapacingConsequently,
while keeping in mind that the solubility of hydrogen in Mg is very low and ¢Annot cause such
expansion, it can be concluded that the initial chamgég lattice is causetly thermal expansion.
Once the hydride starts to forpthe expansion initially stops aridter a decrease of the Mg lattice is

evenobserved since theexpandinghydride latticeprovokes compressive stressesthe Mg.

a) Increasing temperature b) Isothermal measurements at 150°C
3446 w w w w \
34.54 T T T T T T T T T T T T T 5.240
4 —+5218
~ 34524 3 =445 L
3 . 15230 5 X ' s
o 34.50 @ £ - 5
I ) - E &a444] 152143
= 34.48 . -f7 15224 @ 2 é £
= ] 17 G c é 5212 §
= » P i o o E ]
‘D 34.46 = P I ® = 34434 ; I a
a i PSS i 45216 & & 1 45210 &
aQ Pie : 2 M s a L~ 2
< 34444 ST B £ 2 ; £
3 2 _ - 34424 45208
8 3442 I . 2208 0 2 . ; &
K e LI I o & {5208 @
S 34.40 e rrs " 5200 = D44 4 ] R
o -7 - =)}
= L = 45204
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Figure5-4Y a3 w‘ LISF{1 LRAAGAZ2Y | yR afncredsifgienpesatuld)isdther: S G SNJ O

mal measurements at 15TC

From the peak shift observed in the X&Bractograms the in-plane mechanical stressésoccurring
from the hydrogen absorptigrean be evaluated when using the Freund and Suresh forfawg@]for

biaxial stress

_ Ewg (df (T)- dg (F)) (29)
1- nMg dg (T)
whereBwA & |, 2dzy 3Qa Y 2 Rdzf Bze 42 GPiUCTED), A T tReNRoissalzfration af Blg

S =

(equal to 0.35Uc15) andd; (equal to 2598) and d are the lattice spacing ¢f-Mg phase obtained

from the (002) plane with and without stressrespectively Usingequation(29), a simple prediction

of the compressre stress value causkby the hydride formation starting from 10 iggivenin Figure

5-5. As previously indicatedhe peak position shifts to higher angles while increasing the temperature,
showing that the filmincreases itcompressive biaxial stresghile heating, probably daito the for-

mation of the hydride.
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Figure5-5: Compressive stresseausedby the hydride phase starting at 100.°C

At 5 bar of hydrogen and 150,4GII hydrogenation is observed since there is no Mg peak viaiije
morein the XRD (blue graph Figure5-1). Furthermore, the Pd peak is no longdrserved over full
hydrogenationindicating thatMg-Pd phases can be formed at these conditions according to thegpha
diagramshown inFigure3-5. This is further investigated later and discussed in more detail in the de-
sorption chapter of this wde. The nanocrystallinity of thiatermetallicreaction productseems to be

the reason why n@orresponding nevpeaksbecomevisible in the diffractogramduring the first hy-

drogenation.

5.1.2 Microstructure transformations

Physical vapor deposition techniquesy producdlifferent microstructures depending on the depo-
sition parameters. Using ion beam sputtering depositieery smooth and defined structuresdlow
the investigation ofthe atomictransportof materials. Theesmooth layers are first confirmed by SEM
and aredemonstratedin Figure5-6. In orcer to witness the change in the Mg thin filoy hydrogena-
tion, SEM characterization was conductew the three samples previously describedFigure5-1.
Figure5-6 shows the cross sections of thleree samples at different stageEDX analys was per-
formed on the agleposited sample to verify thaurity of theelements present inside the film. Carbon
(C),platinum (Pt) and gallium (Ga) stédrom the FIB sample preparatiofar whicha protective layer

is deposited on top of theegion of interestPd is observed to be on tisarfaceof the layer as expected
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and Mg representshe mainpart of the film with a thicknessn this caseof 400 nm. Sigappears to

be 200 nm thick and the pure Si of the substrate is observed at the bottom.

P £ 43 i

] ms — hydrogenated

SiO, (substrate)

Si - substrate

Si - substrate

EDX - 5kV, 25pA

Figure5-6: Cross sectional SEM images of thin filmsisadeposited smooth 400 nm Mg layand EDX

measurement at sgv sbowiggvth,e various elerpents alopg t@e Iayef, b) half hydrogAenated 400 nm Mg fiJm, 3

gKSNE U0KS St SOUNRBY o0SIFY ONBFOSa aK2z2fSaé¢ IHALTUWKS Keé RNMJ
SEM images showaK 2 f S éon tBefaFs@n@diydride part. It is known that Mghs sensitive under
the electron beamA. Surrey et a[SSR17have reported that an electron beam can induce dehydro-
genation of Mgkl What is remarkable to observe here, is that thébeles appear only abova line
in the halfhydrogenated sample iRigure5-6b), which obviouslyindicates a reaction frontin Figure
5-6¢), the sameeffect is observedor the fully hydrogenated sampléut now thedholes appear eve-
rywhere in the sample. Therefore, it is conclugttht these holes, are created from the instability of
the hydride phase under the bearm 2011,Dura et al. reported the observation similara K2 f S&¢ Ay
a Mg hydrogenation systeliibull] They attributed this effect to the fact that the lattice of the Mg
matrix is expanding upon hydrogaiion. When the electron beam of the SEM induces dehydrogena-
tion, the extraspace left from this expansion creates these holes. Noticeably, the beam induces dehy-
drogenation of the filmeven atalow acceleration voltage of 5 kV.
To clarify the microstruaral conditionsin more detail, crossectiors of the samesampleswere pre-
pared and investigated hiyansmissiorelectron microscopykigure5-7 shows three stages in corre-
spondence to the XROiffractogramsof Figure5-1. In the asdeposited sta¢ (Figure5-7a), the Mg
layer reveals a columnar grain structure with a pronounced texture, the latter also confirmed by the
reflection intensities in the correspondirselected area diffraction pattern'SADPHigure5-7d). The
visiblypronounced fiber texture is also in agreement with the XRD results previously sivittvione
main peak along the preferred texture axis
A partially hydrogenated sample (200 °C / 20 bar, 100 min) is shdvigure5-7b). The former homo-
geneous layehas split into two halves. In the upper area, close to the surface, the microstructure has
transformed to fine globular grains. Also there, the fiber texture has disappeared from the B§bP (

ure 5-7e). Noteworthy, the diffraction pattern of this region shows traces of MgO instead ot MgH
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which serves as evidence of the instability of the hydride under the electron P®8R17]Further-

more, the transfer of the samples from the FIB to the TEM was doai,iwhich can oxidize the thin
(few nm thick) lamella. Nonetheless, a laji&e reaction is clearly identified by the reaction front in
the microstructure. A sample hydrogenated for 250 min at 200 °C / 20 bar demonstrates full hydro-
genation Figure5-7¢). In summary, it is concluded that the hydride is formed uniformly at the surface

of the film and grows towards the substrate in a uniform lallez reaction.

Figure5-7: TEM bright field images of cross sections of a 400 nm Mg layer (layer surface at the top): a) As
deposited, b) partially hydrogenated at 200 °C / 20 bar / 100 min, c) fully hydrogenated 250 min.
Gorresponding SADP of d) Mg and e) MgWgh has transformed into MgO under the electron beam.

Further analysis wasompletedon the asdeposited stataisingdark field imaging of the sample. One
of the bright spots/reflections along the diagonal of th&[¥ was chosen for imaging. Direct imaging
of this area in dark field, as shownHigure5-8, shows the strong fiber texture of the -deposited

sample more cleariyMany of thecolumnar single grains are appearing bright in dark field imaging.
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Bright field I G Dark field
Mg/Pd as deposited Mg/Pd as deposited

Figureb-8: Bright fielda) and dark fieldb) images of an adeposited sample of @ nm Mg and 20 nm Pd. The
protective layes from the FIB sample preparation is observed

5.1.3 HRTEM investigations

5.1.3.1 After high temperature (200 °@)eatment

Further TEM investigations at higher resolution were carried out in order to observesdatéile
interfaces Figure5-9 shows a bright field image of a partially hydrogenated sample witheréydride

is shown again to nucleate at the Pd/Mg interféckose tathe Pd layer shown in the figurelhe equi
axedfine grains of the hydrogenated part are more clearly visible in the dark field imagyime

5-9b). Figure5-9¢) shows a higher magnification of the layer close to the substwatierethe layeris
expected to represent pure Mg. HRTEM allows meamant of the lattice planes observed. Lattice
plane distancemeasured from the image obtained close to the substrate, with the help of ImageJ
software, gave anwaerage value of 3.36 + 0.05 Agtvalue of lattice parametdrom literature of Mg

as given imablelis 3.21 A, whereas for Mgthe lattice parameter is 4.50 A. Tlaisnfirmsthat mainly

pure Mg is presentn this part of thefilm.

Figureb-9d) shows a respectively higher magnification of an area closer to the surface, where the hy-
dride is expected to be formed. Here, the average value of the lattice obtained is equal to 2.41 + 0.3 A.
An attempt was carried out to see the lattice planes of twe phases of the layers. Unfortunately,

the hydride is not stable under the electron beam, as discussed previously. However, the lattice pa-
rameter of MgO given in literature is equal to 2.573 A. This supports previous SADPFityoreB-7,

obtained at the partially hydrogenated sample showing the presence of MgO.
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Partly hydrogenated sample (200 °C/20 bar)

=336+ 0.054
4 . ﬂ;"l, N do

Figure5-9: ab) TEM bright field and dark field ages of a partially hydrogenated sample 400 nm Mg 20 nm Pd.
¢) HRTEM of an area close to thébstratewhere Mg is present, the lattice planes observed give an indication
of the pure Mg phaseF3.214). d) HRTEM of an area close to theface where tle hydride is formed. fie
lattice parameter of the oxide is measured in the planes vigiifle573 A)

From the phase diagram between Mg and Pd, intermetallics may be expected, especially since the Pd
peak disappearin the XR[after heat treatment aspreviously presented (sefeigure5-1). From the

phase diagram shown Figure3-5, MgsPc and MgPd are the phases expected to be observea(il

¢ 300 °C. In order to seghether there was any mixing of the metaléements, HRTEM images were
takenespeciallyfrom the respected interfaceFigure5-10 shows the omparison between a Pd layer
asdeposited and the Pd layer aftpartial hydrogenatiorat 200°C.Clearly inter-diffusion ofPd and

Mg is observed. However, the initial thickness of this-Rtimixedlayer, during the first hydrogena-

tion, remainsvery smallwhichis probably the reason it is not ofxwved inthe previously showixRD



58 MAGNESIUMYSTEM
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Figureb-10: a) Bright field image of an @keposited sample witltolumnar Mg structure visiblda) Bright field
image ofa partially hydrogenated sampleshere the hydridehas been in a laydormed closer to the surface.

¢) HRTEMfdhe Pd interface on the surface with each spot indicating the EDX speditiopod) HRTEM of a
thinned Pd layerwhere its crystallinity is observedue to the visible lattice planeg) Higher magnificatiomf

the interface between Pdnd Mg after hydrogenatioat 200 °C. The EDX spectra obtaidethonstratethe
reaction of Pd with the Mg layer upon hydrogenation. The atomic percentage of each element is indicated re-
spectively in each table in f) and g)

In order to confirm this mixingeaction of MgPd, EDX spectraese taken by focusing the electron
beamonthe respective areaszigure5-10(f), showsin black (spot 1that in theregionof the Mg layer
no Pdis present since the spectrum shows 98.47 % Mg. The percentages given in the table are calcu-
lated without the Cu and Si sigsahlsovisible in the spectra for a clearer comparison. Cu is detected
from the sample holder of the grid, as well as from the C2 aperture used in theTFH&8i signal is
detected from the substratewhich islargein comparison to the studied laygand somescattering is
unavoidable .Regarding the unavoidable inaccuracies, the spefttn the surface regiomlemon-
strate that the Pd layer is purely made of Rd shown in red (spot 2) with 94.28. Spot 3 ifrigure
5-10f), confirmsthe sharp interface between the two layarsthe asdeposited state since 97.38 % of
Mg is observed.

In contrast after heating,Figure5-10 (g) shows tle partially hydrogenated samplehd&@ presence of
Mg inside Pd in green (spot 4) is pronounceith 57.24 % of Pd and 42.76 % of Mg. Furthermore,
some presence of Pd insideghlsseenin spot 3 (blue)where 8.01 % Pd is observed. Even at the spot
2, which isvery close tahe surface (rejl Mg is present at 12.47 9 hisshows, thatpart of the Mg

was not hydrogenatedut hasdiffusedinto the Pd layerHowever, vefication of the exact phases
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that areformed is not possiblehere, sincethe EDX does not give enough precisibican be assumed
that within the MgPd phases formed, some pa&f pure Mg/MgO is present. As an independent con-
firmation, an important increase in ththickness of the Pd layer is observed from 20nrdegzosited

to F 42.6 nm after hydrogenatiors noticed Thisinteraction of Pd/Mgshows a direct problem for the
dehydrogenation process, discussed later, as well as for the cyclability of this systesthe Pd layer
is no longer as effective as at the beginning. ThisPdghase will be further discussed in the dehy-

drogenation chapter, where its stability aimdpactis shown.

5.1.3.2 Low temperaturaeaction(50°C)

In order to investigate the stability @fie Mg/Pd interface further TEM images were taken of samples
hydrogenated at lower temperature for a longer period of tifide sample shown iRigure5-11 was
kept in ahydrogen atmosphere of 20 bar and 50 °C8&hours until full hydrogenation took place.
The Pd layer appears to be more stable than what was shown earkégune5-10, when 200 °C was
used for the hydrogenatianThe layer did not grow drastically after the déywok to fully hydrogen-
ate, since its thickness appears to be close todbkeepositedone.

A thin interfaciallayer appears grey and by the analysighaf correspondingspot 2by EDXsome
traces of Mg ardound. Howeverthe amount looksear identicato spot 2 measured previosly on
the asdeposited samplé¢Figure5-11). This strongly suggestisat the Pd layer stays stable at low tem-
peratures. Hydrogenation is possible at such low temperauiewever, it takes much longetince
the diffusion is decreasing drasticallynfortunately, as it will be discussed later in the desorption
chapter (chapter 5.3unloading ofhydrogen is not possible at such low temperaswhere the Pd
layer could stay stable

Quantification table of EDX

At.% at
a) Fully hydrogenated b) Higher magnification of Mg/Pd interface with | spot 3 2 3

sample at 50 °C EDX measurements Me 0% 5% G

I Cu Pd 0% 97.1% 99.4 %
3 AI Pd
| N A

3.Pd layer ]

Intensity (a.u)
=
«Q

2.Mg/Pd layer

1.Mg layer

Energy (keV)
Figure5-11: a) Bright field image of Mg/Pd interface of a fully hydrogenated sample &€ %9861 minutesnder
hydrogen atmospherep) Hgher magnificabn of the interface where EDX spectsahown for each part of the
sample 1. The Mg layer (white) 2. The-Rd (grey) interface 3. The Pd layer (black)
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5.1.4 Conclusioron XRD and TEM characterization

In summaryit has been showso farthat the hydrogen loading insidbe Mg metal can b@bserved

by XRD and TEM investigations. As meashyedRD, hydride formation starts at about 100 °C. The
lattice expansion of Mg is visible asdownby in-situ XRD experimentty initially be caused by ther-

mal expansionOnce the hydride is formed, compressiteesses decrese the lattice parameter of

Mg. In addition, a microscopic imaging of the-existence of Mgkland Mgwasperformed using SEM

and TEM. It clearly showthat the hydride is immediately formed at the interface between tret P
catalyst and the Ig thin film and grows in a laydike geometrytowards the substrate. The ion and
electron beam, for cross section view preparation, damages the hydride phase, but the microstructure
transformation between Mg and MgHis nevertheless reliable indicatorThe transition from a co-
lumnar grain structure of the adeposited Mg thin film to aequiaxed grainy structurdemonstrates

the hydride unambiguoushHRTEM shosithe crystallinity of the formed layers and allows a further
confirmation of the elements present in each lay#ralso allows the observation of the Mg/Pd inter-
face which appears to be unstablesvenduring the first hydrogenatiotreatment at elevated tem-
peratures So far, acomprehensive way to qualitativebservethe kinetics of hydride forration is
presented. The&eombined techniques will allow a measurement of the diffusion coefficients and will
give further information on the mechanism of hydrogenation inside the Mg layer in the following chap-

ters.

5.2 Hydrogen Transpb

5.2.1 Kinetics ohydrogenationat 200°C

Using thetechniques previously mentioned,is possible taleterminethe state of hydrogen loading
The mechanism of diffusion can be characterized by the transport equations that were introduced in
chapter 2.2 byvaluating the time of full hydrogenatiaat differentinitial film thicknessegFigure5-12
(a) presentsthe measuredyrowth kinetics oralinear scée, showing thetime necessaryo fully hydro-
genate a specific layaersusits thicknessasobservedfor hydrogenation at 200C/ 10 bar (unfilled
symbols)and at 200°C/ 20 bar (filled symbol$. Figure5-12 (b) shows thesameexperimental data
plotted as thickness squaragersus timeMultiple samples wereneasuredo reduce errorsThe error
barsin time are determinedfrom samples that were found to bstill partially hydrogenated when
tested for slightly les time. The error bars in thicknesspresent the possible variation in tHém
depositionthat might occur from the different positi@of the substrates with rgpect to the target
during sputter depositionComparing both plotghe hydrogenation proceeds linearly with tirrethe

studied range of thicknes$lext to each data set, the slope=presentingthe growth rate are stated.
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It is also indicated that thigk Pdlayers at the surfacestill improve partially the kinetics, however,
without having a dramatic influence.
A linear kineticapplies which means thathe transport isprobablyinterface controlled (see chapter
2.2).The possible interfaces in thiase are a) H gas/Pd layer b) Pd/Mg interface or c) AidgHinter-
face. However, sincelis known to split into atms at the surface of Pd and to diffuggough Pd very
quickly[ALJ99] hydrogen splittingat the surfacds not considered to be the limiting proceddoreo-
ver, work on Ti described latér chapter 6.3, shows the catalytic effect of Pd, since hydrogenation of
Ti is shown to be possible within seconds antbatm temperature By changing the transition metal
further investigationsould help understand which of the two remainimgerfaces is the limiting one.
Howeverduring this workemphasisvas given to studying the same system at different temperatures.
Having a constant hydrogesupplyon the surface anadapted to the linear regime, the growth rate
of the hydride can be formulated by rearranging equatfb®):

dDx _ P Dm, (30

dt  RT
in whichn End¢ denote the width of the hydride layer and the linear growth constant respectively. k

and T have their usual meaning.

¢ KS RN @ MibIne grémhlisShe gifference of the chemical potential on eaite of the
interface, as explained in more detailed in chapter 2.2.1. On one side, the chemical potential of hydro-
gen practically corresponds to the gaseous state and on the other side, the chemical potential of

the MgH phase at the hydrogen solubility linte.+ in the disordered alloy. Sdhe difference of the

chemical potential across the controlling interface can be calculated

. RT, P., W (31
Dm, =m, - m th =m + In—2 + T-T9.
m, =m, - m__ with m, 5 o T ( )

Py, and T are the corresponding pressure and temperature of the hydrogenation conditions in the

experiments.In order to calculate>ve.n, the pressure of formation of the hydride was taken into ac-

count, obtained from reported pcT curvess given irrigure3-3, considering the pressure of the phase

equilibria at the experimental temperatureSable73a A @Sa (1 KS TNofthdMg@yistendaba 2 F

the different experimental conditions.

Table7: Chemical potential difference (&) calculated for the experimentabnditions investigated in the Mg

system.
CONDITIONS (kl\?//rzflol) (k?ffﬁio (kJIITrl'nol)
200°C,10ban 3.5 181 184
200 °C,20 ban 4.8 181 186
300°C,10bay 5.5 170 175
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Figure5-12: Hydrogenation of Pd/Mg layegt different thicknessesa) Time of full hydrogenation versus film
thicknesglinear plot)at 200°C/ 10bar and200°C/ 20 bar. Data obtained with different thicknessetPd as
indicated by different symbols) Thickness squakversus time (parabolic ploonfirmingthe linear regime at

these conditionsand thicknesses

Evaluating the slopes of the experimental datdrigure5-12 (a)in terms ofequation (30) delivers the

barrier coefficientfor both pressures given ihable8.
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Table8: Barrier coefficient experimentally calculated by the linear regime observed atQ00
at smallthicknesses

BARRIER COEFFICIt
EXPERIMENTAL CONON$S co0YVvVan
20bar 1.21- 10

For all three data sets the? Ralue obtained from theitfis between 0.92;0.99, $iowing that the fitted

lines are close to the experimentdata points. The fact that at 200C a linear kineticis observedt

all, requires a minimum diffusion coefficient ofifMghbasequation(13) shows: Bwix  ©. Tt qark
therefore be determined, for the thickest studied layershat Dimic>x T ®§ @ré/sv\idhen compared

to literature, this limit of diffusion seems to be close to the already reported diffusion coefficient of H
through the hydride phaspra08] Comparing the two different gssuresno significant difference is
visible.As mentioned in chapter 2.2, usually after a linear growth, a transition to the parabolic regime
is expected. We assume therefore that the conditions (thickness, temperature, pressure) used during

these expernents are already close to this lingaarabolic transition.

5.2.2 Kinetics ohydrogenationat 300°C

For comparisompurposesthe hydrogenation rateat a higher temperature, 308Cis claracterizedas
well. Figureb-13 shows the time to full hydrogenation at 30Q/ 20 bar versus time, imagainlineara)
and quadratichb) thickness scatefor a direct comparison The straightinear relationin the latter
clearly identifes a parabolic kinetics thaiow demonstratesat this higher temperaturea diffusion

control, stowing that MgH creates a blockinbarrier againsfasterreaction
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Figureb5-13: a) Hydrogenation of Pd/Mg at 30Q/ 20bar. b) §uared thickness versus time of full
hydrogenationshowing the parablic kineticsat these conditions
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Using the slope of the experimental dataRigure5-13 (b) and equation(17), previouslyintroduced
with the value ofn # given inTablel, the diffusion coefficient of H at 300 i€ D" = 6.18 - 16°
cn¥/s. Here again, the Rralue of the fitis equal to 0.99, showing that the experimental points\aed
described Figure5-14 shows a schematic representation of the chemical potential change in the case
of adiffusion-controlled mechanisgqwhere the thickness of theydridelayer increasewith time and

this slowsdown further diffusion ohydrogen over time.

L ] L ] .: 'I L ] [ ] [ ] [ ] [ ]
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Figure5-14: Schematic representation of hydrogen diffusing inside Mg at 3p@K€re diffusion control reac-

tion takes place. Over time, the hydride gétgckerandsohydrogen diffusesnore slowly through it
In summaryalong the study of hydrogen transport so far, the growfithe hydride at 200 °C is ob-
servedfollowing a linearkinetics This indicateshat the transport across the Pd/Mgtér MgH/Mg
interface is therate limiting factor. The hydride is nucleated at the Pd/Mg interface and grows from

the surface towards the substrate. The growth constantiargitatively calcudted to bef = 102cm/s
and the diffusion limitat 200 °®f H in MgHis D}z x7.13- 10° cn¥/s. Any layer reactionis ex-

pected to follow a lineatime dependencet the beginningHowever, aftehaving reactedo sufficient

by largereaction thickness, diffusion through the hydride is expected to become theimiting fac-

tor. It is surprising to see that the transition towards a parabolic growth isoheervedin the later
stages For thisreason,anew setup was developed for investigating the samples with more precision,
using the characteristic resistance of the concerned matetisvever, theexperimental data at 300

°C/ 20 bar, evidencing a parabolic growthllow experimentallycalculating he exactdiffusion coeffi-
cient of hydrogen ithe hydride At 300 °C, e diffusion coefficienis consequentlydeterminedto be

equal to: D" = 6.18 10" cn/s.
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5.2.3 Resistance measurements

Measuring a sample apecific conditiongpressure, temperaturdayer thicknessfor different stages

of hydrogenation is a time consuming methodhichmakes it difficult to be precisespecially by ex
situ XRD measurementBor this reason, a way to investigate the hydrogenatiositinwas further
developed during this worlkRResistance changes in the material, as mentioned in ch&ieR,are
dominant when hydrogen is inserted intike Mg matrix.

The influence of temperature on the resistance of Mg wwatially experimentally measurediorder

to see how the pure Mg layer behaves when heating up from room temperature t6QE@ures-15

(a) shows the experimental values of the sheet resistance of purandigatingthe decrease ofe-
sistance with ineasing hickness. This is natural whéme layer is considered as atectriccircuit. If
afimconsistsof ' ySa 2F 02 y@ {ilKdihe adctiodsh shiSkardager wikventually
have morepaths The average speed of electrons remains the same in all thicknesses, thetieéore
gradientof electrons staysonstant. Per unitross sectiomrea each layer will carry the sameant,
however, in total, the current will be higherA higher currentat a given voltage means a lower re-
sistance. Tlsi behavior is clearly observedtaith, room temperature anélevatedtemperature. Fur-
thermore, since Mg ia metal, it is no surprise #t the resistance is increasing when the temperature
is increasingWhen a current is applied and electrons travel through the lattice waves interfere
with the lattice and this causes a resistanin the material. In metali® whicha crystal structue is
present, temperature excites phonoms the lattice and thus more interference betweerhe Bloch
wavesincreaseghe resistance.

In order to see the behavior of the hydride at different temperaturegure5-15 (b) shows the re-
sistance measurements carried out from room temperature to 2Q0TRE samples keptunder hy-
drogen pressurgso thatno dehydrogenation would take place while heating ugs®mows how the
resistance of the hydride is increasimgth increasing temperature, showing that the hydride is not
entirely an insulatorbut has a metallic behavignowever, with ahigher resistance than the Mg metal.
The slight increase of resistance at about 70 min is most probably an, éffiedb the facthat heating

is unavoidablavhile passing a current through the thin samgletakes a few moments for the ther-
mocouple toregulate this difference until the 200C is constantly obtained. In order to avoid this ef-
fect, all samplesvere alwaydilled up with hydrogen after the required temperature was reached and

confirmed to be constant.



66 MAGNESIUMYSTEM

a) Pure Mg b) MgH, from RT to 200°C
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Figure5-15: a) Sheet Resistance of Mgrabm temperatureand 200 °C b) Resistance measurement froom
temperatureto 200 °C.
In four-probe measurementsa voltage drojis measuredbefore the inner contactsvhile a constant
current of 1mA s applied to the outer contacts. The samples were fireatedto 200 °C and then
hydrogen (20 bar) was insertadto the reactor Figure5-16 showsthe experimental response of re-
sistancechangeupon hydrogen loading imeMg layer of 30 nm thickness. The growth of the hydride
happens mostly in the firsttage showing a low slope dfcrease of the resistivity. At the beginnjng
a gnall increase is observed where the hydride phase is growinide towards the end of the process,
shortly before completdoadingof the film wih hydrogen, a steep increase appeafis ighe ex-
pectedbehavior of the resistance changehen two resistors in parallare connected and the relative
weight between the resistors ghifting Thereforepy consideringhe layersystem awaryingresistors
connected in parallelevaluation of the system can ld®ne. In comparisorto Mg and Mdr,, the re-
sistance contributed fronthe Pd layeion the surfacecan safelybe neglected.In order todefinethe
time of full hydrogenationa tangent is plotted to the sharp increasbserved at the end of thee-
sistance as shown in dashed line Figure5-16.
Several samples of different thicknesses of Mg were measured with a constant Pd layer of 20 nm on
the surface Figure5-17 shows the resistance behavior of all the thicknesses investigated during this
work. All samples show a similar behavior, with the sharp increase appearing after a characteristic time
depending on the thickness of theitial Mg film. The time of full hydrogenation for the higher Mg
thicknesses is shown in dashed lines, whitgure5-18 (a) more clearly shows the smaller thicknesse
where the time for full hydrogenation is given for the samples of 100, 200, 300 and 400 nm of Mg. The

table inFigure5-18 (b) shows the characteristic time of falydrogenation acquired for each thickness.
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Figure5-16: Example of resistanagangeupon hydogen loading in a Mg 250 nm layer, 20 nm Pd hydrogen-
ated at 200 °C / 20 bafhe time of full hydrogenation is obtained from the tangent along the sharp increase of
the characteristic grapjas showm by thedashed line. The time used for further calculations is the one shown
in a circle on the-axis
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Figure5-17: Resistance behavior of different Mg thicknesses (100 to 1000 nm) wittm2Bdon the surface
Hydrogenated at 200 °C and 20 bar. The time of full hydrogenation is shown with the dashed lines for each
thickness
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Figure5-18: Resistancéehavior normalized to the hydride valuef, smaller Mg thicknesses (100, 200, 300 and
400 nm) with 20 nm Pdn the surfaceHydrogenated at 200 °C and 20 bar. Tiheetof full hydrogenations
characterized byhe dashed lines for each thickness
Multiple samples were measured in order to obtain an average value of the time of full hydrogenation
for each thickness. As an examptgure5-19 nominally shows the resistance behavior normalized to
the final resistance (hydride) of two samples of same thickrfe88@ nm). As can be seen, there is no
significant difference between the two samples and, most importantly, the two samples appear to
have a similar time of full hydrogenation. The remaining small variation is probably due to a small
difference in the inital Mg thickness. This is a clear indication that this method can produce precise
measurements and reproducible results.
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Figure5-19: Resistance behavior during hydrogenation of two different samplesroé ghickness (200 nm).
Hydrogenated at 200 °C and 20 bar. The time of full hydrogenation is shown to be close to each other
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For comparison with the growth kinetics observed by XRD in the previous chapters, the time of full
hydrogenationfor different thicknesses was measuratithe same conditions 200 °C / 20 baigure

5-20 shows the comparisohetween the time obtained by XRD measurements andstasce meas-
urements,in both a) linear and b)grabolic scale. It is clearly obseniadhe parabolic scale iRigure

5-20 (b), that the linear kinetics transform into a parabolic one above a certain critical thickness. The
transition to a diffusiorcontrolled mechanism is clear at abott00 nm. This shows thatt small
thicknessesthe atomic jumps of hydrogen across the interface are significdmigered Thus, éad-

ing to an interface controlled, linear growth regime until a relatively large thickness is reached. After

that point, the hydride continues to @w according to a parabolic law.
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Figure5-20: Growth kinetics at 200 °C / 20 bar on the a) linear and b) parabolic scale. The time of full hydro-

genation is obtainedvith resistance mismeasurements showrbilie circles and a comparison to the XRD ex-
perimental datadiscussed in the previous chapté shown with the black squares.

Comparing the experimental analysis by XRBiex(blue circlesand the resistance measurements
(black squaredh Figure5-20, a clear deviation is observedhdchangein resistances more sensitive
to smalkr changes than the XRD measuremeriibis meansthat if a small layeof few nanometers
of Mg is still not hydrogenatedhis Mglayer cannot be seen by the XReverthelessthe resistance
measurements will revedhe difference However, this is not the only reason of the variation between
the two techniques. Asxplainedater onin more detail in Figureb-24, the time of full hydrogenation
obtained by the tangent at hinflection point of the graphepresents only 856 of the hydrogenation.
For this reasonthe additional points (orange squares)Rigure5-20 represent the resistance meas-
urements with the correction factor to 0D % hydrogenation time.
Another way to evaluate the data the case of the resistance measuremengsto create a model
that fits the experimentalparameters.In general there arethree possible mechanisms that the
transport canobey:. i) a linearregimeii) a parabolicregimeor iii) atransition from linear to parabolic
From the datgpresentedpreviouslyin Figure5-20, it is expected that the real situatioof hydrogen

transport follows a combination of linear kinetics at the beginning and a parabolic behavior when the
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hydride thickness becomes dominaior themodel created to fit theexperimental curvea simple
consideration okquation(24) from chapter 2.2.2s used:
1 _ E(do - g, (1) + Cygn, (1) + dpq (t)) (24)
Rtotal L :I' Mg J MgH, J Pd

where b and L are the width and length of the sample respectidelhe initial Mg thickness of the

sample,” the equivalent resistivity for each phaas obtained in the experimental data

Therefore, acomparisoncanbe obtained when replacing the chage in thicknesdegHz(t) for each

kinetics behavior by:

i) Linear casedyy, (t) =k Q@

i) Parabolic casety,, (t) = JDt

iii) Combination of linear and parabalim this caseequation (9) is considered where the
atomic transport of hydrogen is given in relation to both growth constant diffdsion
coefficient:

dx, 3 D Dm ©)

E q.sitesx+2ﬁ

Rearranging the equation and integrating from O to a thickness x

D . 32
dxx+ 2y 0 b it (32
k RT
2 (33
1Dy Dt - x:\/D—2+DdD£7CJ')-2
2 k k RT k

_ _ |D? .Dm. D
Givesat the end:dy,y, () = \/F +D C%Q e

Forthe samereasons explained previously, the part of the Pd contribuisoreglected since theon-
ductivity of20 nm layer is not expected to play a dominant role in this celse.chemical potentias
consideed to be the same as previously,adding a factor tahe final equation. Furthermore, this
equation does not consider thaflection pointconsequently. A supplementary tac consideringim-
ilar to aJohnsoAMehl-Avranmi equation may beddedto describe the stop of the reaction, when the
Mg gest more and more consumed:

dx, D . X
dt

(34)

X+ — Xmax

where’ representsa shape factar

Usingequation (34), where the combinatiorof linear to parabolic is useahd the inflection point is
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consideredafitting to the experimental data ahe different thicknesses can be achievedyure5-21
(@) shows for rample the case of a 300 nm sample.

This waythe average diffusion coefficieat 200 °Cobtainedfrom different measurements with dif-

ferent thicknesseis D} = 0.14 + 0.02 -1 cn?/s.
The modebreciselyfollowsthe experimental dataand the parameters used in each case are shown
in Table9:

Table9: Parameters used for fitting the resistance model to the experimental data

VALUE VALUE VALUHor | VALUHor
for 100 nm| for 200 nm 300 nm 400 nm

D(cn¥s) | 0.16 1022 | 0.14 10?2 | 0.15 102 | 0.11 10

PARAMETER

¢ (cm/s) 0.05 10* | 0.08 10" | 0.2-10* 1.5 10%

A 0.5 0.5 0.5 0.4

X (hm) 100 200 300 400
} g (OhM) 0.09 0.05 0.03 0.02
} mgr, (Ohm) 1 1 1 1

Comparison of the model with experimental data of 300 nm Mg

a)

Normalized resistance (Ohm)

X, experimental data
—, Model fitted

50 100 150 200

Time (minutes)

C) smaller k value

Normalized resistance (Ohm)
Normalized resistance (Ohm)

Time (minutes) Time (minutes)

Figureb5-21: a) Modeling of the resistance changeer time using the combination of both linear and parabolic
law. The effect of b) the diffusion coefficient ¢) the growth constant is shown and the circles pifesamea of
the graph which changes drastically when changing each parameter.
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The model is also helpful in identifying the effect each parameter has on the experimental behavior.
Figure5-21 (b) shows the effect of a faster diffusion coefficient, wherEmgire5-21 (c) demonstrates

the effect of smaller growth constant. All paraters have been tested and the ones for the best fit
are given infable9. The graphs of more thicknesses showing the fitting of the model to the experi-
mental data aregiven in Appendi®.

A significant observationuding this analysis of the date the fact that the rodel does not fit as nicely

for largerthicknesses. At 600 nrit is alreadydifficult to find parameters that fit the model and at 900

nm and 1000 nnyit has been impossible. Looking clagéigure5-22 highlights the difference between

the initial change in resistance wharthin layer of 100 nm of Mg is measur@ageFigure5-22 (b))and

when a thicker layer of 900 nm is testézkbeFigure5-22 (a)). The emphasized squares on thephs

focus on the initial part of the resistance change, where the sample of 900 nm has almost a straight
lineincreasing This shows that the initial nabanism in the case of thicker layers is not entiséfyilar.

At the end however, were the parabolic part is showthe graphfollows a similar chang&.he ten-
dency however is visible in all larger thicknessésanwhile,the change is observed at thedar part,

one could assume that the controlling interface is the one changihgrefore, he experimental re-

sults in combination with the model calculations give strong evidence of the existence of a moving

planar interface.
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Figure5-22: Experimental data of the resistance change in a) thick Mg layer of 900 nm and b) thin Mg layer of
100 nm. The gray area highlights the difference at the initial stage between the two. At a higher thickness, a
more linearchange in resistance is observed and the inflection point is not clearly visible anymore.
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Additionally, in a smaller layer the nucleation of the initial hydride layer can play a more important role
than in a thicker layer. Previous studies done by S. Iy &eal.[KC10Jon synchrotron experiments,
predict similar behavior of hydrogetan of epitaxial Mg thin films, however, in smaller thicknesses.
They report the shift from interface to diffusion limited reaction at thicknesses of 200 nm. This differ-
ence most probably comes from the fact that the model is not completely thoroughlzardaterizes

the system in a very simple way. The importance of theRddayer is clearly shown in previous chap-
ters, which is not considered here during the model. One should also keep in mind that the fiber tex-
ture of the thin films may also affect thigystem slightly. At the second hydrogenation, where the
texture is lost, the behavior might be different. This proves that the kinetics is very sensitive on the
production method.

It is agreeably shown from the experimental and the model that the syfbdliows a linear to a para-

bolic transition. Comparing this to the explanation given in chapter Adre5-23 emphasizes the
change of the chemical potential a tragethe film. A schematic representation of the linear regime
that takes place at small thicknesses shows that the slow action is the transport of hydrogen from the
Pd layer into the hydride layer. Since this is an interface controlled reaction the liegiane is ob-
served at small thicknesses. In the case of a parabolic regime where the slow action is diffusion con-
trolled the long arrow represents the slow diffusion of hydrogen through the hydride layer. This is
more dominant at higher thicknesses and tefare parabolic regime is observed at the experimental

high thicknesses as shownHigure5-20.

Chemical potential of a hydrogen atom as it traverses the film
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Figure5-23: Schematic of chemical potential change of a hydrogen atom as it traverses thA filsmparison
is given between the linear and thparabolicregime observed for the small and higher thicknesses respec-
tively. The slower action in each case, controltimg hydrogen transport is shown by the thick red arrow.
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Using the same model, the thickness of the hydride layer is calculated overiguee5-24 demon-
strates the change of the hydride formed over time. As established earlier, the time of full hydrogena-
tion for each measurement is calculated by the tangent to the inflection point. As shown in the case of
Figure5-24, of a sample with an initial thickness of 300 nm Md; 80 min, which is the time used as
GOGAYS (2 7Fdzf f HoareSNE(D)Soyly 86 Rbfflie Mg Bas tiansformed. Accordingly,
an appropriate factor has to be used to correct the evaluation previously showigime5-20, and

will later be used for calculating the diffusion coefficients at different temperatures.
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Figure5-24: Thickness of the hydride formed over time simuthte a sample of initial 300 nm Mg thickness,
created using the model of linear to parabolic kinetics.

Using the same principle, similar experiments at different temperatures were performed. This allows
determining the temperature dependence of the difan coefficientFigure5-25 demonstrates the
experimental change in resistance at different temperatures. In a) the low temperatures tem-
peratureand 50 °C) and in b) the higher temperatures (¢@DO0 °C). The timof full hydrogenation

used for the diffusion coefficients is illustrated by the dashed lines.

Due to similar difficulties, as previously for the higher thicknesses, the model could not be applied to

the entire range of different temperature$herefore the typical parabolic law of diffusion is used:
x =Dt 7

where x represents the thickness of the layer and t, the time of full hydrogenation (time of 85 % hy-
drogenation used as the correction factor). For more accuracy, all layers used forahiatoah of the
diffusion coefficients were also cut by the FIB to obtain an accurate value of the layer thickness. The
SEM images of the layers are shown in the Appendix 1.

By plotting the logarithm of the diffusion coefficient versus inverse temperatime Arrhenius plot

and so the calculation of the activation energybBcomes possible. As explained in more detail in
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chapter 3.1.1, Eepresents the activation energy for hydrogen jumps in magnesium hydride and,
therefore, the minimum energy requirddr the reaction between hydrogen and magnesium to occur.

In the case of MgH this value was not established previously by a continuous series of measurements.
FromFigure5-26, it is observed that while temperature increases, the diffusion coefficient increases.
Adding the value calculated from different thicknesses at 200 °C (green rectangular), it is clear that
depending on the model used, the diffusion coeffi¢istill varies. Yet, both values are within one

order of magnitude difference, which shows that presumably none of the models is perfect.
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Figure5-25: Resistance behavior of samples hydrogenated at different temperatunema) temperature 50
°C, 100 °C, 150 °C, 170 °C, 180 °C, 200 °C b) only the samples at 100 °C, 150 °C, 170 °C, 180 °C, 200 °C. The re-
spective time of full hydrogenation is marked digshed lines.

Using equatior(19), the activation energy is calculated from the slope of the graybliich is equato
slope=-2.02+ 0.25cn¥/s with an R = 0.91 showing that the fitted line is close to the experimental
data. Theactivation energy obtained amounts E, = 22.56+ 2.05 kJmol andthe prefactor Iy =
3904.95 cnis obtained from the interception Thisvalue for the activation energyis significantly
smaller than the one given by X. Yao ef¥h08] Two explanatins are considered at this poirgince
the datafrom this workstill fit well with other reported individual values: a) in this work the diffusion
coefficient is dtained by measuring the growth of the hydride layer thickness and not by measuring
directly the diffusion of hydrogen into the hydride phagemethod that can be precise, but limitation

in parameters can cause restrictions. tmeTpreparation of the matdal in the work of X. Yao et al.
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[YaO08]Jis not giverand this might influence the system &ome extentWhereas the thin film deposi-

tion allows good purity of the material.

Furthermore, when comparing the activation energy of dehydrogenatiothéoactivation energy of
KERNRISYIGAZ2YyS GKS f1 GGSNI aK2dZdA R 68 YdzOK KA IKSNE
and more energy to take place. A study done by Han et al. showed that the activation energy for the
desorption of MgHlis equdto 142 kJ/mol. The precision of the measurements described here and the
long range of different temperatures evaluated, gives confidence that the obtained activation energy
value is within a reasonable range.

In summary, the resistance measurementstigtchapter show a precise way to characterize the ki-
netics growth of the system. The linear growth at the initial stage deviates to a parabolic growth at
thicker layers indicating this way that the diffusion of hydrogen through the hydride layer formed
closer to the surface becomes slower than the transport of hydrogen through the interfaces. However,
clearly something changes for layer of Mg thickness abovec n Theyinéabfitting at the beginning

does not fit as nicely as for the small thicknes3d® exact reason why is not yet clear. The diffusion

coefficient of hydrogen into the hydride could experimentally be determined and the average value of
the experiments isD,Z”QIHZ = 6.09-10"2cm?s at 200 °C, and the activation energy dhtd is equal to:
E.= 22.56t 2.05 kJ/mol and £= 3904.95 criis.
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Figureb-26: Arrhenius lineaplot showing the diffusion coefficierver 1/T. Blue circle point obtained by ex
situ XRD measurements, green triangle by applying the ntodbk resistance measuremends different
thicknesses at 200 °C and black squares by applying the parabolic law and using the time of full hydrogenation
obtained by the resistance measurements.
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5.2.4 Conclusion on hydrogen transport

Following the hydrogenation stage of a sample by TEM, XREhandeasurement of theesistance
gives the possibility to quantitatively evaluate the diffusion coefficient of hydrogehdrsystem at
different temperatures At 200°C a shift from linear to parabolic regime is obtained, whereas at 300
°G a clear parabolic behavior is observédmodel is created to fit the behavior of the resistance
change over time during hydrogenatioBonsidering a linear to parabolic transitjaghe model is in
good agreement to the experimental results up to a specific thicknesargrthicknessesa variation

in change of diffusion ®chanism takes placé similar variation is also observed fdret lower tem-
peratures measurement® precise explanation of this cannot be given as time. From the Arrhe-
nius plot obtained experimentally fromoom temperatureto 300 °Cthe activation energynd the
pre-factor are determinedo E, = 22.56+ 2.05 kJ/moland D = 3904.95 criis respectively. It is im-
portant to mentionthat all thisexperimental evaluation was done observations oflte first hydro-
genation onlyThe growth kinetics is experimentally characterized bgiax XRD measurements and
in-situ resistivity changesnd are in a good agreement. Data obtained by the resistance measure-
ments, showminor statisticalerrors and have demonstrated to lwery accurate.Recalling thensta-
bility of the Mg/Pd interface over time at high temperatusgt can be concluded that at this stage,
during the first hydrogenatiorat the wide rangeof temperaturesinvestigated no negative effect

stemmingfrom thisintermetalliclayeris observed
5.3 Hydrogen desorption

Until now, samples were experimentally testealyover their firstd K leycl& of hydrogenationFrom
previously discussed resulisis clearthat after depsition, all films are columnawith a strong fiber
texture and the interface between Mg and Fsisharpin the asdeposited state These factsayplay
acriticalrole in the process of hydrogen diffusion into (and out of) the system. The columnar structure
leads to a diffusion along these elongated gsaam the beginning, whereas tlegjuiraxed morphology

after hydrogenation will impact the diffusion along the grain boundaries. Furthermore, the sharp in-
terface betweenMg R A& y2 2y 3ISNI OA&AA06fS FFUSNI KERNRASY!
palladium is no longeully present in the n&t cycles. The new Mgd compound will also, most prob-
ably, play a role in the diffusion of hydrogen along the layers. Tisegesvere addressedn further
dehydrogenatiorandre-hydrogenationexperiments.

For dehydrogenatiornto take place, one has treversethe equilibrium of the reaction. Taplit the
hydride intoMg metal and hydrogeyhigh temperatures and low pressures are required. Tihsbeen
explained ira previouschapterof this thesigchapter 3.1.1 Even thougthdehydrogenatiorof Mg has

been reportedto take place at about 300 [Do07] as described in chapter 3.&xperimental tests



78 MAGNESIUMYSTEM

herewere startedat 200 °C. This was done in order to investigetetherthe nanostructured material
investigated here might have a positive effeo lowerthe temperature of desorptionTherefore sam-

ples were heated up t@00 °C under vacuuifpumping)for a duration double of the hydrogenation
time andafterwardscharacterized by esitu XRD, TEM cross sec8as well agn-situ resistance
measurements.

Resistance measurements duritghydrogenatiorare presented ifrigure5-27(a). It can be observed,
that dehydrogenatiorat 200 °Cds not complete even after 300 minutes (about twice the time of hy-
drogenation). Thdurther decrease of resistance seemsltealmostnegligibleat the endandso only

a partially dehydrogenated sample is obtaine@onsidering the EDX spectra obtainedrigure5-10

that showedthe formation of MgPd phases one may consider that fulehydrogenatiorwas not
possible, since part of the Mg already formed-Md phases.

Rehydrogenatiorof the partially dehydrogenated samples was also tested. A typical behavior of such
re-partially-hydrogenation is shown iRigure5-27 (b), where the 29 hydrogenation is showim red
Qearly, the trace of the 2! hydrogenation graphlifferssignificantly from first hydrogenatigshowing

that the change in morphology after hydrogenation (tlked of thecolumnartexture) must havean
effecton the hydrogenationsince hydrogenation appears to be way fasteith a steep increase from
the very first minutesThe model used previously was not compatible to explain this behavior during
re-hydrogenation.Further investigation of this effecould not be done at this pointsince focusof

this work was given at the first hydrogenatidnis howeverclear that the system behaves differently.

a) | b)
504 @ L I
® 40 4 -
En] o £
) 300nmMg/20nmPd ) 10 N
o m hydrogenation e
t% 304 @ partial dehydrogenation| | E
g 200°C % 20 L
o ol
» 20+ F©
Fos o 80nmMg/20nmPd
o wo m st hydrogenation
10 ® partly dehydrogenation
7 i o A 2nd (half) hydrogenation
) 200 °C i
T T T T T T T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 0 20 40 60 80 100 120 140
time (minutes) time (minutes)

Figure5-27: Resistance changg upon hydrogenatior{black)at 20 barand subsequentdehydrogenation
(blue)under vacuumpf 300 nm Mg20 nm Pd layeat 200 °Cb) hydrogenatior(black) partialdehydrogena-
tion (blue)and rehydrogenation (redpf a sample of 80 nm Mg/20 nm R&0 °C 220 bar.
Using equabn (25) described in chapter 4.3, the amount of hydride remaining in the layer can be

estimated using the resistance at each time step.
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Figure5-28illustrates theevaluated effectivahickness change of the hydride layer over time during

} Mg @MgHz O— - W@ MgH,, 60@('[)

dMgHz (t)=

} Mg QVCR(t) - W@ MgH, CR(t)

(25

the dehydrogenation for the two samples shown previousligure5-27. In the evaluatiorit is con-

sidered that the dehydrogenation is also a lalike reaction.lt is demonstrated that the dehydro-

genation is far from being complete, since ord§ % of dehydrogen#on took place. Meaning that in

the case othe completely hydrogenate80 nm Mg sample, onlgd nme of the hydride were dehy-

drogenated at 200 °C.r8iarly, in300 nm of Mg, fully hydrogenatednly &9 ne of the hydride vere
dehydrogenated at 200 °C.

Thisalsoshows the effecof pure Mg on the resistanceh@ decrease in resistance is remarkable when

even less than 10nm of Mg are present in the system. The precision of the resistance measurements

to early hydrogenation stateis therefore much bettethan the other techniques used this work.

Since dehydrogenation is not complete at 200 °C, further tests wengpletedat higher tempera-

tures. As mentioned in the experimental part (3 #sistance measurements were not possible at 300

°C since theet-up (especially the golden contact tigsx LJ2 3 2

LIA Y £ 0

g1l a

y2i

adal of

higher than 200 °C. Therefore, characterization of the dehydrogenated samples at 300 °C were per-

formed by exsitu TEM cross sections and XRD.
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Figureb-29 (a) shows the spectra obtaineiom four samplesas-deposited, hydrogenated, dehydro-
genated and rehydrogenated As shown, thetsong Mg peak visible at the ateposited state disap-
pearscompletely when the samplis hydrogenatedlt is also clear that the MBd phases observed
during the first hydrogenation byEM micrographs in chapter 5.1/8ust have a very small thickness
since no peak is visible at the first hydrogenated sampkgare5-29 (b). After dehydrogenatiorthe
Mg (002) peak appearthough way less pronouncetiis more clearly seen ime magnified intensity
scaleshown inFigure5-29 (b), thatthe filmslosetheir fiber texture since mor¢han one pealknow
becomeuvisible. bwever, in a muchlower intensity than in the adeposited state. Both Mg peaks
(002) and (101) appear after dehydrogenation.

Most importantly howeverfrom these experiments it is possible to identify the nature of the-Rth
phasesFromFigure5-29 (b) it is seen thatthe reaction between Mg and Pehostly formed MgPd
(orange squaresind MgPdc:(greencircles) G | H | ity'sThdrdo decifle whethemny pure
Pd phase remainedince Pd appears &0,115 °and MgPd at 40,914 °. From the TEM presented
hereafter, it is expected that all Pd lagdrave been transformed into a M&d phasesince no clear Pd
layer is observed in the micrograpasymore

Presence of pure Mt is still visibleat the rehydrogenation, @spite the facthat the formation of
the MgPd is predominantThisshows that this intermetallic phas€MgsPd and MgPd)do not block
hydrogen diffusion It is later shown by the TEM micrographisat these intermetallic phases are
formedcloselyto the surface of the sample and it is possible to remove ardsgert hydrogerthrough
them. Regarding its catalytic activjtpothing was tested at this point in comparisonttee pure Pd
phase. The fact thax i & O2 y 3 idzo@eveér noapastive to the use of the system, since the
guantity of a hydride is less until all Pd is consumed.

In order to observe aufly dehydrogenated sample, a complatehydrogenation at 300 °C was per-
formed. Figure5-30shows a TEM cross section from such dehydrogenated sample along with the EDX
analysis of two different regions. It is clearly seen that@B8nm layer of Mg hasansformed to450
nm of Mg and 150 nm of a mixture between Ntg compounds and pure Mg. The nature of these
phases has been identified by the XRBigure5-29 asMgsPd and MgPd TheMgsPd phase has the
highest Mg content oéll the intermediate phases in the Mgd phase diagram (séggure3-5) and
crystalizes with a large faggentered culic unit cell in the space group43m[Ma06]. Its unit cell has
a lattice onstant of 20.20 A, in contrash the Mg and its hydridewhich have 34 A lattice spacings
From the EDX however, it is not possible to determirtggh precision, whether the phase isIgsPa,

MgsPd or a mixture of the two plus pure Mg.
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Figure5-29: a) XRdiffractogramsfrom samples o400 nm Mg and 20 nm Pd. 1)deposited sample?) hy-

drogenated at 300 °€C20 bar, 3) dehydrogenated at 300 7€) rehydrogenated at 300 °C20 bar. b)Different

intensity range othe peaks of the same samples 2) and 4)where the formation of MgPd phases is clearly
visible sarting from the sample 3) in whidalehydrogenson took place.
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Figure5-30: TEM micrographs and EBpectraof a dehydrogenated sample 600 nm of Mg and 20 nm Pd (ini-
tially). The quantitation of the EDXpectra delivethe Mg and Pd concentratiores stated

NeverthelessTablel0shows the densities of the different compounds anid clearly shown that the

intermetallic MgPd has a much higher density thail other compounds present in the system. With
avalueof 410 g/cBh y O 2 Y LI NI Zgcyffolitie other cordpounds.

When calculating the molar volume of the compouifdso.r =(MolarMass) "), it is also clear that the

volume occupied by onmole of the intermetallicunit is much bigger than the volume of the pure

elements. The values fablel0 are givenfor standard temperature and pressure.

Consideringhe size of the sample, theolumeof the sputered layer of P20 nm - 0.5 cm - 3 cm)

and the density of the materiathe amount of Pd substance in mol candadculated as

0.036mg)

=3.3550 "mol

(P = MPdI()

M.M[Pd](g/mol) 10642(g/mol)

(39
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Similarly, the amount of each compoundeistimatedif all Pd transforms to Mgfd or toMgsPd. For
example in MgPd N[Mg],y,.ra = 6@[Pd] =2.01300°mol.

In the particulay the volume that substancevould occupycan be estimatedf all 20 nmof Pdwould
form this substance. The results of these calculationdaglayedn TablelO.

In comparison Figure5-31 representsall the crystal structures discussatbngwith the lattice their

parameters and the volume of the cell.

Tablel0: Density of Mg, MgkHand MgPd phases. Data obtained fl§ri6a] [Sa72]Jand [Ma05].

MOLAR MOLAR | AMOUNT OF VOLUME
DEMNSITY MASS
COMPOUNL 3 MASS VOLUME | SUBSTANCE OCCUPIEL
(g/cmd) (9)
(g/mol) (cm®/mol) (mol) (cn?)
1 Mg 1.74 24.30 13.96 -- -- --
2 MghH, 1.45 26.32 18.15 -- -- --
3 MgsPd 2.95 252.25 85.50 2.013A10° 2.35410° | 6.93Q40°
4 MgsPd 4.10 334.36 81.55 1.17410° 1.4340% | 5.86Q10°
5 Pd 12.02 106.42 8.85 3.355Q107

Furthermore white spots spreadhroughout the layer are clearly visible. These seem to represent
pores created within the sample. Supported by literature, these pores are not only caused due to the
Mg-Pd phases formedut mostly due to desorption of hydrogen from the lattice. The formation of
porous Mg akr dehydrogenation hgsndeed been reported before. Dura et al. measured the hydro-
genation and dehydrogenation of thin films of Mg with a Pd layer on the surface using neutron reflec-
tometry [Dull] It was showrthat the Mg films swell in the surface upon hydrogenation and after
dehydrogenation the films return to pureMg, but retain the swelled thicknesses by incorporating
voids. The presence of voids has been supported by Mooij gMBIL3], who reported that the nucle-

ation and growth behavior on hydgenation and dehydrogenation is asymmethecause void for-
mation open an alternative transport path to hydrogen. Therefore, the white areas obser¥glLire

5-30 can be attributed to such voids that are created upon dehydrogenation. hady,they have
decisive impact on the second hydrogenation of the system.

In summary, full dehydrogenation di¢ Pd/Mg films is possible at a temperature of 300 °C. Formation
of Mg-Pd alloys and the development of voids inside the material are unavoidable at these conditions.
The new phases formed have been identified/lagPd and MgPd.The stable new M¢d phase have

no negative effect on the raydrogenation of the samples, however they consume Mg which can no
longer be hydrogenated. These observations demonstrate a severe disadvantage of the Mg system as

a hydrogen storage material.
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Figure5-31: Crystal structures of Mg, MgHMgPd, MgPd: and Pd with their lattice parameters and volume of
the cell. Dataare obtained for each structure from Spring Materials files visualized in V.E¥®ldw, pink and
grey represent the Mg, Mgtand Pd respectively.

5.4 Conclusioronthe Mg/MgH. system

Hydride formationin the Mg systenhas beerobservedby XRCand TEMThethermal expansion of
Mg is visible and measuredimsitu XRD experimenta/hile the compresi/e stressesnduced bythe
hydride are also estimated. The hydride formatiiarts at about 100 °CMicroscopic imaging of the
co-existence of Mgkland Mg has ben performed using SEM and TEM, shovilrat during hydro-
genation the hydride iglirectly formed & the interface between the Pdoating and the Mg thin film
and grows in a laydike geometrytowards the substrateEven though electron microscoperma-
nently damages the hydride phase, this experimental technicaue neverthelessbe used toobserve
the Mgh layer growth, sincéhe transition from a columnar grain structu¢ber texture)of the as
deposited Mg thin film to an eqtsixedfine grainy structured film indicates thgydride reliablyHRTEM
confirmsthe crystallinity of the formed layers and allows a furthatidationof the elements present
in each layer. The Mg/Pd interface appears to be unstable duéngthe first hydrogenation
Acomprehensivandreproducibleway offollowingthe kinetics ohydride formationis presented and
the diffusion coefficients are measured in a wide range of temperatures. Measursaiemntdrogena-
tion of Pd/Mglayers as afunction of layer thickness artine, were successfulAt 200°Cand a maxi-

mum thickness of abdu600 nm,transport across the Pd/Mg or Mgi¥g interface is the limiting
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factor. At this point it is not clear which interface represents the decisive barAelargerthicknesses
the linear growthtransformed into a parabolione, where the diffusionof hydrogen throughhe hy-
dride controlsthe kinetics The growthkineticsare experimentally characterized by -aitu XRD anth-
situ measurements ofesistivity changes andoth arein a good agreemenData obtained by the
resistance measurementsowever, show smaller errors and hapeovento be more accurate.

The growth constanat 200 °Gsmeasuredto beequalto I' 20 va ' yR (GKS RAFTdzAA 2

H in MgHis D,TQHZ =6.18 10"cmAs. At 300°C, a parabolic regime is observed and the diffusion coef-

- MgH .
ficient amounts to DHg ?=2.37-10* cm?/s. Successful measurementsarbroadrange of tempera-

tures gave a value for thactivation energy of hydrogeof E, = 22.6x 2 kJ/mol and a prdactor Dy =
3904cm?/s. Figure5-32 shows a comparison of the results obtainiadhis workwith the spare liter-

ature valiesof experiments and theoretical woillsame as shown iRigure3-6). The diffusion coeffi-
cient isin good agreement with somgata reported in whichthe growth of thehydride has also been
studied at a consaint pressure and temperature. The higher diffusion coefficients in comparison to the
work of X. Yao et a[Ya0O8]may either indicate a principal difficulty with the simulation concept or
probably more interestingly, the decisive influence of grain boundaries in our stsities, the grains

during this work appear to bguite small
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Figure5-32: Comparison of values dghe hydrogendiffusion coefficient of this work with literaturé-igure
3-6). Experimental data of this work are shown in stars
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At a temperature of 200 °C, the dehydrogenation of has been possible only to a mitifm&tof the

layer. The stability of the hydride at this temperature is clear. Complete dehydrogenation of the sam-
ples is possible at 300 °C however, with a significsaattion of the Pd layer. The Md phases formed

are MgsPd and MgPd and are clearly identified by XRD after dehydrogenation and durihgdre-
genation.The Mg layer has lost its fiber texture over cycling and shows multiple peaks in the XRD after
dehydiogenation. Furthermore, during dehydrogenation, voids are created due to the expansion dur-
ing loading/unloading of hydrogen. These voids have been previously mentioned in literature, but are
now clearly visible in TEM micrographs as soon as hydrogereis ¢ait of the layer.

A comprehensive way to qualitatively follow the kinetics of hydride formation has been presented.
A combination of techniques allows a measurement of the diffusion coefficients in a broad range of
temperatures and pressures amsticcessfully provides further information on the mechanism of hy-

drogenation inside thdg layer.
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6 TITANIUMGYSTEM

Titanium similar toother transition metalsis discussed as a catalyst to accelethghydrogenation
kinetics of hydrogen storageaterials. It ishowever known that H absorption decisively depends on
the surface conditions (presence or absence of the natural surface pggl@cially in a materialich
asTi, which oxidizes quicklyinthis chapter, focus iplacedon Ti thin flms of contolled thicknesss
(50 to 800 nm)that have a natural layer of oxide formed on the surfa@ieese thinfilmsare used as
a convenient tool for quantifying the atomic transport. XRD and TEM investigallomsthe tracking
of the hydrogenatiorprogress inside the filncompleted in a similar way & the Mg systemHydro-
genation of Ti@Ti bi-layers is studied at 300 far different durationsof times(10 s to 600 min) and
at varying pressures of pure Btmosphere. A comparisanf films withand without TiQ, the perme-
ation coefficient,as well as a study of the pressure dependence of hydrogenation issdest in the
following sections.

The entire chapter of this work has begyublished and is available in theurnal of Applied Surface
SciencdHal8]

An overview of theamples discusseith this chapter with their experimental char@eistics is shown
in Tablell:

Tablell: Sample parameters and techniques discus$adthe Ti system during this wark

THICKNESS PRESSURI TEMP.| TIME
CHAPTEH SAMPLE . TECHNIQUE!
(nm) (bar) (°C) (min)
6.1/2 TiQ/Ti 10/ 50- 800 20 300 | 7.5-125 XRD/TEM
Pd/Ti 5/400
63 Pd/TiQ/Ti | 5/10/400 1 RT. 0.1-60 XRD
6.4 TiQ/Ti 10/600 0.05- 100 300 60 XRD

6.1 The role of surface titanium oxide on hydrogen sorption kinetics

In order to estimate the time needed for full hydrogenatiohdifferent Ti thicknesseghe samples

were tested inncremental time steps. This allowsterminingthe transition between partially hydro-

genatedstatesto the fully hydrogenated stateeliably. Figure6-1 illustrates the XRD diffractograat

600 nmTi films of the different stages (a: adeposited, b partially andc: fully hydrogenatedl of the

hydrogenation procesd he experimental positionsf the intensity maxima of the phasegll agree
with the literature values indicated by dashed linesNJ 3 3 Q & -TidBalsdk indicatedn blackat

H ‘= 37.45° - 38.14° and theone of Tilhphase in recat H *
deposited state, only thé-¢ A

ONnNHDL

I.I

°6 36237 1 39.56°. In theas
LJS I-°s visible due ‘to alSignificafiber yexture
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obtained by the ion beam deposition of the fil#n uniaxial texture is the rule in thin film deposition

and usually the dense packed planes argredd parallel to the layer surfag&allb] In the partially

LIS 1 &
while for the fully hydrogenated sampley CA 3 @
I G =84.82°and TikO H 1 N V=40.4R°. 1K S

hydrogenated Ti filmRigure6-1 (6 U X

“Bfsolid &2 2 KdzUiAK2Sy-TiH afeRseeit, K S

HTiGb Pphask yeains ikl with TiH11)

AKARMKN 2% nHS TINRBY H®

I_I

during partial hydrogenation is explained from the fact that hydrogen introduced interstitially in the

matrix causes expansion of the host lattice. Hydrogen sdiylofithe terminating phase is known to

range up to 8.5 at.%E&M87b] Similarly, theshift of the TiH (101) peak position can kexplained by

the expansion of the lattice parameteatue to the further increase of the hydrogen concentration in

the interstitial hydride phase.

In comparison to Mgwhich can only form one hydride phase, the MgH can fornseveralphases of

different stoichiometric composition. This has bediscussed previously Figure3-7, while from the

XRDOdiffractogram the shift of the hydride peak is directly observetlenmore hydrogen is loadet

the system.
T | T I ‘l | T | T I T l T T | T l T T T I T
y TH,
Iy (101)
I a-Ti  TiH, ]
P \\ (002|) (200)
. _E)_ 7 LN R - fully | hydrogenated
< L L 300°C 20 bar 115 min |
~ Lot [
= cr -t
g - ;;" . \\‘-l"'r‘\:
2. | foeens- Ry hydrogenated
] i 300°C 20 bar 60 min |
] T
] 1
i if 1 B
@ " : as deposited|
; . 600 nm Ti
T 1T 71 L |

N B i T T T
32 33 34 35 36 37 38 39 40 M

T T T T
42 43 44 45

2theta (degrees)

Figure6-1: XROdiffractogramof (a) asdeposited, (b) partially hydrogenated and (c) fully hydrogenated (at 300
°C/ 20 bar) 600 nm Ti film with TiGurface oxide naturally created

The reaction between Ti and hydrogen during tirgercalatioré and theformation of the hydride

phasewasstudied by irsitu XRD measurements. This work \pasformed in collaboration with Dr.

Zoltan BéoghMichels at the Center of-Kay Analytics EMPA in Switzerland. A mixture oNHwith

different compositiors as vell asdifferent temperatures wre used. Thinlfins of 600 nm thickness of

Ti were analyzed with a mixture of 50:50 and 15:88N\s Figure6-2 (a) shows the diffractogramis

the angular range’

I' ¢ 38 pwhere the Ti peak shifts to lower angles due to the interbataof

1

oy
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hydrogen into Ti. Latehis peak disappears anti¢ corresponding TiH peaks groldwuring the inter-
calation stagethe peak width of the iT(002) reméns constantbut the position shiftscontinuously
with time. This indicates an efficient redistribution of theatbms. During the phase transitipthe
position of the Ti peak remains stabés shown ifFigure6-2 (b), but the area of the Ti peak decreases
while that of the TiH phase grows both almdstearlyin time asindicatedin the graph ofFigure6-2
(c). This linearitymight indicatea linear growth controlledby the surface layerAt this point however,
there is not enouglevidenceto decidewhether the absorption or the formation of the TiH is ttae-
controllingprocess. The time of full hydrogenation observed here istitites,at whichthe Ti peak

disappears.

intercalation ' phase transition

0 20 40 60 80 100
Time (min) 20
C) 656 intercalation phase transition

Ti
.......

025 @

Peak area
o o o
e
o [4,] o
L 1 L

0.05 1

0.00

T T T T

0 20 40 60 80 100 120
Time (min)

Figure6-2: a)Evolution o the XROiffractogramupon hydrogenation bQuantitativediffractogram intensity
versus scattering angle and c) peakasclarifying the kinetics
In order to quantify the absorption kinetics of Ti thin filim®re accurately the minimum time to
achieve a fully hydrogenated state (as showFigure6-1 (c)) wasdetermined inex-situ experiments
as a function of the layahickness. The results for hydrogenation of Ti filmith the natural surface
oxideat 300 °C and 20 bar.Btmosphere are presented Figure6-3. At the studied temperature and

pressure, a linear relation of the hydrogenation depth versus time is identifiedure6-3 (a) with a
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slope of (5.83 0.24) nm/min. This implies that the phase transformation is controlled by a fixed ki-

netics barrier, rather than the varying diffusion length within the forming hydride.

1000 T T T T T T T T T T T T 30 S B S I s m e e e S Y
] a) ] ] b) .
800 F} 1 28 o
1 1 26 . i
E 600 % 1 ]
% | L | F24 i g
0 . o .
L] . - E R
£ 400 @ 8 99 _
E %
[= - 1 .
200 - . 20+ ° -
e ’ slope=35.834 (nm/min) -t | . - log(d)=0.86+0.94 -log(r)
) 2 18 .” 2 4
0] o R*=0.977 i | o R*=0.987
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Figure6-3: a) Ti thickness of (TA20nm/(Ti)x nm versus time of full hydrogenation at 300 20 bar. b) Dou-
ble logarithmic plot points out the proportionality between thickness and hydrogenation.time

As an adiional verification, the double logarithmic plot of the thickness versus time clearly identifies
the kineticS E LJ2 y Sy (i 12a$ shéwn [iFigupa6-3 (B). The error bars on the-axis are deter-
mined from samples that were found to be partially hydrogenated when tested for slightly less time.
The error bars in the-gixis represent the podse variation in the thickness that might occur from the
different position of the substrates with respect to the target during sputter deposition.

In order to clarify the microstructural evolution during the hydrogenation, TEM micrographs were
taken at dfferent stagesFigure6-4 presents cross sections of the three stages in corresporalenc

the XRDdiffractogramsof Figure6-1. Figure6-4 (a) shows the ask S LJ2 & Nilstat&Figure6-4 (b)
partially hydrogenated stage arkgure6-4 (c)the fully hydrogenated state. The characteristic diffrac-
tion patterns of the two phases are presentedhigure6-4 (d-f). Expectedeflection positions are
indicated by semtircles on the right hand side. The interface between the metal and the hydride
phase is indicated bg dashed line. Its exact position whaalizedby microediffraction at different
positions Furthermore, the Ti layer is covered by the natural ox&er, whichcan be seen in all
micrographsin the enlarged view dfigure6-4 (a), takenat the asdeposited state, the average thick-
ySaa 2F G(KS ylFidaNIf 2EARS F2NX¥SR i NRB2Y GSYLISNI
patternin Figure6-4 (f), it isidentified as rutile TigJR.95]

Remarkablyfriguret-4 (b) demonstrates that the hydride layer nucleates heterogeneously at the back-
side interface close to the substrai@nd only afterwardsloes it gromtowards the layer surface from
where the lydrogen is loadedAt first sight, his peculiabehavior especially demonstrates the faster
diffusion of H in Ti thin films once the Gikarrier at the surface has bedmwoken which leads to a

practically homogenous hydrogen distribution within thdaljer.
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The presencef TiQ has only been observed this work by TEM micrographs. In the XR®evidence

of the presence of an oxideould befound, despite manyattempts. The TiQrutile peaks shoulp-

peark & W' THT®NnnNI W' T ocdnyc YR H' T nmduMmc TF2NJI

possible explanation for this might be the fatitat the very thinlayer isfurthermore randomly ori-

ented polycrystalline as also proven by the SADP inTtBé. This would give rise to particularly low
intensities.By contrast, he guttered film of 10nm of Pdis visible in the XRBince the layer has a
textureand Pd has a rather large scatterfagtorthat contributes to the peak intensity of the matati

in the XRD.

By comparingd-igure6-3 with Figure2-5, in which a linear kinetics lalas beerdescribed, clear evi-
dence iderived that the hydrogenation here follows a linear growth law, too. Adapted to such linear
kinetics regime and a layer like reaction as discussed in chapter 2.2.1 , the appropriate description of
the growth rate of the hydride is given by equati(®®), previously shown for the hydrogen transport

in Mg at 200 °C:

dDx _ p Dm, (30)
dt RT
In order to calculate the driving force as the difference of the chemical potentials to both sides of the

controlling barrier, presumably the oxide layer, the following needs to be consldere

Dm, = m, - m_ With m = +R7Tln F;';Oz +IJJ;9(T - 79y- In the exact same way as described for the Mg

page in chapter 5.2, the chemical potential of hydrogen is established by the applied gas preksure
same formula may be used to determine the hydrogen chemical potertiak of the terminal solu-

tion in equilibrium to the hydride phasd, the appropriate equilibrium pressures are inserted. The
equilibrium pressure of hydride formation at 300 fg,= 0.01 bar, can be read from published PCT
curves of the TH system shown iRigure3-86 S ¥ 2 NB @ ¢ ¢ &8 its Ocivative drog dut when
calculating the difference). The so calculated driving fame@unts ton »= 18018 kJ/molat 300°C

and 20 bar hydrogen pressure. For an illustration of the thermodynamic situ&tigore2-2 shows

the change of the chemical potential across the interface. The value of the driving force in the case of
Ti is significantly larger than in the case of Mg.

From the experimental data irigure6-3 and the evaluated slope, the respective transport coefficient

2F ¢A O21IGSR 6AGK GKS yI (dzNI f %cddlF I OS 2EARS |yz2d
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Figure6-4Y ¢9a ONAIKG FASER AYlFISa 2 7T-depdsited, K)hpaftialy At ¥ ONER a2
hydrogenated, c) fully hydrogenated (at 300 °C / 20 bar) with corresponding diffraction patterns of selected
I NB I &TYe) Ripand'f) ruile TiQ phasegHa18]




































































































































