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Developinghigh-capacity sustainable naterials for hydrogen storage
Yuanyuan Shang
Abstract

In this thesisthe development of sustainable materials for hydrogen storage is studied. Four
modeltypes of hydrogen storage materials im@uded in this work, which areéhe complex

metal hydride NaAlH4, solid solution room temperatur€eTi alloys compositionally
complexaloys (CCAs), andthe reactivehydridescomposite RHC) 2NaBH; + MgH». The

first part of this thesis focuses on developing a complex metal hydride of hagldsing

waste Al alloy as raw materiallhe syntlesiged less pureNaAlHs exhibits good reversible
hydrogen capacitywhereas the pure NaAlHs not reversibleThe second part of this thesis

is devoted to developing Feli-basedmetal hydride by using waste steel and Ti alloy scraps
as raw materialsAstonishingly, at 50 °C and 100 bar of,khe hydrogen storage capacities
measured for the FeTi alloys synthesised from recycled scraps are extremely close to the
value measured for the pure FeTm. the third part of this thesis, the hydrogen storage
properties of SOmMECAs are investigated, which further help screening the suitable types

of waste metal alloys to be used as raw materi&lith the synthesised hydrogen storage
materials, the main issues are kinetic and thermodynamic tuRiegselectedvaste steels,

Ti alloys, Mg alloys,and Al alloys, are just examples of the vast variety of scrap materials
potentially usefulfor synthessing sustainable hydrogen storage materiaisaddition, the
influence of single impurities cannot be distinguished. &bes, the RHC system of
2NaBH: + MgH> waschosen as a modsystemto study the effects afiell-definedaddtives

on hydrogen storage perfoancesas can be seen in the last part of this thesis.

This work shows that by usingaste metal scraps instead of higlrity elements as raw
materials, the carbon footprint and coate tremendously reduced for producing hydrogen
storage materials without deteriorating the hydrogen storage prop@ttieswork opens a
new path to the development of environmentally sustainable alloys for hydrogen storage

purposes.



Entwicklung von nachhaltigen Materialien mit hoher Kapazitat fur die
Wasserstoffspeicherung
Yuanyuan Shang

Zusammenfassung

In dieser Arbeit wird die Entwicklung von nachhaltigen Materialien fir die
Wasserstoffspeicherung untersucht. In dieser Arbeit werden vier Arten von
Wasserstoffspeichermaterialien untersucht, namkomplexe Hydride am Beispiel von
NaAlH4, Losungshydride am Beispiel vdfeTiLegierungenneuartige Multikomponenten
MischkristallLegierungen mit hoher EntropieCCAs) und Reaktive Hydridkomposite
(RHC) am Beispiel vorNaBH; + MgH2. Der erste Teil dieser Arbeit konzentriert sich auf
die Entwicklung eines komplexen Metallhydrids aus NaAlkhter Verwendung von Al
Legierungsabfallen als Rohmaterial. Das synthetisierte, weniger reine Na&aist eine gute
reversible Wasserstoffkapazitat auf, wahrend das reine NaAitht reversibel ist. Der
zweite Teil dieser Arbeit widmet sich der Entwicklung von F®BEtallhydrid unter
Verwendung von Stahlund TkLegierungsabfallen als Rohmaterial. Erstaunlicherweise
liegen die gemessenen Wasserstoffspeicherkapazitdten der aus recycelten Abfallen
hergestellten FeTliegierungen bei 50 °C und 100 bas $&hr nahe an den fir reines FeTi
gemessenen Werten. Im dritten Teill dieser Arbeit werden die
Wasserstoffspeichereigenschaften eini@&As untersucht, was bei der Auswahl geeigneter
Altmetalllegierungen, die als Rohstoffe verwendet werden sollen, weiter hilft. Bei den
synthetisierten Wasserstoffspeichermaterialien geht es vor allem um kinetische und
thermodynamische AbstimmungdBei der Vielzahl von Stahlabféllen,-Legierungen, Mg
Legierungen, AlLegierungen usw. ist eallerdingsnicht moglich,den Einfluss einzelner
Bestandteile auf die Synthese und die Eigenschaftenachhaltige
Wasserstoffspeichermaterialien alifferenzieen. Ausgehend von diesen Uberlegungen
wurde deshalbdas RHGSystem 2NaBk + MgH:2 als Modelbystem gewéhlt, um die
AuswirkungeneinzelnerAdditive auf die Wasserstoffspeicherleistuyggieltzu untersuchen,

wie im letzten Teil dieser Arbeit zu sehen ist.

Diese Arbeit zeigtdassdurch die Verwendung von Altmetallabfallen anstelle von
hochreinen Elementen als Rohstoffe der Kohlenstoffausstol? und die Kosten fir die
Herstellung von Wasserstoffspeichermaterialien enorm reduziert werden kénnen, ohne dass
sich die Wasserstoffspeichereigenschaften verschlechtern. Diese Arbeit er6ffnet einen neuen
Weg zur Entwicklung von umweltvertraglichen Legierung@ndie Wasserstoffspeicherung.
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1. Introduction

1.1. Energy transition and hydrogen

The access to abundant and cheap enefogy has

economic prosperity. Fossil fuels, which have been the main energy resource in the last two
centuries, have supported the progress of human civilization and economic develbpment
However, the finite nature and the excessive consumption are leading to a fast depletion of
these energy sources. Moreover, the emission of greenhouse gases from the combustion of
fossil fuels led to threatening environmental chalbeSherefore, it is urgent to find
sustainable energy supply solutions. Although renewable energy sources such as wjnd, solar
etc. could cover the actual energy demand, due to their intermittent nature and uneven
distribution onearth, their exploitation is challenging unless a suitable energyumeidi

found?,

In this scenario, hydrogen is considered as a potential energy vector capable of
supporting this epochal transitid@. Among fuels,and becauséydrogenis the lightest
element on the periodic tableydrogen has the highest energy density per massalmost
2.5 timesof the energy density per mass of conventional fossil fuels such as methane,
propane, and gasoline. As an example, under ambient conditions, themaegpg density of
hydrogen is- 120 MJ-kg!, while the values for methane, gasoline, and diesel are 55.6, 46.4,
and 45.6 MJ-kg, respectivellfl. However, beingx gas at ambient conditiortsydrogenonly
has an energy density per volume (0.003 kWH)E! lower than the volumetric energy
densities of methane, propane, and gasoline (4.2, 7.1, and 9.0 kWiéspectivel{}°-11),

Nowadays hydrogen is mainly stored in three different forms: compressed gas
storag€?, liquid storagg®, and solidstate storage in form of hydrides.q, metal hydrides
and complex metal hydridésy. Although, currently, compressed hydrogen technology is the
most commorly implemented storage metH&d it suffers from several major drawbacks.
Firstly, lightweight carbotiiber tanks are difficult to produgcdhus expensive and also
difficult to recycle in view of a circular econom$econdly, the achieved volumetric energy
density remains poor if compared with gasoline. For exdtfiplevhen the hydrogen is
compressed to 700 bar, the energy density value is 5.6 Muhly, while for gasoline it is
32.0 MJL? and thus 6 times highahan that of 700 bar compressed hydrogen. 1.1

1



shows the w@lumetric hydrogen density of compressed hydrogen versus pressure, the
volumetric hydrogen densities of the liquefied and ideal gaseous hydrogen are also included.
As can be seera large portion of the stored energy is consumed for the compression work,
about 13 to 18% of the LHV is needed when hydrogen is compressed to #30 bar
Hydrogen storage in liquid form implies an energetically unfavorable deep cookPg3SC.
Theoretically, the energy required for liquefaction is aldd¥b of the total hydrogen energy
content However, in real applicationthis value increases to 2030%!!8. Moreover, due to

the boil-off phenomenon, a daily hydrogen loss of 1 to 2% must be taken into dt&ount

pressure [MPa]
0 50 100 150 200

601

. H, gas
ideal gas -

40-

volumetric H, density [kg m‘s]

£ 700 bar
i 13-18% LHV is needed

0 500 1000 1500 2000
pressure [bar]

Fig. 1.1. Volumetric hydrogen density of compressed hydrogen versus pressure, the volumetric
hydrogen densities of the liquefied and ideal gaseous hydrogen are also included (the figure is

reproduced from Ref?).

1.2 Solid-state hydrogen storage

Dueto its high achievable volumetric hydrogen density and high safety staliel storage

can be considered as an alternative method to store hydrogen. This type of storage in metal
based systembas beerknown since 1866when Graham discovered the high affinity of
hydrogen for P@Y. However, it wasonly in the 1960s that metal hydrides started to be
investigated for hydrogen storage purp&8edn this regard, among sevetafh-potential

hydride systems, magnesium hydride has been one of the most investigated materials due to
its high volumetric and gravimetric hydrogen densitg.(110 kg H-m3 and 7.6 wt.%,
respectively). It must be noted that these density values are much higher than those of
compressed hydrogérm., 23 kg H-m at 350 bar and 38 kgzHn™ at 700 bar, and of the 71

kg Hz-m3 of liquid hydrogef32%., Additionally, this approach allows storing hydrogen under

2



low-pressure conditions, achieving at the same time high volumeteigye densities and
high safetystandard$®2®. Fig. 1.2summarizesiifferent mehods used for hydrogen storage

andvarioussolid-state hydrogen storage materials are also included.

Ex. MOF-5 yaria ! /drogen

.4’&;;}& Ex. BN-methyl  Ex. LaNi;, Ex. NaAlH,, Ex. NH;BH3
X2 cyclopentane  FeTi, HEAs RHCs

.,

<
¢ : @ v o € [ ,,,K
I o¥ R ¢ [ A o] 7 ©
ha | ° <
¢ A e ¥ 'o @ . "
@=H @=N &=
s ¢ > @=H@=AD=Na

Fig. 12. Different methods used for hydrogen storéthe figure is reproduced from REf)).

When forming a metal hydride, a series of steps occur: (1) physisorpgqnthe
attraction ofvan der Waals forces between the metal surface and hydrogen molecules traps
the hydrogen molecules close to the nistalrface(2) chemisorptioni.e., the formation of
the metalhydrogen bond after the dissociation of the hydrogen molecules at the metal surface;
(3) the formation of at}phaseje,t he hydr ogen di érfstaldattice atdo t he
randomly occupiesterstitial sites; (4) the formiain of b-phasei.e, the concentration of the
hydrogen atoms in the crystal lattice reaches a critical value thattte#ite nucledion of a
new phase witlparticularphysicochemical properties; (5) the growth of Bighase and the
gradual disappearance bfphase. As shown iftig. 1.3, the thermodynamics of hydride
formation can be described byressurécomposition isotherm(PCl) plotd®’. At the
beginning of the hydrogenation process, some hydrogen atoms dissolve into the host metal to
form a solid solutione.g, U-phase. With the increase ob ldressure and H concentration
within the U-phase, the local interactions between hydrogen atoms and the atdhes of
hosting lattice lead to the nucleation and growth of hydifidgh@se) afterthe completion of
this transformation finally additional hydrogen can be dissolved under increasing pressure in
the b-phase The isotherms exhibit a flat plateau when the two phases coexist, and the length
of the plateau indicates the amount of tHat can be stored. With the increasing of the

temperatureat which the PC measurement is performed, the plateau length decreases. The

3



transition fromU-phase td-phase is continuous above the critical pdiat

Some of the most important parameters in the selection of hydrogen storage materials

are thereaction enthalpy(qH) and the reaction entropy(qf) of hydrogenation and

dehydrogenation. Such information can be easily derived from thelBG using theso-

call ed

vanot

Hof f

( D )versusT? (Fig. 1.3).
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(1.1)

wherePeq is the equilibrium pressur®p is the standard pressufkjs temperature ang is

the gas constanthe gH and gf values can be obtained from the slope and tirgeycept,

respectively.

The kinetic properties of a hydrogen storage material must be taken into account when

selecting a

potential

hydrogen

storage

system. In

fact,

obtaining

fast

hydrogenation/dehydrogenation kinetics is a key issue for many hydrogen storage

applications

In the following, the activation energy and limiting steps of the hydrogenation/

dehydrogenation process wofetal hydrideswill be discussed. For a reaction to occur, an

excess energy should be initially provided to the atoms and molecules composing the system.

This excess energy is called activation energy and it is indicatégd &kere are two widely

used methods for the determination Bf One is the Kissinger methdd, which by

n
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determining the peak maximum in calorimetric measurements performed at several heating

rates allows calculating the procéssusing the following equatidif!:

[ [ (1.2)

whereb is the heating ratel is the preexponential factor, antimax is the temperature at the
peak of the calorimetric curve. The activation energy value can be identified by the slope of
the linear fitof thd T Y versusT plot.

The other way is ascertaining the rate constant for different sorption measurements at
different temperatures. Considering the pressure variation caused by temperature in an
activated kinetic process, the rate constiEntan be described by an expended Arrhenius

equatio*41:
N o Jd - (1.3)

whereA is the preexponential factor. TheRa can be determined by the Arrhenius plot of
I TQversus 1T
In the following, different types of solidstate hydrogen storage materials will be

described

1.3.Hydrogen storage materials

Additionally to the previously mentioned Pdldnd Mgh, a large variety of hydrides has
been considered for reversible hydrmogeorage purposes. Here belthhose materialshat

are of interest for this thesis workill be briefly introducel.

1.3.1. NaAlH4

Sodium alanate (NaAlk) is one of the complex metal hydrides considered potentially
suitable for practical applicatiofi$*®!, owing to gravimetric and volumetric hydrogen
densities of 7.3 wt.% #Hand 93.4 kg H#m3, respectivellt”“8. Bogdanovic et df” were the
first to demonstrate the feasibility to reversibly store hydrogen 4doped NaAlH under
moderate temperature and hydrogen pressure conditions. The dehydrogenation/hydrogenation
pathways of NaAlkin the presence of Iased dopant can be described as a reversible two
step reactiofi®>k
o. A0 P . A ¢! lof (1.4)
¢. At P o. A(c! I (15)
The pioneering work of Bogdanovat al. sparked a surge of research into modifying



NaAlH, with other additives, such as transition metal 84ft§, and carborbased materials
[55-57].

The first reported synthesis method for NaAMas the one proposed Iynholt et
all®® in which NaAlH, is preparedvia the reaction between sodium hydride (NaH) and
aluminium halides (i.e.AlBrz or AICI3) in the presence of solvents, j.dimethyl ether
(DME) or tetahydrofuran (THFpr by the reaction of aluminium hydride (AdHwith NaH

T. AT 8 "1 wwu . Al (0. A8 (1.6)
g . AC.A(1l o. A#l (1.7)
However, these two processes present several disadvantages such as hazardous reactions,
high cost of raw materials=(). (1.6)), andsluggishreaction Eq. (1.7). Furthermore, the
removal of side products such as sodium halides (NaCl, or NaBr) from NaAlH has to be
considered. Ashii3?®% and Classéf!! have demonstrated the possibility to directly
synthesse NaAlH; by the hydrogenation of NaH (or Na) and aluminium (Al) via a THF
mediated reaction, whereas Dymova andmookers reported on the possibility to perform
the same reaction in solstaté®?. In both cases, the synthesis reaction can be described as
follows:
¢. A(¢!Tol ©9¢. AC I (1.8)
DAL g 9L AL (1.9
In comparison to the process proposed by Fingto#l., thedirect synthesis of NaAlH
has the advantage of requiring a lower amount of starting materials (1 mole instead of 4

moles of NaH or Na), and metallic Al rather than highly reactive &l AlBr3).

1.3.2. FeTi alloys

The possibility to reversibly store hydrogen in FeTi alloys was first reported by Reilly and
Wiswall in 19741, This B2structured intermetallic compound possesses gravimetric and
volumetric hydrogen storage properties (1.87 wt.% and 105:kg#at 25 °C under 50 bar
H2)4 that make it an appealing candidate for storing hydrogen in stationary applications. In
FeTi, the hydrogen is interstitially stored in tetrahedral and octahedrdf3itése reaction
enthalpy and entropy associated with the release of hydrogen from FeTi are equal to 28.1
kJ-mof! Hz and 106 J-K-mol? Hy, respectivelf®l. This entails an equilibrium temperature

of -8.0 °C at 1 bar of hydrogen pressure, which is particularly interesting when considering
the coupling of a potential Febased hydrogen storage system with a polymer electrolyte
membrane (PEM) fuel cell syst€inDespite the promising hydrogen storage capacity, issues



related to the material activation asidpinghydrogen absorption/desorption plateau pressure
limit the utilization of pure FeTi in commercial applicati6fig'. In recent years, many
attempts to enhance the FeTi hydrogen storage properties have been carried out mostly by
elemental substitution. By addingtpe (Ti) elements like Nb, Zr, and V into the system,

the strength of the hydrogenetal bonds can be modified, while the addition efyBe (Fe)
elements such as Cu, Ni, Co, Mn, and Al can improve the electrocatalytic activity, thus
facilitating the activation proce$s’l. Additionally, alloying with elements such as Mn and

V allows reducing the hydrogenation/dehydrogenation plateau pressur€“3fpas an
example, by substituting Fe by Mn, the lattice constant of FeTi increases, resulting in lower
equilibrium pressure, a smoothed plateau, and decreased hydféresiswh at 6 s mor e,
addition of Mn induces the formation of secondary phases, which could act as a channel for

hydrogen absorption, leading to a milder activation condtfiéfi

1.3.3. Compositionally complex alloys

Compositionally complex alloyCCAs)"®7% a new family of alloys that can form hydrides,

have recently begun to attract attention for hydrogen stoapgécations Given that the

formed structuresand chemical composition have a significant impact on hyrogen
sorptionpropertiesthe possibility tovaryto alarge extent the chemistry GCAs (with their

vastness of compositions) prongst® provide new tailor-made materials for hydrogen

storage applicatiof88l. Refractory CCAs, Mgcontaining CCAs, and some transition
metatbasedCCAs are reported to possess exceptional hydrogen storage prééetidzor

example, TiZrNbTa refractor€ CA can absorb 1.67 wt.% of hydrogen at 30 °C under 2 bar

of hydrogen pressd®*. At 30 °C under 20 bar of HMgVCr and MgTiCrVFeCCAs exhibit

0.7 and 0.3 wt.% of hydrogen capacity, respectf®NCr,FeMnwTixVyZr-( 0 O u, v, w,
z OCC2A9®'possess the hydrogen capacity range o
bar of H. Yet, the large alloy density (more than 4.0 g&yrhigh costs, and poor room
temperatur€RT) hydrogen storage capacity 6CAs greatly limit their mobile or stationary
applications. Therefore, achieving low alloy density and |&{dydrogen storage capacity

is still a challengdor CCAs.

1.3.4. RHC 2NaBHs + MgH 2

The use of complex metal hydrides such as NaBHBH 4, etc.to store hydrogers limited
by the apparent irreversibility of their thermal decomposition proflcti fact, despite

their appealing gravimetric and volumetric hydrogen capacity, complex metal hydrides are

7



reversible only at extreme temperatuand hydrogen pressure conditions. For instance,
LiBH 4 can onlybe partially renydrogenated at 60 under 350 bar of hydrogen pressiite
For this reason, until the end of the 1990s, tlveye mainlyinvestigated as oAgass storage
system878% |n 1996 the pioneering work of Bogdanovic and Schwickdrdipened the
doors to the use of complex metal hydrides as reversible hydrogen storage systems. Since
then, many efforts have been made to investigate the properties of this class of hydrides and
to optimize their performance by using suitable catalysts and destabilizing“dgé&nts

As aresult of this investigation effort, the reactive hydride composites (RHCs) approach
was developed In this approach, two or more hydride species are combined to obtain a
system with a still high hydrogen storage capacity but lower reaction enthalpy and high
reversibility®>°4. One of the RHCs that has been considered as a model system is;2NaBH
MgH.°>%1 owing to its significantly large gravimetric hydrogen storage capacity (7.8 wt.%),
stability in air (higher than RHCs containing LiBHCa(BH)2, LiNH2, Mg(NHy)2, etc) and
low cost of the raw materialse., 10 times cheaper than the-¢ontaining systefy’.

In this system, the dehydrogenation is expected to occur following-atepaeactiof:

2NaBH; + MgH2 D 2NaBH: + Mg+ Hy (1.10
2NaBH; + Mg D 2NaH + MgB + 4H; (1.1)

However, depending on the temperature and hydrogen pressure used, reaction
intermediates such as the eutectic molten phase of NaH/Af8BNaMgH:°!, and products
such as Na, NaBH1,, and B can be form&a°%. Owing to a theoretical dehydrogenation
enthalpy (for the reaction that from 2NaBH MgH: leads to 2NaH + MgB + 4H,) of 62
kJ-mol! Hy, the expected dehydrogenation temperature at 1 bas ka. 350 °Cthat is
considerably lower than the dehydrogenation temperature of pureNe&H500 °C§00-101
These properties make the 2NaBH MgH: system a potential candidate for medium
temperature hydrogen storage applications and heat storage applications. However, despite
the improved thermodynamic properties, the formation of NaH + M§Broceeds speedily
only at temperatusequalto or higher tha50 °C.

In the attempt to find appropriate catalysts to improve the hydrogen storage properties of
RHCs, the use of transition metal (Tdased additives such as ZiRZrCls, and SgOs
proved to be a suitable approB€H'°’l In many cases, by adding small amounts of-TM
based additives, the reaction kinetics can be accelerated by a factdt%¥ feor instance,
Bosenberget al'’?”! found that by adding $SOs and ZrCh to 2LiBH4 + MgH>, the incubation
stage for the dehydrogenation of LiBManishes Thus the dehydrogenation reaction time is



significantly shortenede.g.,from 25 h to 5 hKarimi et all'°® found that by using the NBF
additive, the dehydrogenation temperature of the CaBHMgH> was decreased from 350
“C to 250 C. Bonatto Minellaet all*®! showed that by adding rfiol% of TiF; to the
Ca(BH). + MgH> system, the onset dehydrogenation temperature decreases frod 80
125 C. In these works, the added Tihdsed additives react with the starting materials to
form more stable compounds such as>zBd TiB, with an average particle size between 5
and 20 nm. The crystallographic structure and the interface location of thodmsed
compounds appear to affect the nucleation and growth of new pleagesMgB in the
RHCs. Bosenberg et &f71 proposed that the better nucleation behaviaof MgB, can be
ascribed to the microstructural similarities between the newly generateda3ddl phases
andthe nucleating MgB According to nucleation and growth knowledge accessible from
metallurgical arease.g., the edgeto-edge matching mod&®, which was recently further
substantiated by Jin et &% for heterogeneous nucleation, the coherent energy of the
interface between the parental phase and the new phase is minimized by lowering the lattice
mismatch at the interface. For example, Jial€£% reported the elastic strain energy density
along <16010>TiB2/AIB: || <1010>MgB; is more than 6 times smaller than that induced at
the interface between Mg and Mg&long <1010>Mg || <1010>MgBy. Therefore, the strain
energy between the parental phas®£/RIB>) and the new phase (MgBcan be minimized,

and these phases can act as the active nucleation sites fertddgBhance the kinetics for
the second dehydrogenation step.

1.4.Metal sources andrecycling for hydrogen storage purposes

For thousands of years, metallic materials have played an important role in the advancement
and development of human civilization. Today, demand for alloys is increasinguimizer
of sectors such as energy, construction, transport, and production, with a production growth
rate expected to be as high as 200% by 28&However, the process afining raw metal

sources, reducin@ndpurifying is costly angnvironmentally detrimental
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As can be seen inRig. 1.4, themost produced metal is Fe, followed by Atcordingto
European AluminiumAssociation the demand for aluminium in 2030 is estimated to be
around 16 million tonnes and approximately 18 million tonnes in 2050, suggesting a 40%
increase in demand by 2058, Meanwhile, the steel demail projected to risenore than
30% by 20564,

This high demandfor Fe and Alwill trigger an increasen the endof-life scrap
availabilities.Fig. 1.5 exhibits the enaf-life scrap availability of steels, indicating that the
amount of waste metal scraps is increasing and will reach 900 Mt by 2050. How to deal with
these enaf-life scraps will be a huge problem in the futaseaconsiderable amount of end
of-life waste alloys is accumulated in scrapy&tds'>1¢l These alloys have high embodied
energy*'”l, ca. 251 28 MJ-kg', and their accumulation causes considerable energy losses
when not recycled. In addition, although the -efidife recycling input rate of Ti can reach

90941181 it still results in a considerable loss of Ti resources.
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Fig. 1.5. End-of-life scrap availability of ste€lld®.

1.5.Scope ofthe work

In the present work, thelevelopnent of sustainable high-performance hydrogen storage
materials is pursuedConcerning the sustainability aspect of the material synthéses
materials are considered model systemse., NaAlH4 and FeTiFor themthe possibility of
using waste metal scraps raw materialgistead of higkpurity sourcesand the impact that
such an approadmtailson the material propertieseinvestigated.

Aiming to demonstrate the possibility of obtaining higlnality NaAlH; starting from
low-purity Al sources, the synthesis of NaAliffom the automotive DINGDAISi10Mg(Cu)
alloy is attempted and the hydrogen storage properties of the obtained material are
comprehensively explored via a broad rangeexyberimental technique®.g, volumetric
analysis, Xray diffraction (XRD), scanning electron micropgo(SEM), and differential
thermal analysis (DTA).

The synthesis dfeTibasedalloysfrom thescraps of two stegi.e., C45 and 316L.and
3.7035 Titanium Grade 2 alloy (Gr2yas attemptedThe material properties anlkydrogen
storage propertiesf the synthesedalloys are evaluateid detail

It is well known that alloyng is a potential strategy to modify the hydrogen storage
properties of many systenesg., MgCu, Mg-Al, Mg-Ni*2>122l Recenty, the potential use of
CCA in many differentfields, e.g., structura] soft magnetic hard tool coatings, and
photothermal conversigmas been demonstratethis approacthas just recently statl to
be utilized for designingnnovative hydrogen storage materials. In this regarthis thesis
work, the aim isto developultralight highcapacity CCA for hydrogen storageMulti-

11



principatlightweight element alloying (e.g., Ti, Mg, Li) coupled with multiphase engineering
endowsthe designedCCAs with ultralow alloy density and largeT hydrogen storage
capacity. The alloy density of the current TiVFeMgLi, TiVFeMg, and TiVM@IGAs are
3.50 g-cn?, 4.47 g-c¥, and 2.83 g-cm, respectively. Meanmhile, the hydrogen storage
performances and mechanism were investigated.

The last part of this thesis is dedicated to uncoveringeasonghat laybehindmany of
the kinetic issues that preclude the utilizationRHICs in commercialhydrogen storage
applications. In fact, for these materials, aliho low operating temperatureare
thermodynamically expected, appreciablglrogenatiordehydrogenation rates are achieved
only at considerably higher temperaturgfis temperature mismatch is considered to be
related to the overcoming of high kinetic barriers during nucleatiorttengrowth of new
speciesFor this studythe2NaBH; + MgH. systemwaschoseras amodel systemParticular
emphasis is placedn understanding the role that microstructural features of the phases
present at the composite interfaces playhe nucleation and growth of MgBThe selected
TM-basedadditives were chosen based tbe capability of formingnanostructured species

with peculiar microstructural featurepecie8®°7:123126]
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2. Experimental

2.1 Materials and synthesis methods

The raw materials utilized in thisosk are obtained from commerciahd not commercial
sources.Table2.1 lists for each synthesed system the origin of the raw materiafsl their

purities.The sample preparations wexaried ouiat Hereorby myself.

Table 2.1 All raw materials used in this work.

System Material Form Purity (%) Supplier
NaAlH.4 NaH Powder 95 Sigma Aldrich
Al Shot 99.9 Johnson Matthey
GmbH Alfa
Products
Recycled Al alloy Flake >=80 oil pan of a
DIN- Volkswagen
GDAISi10Mg(Cu) Lupo
Graphite Powder 98 Nanostructured &
Amorphous
Materials Inc
FeTialloys Fe Foll 99.5 SigmaAldrich
Ti Foil 99.7 Alfa Aesar

Recycled steelC45 Turning 97.547 98.28 -
(Fe content)
Recycled steeB16L  Turning 62.0451 69.045 -

(Fe content)

Recycled Ti alloy Turning >=99.325 -
3.7035 Titanium
Grade 2
CCAs Ti Powder 99.5 Alfa Aesar
V Powder 99.5 Alfa Aesar
Fe Powder 99 Alfa Aesar
Mg Powder 99 Sigma Aldrich
Li Granular 99 Sigma Aldrich
Stearic acid Powder 95 Sigma Aldrich
2NaBH; + MgH> NaBH, Powder >=08 SigmaAldrich
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RHCs MgH- Powder 95 Rockwood

Lithium GmbH
MgF2 Powder 99.99 Umicore
Materials AG
3TiCls-AlCl3 Powder 761 78% TiCk  Fisher Scientific
purity
VCl3 Powder 99 Alfa Aesar
Mg(OH), Powder 957 100.5 Alfa Aesar

Different methods, including ball milling and arc melting were used to prepare the
materials. For different system#ietsample compositiongreparatiormethods and sample
designationgiresummarizedn Table 22. All the materials were handled inside anfied

glovebox with moisture and oxygen values lower than 1 ppm.

Table 22 Sample compositions amateparatiormethodsused in this work.

System Preparation Sample Composition Designation
method weight (g)

NaAlH4 Ball milling 10 NaH + pure Al +5 wt.% Pure NaAlH
graphite
NaH + recycled Al alloy +  Less pure NaAlkl
5 wt.%graphite
FeTi Arc melting 4 Pure Fe #pure Ti Pure FeTi
alloys C45 steel + TiGrade 2 C45Gr2 FeTi
316L steel + TiGrade 2 316L-Gr2 FeTi
CCAs Ball milling 8 Ti+V +Fe+Mg+Li TiVFeMgLi
+ 1 wt.% stearic acid
Ti+V +Fe+ Mg TiVFeMg
+ 1 wt.% stearic acid
Ti+V+Mg+Li+1wt% TiVMgLI
stearic acid
2NaBH; + Ball milling 3 2NaBH; + MgH; Na-RHC
MgH: 2NaBH; + MgH2 + 5mol%  Na-RHC + 5 mol%
RHCs MgF2 MgF
2NaBH; + MgH2 + 5mol%  Na-RHC + 5 mol%
3TiClz-AlCl3 3TiCls-AlCl3

2NaBH; + MgH2 + 5mol%  Na-RHC + 5 mol%
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VCl; VCls
2NaBH; + MgH2 + 5mol%  Na-RHC + 5 mol%
Mg(OH)2 Mg(OH).

2.1.1 Synthesis ofNaAIH 4

Sodiumhydride aluminium shotsand graphitevere used without further pretreatment. The
recycled Al alloy used in this study was the BBDAISI10Mg(Cu) having a nominal
elemental composition as reportedTiable 2.3. The alloywas obtained from the oil pan of a

Volkswagen Lupo by mechanical abrasion and then storéxe air.

Table 2.3 Compositionof DIN-GDAISi10Mg(Cu) alloy*?7.,

Element Si Al Mn Ti Fe Ni Zn Cu Mg

Content 9.01 >=80 0.271 0.5 <=0.15 <=1.3 <=0.1 <= <=0.30.471 0.6
(wt.%) 10.0 0.3

In the NaAlH4 sample prepared from recycled Al alloy (denoted as less pure NaAlH
the amount of NaH and recycled Al alloy was fixed at 3.95 and 5.55 g, respectively. These
weightvalues are calculated to match a molar ratio of 1, taking into account that the Al
content of DINGDAISi10Mg(Cu) is only 80 wt.%. To prevent cold welding phenomena
prior to milling, 0.5 g of graphite in powder form was added to each material batch.
Eventually, ten grams of materials (NaH, recycled Al alloy, and graphite) were charged into
an in-situ high-pressure steel vial (Evico Magnetics) together with 300 g of stainless steel
balls. The higkpressure reaction vessel was then evacuated and reviledhydrogen ¢a.
83 bar). During milling, the temperature and pressure inside the vial were recorded. The
milling process was performed in a Fritsch P6 planetaryrbidling device at 550 rpm for 50
h. The overall synthesis of the materials are summarized inctiersticfigure (Fig. 2.1).
For comparison, NaAlHwas also synthesed from a mixture of pure Al shots and NaH
powder in a molar ratio of NaH : Al = 1:1 following the same procedure as for the less pure
NaAlHs. The material obtained from highupty reactants is denoted as pure NaAllH must
be mentioned that for obtaining a full conversion of the starting reactants into Na#tHe
case of the pure NaAllHthe material mixture had to be milled for additional 25 hours (75

hours in total).
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Fig. 2.1. Schematicsynthesis of less pure NaAdHnaterials by using Fritsch P6 planetary ball

milling device

2.1.2 Synthesis ofFeTi alloys

Four gramsof Fe foil and Ti foil for pure FeTi, C45 steel and 3.7035 Titanium Grade 2 for
C45Gr2 FeTi, 316L steel and 3.7035 Titanium Grade 2 for 3682 FeTi, with an atomic
ratio of 1:1 were melted together by an Edmund Buhler MAlrc melter, and the ingots
were remelted five tines to ensure their homogeneity. The compositions of the C45 steel,
316L steel, an@.7035 Titanium Grade &e shown infable2.4,2.5, and2.6, respectively.

Table 2.4 Composition of C45 steel scraps.

Elements  Ni Cr Mo Ni + Cr Si Mn C S P Fe
+ Mo

Content O 0.0 0.0 0. O 0. O 0. 0501 0.421 ) O Rest
(Wt.%) 0.80 0.50 0.045 0.045
Elements Ni Cr Mo Si Mn C S P N Fe
Content 10.00 16.00 2001 O 0.0 2.0 0. O O O 0 Rest
(wt.%) ] ] 3.00 0.03 0.045

14.00 18.00

Table 2.5 Composition of 316L steel scraps.

Table 2.6 Composition of 3.7035 Titanium Grade 2 alloy scraps.
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Elements Fe C (@] H N Ti

Content O 0. O 0. O 0. O 0. O 0. Rest
(wt.%)

The obtained ingots were then suctimast to rods with a dimension B8 mm3 30 mm.
The rods were hancrushed, and a 125 mesh sieve was used to sieve the powiders2

shows thesynthesis of FeTi powders.

Waste metal scraps Arc melter

Preparation

Arc melting

Sieving Suction

125 um ¢ casting

Fine powders Rod Ingot

Fig. 2.2. Synthesis of FeTi from waste steel and Ti alloy scraps by asirlgdmund Buhler MAML

arc melter

2.1.3 Synthesis ofCCAs

Commercially available Ti, V, MgFe powders, and Li granulars were used as starting
materials. The alloys with nominal compositions of TiVFeMgLi, TiVFeMg, and TiVMgLi
were prepared by ball milling. For each composition, 8 grams of materials were milled under
Ar atmosphere in a Fritsch P6 Planetary miller for 80 hours, with edspbwder ratio of

20:1. To prevent the cold welding phenomenon, 1 wt.% of stearic acid (95% purity,- Sigma

Aldrich) was added to each alloy.

2.14. Synthesis ofRHC 2NaBHs + MgH >

Commerciallyavailable powders of NaB{H{MgH2, Mgk, 3TiCls-AlCl3, VCls, and Mg(OH})

were used as starting materials. The specimens investigated in this work were prepared by
milling three grams of 2NaBH+ MgH> with and without 5 mol% of additive@.e., Mgk,
3TiCls-AlCl3, VCI3, and Mg(OH}) in a Spex 8000M Mixer Mill for 400 min, as shown in

Table2.2. Stainless steel vial and balls with a diameter of 10 mm were used to perform the

17



milling, with a ballto-powder ratio of 20:1.

2.2 Volumetric analyses

The hydrogen storage capacignd hydrogenation/dehydrogenation kinetic behavad the
synthesisedmaterials were characterized using a custdmilt in-house Sievertt/pe
apparatus. Around 100200 mg of materials werlbaded in thesampleholder under desired
hydrogen pressuseTo minimize the pressure change during téaction, a 1000 mL extra
volume was employed. In this apparatus, the hydrogen release/uptake determination is
calculated based on the differential pressure value generated between the sample holder and
the empty reference holder upon thermal or pressure gradients.

To further invedigate the reversible hydrogen storagmpacity and thermodynamic
behaviar of the materialsa manometric Sievetype apparatus (PGFPro 2000 Setarar&
Hy-Energy) that works basedn the absolute pressure principleas used.For each
investigation, about 2 g of the alloy was loaded into a steel sample vial and packed with a
screwcap equipped with porous sintered metal filters. The steel vial was then placed into an
autoclavetype sample holder. Steel cylinders were used to fill the empty area in the
autoclave sample holder. The handling and charging of the powders in the sample holder
were conducted inside anilled glovebox (QandHO | evel s O 1 ppm). On
holder was connected to the Sievigrie apparatus, the PClI measurements were carried out
by applying hydrogen pressure variations of 3 to 5 bar, and equilibrium time durations
between 60 and 120 min for each pressure step. The selected reservoir volume was 12.28 mL,
while the volume of the sample holder was calibrated for each tempefigr¢o the broad
range of applied conditions, the details of each measurement will be given later in the results
chapter.The volumetricmeasurements and related data analyse carried out at Hereon

by myself.

2.3. Kinetic modeling

Hydrogenation/dehydrogenation kinetic behaviasrrof great importancefor hydrogen
storage, while understanding the rhteiting steps are the key issue to help the improvement

of the materi al so k iThe e trateimitingb estesv i during .
hydrogenation/dehydrogenation can be obtained by fitting the kinetic curves of the materials
with different modelsThe Sharp and Jones method was used for kinetic mod&litidl In

this method, the experimental data can be expressed as follows:
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o b — (2.)

8

whereUis the reacted fraction,is the reaction timeps is the time atJ= 0.5, andA is
the rate constanE ( $)the measured hydrogen storage capacity over the overall capacity.
Firstly, for the investigated samples, the kinetic curves were normalized. Subsequently,
different fitting model83%13lwere used to fit the obtained curvésifle 2.7). The criterion
for deciding whether a nuel successfully describes the hydrogenation/dehydrogenation
reaction is the following: the slope of the fitted curve should be close to 1, the intercept
should be close to 0, and the fitting coefficient of determina®oshould be close to The

kinetic modelingwascarried out by myself.

Table 2.7 Kinetic models used fditting 37,

Model types Kinetic rate models Equations used for the
fitting
Diffusion models D1 onedimensional |
diffusion ® U
D2 two-dimensional | p | zldp |
diffusion U 0T
D3 Jander equation for |
three dimensional p_P
diffusion TBIT QLU
D4 GinstlingBraunshtein S| -
equation for three a P
dimensional diffusion T8t o @ X
Geometricabontraction models R2 twodimensional |
interface controlled p_ P T
™ WG Pw
R3 threedimensional |
interface controlled p_ P T
T TP qw
Nucleation and growth models F1IMAN=1 I1p |
T wo P
F2 IMA-n=1/2 soa
| ip |
T 0 ¢
F3JIJMA n=1/3 s
I Ip |
T YT w
F4A IJMA-n=1/4 N
I'lp |
Tdop ¢ T
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F5 JMA-n = 2/5 -
I 1p |
T® Q0@

2.4. Thermodynamic calculation

Since the 1970s, AL culation of HHAse Diagram (@lphad, a method that couples tiphase
diagram and thermochemistry, has rapidly emerged as a newitreéhd study of phase
diagramsThe accuracy of a large number of binary, ternary and pheiithase diagrams has
been significantly improved by using thermodynamic and phase diagrarnossitent
tests'3?, To predict the phaseonstitutions of the materials involved in this thesis wdik, t
thermodynamic calculations were performed by usirajpkkad method. In the Calphad
method, each phase of the system is modeled separately and information on the models and
on the thermodynamic parameters of the phases are stored in thermodynamic databases that
can be read and used by thermodynamic software, which performs the minimization of the
total Gibbs energy of the system. OpenCalpfildvas used as the thermodynamic software
engine and was provided with the database froft¥&fThis partis in collaboration with
and was done byir. Ebert Alvaredrom Hereon

To determine the reactigrathway of the dehydrogenatiahg productcompositiors at
the investigated conditions are predicted équilibrium composition calculationsThe
equilibrium composition calculations were carried out witle HSC Chemistry software
9.7.21% Pure materials were taken into account for the calculati®hss part is in
collaboration with and was done by Dr. Julian Puszkiel fidemut Schmidt University

Germany

2.5. Calorimetric analyses

The termal behaviouof the materialswas investigated bydifferential thermal analysis
(DTA) and dfferential scanning calorimetrDSC). DTA was carried out using a Netzsch
STA 409 (DTA calorimeter). The measurements were chwig under an Ar flow of 50
ml-min™. During the DTA analyses, the release of hydrogen in the Ar stream was monitored
using a Hiden Analytical Hal 201 Mass Spectrom@#$). DSC curves of the samples were
obtained by a higipressure DSC 204 HP Phoenix from Netzs&hout 10to 20 mg of
samplepowders werglaced inan Al20z crucible andhenheated up tdhe settemperature.

The calorimetric measurements and related data analyses were carried out at Hereon by

myself.
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2.6. Fourier-transform infrared spectroscopy

Fouriertransform infrared spectroscog# TIR) technique was applied to characterize the
corresponding phases of theradled samples, using an Agilent Technologies Cary 620 FT
IR located inside an Afilled glovebox (Q and RO levels lower than 1ppm). Each spectrum
was recorded in the range of 650 tmo 4000 cm' with a resolution of 4 crh The FTIR
measurements and related data analyses were carried out at Hereon by myself.

2.7. X-ray diffraction

2.7.1 Ex-situ X-ray diffraction

X-ray diffraction (XRD)is a fast, accurate and efficient material nondestructive testing
technique that can provide information about the structure mrase constitution®f
crystalline materials.

In this work, b determine the phase constitutions of the materedssitu XRD
measurements were carried out via a Bruker D8 Discover diffractometer (Bruker AXS GmbH,
Karl sruhe, Germany) e pwi5piBeA) operatinghat 3DV ewd) s ou
1000 mA.The used detector is a 2D VANTEC detector in BrBggntano geometryThe
diffraction patterns were collected in nine steps in thaahge from 10to 90 with an
exposure time of 400 s pstep A small amount of powder was placedthe middle of the
sample holder and then sealed with an airtight dome made of polymethylmethacrylate
(PMMA).

The crystallite sizes othe materialsvere calculated by using the Scherrer formula
which is basedon the relatedfull width at half maximum (FWHM) of the diffraction
peak§ 3¢l

0

(2.2

wheret is the crystallite size, 0.9 is the particle shape faet the Xray wavelengthb is
the FWHM, andygis the Bragg angle.
Theexsitu XRD measurements and related data analyses were carried out at Hereon by

myself.

2.7.2 High-energy X-ray diffraction

High-energy XRD (HEXRD) measurements of the bulkaterials were performed at
beamline HEMS run by Helmholzentrum hereon GmbH at PETRA Ill of Deutsches
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ElektronenSynchrotron (DESY), Hamburg, Germany. The selected wavelengtheswas

0.124 A. The sampi-detector distance (SDD) was calibrated by using aslsiBndard

sample from NIST. The obtained 2D images were converted to numerical data vid'#IT2D
software. Then the MAUB®! program was used to identify thegsie constitution and lattice

constant. This part is in collaboration witP r o f . FIl or i afromMHgreona@hke 6 s (g r

related data analyses were caroetby myself.

2.7.3 In-situ synchrotron X-ray powder diffraction

In-situ synchrotron radiation powde4RD (SR-PXD) measurements were carried out at the
beamline P02.1 at PETRA IIDESY, Hamburg, Germany. The selected wavelength was
0.2073+ A and the used detector is a Varex 4343CT detetoe SDD was 1204.9 mm,
which was calibrated with a LaBstandard sample from NISTA special highpressure
sample celt**14%was used foin-situ monitoring of solid or gas reactionss can be seen in

Fig. 2.3 A sapphire capillary loaded with sample was attached to the cell insidefaled\r
glove box. The SRPXD data were acquired each 10 s and the obtained 2D images were
converted into a twaolon numerical file by using the FIT2D progrdfi. Then the
MAUD 138 program was used to identify thegste constitution and lattice msbant. The in-

situ XRD measurements and related data analyses were carriedi® dtoy myself.

Thermocouple Sample; |
I i

Hydrogen inlet

Fig. 2.3. The highpressure cell used fam-situ SR-PXD measurements.

2.8. Small angle X-ray scattering
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Small angle Xray scatteringSAXS) is a techniquehat allows quantifyingthe nanoscale
density differences in a samplius it determing the size distribution of nanoparticles,
resolves the size and shape of macromolecules, deteswyoee sizesandfeature distances

in partially ordered materigleind so onin this thesis work, the SAXS technique was used to
determine thesize distribution of the nanoparticlé&8AXS measurements were carried out at
Beamline 1.3W: SAXS/WAXS, Synchrotron Light Research Institute (SLRI), Thailand. This
beamline offers Xay energy of 9 keV, withraSSD of 4297 mm (calibrated using SEBS
block cepolymer standard sample). The accessiptange was between 0.05 and 1.5 m

and the exposure time was chosen to be 60 s. The beam size at the sample posifidn was 1
mn? and a Rayonix SX165 CCD detector was implemented. The SAXS pattern of the
samples and the backgrounds were recorded. These patterns were normalized by the beam
intensity and its Xray transmission. Then, the 1D SAXS profiles were obtained by radial
averaging the resultant backgrousubtracted pattern. Data gpeocessing was donea
software of SAXSIT version 4.48 (Small Angle-rfy Scattering Image Tool, -imouse
developed software at SLRIVhis part is in collaboration with and was doneRypf. Rapee
Gosalawib s g from (Branaree University of TechnolggYhailand The related data

analyses were carriet with the help oDr. Karimi Fahim

2.9. Scanningelectron microscopy

SEM s a technique thaises a finely focused beam of electrons to bombard the surface of a

sample and to observe and analyse rtfwephologyof the sample by means of secondary

electrons and backscattered electrons generated by the interaction between the electrons and

the samplePart of he morphologyof the powderedmaterials was investigated [8EM

(EVOMA10, Zeiss, Oberkochen, Germany). To prevent detrimental oxidation phenomena, a

custommade sample holder was used. The powders were placed in the transfer sample holder

in an Arfilled glovebox (@ and HO level < 1 ppm). The transfer sample holder was

evacuated before being transferred into the SEM chamber and then was opened inside the

SEM chamber only when a high vacuum condition was achié\esl part is in collaboration

with and was done by RronoUniversiflofiPavialalyMi | aneseds
The rest part of the morphology of thmwder materialswas investigated by hHe

secondary electron mode of the figohissionSEM (FEI Quanta 650 SEM). The handling of

the sample preparation was done inside afilked glovebox (Qand HO | evel s O 1 ¢

This part is in collaboration with and was doneTlnyg Chenfrom Hereon
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SEM measurementsf the bulk alloys were done at a FiedohissionSEM (FE-SEM,
Zeiss Auriga and LEO Gemini). The rods were embedded intectiaisty resins along the
casting direction, then treample was ground and polish&this part is in collaboration with
and was donevith the assistance &r o f . FIl or i a fromRHgreon Bh& @latedg r o u p

data analyses were carriedt by myself.

2.10 Transmissionelectron microscopy

Transmission electron microscopy (TEM alargescale microscope that usehigh-energy
electron beam as thBumination source for magfication and imagingThe TEM allows
analyzingthe microstructure of the sample by focusing the electron beam onto a very thin
sample and analyzing the image formed by the transmission or diffraction of the electron
beam through the sample.

Thefocused ion beam (FIB) IHbut technique was used to prepare TEM samijptes
bulk materials The samples were first thinned by using 30 keV" @ad polished by
decreasing ion energy gradually down to 2 keV for mitigating artificial damage. TEM
measurements were performed with a JEMOF TEM equipment operating at 200 kV. The
elemental distribution of the samples was characterized by Edespgrsive Xray
spectroscopy (EDX) equipped in TENMhis part is in collaboration with and was ddmeDr.
Shaofei Liu from the City University of Hong Kon@hina The related data analyses were
carriedoutby myself.

TEM imagesof powdered materialsiere obtained by an FEI Tecnai 200 microscope
working with a field emission electron gaperating at 200 kVThis part is in collaboration
with and was done with the assistanc®uif. Sebastiano Garrofiom University of Sassari,
Italy. The related data analyses were caroetby myself.

For analyzing the nucleation behaufoof RHC 2NaBH: + MgH2 , the sample powder
was dispersed in toluene and us@nicated for 1 min &RT and subsequently dropped onto
Lacey carborcoated TEM copper grids. To avoid oxidation of the materials, these operations
were carried out under argon atmosphere in the glovebox. The prepared sample was then
introduced into the TEM column using a vacuum transfer holder 648 (Gatan Inc., USA).
TEM experiments were performed on a The@i$0-300 (Thermo Fisher Scientifilnc.,
USA) equipped with a monochromator and double aberration correctors (probe and image Cs
correctors), operated at 300 kV. Scanning TEM (STEM) image& Bixdelemental mapping

were acquiredvia a highangle annular darkeld (HAADF) detector with a convergence
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angle of 21.5 mrad and a camera length of 93 mm. Selected area electron diffraction (SAED)
patterns and highesolution TEM (HRTEM) images were recorded using a OneView camera
(Gatan Inc., USA)This part is in collaboration with and was domg Dr. Ou Jinfrom
Karlsruhe Institute of Technolog@ermany

2.11 First-principle s calculations

To study the nucleation behavioof the nanosized products at atomic leviekt-principles
calculations werémplemened Firstprinciples calculationare calculations of the behaviou

of atoms anctlectrons in condensed and isolated bodies at the electronic level, starting from
guantum mechanics. The bonding pattern between atoms can be described and explained
guantitatively, and the bonding pattern can directly determine the internal structure of a
material, thus affecting all aspects of its propefti8sDensity functional theory (DFT) as
implemented in the Vienna Allitio Simulation Package (VASP) version 5.4.4 was utilized

to carly out all the calculations. Generalizgdadient approximation (GGA) in the form of

the revised version of PerdeBurke-Ernzerhof functional for solids and surfad@®BESol)

was chosen for describing the exchangerelation interactions. A plawave energycutoff

of 540 eV was chosen for all the calculations through a series of convergence tests. The
structures were relaxed with an energy convergence criterigé dfQl® eV-atoni! until the

forces acting on all atoms were less than 0.01A¢VA k-spacing method was used for all

the calculations, while for optimizatidaspacing is equal to 0.4, and for energy calculations
k-spacing is equal to 0.For the bulk calculations, ionic positions were fully relaxed while

the bottom layers of the surface models were constrained to enbuik-l&ke interior. A
supercell size of 2 23 1 was sufficient for the surface and interface models and a 15 A
vacuum thicknessvasused to prevent interactions in thelirection. This part was carried

out by myself with the supervision bfs. Archa Santhosh from Hereon
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3. Results

3.1 NaAlH4

To reduce the carbon footprint associated with the production of hydrogen storage materials
and to reduce their cost, the possibility of obtaining {gghlity hydridebased materials

from industrial metals wastwas pursued In particular, in thigart a method for obtaining
high-quality NaAlHs, starting from the Abased automotive recycled alloy DBIN
GDAISi10Mg(Cu)was proposedThe hydrogen storage properties of the material obtained
by ball miling NaH and DINGDAISi10Mg(Cu) under a hydrogen atmosphere were
comprehensively exploredia a broad range of experimental techniques, volumetric
analysis exsituXRD, in-situ SR-PXD, SEM, and DTA. These investigations show that
NaAlH4 was successfully synthesi$ and that its properties are comparable with those of

high-purity commercial NaAlk, as further discussed inighsection

3.1.1 Materials synthesis

Fig. 3.1 shows theenginecomponent made of DHEDAISI10Mg(Cu) alloy used as Al
source for the synthesis of less pure NaAIHg. 3.1(a)), and a part of the material obtained
from the same component via mechanical abrasion G.1(b)). The average size of the
obtained DINGDAISi10Mg(Cu) patrticles lays in the millimeter range. The morphological
investigation of the abraded material carried out via SEM technique, repoiftegd #l(c),
reveals that the alloy particles possess a flat flideeshape. Th&DX analysis performedro

these particles lead to an estimated elemental composition of 87 wt.% Al, 10 wt.% Si, 0.5
wt.% Mn, and 2 wt.% O (inserted figure fing. 3.1(c)). Theexsitu XRD pattern obtained for

the abraded material, shownHy. 3.1(d), exhibits mainly thaliffraction peaks of Al and Si.
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Fig. 3.1. (a) Original recycled Al alloy; (b) aseceived recycled Al alloy; (c) SEM image of Al
recycled from (b), the inserted figureEDX quantitative analysis of the area selected in the box; (d)
exsitu XRD patternga=1.54184 A)for the recycled Al alloy from (b).

Fig. 3.2(a) showsthe pressure and temperature evolution during the milling of NaH with
recycled Al alloy (green curve) and of NaH and pure Al (orange curve) under the hydrogen
atmosphere. For the synthesis of the less pure NgAitHthe pressure and temperature
profiles, it is possible to distinguish 3 stages. The initial pressure and temperature were 84 bar
and 20 °C, respectively. After 5.3 h of milling, the pressure and temperature have risen to 101
bar and 93 °C, respectively. The increase of the pressure is magty ty the increase of
the vial 6s t e mpeduetatheufricon betwween miking badisnand vial walls.

After this first step, the pressure in the vial decreases continuously, reaching a value of 69 bar
after 26 h milling. In the same period, the temperature inside theonéihuouslydecreases

(i.e, final temperature 67 °C). The milling period between 26 and 50 hours is characterized
by an additional pressure and temperature reductionfimdh values of 67 bar and 66 °C,
respectively. The first milling period of the synthesis of pure NaAdHalso characterized by

the increase of the hydrogen pressure and temperatlures i.e.from 83 to 97 bar and from

26 to 82 °C, respectively. Unlike the synthesis from recycled Al, for the pure MdAéH
pressure started decreasing after 1.5 h millviggreas the temperature additionally increased

to 90 °C. Additionally, it can be seen that the pressure of the pure haAfkple continued

to significantly decrease even after 50 h, thus suggesting that the formation ofsNaAGH
complete. This hypothesis was confirmed byeaksitu XRD analyses performed on the 50 h

milled materials which indicates a low yield of NaAlférmation (see-ig. Sl). Therefore, to
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increase the yield ofonversion, the material was milled for a further 25 h. The observed
changes in pressure and temperature during the milling are in agreement with tretapulti

reaction mechanism proposed in Réd.
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Fig. 3.2. (a) Pressure and temperature profiles during the milling of NaH + pure Al and NaH +
recycled Al mixtures under about 83 bar of hydrogen and (b) correspomdsiiy XRD patterns &
=1.54184 A) of the materials collected after ball milling (50 h for the less pure Na#AlH75 h for

the pure NaAlH).

In Fig. 3.2(b), theexsitu XRD patterns obtained for the less pure NaA(iilled for 50
h) and pure NaAll (milled for 75 h) are shown. In both patterns, the diffraction peaks of
NaAlH4 are clearly visible, indicating that NaAlHvas successfully formed. In addition,
small reflections associated with the presence @AM and unreacted Al are also observed
in both patterns. The formation of MdHs as an intermediate phase in the formation of
NaAlH; was also previously mentioned in the literaltiré?144, Besides the previously
mentioned phases, in the diffraction pattern of less pure NaA#flections of Si are also

visible.

3.1.2 The I*'dehydrogenation behaviar

Fig. 3.3(a) and (b)presenthe F'dehydrogenatiourves of the NaAlkdsamples and thex

situ XRD patterns acquired after dehydrogenation, respectively. Clearly, the dehydrogenation
kinetics of the less pure NaAlhk faster than that of pure NaAlHVlore specifically, for the

less pure NaAlkl the dehydrogenation begins at about 150 °C and after 120 minutes, a total
amount of released hydrogen equal to 3.6 wt.% is achieved. The dehydrogenation of the pure
NaAlH4 starts at about 202 °C, and a total amount of hydrogen equal to 3.8 wt.% is released
after 120 min. The lower hydrogen storage capacity displayed by the less pure; arlbé

attributed to the numerous impurities contained in the starting algy,Si, Mn, and O.
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Considering that the impurities of Si, Mn, O, are expected to not absorb hydrogen, their
presence reduces the storage capacity of the sysgti@siaterial. It must be mentioned that,
although upon milling, Na, Al, an&i may form clathrates likdNaxSiizs, NagAlgSizs, Or
NaAlSi, it is unlikely that they absorb hydrogen under the conditions investigated in this
work#%147] For instance, the N&iizs can only absorb 0.05 wt.% of hydrogen under 100 bar
H. pressure at RT*. NaAISi cannot absorb hydrogen due to kinetic limitations, resulting
from the precipitation of Si around the NaAISi pH#8k The exsitu XRD patterns of the
desorbed materialsF(g. 3.3(b)) show the presence of NaH and Al in both specimens.
Additionally, a small amount of NAIHe can also be detected in the less pure NaAlH
sample, indicating that the samples might not be fully dehydrogenated. Thus, it is likely that
the lower dehydrogenation temperature of the less pure NaAditeral is due to a catalytic
influence that the presence of transition metal impurities exerts on the NaAlH

dehydrogenation process.
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Fig. 3.3 (a) I dehydrogenation behavipand (b) correspondingxsitu XRD patterns §=1.54184 A)
after F'dehydrogenation of the synthesil pure and less pure NaAlkhaterials.

3.1.3 Thermal properties and activation energies

To further investigate the dehydrogenation process of the systtedlaAlH;, DTA and
coupled MS analyses of both the pure and less pure Madke carried out. As seen fing.
3.4(a), for the pure NaAlh two endothermic events are observed, whereas, three
endothermic peaks are observed in the DSC curve of the less pure dJNdAk onset
temperature Tonse) for the F' peak of the less pure material is 24 °C lower as compared to
that of the pure sample, whereas the peak temperafijeg ére similar,ca. 180 °C. Also

for the 29 endothermic event, the onset temperature for the less pure NsAlbWer than

that of the pure materiale. 191.4 °Cvs. 212.8 °C, respectively. For this eveeaxof the
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less pure NaAlklis sensibly lower than that of pure NaAlHe., 217.6 instead of 226.3 °C.

As previously mentioned, an additional endothermic peak (peak 3) at 243.7 °C is detected for
the less pure NaAlH Although the first two endothermic signals can be attributed to the
decomposition of NaAlk**#15% and NaAlH ¢l142148:1511521 a5 confirmed by the MS analysis

(Fig. 3.4(b) and (c), which reveals the release of hydrogen only, the reason for the third

signal is unknown at this time and will be examined in greater depth later.
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Fig. 3.4. (a) DTA and (b}(c) MS curves of synthesid pure and less pure NaAlhhaterials, heating

from RT to 300 °C with a heating rate ofG-min* under argon atmosphere.

To find outwhether the decomposition process of NaAiéiconsistent with the above
mentioned description, aim-situ SR-PXD experiment of the less pure NaAlhvas
performed, and the results can be seehiin 3.5 The diffraction pattern of the material at
RT, in agreement with the previously reporeeesitu XRD results Fig. 3.2(b), indicates the
presence of NaAllH(mostly) plus NgAlHse, Al, and Si. The clearly detectable peaks of Si
indicate that this phase does not react with the other materials during ball milling. During
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heating, at 143 °C, reflections of ddHe appear, indicating that NaAlHdecomposed to
NazAlHs, Al, and H. Further increasing the temperature to 160the hydrogenated phases
related to impurities likdJMgH. and MgTiH1s appear. At a temperature of 22Q, the
abovementioned two phases gave rise-MgH2 and MgTiHs phases, respectively. Slightly
increasing the temperature to 230 °C, the intensity of th#INa peaks decreased, while
NaH peaks were detected. This observation indicates the decompositiogAtil N NaH,

Al, and H. Later during the isothermal period at 2710, the previously observedMgH>

and MgTiHe phases vanished, which points out that these two phases are unstable hydrogen
containing phase After keeping at 270C for ca. 1h, the final decomposition products of
NaAlH4 are NaH and Al, only. It is worthwhile to mention that in the temperature range
between 220 °C and 230 °C, the Whjated phases are stable, but theAltds peaks are
getting weaker. Thus the decomposition of:ABles should happen earlier than the
destabilization of other Mgontained hydrogenated phases, which implies that peakig.in
3.4(a) is related to the decomposition of #dHes to NaH + H. In summary, the

decomposition reaction pathway for the less pure NaAlttler the investigated conidis is

the same
Isothermal
070 5 + NaAlH,
8 + Al
L v NaH
| 0
S 230 °C S Ely 2 4 NaAlHg
) D o Si
Q. i
150 E Iy Mg?TIHm
L 3 o-MgH,
90 % TiH,
# Mg
W I\,‘IngiH6
: 30 MaH
S e e e & 7MaH,

2() (degree)
Fig. 3.5. The SRPXD patterns §=0.20734 A) of the amilled less pure NaAllduring in-situ
dehydrogenation process: the pressure is 1 bar of Ar, and the temperature was increased from RT to
270 C (heating rate of 10C-mint) and then kept at 27 for 1 h.

To determine the dehydrogenatidfy of the pure and less pure NaA|HDTA
measurements at different heating rates,2, 3, 5, and 10 °@nin'* were performed and the

results are shown iRig. 3.6(a). As can be seen iRig. 3.6b), the calculatedE, values for
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peak 1,.e. the decomposition of NaAlHo NaAlHe + Al + H> for the pure and the less

pure mateals are 302 + 5 and 285 #kd-mol! Hy, respectively. The results show that for the
less pure materialthe Ea is 17 kdmol? H. lower than that of the pure one. For the
decomposition of NgAIHe to NaH + Al + B (peak 2 of the pure NaAW), theEa for the pure
material is 81 + 3 kdnol* Ho. However, in the less pure Nia, this value (peak 3 of the

less pure NaAlk) was calculated to be 114 + 4-kbl™* Hy, and theEa for the decomposition

of Mg-related phases (peak 2 of the less pure NaAlkas calculated to be 110 + 9-kbl*

H>. TheEa values reported in the literature for the decomposition of NafdHNaAIHe + Al

+ Hg fall in the range between 118 and 132nkdI™* Ho153154 whereas, th&, values for the
decomposition of Ns#\IHe to NaH + Al + K are in the range between 121 and 268nkJ!
H[t5%1581 which are sensibly different from the results obtained in this work. The differences
can be attributed to the different synthesis techniques, measuring matbodsrrhenius
equatiof®® and Kissinger equation), types of devices, and experimental conditions. In
addition, the intrinsic properties of the samples, such as the partzelett® dispersion
degree, and the defect content can make big differences among thé'¥estltdt is also
important to note that in the present work, 5 wt.% of graphite was added to the samples to
prevent cold welding of the powders to the vials, which may significantly influencEathe
values. WilsorShort et all*® studied the formation and migration of native defects in
NaAlHs and found that the charged defect rather than the neutral defect is the predominant
factor that affects the diffusion and decomposition of this system. The formation of hydrogen
Frenkel pairs composed of hydrogen interstitizlg énd hydrogen vacanciegH) could be

the ratelimiting step for the dehydrogenation prod&8s% |In comparison to the pure
NaAlHs synthessed in the present work, the less pure NdAhas lowerEs for the
decomposition of NaAllto NaAlHs + Al + Hz, which might be due to the presence of
impurities in the less pure material. Tingourities in the recycled Al alloy, such as Si, Cu, Fe,
and Mn can act as electrically active extrinsic dopants and introduce defects that are deep into
the level of changing the bandgap, thus shifting the Fermi level to be far away from the band
edges. The shift of the Fermi level leads to the decrease of the formation energy of the
hydrogenrelated point defect$®! thus accelerating the selfffusion, and subsequently

leading to the decrease of activation enéréy
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Fig. 3.6. (a) DTA curves and (b) corresponding Kissinger plots of different decomposition peaks for

the pure and the less pure NaAlH

3.1.4 Cycling behaviaur and kinetic modeling

To investigate the reversibility of the less pure NaAdH five dehydrogenation/re
hydrogenation cycles were performédy. 3.7 shows the dehydrogenationtigdrogenation
curves of the less pure NaAlHDuring the T dehydrogenation, the material can desorb 3.85
wt.% of hydrogen, and the time to reach 95% of the total yield is 24 min. After 5 cycles, the
capacity drops to 3.17 wt.%, and the time to reach 95% of the total reaction is 42 min.
Interestingly, the onset dehydrogenation temperature decreases with the ifréhse
cycling number. For the fieydrogenation process, the hydrogen storage capacity increases
from 3.58 wt.% (the Stre-hydrogenation) to 3.67 wt.% after 5 cycles. The time to reach 95%
of the yield for the ¥ re-hydrogenation is 72 min, and after 5 cycles, this time is 82 min.
From these observations, it can be concluded that both the reaction kinetics of the

dehydrogenation and-teydrogenation processes are slightly reduced over cycling.
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Fig. 3.7. Cyclingkinetic curves for dehydrogenation anehggdrogenation of less pure NaAlH

Fig. 3.8 showsthe in-situ SR-PXD patterns of thesire-hydrogenation process for the
fully decomposed less pure Na#l As can be seen, the phases present in the material at RT
are NaH, Al, and Si. Upon heating, the material starts to absorb hydrogen to fekihl Nat
120 C. When the temperature reaches 180 NaAlH; starts to be formed. Unfortunately,
due to time limitations, the complete conversion of the starting material into Naalkid
not be monitored. For comparison, #resitu XRD results of the samples-aslled and after
the 5" re-hydrogengion cycle are shown irfig. S2 For the asnilled sample, the data
presents the reflections of starting phases, NaAlHs4, Al, and Si. After 5 hydrogenatien
dehydrogenation, the sample contains mostly NaH and metallic Al, confirming the complete
dehydrogenation of the less pure NaAlMVhen the material is further-teydrogenated, the

presence of NaAlk (mostly), NaAlHs, metallic Al, and Si, is noticed in thexsitu
diffraction pattern.
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Fig. 3.8 The SRPXD patterns#=0.20734 A) of the fully dehydrogenated less pure NaAltting

in-situ re-hydrogenation process, the pressure is 120 bar,oahtl the temperature was increased

from RT to 180 C (heating rate of 10C-min?) and then kept at 18 for 1 h.

The morphologyof the less pure NaAlHafter ball milling and after cycling was also
characterized. SEM images at different scalesng®Oand 5mm) for the less pure NaAlH
after ball milling and aftecycling were acquired=g. 3.9). As can be seen, in comparison to
the baltmilled sample ig. 3.9a) and (b), the particles of the cycled material are finer and
aggregation of the partes can be observed (se&. 3.9c) and (d). The cycled powders
show a mestike structure. This peculiar morphology might arise from the sintering of the
powder particles during cycling to form a porous monolith of NaAlsimilarly to the
NaAlHs morphology reported in the literature for cycled matelfis5e!
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Fig. 3.9 SEM images at different scales: (a) and (b) efmélled less pure NaAlkj (c) and (d) of
cycled less pure NaAlHTheSEMme asur ement s were performed by Pr

atUniversity of Pavia, Italy.

The ratelimiting step that controls the overall reaction kinetics of the hydrogenation of
the lee pure NaAlllwas evaluated by the kinetic modeling method, in which the kinetic
curve of the ¥ re-hydrogenation was fitted with different sclighs reactions modéf&-131
asshownimable2.7 The fitting procedure i&'Wmsed on
which it is assumed that the bdisted model should provide a linear fitting with the
correlation coefficientR? close to 1, an intercept0, and a slope that is near to 1.

In this work, the hydrogenation kinetic curve of tHé &cle at 180 C and 150 bar H
was fitted with different redion kinetic equations Tgble 2.). If a good fit of the
experimental data in respect to a specific kinetic equation can be obtained, then-the rate
limiting step of the kinetics can be identified. Besides, to avoid the uncertainties at the
beginning and the saturation stage, the reaction fradflors (considered between 0.16da
0.85 for the fitting.Fig. 3.1(a) and (b)show the hydrogetian kinetic curve and its
respective model fittings for the less pure NaAlAs seen irfFig. 310(b), the hydrogenation
behaviar of the less pure NaAlHis best described by threEmensional diffusion(D3
Jander equation) with the highest correlation coefficRnof 0.999, the slope of 1.07, and
the intercept 0f0.05. This indicates that the rdimiting step of the hydrogenation of the
less pure NaAlklis threedimensional diffusiorcontrolled, in which the constituents in the
system from the interfaces have the smallest reaction rate, whereas the reaction fraction has a

parabolic relationship with the thickness of the reaction Zghe
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Fig. 3.10. The 29 re-hydrogenation of the less pure NaAiHa) kinetic curves and (b) the

corresponding kinetic modeling of the less pure NaAlH
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3.2 FeTi alloys

Intermetallic alloys such as FeTi have attracted-gvewing attention as a safe and efficient
hydrogen storage medium. However, the utilization of fughty metals for the synthesis of

such materials poses considerable concerns over the environmental sustainability of their
largescale productionin this part an approach for syntbieing FeTi from industrial scraps

of iron (steels C45 and 316 L) and titanium
associated with FeTi alloy synthesis, without compromising their hydrogen storage properties
were reported At 50 AC and a pressure of O -io 100
Grade 2 and 316[i Grade 2 can absorb a maximum amount of hydrogen of 1.61 wt.% and

1.50 wt.%, respectively. Moreover, depending on the type of steel utilized, the
thermodynamic properties can be modifigthesefindings pave a pathway for developing
high-performance, environmentalgustainable FeTi alloys for hydrogen storage purposes

using industrial metal wastes.

3.2.1 Phase compositions

The pure FeTi, C4%r2 FeTi, and 316iGr2 FeTi ingots with a dimension &3 mm?3 30

mm were prepared by arc melting and subsequent suction casting. The compositions of the
utilized steels and Ti alloy are summarizedrable 2.4-2.6. The C45 steel contains around

0.42 to 0.50 wt.% of C, 0.5 to 0.8 wt.% of Mn, a maximum of 0.63 wt.% of Ni+Cr+Mo, and a
maximum of 0.4 wt.% of Si. The 316L steel contains 10 to 14 wt.% of Ni, 16 to 18 wt.% of
Cr, 2 to 3 wt.% of Mo, a maximum of 0.75 wt.% of Si, and maximum 2 wt.% of Mn. The
3.7035 Titanium Grade 2 contains maximum 0.3 wt.% of Fe, maximum 0.08 wt.% of C, and
maximum 0.25 wt.% of OHEXRD armd SEM techniques were used to characterize the
microstructures of the bulk pure FeTi, G&52 Fdi, and 3161-Gr2 FeTi alloys after casting

as shown irrig. 3.11
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According to the Rietveld refinement analysisHig. 3.12 the main phase in pure FeTi
is FeTi (98.6 = 0.4 %) with a lattice constantcf 2.9788 + 0.0004 A, and around 1.4 + 0.1 %
of FeTk phase & = 11.3067 + 0.0035 A) can also be detected.
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Fig. 3.12 Rietveld refinement results of-aast pure FeTi alloy by Maud£ 0.124 A).
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The SEM images ifrig. 3.11b)-(c) andEDX results inFig. 3.13confirm the presence
of the FeTi and FeTphases.

(a)

Fig. 3.13 SEM images of asast pure FeTi alloy. (§EM image. (b) EDX line profiles of the region
selected in (a). (c) Corresponding EDX mapping of Fe element. (d) Corresponding EDX mapping of
TielementThe SEM measurements were perf atHeehditizby Pr o

Zentrum HereonGermany

Interestingly, for the C4%r2 FeTi alloy Fig. 3.11(d) andFig. 3.14), except for 96.0t
0.4% of the main FeTi phasa € 2.9778+ 0.0002A), 2.8+ 0.1% of FeTi precipitates can
be found near the grain boundaries, and#L@21 % of TiC can be detected, which has a

smaller size than the FB precipitates, as proved by the SEM imagesiin 3.11(e)-(f).
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Fig. 3.14 Rietveldrefinement results of asast C45Gr2 FeTi alloy by Maudg= 0.124 A).

It is clear that the grain size of the CG@&52 FeTi is much smaller than that of the pure
FeTi, as can be seenfim. 3.15

Fig. 3.15 SEM andEBSD images of asast C45Gr2 FeTi alloy. (a) SEM image. (b) Corresponding
EDX mapping of Ti element. (c) Corresponding EDX mapping of Fe element. (d) and (e) EBSD
mappings of the alloyThe SEMme asur ement s were performed by Pr

HelmholtzZentrum Hereon, Germany.

For the 316LGr2 FeTi (ig. 3.11(g)), the Rietveld refinement resultsiq. 3.1§ show
that the main phase is still FeTi (423.3%), however, the lattice constant increased 10
3.1057+ 0.0004A, which indicates that the Cr, Ni, and other elements in 3362 steel
may have substituted the Fe in the FeTi alloy thus resulting in a variation in the lattice

constant.
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Fig. 3.16 Rietveldrefinement results of asast 316LGr2 FeTi alloy by Maudd= 0.124 A).

SEM images ir-ig. 3.11(h)-() and EDX analysis ifirig. 3.17reveal that the elemental
composition of the FeTi matrix in 316Gr2 alloy is around 35 at.% of Fe, 10 at.% of Cr, 5
at.% of Ni, and 50 at.% of Ti, whereas the Fe may be substituted by Cr and Ni and can be
written as (Fe7Cro.2Nio.7)Ti. The Rietveld refinement analysis ing. 3.16 shows that the
remaining phases are 3%3).4% of CrFeTi and 19.4t 0.8% of Fey2Tio.s, while the EDX
results Fig. 3.171b)) suggest that the elemental compositiohthe CrFeTi phase are around
20 at.% of Cr, 40 at.% of Fe, and 40 at.% of Ti, which can be written @5e§Tio4. In
addition, the elemental composition of the H&o.s phase is about 20 at.% of Fe, 8 at.% of
Cr, 8 at.% of Ni, and 64 at.% of Ti, indicating that the exact composition could be

Fe.2Cro.0aNio.08Tio.64
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Fig. 3.17 SEM imagesof ascast 316EGr2 FeTi alloy. (a) SEM image and corresponding EDX
mapping of different elements. (b) EDX line profiles and distribution of different elenérdsSEM
measurements were performed by P r-Zeritrum Heteany i a n

Germany.

Fig. 3.18a) shows thelEM results of the pure FeTi alloy. TBAED patterns show that
area 1 and area 2 in the bright field image correspond to FeTi andph@Ses, respectively.
The quantitative EDX line profiles ifig. 3.18b) demonstrate the existence of FeTi and
FeTk phases, which are also in good agreement with the HEXRD résult3(11(a)) and
SEM-EDX results Fig. 3.13. For the C485r2 FeTi, as can be seenkiy. 3.18(c)-(d), area
1, area 2, and area 3 correspond to FeTi, TiC, aptl plases, respectively, which is also
confirmed by the EDX linescan anafsis inFig. 3.18(e)-(f). These results are also consistent
with the SEMEDX data (seé-ig. 3.15. The TEMresults inFig. 3.18(g)for 316L-Gr2 FeTi
show that the matrix (area 1) of the alloy is FeTi, but around 15 at.% of Fe is substituted by
Ni and Cr, as can be seen in the EDX resuitg.(3.18(h)). The SAED pattern shows that
area 2 in the bight field image is likely to beyEBo.s, which is confirmed both by the TEM
EDX results Fig. 3.18h)) and by the SEMEDX results Fig. 17). Note that although the
EDX data from SEM may slightly differ from those from TEM, indicating that the elemental
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distribution fluctuates for this phase, the SAED results and HEXRD analysis confirm the
existence of FexTiog phase. Although the O content in the Ti alloy scraps is around 0.25 wt.%
and additional oxygen was certainly present at the surface of the starting material, in the
synthessed alloys, no oxide species were detected via HEXRD, SEM, and TEM techniques.
A possible explanation might involve the release of molecular oxygen during the arc melting
process, oxygen that then forms a nanometric oxide layer on the upper surface of the ingots.
This hypothesis is supported by the fact that the obtained material must be activated before it
can begin to absorb hydrogen.
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Fig. 3.18 (a) Bright field imag and corresponding SAED imagasd (b) line EDX results of pure
FeTi. (c}(d) Bright field imag and corresponding SAED imagesd (e)(f) line EDX results of C45

44



Gr2 FeTi. (g) Bright field imag and corresponding SAED imagasd (h) line EDX results of 316L
Gr2 FeTi.The TEM measurements were performed by Shaofei Liuat City University of Hong

Kong, China
Crystal Percentage Lattice constant EDX  analysis
Alloy Phase
structure (Wt.%) (A) (atomic ratio)
Pure FeTi FeTi Cubic, Pm 98.6+0.4 a = 29788 £ Fe:Ti=1:1
3m 0.0004
FeThk Cubic, Fd3m 1.4+0.1 a = 113067 + Fe:Ti=1:2
0.0035
C45Gr2 FeTi Cubic, Pm 96.0+04 a = 29778 + Fe:Ti=1:1
FeTi 3m 0.0002
FeTi Hexagonal, 2.8+0.1 a = 48463 + Fe:Ti=2:1
P&/mmc 0.0001
c = 7.8710 #
0.0005
TiC Cubic, Fm 1.2+0.1 a = 42847 = Ti:C=1:1
3m 0.0003
316L-Gr2  FeTi Cubic, Pm 49.3+0.3 a = 3.1057 + Fe:Cr:Ni:Ti
FeTi 3m 0.0004 =7:2:1:10
CrFeTi 31.3+04 a = 50476 £ Fe:Cr:Ti
Hexagonal, 0.0001 =2:1:2
P&/mmc c = 82099 +
0.0001
Fev2Tios Cubic, Im 19.4+0.8 a = 31013 + Fe:Cr:Ni:Ti
3m 0.0001 =5:2:2:16

Table 3.1 Phase constitutions of pure FeTi, @88 FeTi, and 316iGr2 FeTi alloys.

The phaseompositiondor the three alloys in this work are summarized @ble 3.1
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FeTi and FeTi are stable equilibrium phases. In the literature, it is reported that Be

likely to form when C or B are added to the FeTi sy§tand this well agrees with our
finding on the C485r2 FeTi alloy. The metastable phase Eedan only be formed at
temperatures higher than 1000 °C, as at lower temperaturesdeedmposes into FeTi and
Til3. Thus, the existence of the FgPhase at ambient temperature in the pure FeTi is most
likely the result of the fast cooling of the melt after the arc melting procedure. As Patel et al.
reported, the addition of Zr or Mn can also induce the formation of the peasé&%. The
formation of the Fe2Tio.s phase occurs when the starting material is 40 at.% of Fe and 60 at.%
of Til*%] which is also similar to the case of 3162 FeTi. Therefore, the hypothesis that
the FeTi might be formed when some interstitial elements are added into the system,
whereas the interstitial elements might form soméased compounds with Ti, and then the
rest of Ti might form Feli phase with Fecan be proposedSimilarly, when adding
substitutional elements into the system, the formation of a metastablepha$e could be
induced. In addition, by adding excess Ti into the system tegy.atomic ratio between Ti

and Fe is greater than 1, the FBo.s phase could generate.

3.2.2 Volumetric analyses

To checkthe hydrogen storage properties of the prepared alloys, the ingots were hand
crushed i nto powder s and sieved t hrough
thermodynamic properties of the three alloys after activation are sholwg.ig.19 As can

be seen in the pressuremposition isotherm (PCI) curvesfing. 3.19a), the total hydrogen
storage capacity of pure FeTi ranges from 1.64 wt.% aiC4tb 1.71 wt.% of Hat 70 C

(100 bar of H). While the values for C4&r2 FeTi range from 1.62 wt.% at 4CQ to 1.58

wt.% at 70 C under the same conditioRi¢. 3.19d)). For the 316LGr2 FeTi, the hydrogen
storage capacity is in the range of 1.52 wt.% at@@ 1.70 wt.% at 150C under 100 bar of

H2 (Fig. 3.190)). The results indicate that by replacing hjglrity raw materials with steel

and Ti alloy scraps, the maximum storage capacities of the synthesised FeTi are only slightly
decreased. As shown ifg. 3.19€), the hydrogenationHans and qans of C45Gr2 FeTi

were calculated to be23.9 + 0.1 kJ-mot H2 and-98.6 + 0.4 J-K-mol? Ha, respectively,

while the dehydrogenatiofiHges and qfsesare 26.9 + 0.4 kJ-modlHz and 102.5 + 1.2 JK

L mol? Hy, respectively. These values (absolute) are slightly lower than the values for pure
FeTi @Habs=-24.6 + 0.3 kJ-mot Hz andqfubs=-100.8 + 1.0 J-K-mol™* Hy, qHdes= 27.4 +

0.4 kJ-moft Hz and gffses = 104.2 + 1.3 J-B-mol?! Hy) in Fig. 3.19b), indicating that the
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hydrogenated C4&r2 FeTi is thermodynamically less stable thian pure FeTi. Besides this
first plateau, there is a second plateau present in both the pure af&ZEBTi alloys. As
reported in the literatuf@ '’} the first plateau is related to the coexistence-phase and-
phase, of which thé&phase is a solid solution of hydrogen in FeTi, andftphase is a
monohydride phase. The second plateau corresponds to the coexistérpkast and-
phase, whereas tlyephase is a dihydride phase. It is clearly shown that the carbon in the C45
steel does not significantly influence the coexistence obtphbase and-phase. Distinctly,
as can be seen ifg. 3.190), the plateau pressure for the 3162 FeTi issignificantly
decreased and the second plateau vanishes for@GiBIEeTi alloy. Thegp Hand gp Sralues
were calculated to bgHabs=-35.0 + 0.7 kJ-mot Hz andgfps= -93.6 + 0.2 J-K-mol™* Hy,
Hdes = 34.4 + 2.5 kJ-mol Hz and gfies = 92.6 + 0.7 J-K-mol! Hy, respectively Fig.
3.19h)). This reveals that the hydrogenated 3I&12 FeTi is thermodynamically more

stable than the pure FeTi and the coexistenteptfase and-phase can not be observed.

47



(a) 150
Pure FeTi
120+
= —=—40°C
8 9o ——50°C
5 ——60°C
5 70 °C
2 60|
o
o
30+ AT
,‘.'x::.—& \ d
2 - 2" plateau
or /j N 1% plateau
05 0 0.5 1 1.5 2
Hydrogen content (wt.%)
150
(d) C45-Gr2 FeTi
120 +
. —=—40°C
® gof ——50°C
< ——60°C
g 70°C
@ 60f
o
o
30 RIS
ettt §
F 2" plateau
o i# N 1%t plateau
-0.5 0 0.5 1 15 2
Hydrogen content (wt.%)
(g) 150
316L-Gr2 FeTi
120+
= ——50°C
8 90f ——70°C
5y ——100 °C
— 1 )
é 60l 50 °C
o
o
30r
0 L Rl
05 0 0.5 1 1.5 2

Fig. 3.19 (a) PCI curves (at 40C,

Hydrogen content (wt.%)

Hof f

(b)

3.5

AH,ps = -24.6 + 0.3 kJ-mol”!
=4S, = -100.8 + 1.0 J-K-mol”!

In Pyg/Py

R? = 0.99965

25¢ g
R2=099954

-
N

~
~

| My =27.4£0.4 klmol ' >,

N

AS4es = 1042+ 1.3 JK mol"

2.9 3 31 32
1000-T" (K™)

AH,ps = -23.9 0.1 kJ-mol™!
[ = AS,,,=-98.6+0.4 JK"mol’

R R?=0.99993

S\ _R?=0.99956
-

EN
N

AHgos = 26.9 % 0.4 kd-mol ™~

N

FASyos = 102.5 1.2 K -mol™* ™
2.9 3 3.1 3.2
1000-T" (K')

(h)

24+

AH,, = -35.0 + 0.7 kJ-mol”!
B 4S,,,=-93.6+ 0.2 JK"mol!
A

.

1.2} '

In Peo/Py
¢

“\_R?=0.99265
AN

\

R?=0.99944 Y

R N
N

\\

N
AHypy =344 £25kImol” Y
AS o5 = 92.6 + 0.7 JK-1.mol"!

21

24 27 3
1000-T (K*)

pl ots of

(c) 200

Pressure (bar)

150

50

100+

——— Absorption
—— Desorption

0 1 L L L
0 30 60 90 120 150
Temperature (°C)
——— Absorption
—— Desorption
150 -
®
=
o
S 100+
172}
1%}
o
o
50+
0’ 1 L ! L
0 30 60 90 120 150
Temperature (°C)
(i) 200
——— Absorption
1501 ——— Desorption
©
=)
o
S 100}
(723
(%]
o
o
50
0 L 1
0 100 200 300 400
Temperature (°C)
Hof f

50 C, 60 C, and 70 C); (b) vand t
hydrogenation/dehydrogenation; and (€] Biagram of pure FeTi. (d) PCI curves (at 49 50 C, 60
“C, and 70 C); (e)vard t

Hof f

pl ot s

hydr og eTlndiagramoohC48l e hy dr o
Gr2 FeTi. (g) PCI curves (at 50C, 70 C, 100 C, and 150 C); (h) vand t
hydrogenation/dehydrogenation; and {J Rliagram of 316LGr2 FeTi alloys.

pl ots

The gqH and gf values for hydrogenation/dehydrogenation of all three alloys are

summarized inlable 3.2 The hysteresis phenomenon referring to the absorption plateau is

higher than the desorption plateau, which is normally not desired for practical applications.
By replacing pure Fe and Ti with C45 and Gr2 Ti, the hysteresis does not have a significant

change, as shown in the pressiamperature (H) phase diagramFg. 3.19c) and (f)),
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reflecting the gap between absorption and desorption does not change significantly.
Surprisingly, there is no hysteresis for the 34®BI2 FeTi, evidenced by the overlapped

absorption and desorption curves-ig. 3.19().

Alloy Absorpticl)nq:i-l Abs_?rptiqPq:S Desorpti?an Des_f)rpti(?qus

(kJ-mol* Hy) (J-K*mol* Hy) (kJ-mol* Hy) (J-K*mol* Hy)

Pure FeTi -24.6 £0.3 -100.8 £ 1.0 27.4+£0.4 104.2+1.3
COrZ 239:01 98.6+0.4 26.9 + 0.4 1025+ 1.2
3122'.;?& -35.0+£ 0.7 -93.6 +0.2 34.4+25 92.6 £0.7

Table 3.2 Thermodynamic properties of pure FeTi, G838 FeTi, and 316iGr2 FeTi alloys.

3.2.3 Dehydrogenation behaviar

To investigatethe influence of the material composition on the hydrogen storage process,
situ SR-PXD measurements were carried out on the three alldyslattice constant of the

matrix for eachFeTi alloy was calculated by plotting the lattice constant calculated by each
peak versus— —— - (%71 of which gis the Bragg angle. By extrapolating the graph to

g =90 °, the lattice constant can be obtained. The lattice constant was calibrated by substrate
the effect of temperature on the lattice constant of each sample. The lattice Gipanf (
each bkl) plane was determined from the shift of peak positionhé&f) (reflection by the

following equation:
- _— (3.2

wheredh is the dspacing value at the given temperature, @ndis the dspacing value at
50 C.

As can be seen ifig. 3.20@), 1.25 wt.% of H can be desorbed under 40 bar H
pressure when the pure FeTi is heated from®G@o 350 C. The calculated lattice constant
(Fig. 3.20(b)) follows the trend of hydrogen content in pure FeTi, indicating that hydrogen
slightly induces lattice expansion for the pure FeTi, whereas the effect of hydrogen on the
lattice constant is around 137403 A-wt.% of Hz. While by giving a focus on the lattice
strain for different planes ifRig. 3.20(c), the conclusion that the lattice strain change is not

dependent on the grain orientations can be obtained, since no big differences in lattice strain

49



can be found among different planes.Riy. 3.20d), the (121) plane exhibits the largest
change of full width at half maximum (FWHM), while the (200) plane has the smallest
change, indicating the density of defects or internal stress is changed anisotropically.
Similarly, as shown ifrig. 3.20e) and(f), for the C45Gr2 FeTi, around 1.36 wt.% of.lan

be released, and the lattice constant decreases during the dehydrogenation process. However,
when the temperature reaches 280 the hydrogen content does not change anymore, but
the lattice constant still changes. The calculated hydrogen effect on the lattice constant is
1.43 10° A-wt.% of Hz. The lattice strain chang®i(). 3.20(g)) for different planes also has

the same trend as the hydrogen content change, and no significant difference can be found
among various planes. For the FWHM shownFig. 3.20(h), the (121) and (220) planes

show the largest change, and the (101) plane exhibits the smallest charige3aJi), it is

shown that the total dehydrogenation capacity of 3G82 FeTi alloy is 0.98 wt.% of ¥l

and upon hydrogenation the lattice constand.(3.20dj)) changes continuously, leading to
lattice variation of 2.8910° A-wt.%* of H,. Similar to the pure and C45r2 FeTi alloys,

the lattice strain of all planes for 31€kr2 FeTi has a similar trenés exhibited inFig.

3.20k). In contrast, the FWHM of 316Gr2 FeTi {ig. 3.201)) increases with the decrease

of hydrogen content, indicating the defects and internal stress in this alloy show the opposite
behaviar compared to the pure and C&52 FeTi alloys. The (310) plane has the largest
change of FWHM, and the (101) has the smallest change. The results indicate that during the
dehydrogenation process, an elastic anisotropic belragimot clearly seen, but the density

of defects and internal stress anisotropy is siganific
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Fig. 3.20 Dehydrogenation behauio and correspondinm-situSRP XD (& = 0. 20734

pure FeTi, C485r2 FeTi, and 316IGr2 FeTi alloys. Backpressure for pure FeTi and-G48 FeTi
is 40 bar, and for 316IGr2 FeTi is 10 bar@) Volumetric hydrogen capacitgnd corresponding)
lattice constant(c) lattice strain, anqd) FWHM changes durinin-situ SRPXD measurements for
the pure FeTi powderge) Volumetric hydrogen capacitgnd correspondingf) lattice constant(g)
lattice strain, andh) FWHM changes duringn-situ SR-PXD measurements for the C&2 FeTi
powders.(i) Volumetric hydrogen capacitygnd corresponding) lattice constant(k) lattice strain,
and(l) FWHM changes during-situ SR-PXD measwuments for th&16L-Gr2 powders.

3.2.4. Hydrogenation kinetics and modeling

To understand the effects of phase composition on the hydrogen storage properties, the

kinetic performanceof the three alloys were measured, as showtign3.21(a). The results
show that at 40C and under 65 bar ofHpressure, 1.33 wt.% ofatan be absorbed by the
pure FeTi in 10 min, whereas 1.25 wt.% of ¢&n be absorbed by C4&2 and 316LGr2

i)

FeTi alloys under the same conditions. Note that the measurements of the kinetics data are
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sampledependent (particle size, number of cycles) and are strongly influenced by the heat
management/temperature control to achieve stabilization of the temperature conditions.
Kinetic modeling was used to determine the -famdting step during the hydrogenation
process of the investigated all8y¥. The portion of the dehydrogenation curve used for this
investigation is the onthatincluded between 0.20 and 0.70 of the overall hydrogen storage
capacity.As can be seen frorig. 3.21(b) and Table S1-3, the matched kinetic models for
pure, C45Gr2, and 316LGr2 FeTi alloys are F1, R3, and F2, respectively. The F1 model
indicates that the raf@miting step for pure FeTi is or@imensional growtitontrolled. This

model is called Johnsevehl-Avrami (JMA) model and it has a dimensional faater 1, as

can be seen iig. (3.2)1268

Tp | 7 Qo (3.2
where U is the reaction fractiont is time, andk is a rate constant. By fitting with the
experimental data, the obtainkd/alue is 0.0515°5 This means that the ralieniting step
could be grain boundary nucleation of the hydride phase after saturation, or the growth of
needle and plate shaped hydride phase, ahthking of long cylinder/needle shaped hydride
phase. However, further research is still required to determine precisely what is the
mechanism of the aforementioned proce$§¥eés
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Fig. 3.21 Hydrogenation kinetic behawio at 40 C and under 65 bar of;Hpressure of pure FeTi,
C45Gr2 FeTi, and 316iGr2 FeTi alloys. (a) Volumetric hydrogen capacities for hydrogenaiioh
(b) corresponding kinetic modeling resufspure FeTiC45 FeTi, and 316L FeTi alloys.

As for the C45Gr2 FeTi, the R3 model shows that the +latgting step is the three
dimensional growth of the hydride phase, in which the phases like FeTi, BeTiC could
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act as barriers to the growth of the new phase. The contracting sphere/cube model can be

described as followirg:

P p I - Qo (3.3
of which the calculated for the R3 model is 0.0127*sThis means that the nucleation of the
new phase occumapidly on the surface, and the reaction is controlled by the movement of
the interface.

Regardingthe 3161-Gr2 FeTi, the fitted kinetic model is F2, which means that the
reaction rate is controlled by the twdamensional growth of the hydride phase. The F2 model
corresponds to the JMA model with a dimensional factor-of, as can be seenfi. (3.2).

The calculateck is 0.0742 3. With n = 2, the ratdimiting step of the reaction can be
attributed to one of the following processes: grain edge nucleation; and all shapes growing
from dimensions with a decreasing nucleation¥&e Similar to the case of pure FeTi,
further investigations such as-situ TEM measurements are needed to really determine the
ratelimiting step. Nevertheless, The FeTi, CrFeTi (elemental compositionoaF&Tioa),

and Fe.Tio.s (elemental composition of &&Cro.0dNio.0sTio.e4) phases could restrict the grain

edge nucleation or growth of the hydride phase.
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3.3 CCAs

In the burgeoning field of hydrogen energy, compositionally complex alloys promise
unprecedented solistate hydrogen storage applications. However, compositionally complex
alloys are facing one main challenge: reducing alloy density and increasing hydrogen storage
capacity. Here, TiMgl-based compositionally complex alloys with ultralow alloy density
and significanRT hydrogen storage capacityere investigatedlhe recordow alloy density
(2.83g-cm®) is made possible by muitirincipatlightweight element alloying. Introducing
multiple phases instead of a single phase facilitates obtaining a large hydrogen storage
capacity (2.62 wt.% at 50 °C under 100 bar of. Hhe kinetic modeling results indicate that
threedimensional diffusion governs the hydrogenation reaction of the current
compositionally complex alloys at 50 °C. The here proposed approach broadens the horizon

for designing lightweight compositionally complex alloys for hydrogen storage purposes.

3.3.1 Alloy design

Ti, Mg, and Li, being the most wetinown lightweight metals, have high affinities for
hydrogen and thus are widely used for hydrogen storage mdtéridleese elements are
empl oyed in this scenario to guarantee CCAs
faster hydrogenation kinetics and can absorb hydrogen under moderate cdHdltiBasvas
choserowing to its fast dehydrogenation kinetics and high abund&fice addition, multi

phase microstructures bring more higgnsity interfaces, thereby enhancing hydrogen
absorption and facilitating its storaé&'”3l. The terms of atomic mismatch)( and enthalpy

of mi Hixpap wdll gs its related regular solution interaction paramgdecdn affect

the phase formation and thus hydrogen storage prop€ftiés According to the criterion
proposedby Zhang et al., the calculated valuesgofor equimolar TiVFeMgLi, TiVFeMg,

and TiVMgLi CCAs are no greater than 1, and the corresponding values of the atomic
mismatch {) are greater than 6.6% (séeble 3.3, indicating that the designed alloys tend to
form multiple phasé¥®1”’l Therefore, the here developed CCAs are expected to have not

only a low density but also a high hydrogen storage capacity.
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Table 3.3The calculated atomic mismatchi),(and enthalpy of mixinggHmix) as well as its related
regular solution interaction parameter) (for the equimolar TiVFeMgLi, TiVFeMg, and TiVMgLi
CCAs.

Alloy U (%) Hmix (kJ molt) q
TiVFeMgLi 8.53 20.48 0.19
TiVFeMg 9.10 4.96 1.00
TiVMgLi 7.26 17.28 0.23

The calculations are based on the following equafitris!:

YO B 10 &G (3.5
B B
— (3.6

wherei represents th#" element;j represents thg" elementgc is the molar fraction is the
atomic radiusg is the electronegativitylj is the mixing enthalpy of thi" andj" elements
in regular binary solutiong;m is the melting temperature, aRds the gas constant.

3.3.1 Phase stability calculations

To determire the possible phase constitutions of the current CCAL alghadmethodwas
employedto predict the phase evolution upon equilibrium solidification using dmuse
developed databaskig. 3.22@) shows the equilibrium fraction of phases over temperature
for TiVFeMgLi CCA. The calculated phases in equilibrium at 1000 K@Gtd Laves and
liquid. With a decrease in temperature, at 824 K, the liquid phase starts solidifying into a
FeTkrich ordered bodyentered cubic phasBZ). At 798 K the iquid is no longer stable and
the Cl14 Laves phase starts transforming into a bodgtered cubic phasbdcl). Thebccl
phase is calculated to beri¢h and at 632 K, th€14 Laves phase quickly decomposes into
the bcel and another Mglrich bcc phase ifcc2). Finally, at 300 K, the equilibrium
fractions of B2, bcc1l and bcc2 phases in TiVFeMgLi alloy are 40%, 40% and 20%,
respectively fig. 3.22(d). Fig. 3.22(b)illustrates the evolution of equilibrium phase fraction
over temperature for the TiVFeMg variant. At 1000 K, this alloy is mainly composédbf
Laves and liquid phases. As the temperature diminishes, thecMfexagonal clospacked
(hcp phase solidifies (at 923 K) and arkh bcc phase starts forming from tl&l4 Laves
phase (at 798 K). A Fe¥ich B2 phase then begins to form at 632 K. The phases at
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equilibrium of the TiVFeMg CCA at 300 K consist of 586c, 25% B2, and 25%hcp, see
Fig. 3.22(d)
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Fig. 3.22 (a) Calculated equilibrium phases over temperature for TiVFeMgCA. (b) Calculated
equilibrium phases over temperature for TiVFel@GA. (c) Calculated equilibrium phases over
temperature for TiVMgLICCA. (d) The phase fraction of different phases at 300 K for TiVFeMgLi,
TiVFeMg, and TiVMgLi CCAs. Note that the designation ©f4, B2, bcc andhcponly represent the
phase structure, but the compositions of these phases are different foymtoalhlloy. The

calculationswere performed bibert Alvaresat HelmholtzZentrum Hereon, Germany.

Fig. 3.22(c)showcases the phase evolution of TiVMgLi CCA during the cooling process.
At 1000 K, the alloy contains 50% liquid phase and 3@¥(bcc1) phase. The formation of
a secondcc (bcc2) phase happens at 824 K. Tiep phase emerges after the temperature
decreases to 732 K. At 300 K, the equilibrium phase constitution of the TiVMgLi alloy is 50%
bce2 phase, 26%bccl phase and 24%cp phase ig. 3.22(d), which are Vrich, LiMg-
rich and Tirich, respectively. In summary, all the here designed CCAs favor the formation of
multi-phase microstructures, which could enhance the hydrogen storage performance. Note
that the actual composition of phases may differ from alloy to alloy, although being denoted

with the same name in our analysis.

3.3.2 Hydrogen storage properties
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Fig. 3.23(@) shows thePCl curves of the synthegd CCA powders. At 50 °C under 100 bar

of hydrogen pressure, the hydrogen storage capacities of TiVFeMgLi, TiVFeMg, and
TiVMgLi alloys are 2.42, 1.90 and 2.62 wt.%, respectively. Interestingly, each alloy presents
several plateaus (sdeg. 3.23@) and the insert). There are four plateaus for TiVFeMgLi
CCA. The first plateau falls in the range of 0 to 0.2 bar, the second plateau is in the range of
0.2 to 8.0 bar, the third plateau locates between 8.0 to 19.7 bar, and the fourth plateau is
situated in the pressure range of 19.7 to 46.0 bar. For TiVFeMg CCA, two plateaus appear,
the first being at around 0.5 bar, and the second at 1.8 bar. For TiVMgLi, a clear plateau at ca.
0.1 bar is visible, and a second one appears at 0.7 bar. For the CCAs reported here, most of
the equilibrium pressures are lower than 2 bar. Moreover, the-stadfe plateaus appearing

in the PCI curves indicate a mudtiep hydrogenation process, which suggests the possibility

of multiple phases in the CCAs. The plateaus observed)irs.23(@) are not flat, but sloping,

which may be a consequence of large lattice distortion in the EEXs Fig. 3.23(b)shows

the hydrogen storage capacities versus alloy density for the current and previously reported
CCAg8586.174.18211 Among them, the present CCAs possess large hydrogen storage capacity
and ultralow alloy density, especially the TiVMgLi CCA (alloy density = 2)83n3).
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Fig. 3.23. (a) Hydrogenation PCI curves of TiVFeMgLi, TiVFeMg, and TiVMgCICAs at 50 °C.
Inserted figure is the enlarged PCI curves of TiVFeMgLi, TiVFeMg, and TiVMECAs at 50 °C in

low-pressure rangé€b) Comparison of hydrogen storage capacity versus alloy density for the present
work and some reporte@iCAg8586.174,18211]

Fig. 3.24(a)shows the dehydrogenation PCI curves of TiVFeMgLi CCA at temperatures
ranging from 375 °C to 450 °C. The equilibrium pressures at 375, 400, 425, and 450 °C are
5.9, 10.6, 18.0, 28.0 and 44.5 bar, respectively. The corresponding calculated
dehydrogenation enlamEpyllkind!Harn dieplB3.6atr e @
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1.7 JKt.mol* Hy, respectively Fig. 3.24(b). Fig. 3.24(c)demonstrates that for TiVFeMg

alloy, thedehydrogenation equilibrium pressures at 375, 400, 425, and 450 °C are 9.3, 15.6,
27.2, and 41.8 bar, r espe Hisianaleygre 788+dl.9t he r
kJ-mol! Hz and 140.1 + 2.8 K1-mol?! Hy, respectively Kig. 3.24(d). Then for the ultra
lightweight TiVMgLi variant, the dehydrogenation equilibrium pressures at 375, 400, 425,
and 450 °C are 9.7, 17.4, 28.2 and 44.6 bar, respectivelyiser24(e). Correspondingly,

t he cal cul et Bredpe U89 1.5 KinoltHz and 140.8 + 2.1-K-mol

1 H,, respectively Fig. 3.24(f) . Accor di ng HdsandqgSwesevaluash hey e
equilibrium temperatures of TiVFeMgLi, TiVFeMg and TiVMgLi CCAs under 1 bar are

279 °C, 289 °C, and 287 °C, respectively, manifesting that the hydride phases are stable at
ambient temperatures. Moreover, for the current digfgweight CCAs, despite the
appearance of several plateaus during the hydrogenation processes, only one distinct plateau
is visible during dehydrogenation. This means that different phases dehydrogenate

simultaneously in the measured temperature range.
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Fig. 324. (a) DehydrogenatioPCl curves of TiVFeMgLICCA at 35 °C, 400 °C, 425 °C and

450 °C; (b)correspondi ng vanot COAQd) Dehyrogertatio®@l cuives bfF e Mg L i
TiVFeMg CCAat 35 °C, 400 °C,425°Cand 450°C; @ r r esponding vanoét Hoff
CCA. (e) Dehydrogenation PCI curves of TiVMgCICA at 35 °C, 400 °C, 425 °C and 450 °C; (f)
corresponding vanoCAHoff plot of TiVMglLi

3.3.3.Microstructure characterization

Fig. 3.25(a) illustrates the phase compositions of the dehydrogenated and hydrogenated
TiVFeMgLi CCA. For the dehydrogenated alloy, the major phase (96.16 = 0.95 wt.%) is a
B2-structured phase with a lattice parameteaef 2.9734 + 0.0004 A. Also, there exists a
small amount ofbccstructured phase (1.38 + 0.11 wt.%) with a lattice parameter of
2.8623 + 0.0009 A anldcp-structured phase (2.46 + 0.27 wt.%) with lattice parameteasof
3.2100 + 0.0022 A and= 5.2382 + 0.0077 AFig. S3 demonstratethe Rietveld refinement
details. To better understand the phase evolution of the three CCAs upon dehydrogenation,
in-situ SR-PXD measurements were performed for the hydrogenated samples. The samples
were heated from 30C to 350 C with a heating rate of BC-min! and then kept isothermal

at 350 C for 30 min under dynamic vacuum conditions{1@r). Fig. 3.25(b) and (cshow

that the phase transformation of TiVFeMgLi CCA occurs between 230 °C and 250 °C,
indicating that the dehydrogenation starts in this temperature range. Then for the
dehydrogenated TiVFeMg CCA, two types b€cstructured phases, two types lofp
strucured phases, and an amorphous phase fergn §.25(d). The corresponding Rietveld
refinement resultKig. S4) shows that the alloy consists of an amorphous phase (81.57 + 1.60
wt.%), abce-1 phase (7.73 + 0.12 wt.%) with a lattice parametex ©f2.9698 + 0.0002 A, a

bce2 phase (3.61 + 0.10 wt.%) with a lattice parametes 8f2.8724 + 0.0005 A, ahcp-1

phase (6.65 + 0.22 wt.%) with lattice parametera f3.2111 + 0.0005 A and= 5.2128 *

0.0013 A, and afmcp-2 phase (0.44 + 0.04 wt.%) with lagiqparameters of = 3.4187 +
0.0067 A andt = 5.1263 + 0.0181 Arig. 3.25(e) and (fjndicate that dehydrogenation of the
hydrogenated TiVFeMg CCA happens at 350 °C and continuously dehydrogenates during the
isothermal stagefig. 3.25(g) presents the patterns of dehydrogenated and hydrogenated
TiVMgLi CCA. Four phases exist in the dehydrogenated variant, including an amorphous
phase, @cc phase, arcp phase, and a fagentered cubicf¢c) phase. The corresponding
Rietveld refinement result=(g. S5) displays that the amorphous phase has an amount of
56.25 £ 1.09 wt.%. Moreover,kecphase (17.18 = 0.34 wt.%) with a lattice parameter of
3.0311 + 0.0019 A, aftc phase (16.55 + 0.30 wt.%) with a lattice parametex o%.4114 +
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0.0027 A, and amcp phase (10.02 + 0.17 wt.%) with lattice parameters of 3.2043 +
0.0019 A andc = 5.2040 + 0.0034 A are presefig. 3.25(h) and (i\demonstrate that the
dehydrogenation of the hydrogenated TiVMgLi alloy occurs in the temperature range of
170 °C to 190 °C.
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Fig. 3.25. (a) Phase compositions of the dehydrogenated hydrogenated TiVFeMgLECA; (b)
corresponding 2D illustration of tha-situ dehydrogeation process of TiVFeMgLICCA; (¢)
correspondingin-situ SR-PXD patterns of TiVFeMgLiCCA. (d) Phase compositions of the
hydrogenatedand dehydrogenated TiVFeMgCA; (e) corresponding 2D illustration of the-situ
dehydrogenatio process of TiVFeMECA,; (f) correspondindn-situ SR-PXD patterns of TiVFeMg
CCA. (g0 Phase compositions of the hydrogenatadd dehydrogenated TiVMQLCCA; (h)
corresponding 2D illustration of th@n-situ dehydrgenation process of TiVMgLICCA; (i)
correspondingn-situ SR-PXD patterns of TiVMgLICCA. The materials were heated from 3D to
350 "C with a heating rate of 5C-min' and were kept isothermal at 35G for 30 min under

dynamic vacuum conditions.

TEM was utilized to investigate the microstructure of TiVFeMgLi, TiVFeMg, and
TiVMgLi CCAs before and after dehydrogenatidng. 3.26(a)shows the TEMmage and
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the corresponding SAEPpattern (see the insert) of dehydrogenated TiVFeMgLi alloy. The
matrix consists oB2 phase, and no amorphous phase appears, which is in good agreement
with the result shown ifig. 3.25(a) Fig. 3.26(b) and (cshowcase the highesolution TEM

images of the hydrogenated TiVFeMgLi CCA. Different nanocrystallites are visible as shown
in the dashed circle areas. For the dehydrogenated TiVFeMg variant, an amorphous phase
and abcc (bccl) phase exist in the matrix, sé€y. 3.26(d)and its inset. This result is in
concordance with the phase constitution showhiin 3.25(d) Fig. 3.26(e) and (fjllustrate

the highresolution TEM images of hydrogenated TiVFeMg alloy. The nanocrystalline phase
highlighted by the dashed circle belongs to one of the hydrogenated phases, inotaeding

bce2, andhcp phases, sekig. 3.25(d) Fig. 3.26(g)reveals the presence of the amorphous
phase andbcc phase in the dehydrogenated TiVMgLi alloy, which confirms the resiiin

3.25(g) Fig. 3.26(h) and (i)exhibit the highresolution TEM images of hydrogenated
TiVMgLi variant, some nanocrystallites indicated by the dashed circles correspond to the
hydrogenatedcc fcc or hcp phases (se€ig. 3.25(g). By combining the computational
predictions and the experimental results, although the phase constitutions obtained by the two
methods are different to a certain degree, the results document that aphaséi

microstructure facilitates the formation of multiple hydride phases.

. d=01431 nm
B2 (200)

TiVMgLi

hydroge_h
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Fig. 3.26. (a) TEM image of dehydrogenated TiVFeMglCCA, the inserted figure is the
corresponding SAED patter(b) and(c), TEM images of hydrogenated TiVFeMgGCA. (d) TEM
image of dehydrogenated TiVFeMICA, the inserted figure is the corresponding SAED patt{gn.
and(f), TEM images of hydrogenated TiVFeMICA. (g) TEM image of dehydrogenated TiVMgLi
CCA, the inserted figure is the corresponding SAED patténp. and (i), TEM images of
hydrogenated TiVMgLICCA. The TEM measurements were performed by Prof. Sebastiano Garron

at University of Sassari, Italy.

3.3.4 Thermal properties and activation energy

Aiming at better understanding the influence of the material composition d&, therrier
associated with the hydrogen release, the dehydrogenation process of the hydrogenated CCAs
was investigated via th®SC technique.Fig. 3.27(a) shows theDSC curves of the
hydrogenated TiVFeMgLi alloy. Interestilyg with a heating rate of 5 °@in?, the peak
temperature for dehydrogenation is around 233 °C and the onset dehydrogenation
temperature is around 200 °C. These results are in accord witlingieu SR-PXD
measurements reportedhingy. 3.25(b) and (c)Note that there is one small endothermic peak

at around 140 °C, which may relate to the dehydrogenation dighehase.Fig. 3.27(b)
conveys the correspondiiig calculated by the Kissinger method. THeof dehydrogenation

for the TiVFeMgLi hydrogenated sample is 246.6 + 14.4nkJ! Ha. Fig. 3.27(c)displays

the DSC traces of the hydrogenated TiVFeMg CCA. The onset and peak temperatures for
dehydrogenation are about 325 °C and 397 °C, respectively, as shown from the curve with a
heating rate of 5 °@nin™. Therefore, the DSC results are in good accordance with-gitu
SR-PXD measurements shown fing. 3.25(e) and (f) Accordingly, the dehydrogenatidgy

of the hydrogenatediVFeMg alloy is 109.5 + 4.7&J-mol! Hy (Fig. 3.27(d). For the
hydrogenated TiVMgLi variant, the onset and pe#kmperatures for the main
dehydrogenation process are around 189 and 248 °C, respectivelyigs@e7(e). These

two characteristic temperatures are consistent with that measurieesity SR-PXD, e.g.,

170 to 190 °C (sekig. 3.25(h) and (i). The corresponding dehydrogenatins 86.3 + 4.7
kJ-mol! H (Fig. 3.27(f). Also, there is a minor endothermic event at around 145 °C, which
may relate to the decomposition of one hydrogenated phase. Surprisingly, despite the
multiphasemicrostructure, the dehydrogenation process of TiVFeMg CCA is as simple as

one step, yet that of TiVFeMgLi and TiVMgLiI CCAs tends to be multiple steps.
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Fig. 3.27.(a) DSC curves at heating rates of 1, 3, 5, and 10 °C*mfrhydrogenated TiVFeMgLi
CCA,; (b) corresponding Kissinger plot of hydrogenated TiVFeMGIA. (c) DSC curves aheaing
rates of 1, 3, 5, and 10 °C-mlinf hydrogenated TiVFeM@CA,; (d) corresponding Kissinger plot of
hydrogenated TiVFeMdCCA. (e) DSC curves at heating rates of 1, 3, 5, and 10 °C!noin
hydrogenated TiwgLi CCA,; (f) corresponding Kissinger plot of hydrogenated TiVM@ICA.

3.3.5 Kinetic modeling

Our CCAs can absorb hydrogen at ambient temperature, however, how the hydrogenation of
CCAs will behavekinetically in terms of reaction rate is currently unknown. To further
understand the hydrogen storage behavod the CCAs studied in this work, we performed
kinetic measurements at 50 °C under 50 bar oft). 3.28(a)illustrates the hydrogenation
kinetic curves of the three CCAs. As can be seen, TiVFeMgLi, TiVFeMg and TiVMgLI
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CCAs can absorb around 2.31 wt.%, 2.10 wt.% and 3.71 wt.% @f ¥ h, respectively.
Lithium, as the lightest metal element, is of great importance for hydrogen storage
applications. Our results demonstrate the improved hydrogen storage capacity by alloying Li,
as shown inFig. 3.23(a) and Fig. 3.28(a) Fitting the kinetic curves with different models
serves to determine the rdimiting step for the hydrogenation reactionsarious kinetic
modelswere employedseeTable 2.7 and the fitting data rangeere selectedrom 0.15 to

0.8 (reaction fraction}3* The detailed fitting information is shown kfig. S6-S8 and Table

SA4-S6. Fig. 3.28(b)exhibits the fitting of the kinetic data by the D3 model. Accordingly, the
D3 model fits well for the hydrogenation reaction of all three CCAs. This model refers to the
threedimensional diffusion model (i.e., Jander model) according to the following

equation?*?l

p p | 7 Qo (3.7)
whereUis the reaction fractiort,is the reaction time, aridis a rate constant. The calculated
k values for TiVFeMgLi, TiVFeMg, and TiVMgLi CCAs are 6.482210° s!, 1.644513 10
45t and 4.6278 10° s?, respectively. These findings suggest that theliai¢éing step for
the hydrogenation of the current CCAs is the diffusion of hydrogen. Moreover, during
hydrogen uptake, thredimensional diffusion controls the reaction, and tbaction rate
decreases proportionally with the thickness of the reaction Zdreeresults of the kinetic
modeling may originate from the overall reactions induced by multiple phases during the

dehydrogenation process.
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Fig. 3.28.(a) Hydrogenation kinetic curves of TiVFeMgLi, TiVFeMg, and TiVMgCCAs at 50 °C
under 50 bar of K Inserted figure is the enlarged hydrogenation kinetic curves of TiVFeMgLi,
TiVFeMg, and TiVMgLi CCAs at 50 °C under 50 bar ohkith hydrogen storage capacity up to 1
wt.%. (b) Fitting of the hydrogenation kinetics by D3 (thréienensional diffusion controlled) model
for TiVFeMgLi, TiVFeMg, and TiVMgLiCCAs.
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3.4. RHC 2NaBH4 + MgH 2

A systematic investigation of the effect that selected ribets¢d additives have on the
dehydrogenation properties of tRHC model system 2NaBH+ MgH2. Compared to the
pristine system, the material doped wRBAiCls-AlCl3 exhibits superior dehydrogenation
kinetics. The addition of3TiCls-AlCl3 alters the controlling mechanism of the second
dehydrogenation step making it change from a-dioensional interface controlled process
to a twoedimensional nucleation and growth controlled process. The microstructural
investigation of the dehydrogenated 2NaB#H MgH: via HRTEM shows significant
differences in the MgBmorphology formed in the doped and undoped systems. The MgB
has a needigke structure in the sample doped wahiClz-AlCl3s, which isdifferent from the
platelike MgB: structure in the undoped sample. Moreover, nanostructured -bastadl
phases, such as Ti\IB: particles, acting as heterogeneous nucleation sites for. MgB
also identified for the sample doped with 3&@ICIs. The nucleation tendency of MgBn
TiB2 nanoparticles at atomic leveblastudied by firstprinciples calculations.

3.4.1. Structural characterization of the asmilled materials

The diffraction patterns acquired for theradled materials are reported ig. 329a). The
diffraction peaks that dominate the patterns of 2NaBMgH, (Na-RHC), NaRHC + 5 mol%
3TiCl3-AlCl3, and NaRHC + 5 mol% VC4 are those of NaBiHand MghH and in the case of
Na-RHC + 5 mol% Mgk and NaRHC + 5 mol% Mg(OHp, the diffraction peaks of Mg are

also detectable. The presence of the Mg peaks is expected as it is the main impurity of the
purchased MgH (purity is 95%). Interestingly, for all the investigated materials, no

di ffraction signals related to the additive:
NaBHs; and Mgh are visible. This can be attributed to the small amount of these compounds
or because such compounds are nanostructured after ball milling. Investigations on th
possible chemical alteration of the bending and stretching modes oflheoBds due to the
presence of halogen and oxidizentaining additives were performed. Thus, thendked
samples were characterized via-R. The obtained FIR spectra are presented fg.

3.29b). The features of the [Bf group can be observed in all the spectra,,the BH

bending vibration€ 1110 cm!) and the BH stretching vibrations (2062520 cmt), which

is in good agreement with the spectral data from the tite#&324 These results show that

the B-H bonds in the [Bhl" groups are unaltered by the addition of the additives and that no
H to CI or H to F substitution took place. For what it concerns, the sample containing
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Mg(OH). - althoughthe direct proofis not available likely reacted with NaBklto form
NaOH, B, and K

@ 2 T (b)
- % NaBH, « Mg : S
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2 151 . o ; ‘
(72} T o . ——— o R R I S
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Fig. 3.29 (a) Ex-situ XRD (2=1.54184 A)and (b) FTIR results of as milled NtMHC + 5 mol% MgE,
3TiCls-AlCl 3, VCls, and Mg(OH) samples.

Considering that the unit cell dimension of Nagtsd well as th&TIR signals of NaBH
(seeTable 3.4) in the investigated systems appear toubaffected by the presence of the
dopants, we can assume that under the investigated conditions no anionic substitution occurs

between the H of NaB+and the halogen species contained in the additives.

Table 3.4 Calculated lattice constant (@ined byXRD) and BH bonds wavenumber (obtained by
FT-IR) of NaBH: for the as milled pure NRHC, and NeRHC + 5mol% Mgk, NaRHC + 5mol%
3TiCls-AlCl3, NaRHC + 5mol% VCi samples

Composition Lattice B-H bending_ B-H bendingvyavenumber
constan{A) wavenumbe(cm?) (cmh)
Pure NaRHC 6.1815 1112 2219, 2288, 2397
Na-RHC + 5mol% Mgk 6.1906 1112 2220, 2288, 2395
Na-RHC + 5mol%TiCls-AlCl 3 6.1583 1113 2221, 2292, 2398
Na-RHC + 5mol% VC} 6.1583 1116 2226, 2297, 2402

3.4.2. Dehydrogenationinvestigations

The hydrogen desorption curves of all theRIAC samples are shown ng. 3.30a). The
kinetic curves for the starting materials of Nagthd MdH2 were plotted focompaison As
shown inEqg. (1.10 and (L.11), thedehydrogenation process of the-RBC consists of two
steps. The first step refers to the dehydrogenation of Vightl the second step corresponds

to the dehydrogenation of NaBldnd the formation of the solid phases NaH and MJBe
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pure NaRHC can release 7.5 wt.% ok lth 8 h. The sample doped with MgBhows the
largest hydrogen release of 8.7 wt.%, while the total hydrogen storage capacity of the
material containing 3TIGIAICIz is 8.0 wt.%. The sample doped with Mg(QHppears to
possess the same hydrogen capacity as the puRH@ai.e., 7.5 wt.%. The sample doped

with VClz has a hydrogen capacity of about 6.7 wt.%.
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Fig. 3.30 (a) Dehydrogenation curves and (b) corresponding XRD patterns after dehydrogenation of
pure NaBH, MgH,, NaRHC, NaRHC + 5 mol% Mgk, 3TiCl-AlCl3, VCls;, and Mg(OH) samples.

The dehydrogenation measurements were performed under 15 kPa backpressure while heating from
RT to 450 °C with a heating rate of 3-#ain! and then kept isothermal at 450 °C for 5 to 8 hours.

As shown inFig. 3.3@a), all additives shortened the incubation time for the first step of
dehydrogenation (about 2.1 wt.% of hydrogen is released). Based on the data regocted in
3.3(0(a), the magnitude of this effect appears in the following order: 37AIz > VClz >
MgF2 > Mg(OH).. Also, when it comes to the second step, the sample doped with
3TiClz-AICI3 shows the fastest kinetics. The XRD patterns of the pure andz, MgF
3TiClz-AICl3, VCIz, and Mg(OH) doped NaRHCs desorbed until the end of thist step in
Fig. 3.31confirm that the first dehydrogenation step is related only to the decomposition of
MgH.. Fig. 3.3@b) shows the XRD patterns acquired for all the samples after
dehydrogenation. Under the same dehydrogenation condition, the presented phases in pure
NaBHs and MgH are NaBH and Mg, respectively. All the patterns of the-REC system
show the characteristic peaks of Na/NaH and MdJBe peaks of NaCl or NaF can also be
detected in the samples doped witlogencontaining additives. This finding supports our
first claim that the halogeoontaining phases are nanostructured after milling. Note that for
the pristine and Mg(OH)doped samples, the diffraction peaks of NaBite still visible,
suggesting that the dehydrogenation reaction is not complete, which is in good agreement
with the kinetic performances shownfing. 3.3({a). Moreover, based on these data we can
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safely state that the achievement of capacities higher than expieetettid samples doped

with 5 mol% of Mgk and 3TiC4-AlCIs in Fig. 3.3db)) results from the fact that under the
applied hydrogen pressure and temperature conditions NaH partially decomposed to Na.
Although due to a partial unassisted decomposition of NaBéiformation of amorphous or
nanostructured-containing phases (e,goron andBi2H12) is potentially possible, in the

investigated systems can be excluded based on the previous réSearch

Fig. 3.31 XRD patterns(e-=1.54184 A)of the pure and Mgk 3TiCl:-AlCl3, VCls, and Mg(OH)
doped NaRHCs desorbed until the end of the first step (from RT to 450with a heating rate of 3

“C-min?%, under 15 kPa backpressure).

3.4.3. Equilibrium phase compositions

In orderto understand the reaction mechanism of the dehydrogenation process of the Na
RHCs with and without additives, the equilibrium phase composition calculations were
performed by minimizing the Gibbs free energy via the HSC Chemistry softtarehe
conditions for the calculations were as follows: dehydrogenation R®rto 500 °C under 1

bar of B pressure The most favorable reactions were identified by combining Gibbs
minimization equilibrium withselected solid and gas species. The obtained results represent
ideal phase equilibrium compositions useful to predict the possible reaction. The compound
NaMgHs was added to the database. The enthalpy, entropy, and heat capacity of thesNaMgH
were obtained from ref?¢28l The calculated results are shownrable3.5. For theMgF,
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