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Preface

This is the final report ahe research work of they' | & (i the¥iEzarried out through 201%all and
2020 spring semesters to complete thél & (i Brdigiagin Physics from theDepartment of
Mathematics and Physictniversity of Stavanger. The research subject is wihiteriald §rience
and is focused othe study ofa hydrogen storage material witbmmonX-ray techniques such a%
ray absorption spectrosopy(XA$and powderx-ray diffraction (PXD.
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Summary

Hydrogen is the energy that fuels the sun and the stars. Hak@gotential to be zerecarbon during
production, when produced byenewableresources, itis an attractivecarrier of the pollution-free
renewable energy. In this context, magnesium boroligel(Mg(BH).) is recognized as attractive
potentialhydrogen storage material due to its high hydrogen content andHpieleasetemperature.
Hydrogenation of completely decomposed Mg¢Bkequires hightemperature, highH, pressurgand
very long reaction time. Studies show that the partially decompddg(BH).can be hydrogenatdin
comparatively lower temperatures, pressym@nd short reaction time butip to date, the eversible
reaction shows only 2.5 wt% ot Hroduction which$ not sufficient for its practical use. To amla
higher wt% of K it is important to understand the kinetics dhe dehydrogenation and re
hydrogenation of Mg(Bkhkreactiors and the nature of the reaction intermediates. The latter has been
debated for more than 10 years.

In this work, we decomposk'-Mg(BH). at different temperatures between 24800°C The
compositeshave beenanalyzed by using combined thermogravimetric analysidg differential
scanning calorimetry (TGBSC)X-ray absorption spectroscopy (XA8nd powderX-ray diffraction
(PXD) techniques. 11.3 wt% of diesorption at 400°@vas observedby gravimetric measurements.
PXD showed no crystalline decomposition products when heated betweerR2&BL. X-ray
absorption nea edge structure (XANE&)B kedgestudies vascarried out atRGBL, BESSY |IlI, Berlin.
Thequalitative analysi®f the obtained datashowed the tetrahedral B eordinationin the samples
decomposedetween 240300 °C an@combination oftetrahedral B wih the BH amorphous species
in the reaction products formed in the00-400°Ctemperature rangeThe XANES data alsvealed
the presence of amorphous boron above 3@0n this way, his studyhasprovided more insights into
the decomposition reaction of Mg(BJd The overall conclusion collected from combined TGA/DSC,
PXDand XAS data analysis have been presented as follows;

I:Mg(BH): &4 ht-Mg(BH). W ht2-Mg(BH): W | - Mg(BH): (XAS) + am.ph-B (PXD) + 0.4
Hz (TGA) wi am. Ph BH (XAS,PXD) + H(TGA) W 3am.ph B(?) (XAS, PXD) + am. (B (XAS,
PXD) + HTGA) w gm.ph B (XAS) + am. pHHB?) (XAS, PXD} +MgH, + 1.6 H(TGA) . I?Vlg +
MgO (PXD) + am.ph B (?)+ am. gd(B) (XAS, PXD) +2 BTHGA) uu R/Ig + MgO (PXD) + am.ph B

(XAS) + am. phiB(?) (XAS, PXD) +2 (HGA) wi R/Ig (PXD) + am.ph B (XAS,PXD) + am:Hy?B
(XAS, PXD) +3.2(fIGA)
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1. Introduction

1.1.Purpose of the thesis

The major purpose ofthis work is to study the partial decompositionreaction of magnesium
borohydride as a hydrogen storage materislainly to study and analyze the intermediateaction
productswhen the magnesium borohydride is heatedrfr the temperature between£0-400°C The
experimental analysis methodologies includégecompositionand data reduction fromcombined
thermogravimetric analysis and differential scanning calorimet(fGADSC)technique X-ray
absorption pectroscopy(XAS)and theX-ray diffraction (XRD)

1.2.0bjectives

Magnesium borohydridéMg(BH).) isOne of theinterestingmaterials forhydrogen storagelue
to its high hydrogen content and the lowest temperature of hydrogen rele&sehis work,
magnesium borohydride will be partially decompodegtween 246400 °Ctemperature range,
and the decomposedeactionproduct will be studiedand analyzedvith the thermogravimetric
analysis (TGA) and differential scanning calorimetry BSBniques. Furthermore, itwill alsobe
studied through theX-ray absorption spectroscopfXAS) and the powdeétray diffraction (PXD)
techniques in order toidentify the intermediate compoundthrough its weight loss,absorption
edge and the diffraction peaks of the compourfdrmed after the partial decomposition of
magnesium borohydrideThrough this wholethesis,the following objectivesre expected to be
fulfilled,;

To carry out experiments and data analysis u3iBADSC techniques.

To handle and work well with agensitive samples usiragglove box.

To carry outhe experiment onX-ray spectroscopy (XAS) and its data analysis

To work experimentally on powde¢ray diffraction (PXDand its data analysis.

To analyze theata obtained from TG®SC, XAS, and PXD using their corresponding software.
To learn to work ira lab with great responsibility.

To learn to discuss the results and their consequences to enhance future measurements.
To learn scientific writing anliterature search.

= =4 =4 =4 -4 -8 -4 -9

1.3. Backgroundvlagnesium borohydride as a hydrogen storage material
1.3.1. Storing hydrogen in borohydrides

Althoughthe technology of renewable energy utilization such as solar and wind energy, has been
researched a Igtinstallity of the sources for these energies ledd the simultaneous operation of
backup power systems. Also, at presemt/esal major industries are currently looking to reduce their
dependence on fossil fuels. In the pursuit to find solutions in bothege caseghe hydrogen storage
concept surely playanimportant role as a renewable source of energy.

Hydrogen is one of the most abundant, but highly flammable elesénis lightweightsmall in size

and apollution-free energy carriethat is characterized by flexible and efficient energy conversion.
However, the low density of hydrogen gas, low temperature of its liqueficad®well atigh explosive

risk are the major problems of theeffelopments of effectiveand safe hydrogen storage systems.
present, hese problemselated to safe and efficierthave exceeded thealelopment of hydrogen
power engineering and technology. Besides theskdifficulties and the problems with hydrogen
storage scientists habeen able to discover the methods for hydrogen storage in some physical and



chemical methods including adsorption and absorptibime dagram below shows the recent methods
of hydrogen storage in different ways.

Hydrogen Storage Technologies

|
| | 1

Physical Storage Adsorption Chemical Storage
[t | . ]
H,(9) Hu(1) Metal Hydrides Chemical Hydrides
—_——

Elemental |Intermetallic| Complex
Hydrides Hydrides Hydrides

Figure 1.1: The applied categorizatioof hydrogen storage technolog$]

Hydrogencan bestored by physical methodbkat contain H molecule which desnot react with the
storage medium. In the physical method, the hydrogen is stored as a compressed gas in gas cylinders,
stationary storage systems including underground reservoirs, hydrogen storage in pipatidegass
microspheres whereas in liquidrfa, hydrogen is stored as stationary and mobile cryogenic reservoirs.
In the demical methods hydrogen storageis done using the physicalchemical process of its
interaction with some materials. The methods are characterized by an essential interaction of
molecular or atomic hydrogen witthe storage environment. These chemical methods include the
storage of hydrogen as metal and chemical hydrides. Adsorption and absorption are the material
based hydrogen storage methods. In adsorption, the hydrogen éslatt to the surface of material
either as hydrogen molecules or as hydrogen atoms. In absogghierhydrogen is stored within the
solids. In absorption, hydrogen is dissociated intatbins and then the hydrogen atoms dtesedinto

the solid lattice famework. Absorption in complex hydrides may make it possible to stdaeger
amount of hydrogen in smaller volumes at low pressure and temperatures close to room
temperatures. Finally, hydrogen can be strongly bound within molecular structures as chemica
compounds containing hydrogen ato[ts3]

The table below(Table 1.13hows the comparison between the different hydrogen storage methods.
Among all the methodsthe metal hydrides and metal borohydride have high volumetric and
gravimetric eénsities. It is important to recall that thefficiency of hydrogen storagier material
depends on everal components buusually mainlyneasured by two parameterghe gravimetric
density, and the volumetric density. Gravimetric density referred to the weight % of hydrogen stored
the total weight of the systemhfydrogen + container) whereas the volumetric density referred to the
stored hydrogen mass per unit volume of the sys{an3].

Practicallythe considerable energy losses, expensive storage tankisthensafety risks are the main
challenges associated with théquid and pressurized hydrogen tariés Therefore amost ten years
ago the alkaine and alkaline earth metals borohydridg®t the attention as hydrogen storage
materials due to their high hydrogen contefhi.



Method Gravimetric Energy Volumetric Temperature | Pressure | Remarks
Density (Wt %) Energy Density (K) (ban)
(MJ/L)

Compressed 5.7 49 293 700 Current industry
standard

Liquid 7.5 6.4 20 0 Boiloff constitutes
major disadvantage

Cold/ 54 4.0 40-80 300 Boiloff constitutes

cryo-compressed major disadvantage

MOF 45 7.2 78 20-100 Attractive densities
only at very low
temperatures

Carbon 2.0 5.0 298 100 Volumetric density

nanostructures based on powder
density of 2.1 g/mL and
2.0 wt% storage
capacity.

Metal hydrides 7.6 13.2 260425 20 Requires thermal
management system

Metal 14.918.5 9.817.6 130 105 Low temperature, high

borohydride pressure thermal
management required

Kubastype 10.5 23.6 293 120

LOHC 8.5 7 293 0 Highly
endo/exothermal
requires processing
plant and catalyst. Not
suitable for mobility.

Chemical 155 115 298 10 Requires SOFC fuel ce

Tablel.1: The comparison between the different hydrogen meth{2is

In the present workwe mainlyfocus on magnesium borohydrid®@gBH:).) and its characteristi¢s
which made itmore interestinghydrogenstorage material than other metal borohydridesydidogen
storage property of magnesium borohydride could make it a promisingedgdasting resource of

clean and renewable energy as a replacenfenffossil fuel. It can be used in fuel cells and the form

of many other energies and can widely use for industrial purpasewell as according {6, 7], this

compound enfurther lead tomagnesium rechargeable batteries.

The table below shows how Mg(Bkbstands out among other metal borohydridfeem its gravimetric
and volumetric densities point of view.



Hydrogenated form Dehydrogenated Hydrogen |- H, Decomposition
from capacity kd/mol H | temp. °C
LiBH LiH+ B 13. 93 |75 402 | 470
2 LiBH+Mgh 3 LiH+ MgB 11.4 46 225 | 315
2 LiBH+ Al 2 LiH + AIB 8.6 188
7 LiBH+ 1.75 MgSn + 0.25 Sn | LiSn + 3.2 MgB 6.3 46 184
NaBH NaH + B 7.9 85.5| 90 609 | 595
2 NaBH+ MghH 3 NaH + MgB 7.8 62 351
Be(BH). Be + 2B 20.8 | 126 | 27 123
Mg(BH)2 Mg + 2B 149 | 113 | 40 323
Ca(Bh)- 2/3CaH+1/3CaB |9.7 108 | 75.5 360
Ca(Bh).+ MghH CaH + MgB 8.3 159
Zn(BH), Zn +2B* 8.5 85
Al(BH)s Al + 3B* 16.9 | 121 |6 150
Sc(Bh)s ScB+ B (?) 13.5 260
Ti(BH)s TiB + B* 13.1 25
Mn(BH). Mn + 2B 9.5
Zr(BH)4 ZrB + 2B (?) 10.7 | 108 250

Tablel.2: Comparison between the gravimetric and volumetric densitienetal hydrideqd8].

For any compound to work as hydrogen storage material, besides the gravimetric and volumetric

densities they are supposed to hasdow temperature of dehydrogenation and moderate or easy
reVersibility of dehydrogenation, low working pressure, fast kicebf desorption and absorption and
high purity of released and reabsorbed hydrogen §8s8] Following tlese facts, among other
borohydrides Mg(BH). turns out to be betterFrom the table abovgt canbe seen that, among other
metal borohydrides, berylliumborohydride and magnesium borohydrides haweuch better
gravimetric and volumetric densities. But beryllium oxide is too timtipractical applications leaving
magnesium borohydride as important hydrogen storage material.

Magnesium borohydride was first synthesized in the 1950s, but the interest nodpgd energy made
it a possible candidate for hydrogen stora@. Magnesium borohydride (Mg(B}) has the most

complex crystal structures and the largest number of phase polymorphs among other borohydrides.

Among all known hydride§ome of the polymorphs of Mg(Bkicontain a noteworthy porosity and
also ultradensity with the secondhighestvolumetric hydrogeri7]. Magnesium borohydride exists in
various crystalline forms, as recently discovered and characterizedrayy and neutron scattering

techniques. Among the observed polymorphshdfi(BH).=

yIEYSt e

h-ghase, the low

G S Y LIS NI (-pkbisB and thethighi 8 Y LIS NJ (i -pred® aré thetmbost commonly investigated

for hydrogen storage applicatiof@]. Many studies have been made to describe the synthesis and the

crystal structure of magnesium borohydride which are explaindd,ig-14].

In the present work, we are going to discuss th&lg(BH).phaseas thsisonethat posseses ahigh
porosity of almost 30% of open space in the struciéje According tahe author of [7] - Mg(BH):
hasa cubic crystal structure witBpace groupa-3d andld-3a, and itis aninteresting first example

of porous high surface area complex hydride, whichatasorb small molecules. The reported values

2T aLISOATAO

& dzNag(BH):Sary gheBily bettvéeh 600 1 F6@2dNJ Thisproperty of

1- Mg(BH).eventually carlead tonew possible applications where surface effects are important.
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1- Mg(BH); is the interest othe study fromthe hydrogen storage point of view because it contains
14.9 weight % of hydrogen am@s suitabléhermodynamicg11] and is more abundant than [4]. It
contains hydrogesrich molecular anions (BJf and the Mg)** cations. The gravimetric and volumetric
hydrogen densities in this compourde even suitable for the demanding onboard hydrogen storage
applicationsMg(BH). can bedecomposé between 215410°Cwith mairly the release of hydrogen
and also reaction iseversible in this temperature rangd7]. It has the lowest decomposition
temperature among LiBiHBe(BHR). and Mg(BH). and all the group | and Il borohydrides)d hasthe
modest conditions for partial rehydrogenation among all borohyddes as demonstrated
experimentallyon [7]. This isthe clear reason why composites based Blg(BH). are extensively
studied fundamentally and are applicable as hydrogen storage matgfia]s Recent studieon
Mg(BH). haverevealeda more canplexmultistep decomposition pathway than giously thought
which suggests thdéormation of B-H amorphous intermediate similar in structure to MgBH:..
Besides tkse,studies havealsoshown an inverse correlation betwedhe electronegativityof the
cation and borohydride stabilif 16].

The partial and the completeeversible decomposition oMg(BH). has been studied usingarious
experimentaltechniquessuch ascombined thermogravimetric analysis and differi@htscanning
calorimetry TGADSQ, X-ray diffractions(XRD)Fourier transform infraredadiation £TIR RamanX-

ray absorptionspectroscopy(XAS)etc. The studies showhat the re-hydrogenation of completely
decomposed Mg(Bhb requires high temperature, high hydrogen pressuasad long reaction time.
However, the partially decomposd Mg(BH). compound can be rehydrogenated in much milder
conditiong4].

1.3.2 Hydrogen desorption and absorption in Mg(BH

Desorption is thgghenomenon where a substance idaased from or through a surface of a solid and
escape into the surrounding. The process is oppositsorption which includes adsorption and
absorption. These two properties are very important for a compound to work as a hydrogen storage
material [4]. Magnesium borohydride is predicted have favorable thermodynamics which would
allow hydrogen desorption at a temperature belofOCC. But, experiments showthat the
decomposition oMg(BH) requires at least 200C.However, the decompositiorprocessof Mg(BH):
suggests multiple reaction pathways with the unknown intermediateaction products Re
hydrogenation of completely decomposed Mgtk difficult to use for practical purposes as stated
earlier but the rehydrogenation of the intermediate reaction pilacts obtained from the
decomposition of - Mg(BH). 300°C it is possibldgo producewith up to 2.8 wt% of H. During the
decomposition of highly crystalline Mg(BH). between145215°C there isa phase transition from
MM YR (GKSy (KS RSO?2 Y3B0CGitHe first Ayfrogénidesdfitiacan be N2 Y
observed alongvith the appearance of amorphousHB speciesin the next stage, the formation of
crystalline MgH takes placebetween 340355°C which is thenfollowed by the formation of
amorphous boron (B) atemperature between 35872°C and the decomposition of MgiBom 372
420°C. According to the author {if7], there forms anundesirable byproduct of diborane detected at
temperature 280C with various amorphousB species desorbed:tdnd interacted with each other

in multiple steps of complex magnesium borohydride decomposition procedure. The partial
decomposition reactiof Mg(BH). in avacuum, hydrogen backpressure, and Argon (Ar) was studied
in [4] which suggestshat before the formation of MgB above 280C Mg(BH). decomposed to
MgxB/H, amorphous reaction productwith up to 6.8 wi%lossand overallreaction pathwayof the
experimenthas been summarisdaly equation {.1) given below,

10
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Mg(BH). Ju MgBH:s+1.8H (1.2)

Here are some important steps during the decomposition' oMg(BH), with some maintained
reaction environmenthat is mentioned in[5, 7]

1-Mg(BH): wuy - Mg(BH) (12)

s-Mg(BH) wuwy i - Mg(BH) (13)

Many experimental reports have shown thaevery decomposition step thamorphous intermediate
existsand can comprise everal competing reactionthat can be affected by the reaction conditions
and/or the sample historfy, 1820].

The reactionsequations (1.2),(1.3),(1.4) and (1.5) shows the decomposition pathways from
temperature 150°C to 600 °C up the complete decomposition df- Mg(BH).. Reaction(1.2) and
(1.3) are taken from referencgs] whereas reactiongl.4) and (1.5) are taken from referencely, 18]
and[7, 19]respectively Fom reaction {.5) it can be seen that completely decomposedig(BH):
formsMgB:as the final reaction produ@nd needsgyaseous reaction with hydrogdar the reversible
reactionas given by15, 19, 21Jand as mentioned in reactiorl §). According tg4] it is possible to
reabsorb only about 2.5h wt% or only 40% of the desorbed amount. The above reacti@r® énd
(1.3) suggestsut of the two phase#1g(BH), only one oftheseisreversible toMg(BH)., so, thiscan
be one ofthe reasosfor incomplete rehydrogenatiomnotherreason can probably be the formation
of aboron-containing intermediate compounith this partial decompositioprocess i¢00 stableand
prevent the complete rehydrogenation. Howver, the formation of MgO at the expense ldig(BH).
might have also been responsible for the uedd eVersibility.

MgB, +4H 1 Mg(BH): (1.6)

But asmentionedin [4], at 200C* - Mg(BH). undergoes eversible rehydrogenation to tiborane
Mg(BsHs)2 according to equationl(7) and yield 2.5 wt% of K

3Mg(BH)2 wuuuuuy  Mg(BsHg)2 +2MgH +2H @7

Continuous ball milling of magnesium diborane at 400na hydrogen atmosphere of 950 bag &fter
108 hours resulteth 75% ofMg(BH).. This product washaracterized by TGBSC, XRD,,l&d solid
state NMR. Again, the same reaction was carried out at room temperature with 100 Hap@ssure
for 100 hours resulteth 50% ofMg(BH)s.

In summary the partially decomposed- Mg(BH). needs lower temperature and pressure to-re
hydrogenate than the completely decomposed one but the hydrogen production during re
hydrogenation is only about 2.5 M1% which is not sufficienfor the hydrogen storage for fuel cells
Its reversible hydrogn storage capacity must staffom almost 6 H wt% provided themoderate
reaction conditions. Thusonly knowing thatthe partially decomposed magnesium borohydride can
lead toareversible reaction with less amount of hydrogen production is not safficat the moment

11



rather it has become very important to understand and find out the intermediate amorphous species
in order toimprove thehydrogenstorage propertyof Mg(BH).. Identifyingthe intermediate species

of the reactionwill lead the researcheto the different pathways for the improvement of hydrogen
storage For example, by adding additivéke transition metal additives to avoid forming theHBbond
during hydrogenation and degydrogenation oMg(BH). or preparing reactive hydride composite#h
Mg(BH).and/or nanoonfinement[7].

Figure 12: Structure ofa-Mg(BH4), b-Mg(BH4), andg-Mg(BH4) (models obtainedisingthe VESTA
program). Magnesium atoms are represenigith tetrahedra where each vertex is occupied by a
[BHy] unit and, in all the structuregvery vertex is shared between two tetrahedi20].

So, the main purpose of this work is to study teaction products of different reaction steps
Mg(BH). decomposition including théntermediate amorphous product®rmed in the 24@300°C
temperature range For this purpose several samples were prepared in théab in different
temperatures and the argon flow of 200 ml/min fich were then studied by usingray absorption
spectroscopy (XAS), and laboratory powderay diffraction (PXD) to characterize the unknown
intermediate species.

XAS canfind out the compositiorof these intermediate specidsy finding out tle coordinationand

the oxidation stateof the X-ray absorbing atomin the sampleln the presentwork, XAS was used to
determine the locaknvironmentaround the boron by obtaining XANE&ectra atboron kedgeand

this technique was choseto characerize thepartially decomposed amorphous sample because this
techniqueis especially used to probe the amorphous species. Laboratory poXday diffraction
(PXD) was used to identify the presence of crystalline species in the samples and chartweriz

As mentioned earlierthe main compounds of interest are amorphous therefore the PXD was mainly
used to determine the composition of starting material$iismethod has been traditionally applied

for phase identification, quantitative analysédthe determination of structure imperfection22].

12



Samplewere prepared usinghe TGADSOnstrument As!-Mg(BH): is a highly airsensitive sample

it was heated ugo the desired temperature in the argdi\r) environment wih the Ar flow rate of
200 ml/min The TGA alice measurd the change in weight of the substance the temperature
changel and the weight loss curveubsequentlygave the information aboutthe change in sample
composition, thermal stabilityand the kinetic parameters for chemical reactions in the sample. The
DSC measurements and the peaks in the heat flow cuaveigformation aboutwhether theheat is
flowing intoor outthe sampleg(i.e. endothermitexothermicreactiors). So, the simultaneous TA@&¥SC
measures botlgave the information omeat flow and weight changes in a material as a function of
temperature or time ina controlled atmosphere and hedpl to simplify interpretation ofthe result.
The complementary information obtained from T®SC thus alloed differentiation between
endothermic and exothermievents which have no association with weight ldé®ctly but could be
because of melting or crystallization and those whiololve a weight losge.g., degradation[23].

2. Theory
2.1. X-rays waveparticle duality

X-rays with energies ranging from about 16¥to 10 MeV (wavelength =10 to 0.01nm) are classified
as electromagnetic waves¢rays are different from the radio waves, light, and gamma rays in
wavelength and energy and show wave nature with wavelength ranging from about 16 toy.0x-
rays can bereated both as electromagnetic waves and as partiddesording to quantum theory, the
electromagnetic wave can be treated as particles called photons or light q{24jta

Photon energy [eV]

-14 12 10 -8 -6 - 2 0 2 4 6 8 10
i0 10 10 10 10 10 10 10 10 10 10 10 10

I R N B

4

radio waves microwaves |R UV x-rays 7v-—rays
I N DN N N N (| | [ S S I N
8 6 4 2 0 2 4 8 -10 -12 14 -16
i0 10 10 10 10 10 10 10 10 10 10 10 10
Wavelength [m]

Figure2.1: The EM spectmm, showing major categories as a function of photon energgviand
wavelength[25].

Since theX-rays can be treated aglectromagnetic waves, they can be explained by classical
electromagnetic theory (Maxwell equations). So, as an electromagnetic wave, they show interference
(X-raydiffraction), reflection, refraction, and polarization phenomena. As electromagnetie Xeays

travel through space in a sinusoidal fashion and follows the general relation of a traveling wave as
stated below.

13
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Xrays also show particle behavior and theiarticle behavior can well be explained is by Quantum
theory (Schrodinger wave equatiprAs a particlethey can be produced, show the photoelectric
effects and the absorption. The phenonmnis calledCompton scatteringwhich proved thaiX-rays

are particles. HenceCompton scatteringanonly beunderstood by takingérays asa particle.[25]

2.2.Production ofX-rays
2.2.1. Production o¥-rays in Cathode tube:

When a high voltage ofseveral tensof kV is applied between the two electrodes, the higpeed
electrons with sufficient kinetic energyre drawn out from the cathodeand collie with the anode
(metallic target). The electrons rapidly slow down losing theietiinenergy but this kinetic energy
losing method for each electron is different, the continuotsays with varying wavelengths are
generated. When the electron loses all its energy in a single collemray with maximum energy

is producedwith the shortest wavelength. The value of the wavelength limit can be estimated from
the accelerating voltage between two electrod®ghen the electrons impact the target (the anode),
X-rays are produced in two main wayshich isgivenby:

a) . NBYaaidNI Kf dzy3YyY ¢KA& F2N¥ 2F NIYRAFGAZ2YS W 0NI
that the accelerated electrons, as they hit the anode, are slowed down if they have high energy
and the amount of braking (energy) is converted into differémtms of radiation. This
radiation is diverse and of different wavelengthecause each electron hitting the anode
slows downand loseits kinetic energy witla different method.
b) Characteristic radiation: This form of energy is produced by the ejedfiaiectronsfrom
either K L, M etcorbitalsthrough impacts with other electrons sent from the cathottence
acharacteristic-ray emission occurs for specific electron orhiten the energy of incoming
electron overcomes the binding energy of the orbital electrons in the target §2&m26]

Bremssthrahlung

Characteristic
Radiation

Figure 2.2The mechanisms of Bremsstrahlung and Characteristic radi@ejn
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2.2.2. Production ofX-rays in a synchrotron:

Synchrotron radiation i®lectromagnetic radiation that is emitted when charged particles
move at a speedlose to the speedf light. In synchrotronghe moving charged particles are
forced to change their direction by using magnetic fields provided by powerful magnets. In
nature, synchrotron light can be produced by astronomical objects like crab nebula, which is a
supernova remnant in the Taurus constellation. Since the late 1940s synchrotron light has
been artificially generated using particle accelerat@gnchrotron radiatin covers a wide
range of frequency from infrared to the highemtergy X-rays and ischaracterized bythe
properties such asigh brightness (many orders of magnitude brighter than conventional
sources), highly polaration tunakility, collimated beam (almost parallel rays) and
concentrated over a small arda7]. This propertyasa singleword can be calledrilliance.
Another important property is the energy of the electrons within the storage ring which
generatesthe X-rays, which influences the range of photon energies that any one facility can
practicallycover[25]. The main advantage of synchrotron light source over the cathode tube
is that only the single wavelengiray is possible to produce once because the anode target
material needs to behosen and keep fixed indtcathode tube, and this is why it is not
tunable resource and also the intensity of the source is less than that of synch{a8pn

A synchrotron consists of five main components

1.

The dectron gunis asource of electron where the electrons are generated by thermionic
emission fronthe hot filament. These electrons are then accelerated usilirgear accelerator
(linac) at about 100 &V. A regular supply of electron is required as they are usualiygbest

in the machine due to collision with residual gas particles in the storage ring.

The electrons fronthe linear accelerator are then injected into the booster ring where they
are further accelerated. Then the electrons are periodically injected éonthin storage ring
so that the specified storage ring current is maintained.

The storage ring contains the array of magnets which makes the electrons move in a closed
circular path. These are mainly of three types; dipole or bending magnets which cause th
electrons to change their path and thereby follow a closed path. Quadrupole magnets are used
to focus the electron beam and compensate @ulomb repulsion between the electrons and
sextupole magnets correct for chromatic aberrations that arise from tbeusing by
quadrupoles. The electrons have K.E measure@Wea@d their velocities are highly relativistic
(very marginally less than the velocity of light).

The storage ring contains bending magnets (BMs) and the straight sections used for insertion
devices (IDs) which generate the most intense synchrotron radiation.

Radiofrequency (RF) supply: Tupgly the electrons just the right amount of extra energy
every time they pass through it to replenish the energy loss by the electrons while enmagsion
synchrotron radiation.

Beamlines: The beamlines run tangentially to the storage alumg the axes of the insertion
devices and tangerlly at bending magnets. Beamlines have three sections; front end, optics
hutch, and experimental hutch. The front end monitors the position of the photon beam, filters
out the lowenergy tail of the synchrotron radiation spectrum if necessaty. The photon
beam is then normally focused and/or monochromated in the optics hutch htitghes are
shielded usinghe leadlined, thick concrete wall to protect users from not oyays but also
from gamma rays and higénergy neutrons, which can be produced in the storage ring when
the relativistic electrons collide with stray gaarpcles. Such gamma rays penetrate very
deeply inthe matter, hence effective radiation shields may consist of tens of centimeters of
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lead blocks. Experiments in the experimental hutches are therefore performed remotely, from
outside the radiation are§25].
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Fig2.3: Schematic diagram dfie most important components of modern synchrotron
source[25].

2.3. X-ray spectroscopyand Interaction ofX-rays with matter:

X-ray spectroscopy is the study o¢ray electromagnetic radiation and its interaction with matter. It is
one of the widely used analytical techniques to study the structure of atomsnasldcules. The
technique is also employed to obtain information about atoms and molecules as a result of their
distinctive spectrd29]. We know that the electromagnetic waves caemergy in terms of waves, so
whenthisSY SNH& 09T KA 0 Xéys, StiikBsihg gartidd; tie$g prodfica dore change in
the particle. This interaction is studied &jechnique called Spectrospg. Spectroscopy can be carried
out in two ways either by absorption or ke emission of electromagnetic waves. When an
electromagnetic wave reacts with matter one can obtain either absorption spectrum or emission
spectrum, but the spectrum obtained igt@rmined primarily by the atomic or molecular composition

of the material. That is whyhe spectroscopy technique is extensively used to study the internal
structure of the material.

From the application point of view, there are mainly followktpy spectroscopic techniques.

1. Xrayabsorption spdroscopy
2. Xrayfluorescent spectroscopy
3. X-rayemission spectroscopy

Several other techniques can be categorized within three of these techniffiigs
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Figure 2.4(Right) The interaction of-rays with matter.(Left) The crossection for various
processes involving the interaction ¥frays withthe matter for Barium (Ba]R25].

Figure 24, (right) shows the possible interaction ¥irays with matter. When theéxrays incident on

the matter, the phenomena like refraction, reflection, absorption, scattering (elastic scattering =
Thomson scattering and inelastic scattering = Comptaittaring), diffraction and fluorescence atke
possible processes that can take place. If none of the ataes placethe photon ighentransmitted
through the sample. But for the applications using synchrotron radiation only photoelectric
absorption elastic and inelastic scattering (which also includes diffraction) are important as gmown
Fgure 2.3. (left) Figure2 .4, (left) shows the crossection for five different processes that can take
placewhen X-rays interact with matter. The crossection is given in the unit of barn which is equal to
102 cn?. The yellowcolored region indicates the upper energy range covered by synchrotron sources
up to someMeV. In this range, two procaess dominate, namely photoelectric absorption and elastic
(Thomson) scattering, although inelastic (Compton) scattering also becomes significant above 30
KeM25]. Further in this workX-ray absorgion spectroscopyvill be discussed as it is the main focus of
this work.

2.4. X-ray Absorption Spectroscopy

2.4.1. Introduction

X-ray absorption spectroscopy (XAS)a photoelectric effecand one of the spectroscopic todisat
arewidely used in many research labs to study the geometric and electronic structure of the matter.
It is useful for probing the internal structure of material nanoparticles. Its usebbas increased
because of th availability of synchrotron radiation facilities around the world.

WhenX-rayis scanned throughmatter, it can ionize the target atom by ejecting electrons from any of
GKS O2NB akKSftfta &adzOK Fa Y 2NJ [ 2 Nheay ofeathydre & 2
shells),then there isthe sudden increase in absorption cresactionwhich appear apeaksin the
graphandare called absorption edges.
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In XASthe measurements are made by tuning tXgay energy at and above a selected cédegel
binding energy of a specific elemeifthe pectra obtained through this procesgormation about the
oxidation state and the coordination chemistry of the selected element. In addition, the extended
oscillatiors of the XAS spectra are sensitive to the distances, coordination nyarimespecies of the
atoms immediately surrounding the selected element. When the measurenseatsarriednear and

at the binding energy (also called the absorption edtjé calledthe X-ray absorption near edge
structure (XANES) and measuremabbve the absorption edge is callextendedX-rayfine Structure
(EXAFS).

Each atom and ion has a unique internal structure in terms of the number of electrons, binding
energies,and atomic environment. This produces a characterixtiay absorption spectrum thus
allowing for obtaining valuable information on the atomic geometry, electron density, oxidation state,
electronic configuration symmetry, coordination number, antkratomic distances of atoms/ions in
different molecules and/or compound80, 31] Absorption ofX-rays by an atom can be regarded as
causing a fluctuation of the electron energy up to a virteaél. When theX-ray hits the target atom,

and if the incomingXrays have energy greater than the binding energy of core electrons, the
LINPOI 0AfAGE 2F S2S0GA2y 2F O2NB St SOGNBEDIAZIRS |
between X-rays and core electrons increases.idlinteraction between theX-rays and the core
electrons are stronger than those betwe&trays and valence electrons. Then there is a rol¥-ody
absorption spectroscopy (XAS) techniques, which are concerned with the change in respanse of
system as a function of incident photon energy. XAS experiments can mostly be performed at
synchrotronseven though the instruments have appeared recently. So, generally in XAS, a core
electron is excited to an unfilled valence state and this state can then relax via emission of a photon or
maybe radiation less leading to the ejection of photoelectrons, awectrons or cascade of low
energy secondary electrofigs, 32]

( /\ /‘ )) ———— ——%—=c
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Fluorescence Augor amission 7“7 ,7&,7, EC

Figure 2.5 The absastion of anX-ray photon proceeds via the ejection of a core electron. This can
then be filled by an electron from a shell further out. The excess energy can either be emitted in the
form of characteristic<ray radiation or by the ejection of aAuger electror{left). The three electron

process in Auger emissignght) [25].

2.4.2. X-ray Absorption process

The photoelectric absorption o¢raysis highly dependent on the atomic numbgiapproximately to
the fourth power) of an atom absorbing thérays. The penetrating power ofray is dependent on
the energy carried by it and also thieof that atom [33]. The absorbing power of a material is
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determined by its absorption coefficientt which describes the exponential drop in intensity of an

incident beam passing through a medium. This abison coefficient of material depends on the type

of atoms in the sample, how those atoms are distributélde nature of their bonding, light
polarization, and the wavelength ofrays.[ SG dza O2y aARSNJ (KIS AV YIIKS

A X A_Aa S oA oA o

FFGSNI GNIyavYAaarzy (KNRIZAKKIWKSHRAS YEE ST 284 i K ANB YIS
—=gid (21)

2 KSNB>zara OFffSR (KS f dngthdaddve raadich NEdleleziy SGNS FFA OA S
[ FYOSNI ¢ € g )¢S SN I {o2ARANL T Aljydzl (2 yo AFIKK2 diaK S K S
absorption crossection per atom (also called total photon interaction cresstion) denoted by

a2
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Figure 26: A plot of absorption crossection vs energy of incident photon for different

elements[33, 34]

2.4.3. Quantum Mechanical treatment

The scatteringevent in quantum mechanics is defined by the tidependent perturbation theory.

The interaction between the incoming beam and the sample is then defined by the Hamiltonian of
interaction, H;, asthe transition from an initial states:'ato a final state(’i‘|. It is also given in firgbrder

LISNI dzNB F GA2y GKS2NEB o0& CSNN¥AQAa-sdeh@MRSY NizZ Sz GKS

WleMifl z (:'9)5 (23)
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With the matrix elementVlis =Gi|H¢|fGand ~ @) being the density of states. The absorption process is
not elastic, meaning that the incident photons expels an electron from an atom with binding energy

Bb,
- = (2.4)

Where this- is the kinetic energy of the photelectron and is equivalent to the difference between
¥ and Bp with 8 be the energy othe incident photon. In this caséhere are no restrictions over the
direction of the wave vector of the photoelectrpip and thus is enough to perform the integration

over the entire solid angle & K n.~
W =0 "- 1 - - - Q
(2.5)

The density of states for the photoelectroreigaluated in the same way as for scattermgnts, using
the socalled box normalizatiof84].

W Qa
- ST oo
(2.6)

Here factor 2 allows for the two possible spin states of the electron, while the volume elé&pagsat
replaced byy O E4-Q 1 'Q —is now possible to define the absorption crssstion as:

© o : | O B4 —0
: oAT" !

2.7)
with o¥the incident flux. lalso now definethe factord  (calculation details can be reged
in book[34] as:

0 Q~9_8= Q
a
(2.8)

Here the terms =0 ¢ Q are introduced which indicatethe momentum operator and the vector

potential, coming from the interaction Hamiltoniahk. The expression is then obtained by
neglecting theCoulomb interaction between the photoelectron on the positively charged ion left
behind. (i.e. free-electron approximation) [33] [35].

2.4.3.1.Freeelectron approximation

LG A& y26 o0NARSb& NB LR-bactoR apprékithationIodhexhlculatdn/of tBe¥ § K S
absorption crossection (full treatment carbe read in[34]). The iitial stateSQA & RSUY SR | &
photon described by the couple -KHbeing respectively its waweector and its polarization, and one K
electron:g@ =page® ¢ KS (Sflistreprésénted iSstead by the annihilated photon and the
photo-electron expelled by the absorption proces$d = gt G It is then found the state for which

the electron is free as eigenfunction pfvith eigenvalued’ :
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(2.9)

wherer is the position vector of the photelectron anda its wavefunction. The square root term is
the normalization factof,, whichturns out from the quantization of the vector potential It is now
considered for the approximation that the initial wafienction of the electron is taken to be that of
thelso 2 dzy R aidl (G S3 gfdnktiorsofinfré: elekyfdn.tThegelcamditions are written
respectively as:

ﬁ C (2.10)

and

Eoo=C! (2.11)

LG A& taz2 R&nyv@iRferbylt™ 8 a @® its integral as (Q), the Fourier
transform of the waveunction of the electron in its initial state. This maliegossible toeValuate the
squared matrix element,

J J

A i Qewé N s (2.11)

and thus the absorption crossection per K electron by substitution of the matrix element in the
equation:

) 2 L (2.13)

where I3 is a threeRAYSY aA2y Il € Ay GSINI f I evhldntodzis skipfed @K RSUY
convenience (howver it can be found in the literatur84]), however, it is found to be reduced to the

_ T
quantity - —

0KS F2tt2¢gAy3 ljdzr yiAGASa I NBE RSUYSR | ay
w2. « The energy of the absorption edge, proportionaZtdor a simple model
wa- a: The energy related tK, the inverse length scale of the wafunctiona 15, proportional toZ
W-cY ¢KS KAIKSAUG OKINIDEBMAAGAO SYySNEE&:X RSUYSR |2
YR KSyOS (GKS Uyl f NI & dz-séctioheNatomKS | G2 YA O | 6a2 NLI
T
Ta=3Xry - — for 9. k<<2. <<2.
This makes~apparent that the absorption crssstion varies assZ A hy .| y R’ via &he factor
of L. ¢ Hod ¢KAA NBadA G Aa aftAIKGEE RAUGSNBYG 6FNRY Ff
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Goulomb interaction between the photelectron and the positively charged ion to be neglected.
However, in this way, it was available to obtain an aniglgl approximate expression fi, - [35] [33].

2.4.3.2.Beyond the freeelectron approximation
In this part we will further show a step ithe calculation of the absorptionrosssection.

The dimensionless photon energy variable is given by:

TR— (2.14)

and it is conveniently possible to write his result as a correction facthfdy the absorption cross
section per K electron:

(2.15)

This correction factor is dependent on bdfland 2. , and its explicit form can be written as:

s cf —
(2.16)
it is useful at this point to consider two interesting limits;

1. When the photon energy is greater than the binding eneajw>>2. or b , it follows that
f(v) ML
This returns the same result for the fregdectron approximationtf the photon energy is high,
so the energy of the photelectron and it makes a little difference if it is free to move, or it is
in a weak attractive field produced by tipesitive ion.
2. When the photon energy is approaching to threshold eneogy=>2. *Mb Kk = AU F2f f 2 6 3
fw —b

At the threshold energythere is thus a discontinuous jynof :

A c¢gfh - — — (2.17)

To calculate the values fora and. k needed for theealuation of the energy dependence and
the step height ir, at the kedge, it uses the approach tfe hydrogen atom. In this way
the K shell ionization of an atom with Z electrons is approximately the binding energy of the

hydrogen atom timesZo . k= whileo . a=—.

It is, therefore,possible to write the edge jump per K electrons as:
A é — _i (2.18)

and energy dependence as:
A éog - — — (2.19)
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the resultsthat are shown in the last two (write the name of tlegjuations) are proven to be reliable,
as compared to recent experiments and more detailed and refined frameworks.

2.4.4. Absorption edges

When theX-rays are scanned through th&rget material,one can see the abrupt increase in the
absorption crossections in the particular energy rangesaofincident photon This happens when
the energy of a scannedray corresponds to the binding energy of the cesieell electrons and the
correspondilg peaks are said asddge, Ledge, Medge, and so on, with each edge representing the
different core electron binding energylhetable below shows the absorption edgasdthe orbital
electrons responsible for.it

Absorption edges| Electron Transitiontates

K-edge 1s

L- edge 2s 2p

M- edge 3s 3p 3d

N- edge 4s ap 4d Af

Table2.1:Absorption edges and corresponding electronic transitions

Figure 2.7 showshtee major transitions in Pb (K, L, and M edges), corresponditig texcitation of

an electron from n=1, 2, and 3 shells, respectively. At higher reso)lnmth the L and M edges are
split[30]. When there occurshe resonance oX-ray photon energy with the ionization threshold of K

or 1s state, this resulis K-edgeanddoes not have any sub edges (which L or M can have). The reason
for not seeing sub edges ind€lge is that the orbital angular momentum fr K orbit is zero and
therefore there can be no coupling, which is possible in L or M edges where the orbital angular
momentum is not zer§25].
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Figure 27: (a)LowresolutionX-ray absorption spectrum for P[80]. (b) Atomic orbital labelinf25].

Thus,X-ray absorption spectroscopy (XAS) is theasurement othe X-ray absorption crossection

in the vicinity of one or more absorbing edg&say absorption edge is a verimportant part of the
X-rayabsorption spectrum because it is not only the discontinuous increase in absorption, but it shows
the significant structure both in the immediate vicinity of the edge jump (XANES) and wellthbove
edge (EXAFS) which can extend up to more than BU0Dhe absorption edge region, which is within
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the 50eV of the main edge, is divided into three sutgions namelythe pre-edge regionthe main
edge regionand the postedge regionBefore the main edge, sometimes it is possible to observe some
small peaks which are called peelge structure. The main region where the abrupt increase in the
crosssection is observed is called the absorption edgdthe immediate region after the main edge
which extendaup to feweV, having veryittle fluctuation in absorption crossection is the posedge
region. ThePostedge region is the region before the EXAFS region.

2.4.5. XANES

X-ray absorption neatedge structure (XANES) is a type of absorption spectroscopy that indicates the
features inthe XAS spectra afompoundsdue to photoabsorption crossection forthe electronic
transition fromthe atomic core ével to final states, in th&icinity ofthe absorption edge of an atom.
Most importantly, theability to make qualitative fingerpridike comparisons of XANES dpaads
making it a very useful tool to find out theinformation aboutthe unknown substancelf a
representative libray of reference spectra is available, spectral matching can be used to identify an
unknown. Beyond this qualitative application, there are three main ways in which XANES spectra are
used: to determinethe oxidation state, to deduce thredimensional struaire, and as a probe of
electronic structurd30] around theX-ray absorbing atomThis technique uses synchrotron radiation

to provide the spectra containing valuable information. In XANES, a phstabsorbed, and an
electron is excited from a core state to an empty stdi@excite an electron in a given cdeyel, the
photon energy has to be equal or higher than the binding energy of thislevet This gives rise to

the opening of a newabsorption channel when the photon energy is scanned. The energy of an
absorption edgetherefore,corresponds to the corevel energy, which ithe characteristic for each
element,making XANES an elemesglective technique.

In XANESX-rayejects the core electron to the empty shell of an atom and generates the corahdle
the processs dominated by FermGolden rulevhichgives the probability of transitioning from initial
states to the final states of the ejected photoetem. When te dipole approximation isaken into
account it applies the selection ruless,

YI=+1

wherel is the orbital angular momentum guantum number and the selection rule states that only the
following transitionis available giving rise to the specific edges.

1sh -&dge
HaZX Heddedbh |
0aX olJedgesR M a

nNaz nll edges nT M b
One can also hawguadrupole transitionl(=+2) but they are very week and are not significg3g] .

The absorption edge is more complex than just an abrupt increase in absorption. There are weak
transitions below the absorption edge the pre-edgeregion.Thepre-edge is strongly affected by the

bond lengths of the molecules because of exponentially decay of wavefunctions, and the edge is to
indicate the ionization energy tie core hole.

Physically during experiments, when the energyeoéy matches or exceeds the binding energy of
core electrons, those electrons get ejected or occupy unfilled valence shell and the vacant space of
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these electrons are recovered either by photoemission ahbyemission of auger electrons and hence
electric currentgenerated from these auger electrons are measured as a function of incident energy.
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Figure2.8: XAS spectrum showing important regions of XANES, namegdpes mairedge, post
edge and the EXAFS regi{dv]

The preedge region in XANES spectra is because of the electronic transititthveseimpty bound
stage (transitions proMaility controlled by dipolar selection rules). For examplé5Bsl or 1$h4pis
the transitions in I transition series metals. This region contains information albetocal
coordination environment arounthe absorbing atom, but this information is pgendent on the
oxidation state and the bonding of the compoundlie study. The main edge peak defirtbg
ionization threshold to continuum states and gives the information abbemain edge shifts to
higher energy with increasing oxidatistate.

2.4.6.Interpretation of XANES

1. The #nsitivity of XANES to Oxidation state

Edge spectraventhough frequently have unresolved transitions superimposed on the rising
edge, have proven extremely useful in determining the oxidation state of therbes This
may be explained by usiran electrostatic model since atoms with a higher oxidation state
should have a higher charge, threqquiresan energeticX-ray to ejectthe electronfrom its
cored 'y [EfOGSNYIFIGABS AYyGSNIINBGlIGAZ2Y GNBIGa
continuum resonance involvethe excitation of a core electron intthe state above the
continuum that has a finite lifetimeThis phenomenon correlates thedge energyand
oxidation stateof the compound of interest and hencis widely used in coordination
chemistry.
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2. Bound state transition in XANES

The weak pre=dge transitiongenerallyarise from bound state transitions. For the K edge of
a firstrow transition metal thesestructuresarise from 14133d transitions and are observed
for every metal that has an open 3d shell. Although th&i33l transition is forbidden by dipole
selection rules, it isevertheless observed due both to 3dp mixing and to direct quadrupolar
coupling.

. Applications of XANES to Coordination Chemistry:

Dataanalysisand measurements foKANES spectra are much easier than EXAFS spectra since
even weak transitions are considerably more intensanttic XAFS oscillatioi@scondy, XANES
spectracan often betreated spectroscopically, that is, the individual spectral features can be
correlatedto the specific features in the electronic structure which is not possibteércase

of EXAFS.

Bven though, XANES region has to be scanned during the measurement of EXivSly

little use has been made of XAN&&ept for thequalitative comparisons of an unknown
spectrum to reference spectra/ery limited attention has been given to the quattitve
analysis of XANES spectra despite the fact that the XANES spectra are difficult to be interpreted
when the multiple scattering has to be taken into accouiith the deVelopment of new
theoretical and computational approaches to XANES, the u@fit{ANES for investigating
coordination complexes is likely to increase.

2.5. Measurementmodes of YANES

Generallythe XANESmeasurements can bearried outin three different modes. They are ;

a. Transmission mode

b. Total electron yield (TEY)
c. TotalFluorescence yield (TFY)

The table below shows the characteristics of a sample to be used in different measurement
modes.

Characteristics ahe | Transmission modg Total electron yield| Fluorescence yield

sample

Sample thickness Thin Thick/ Any Thick/ Any
Background High Moderate Low
sensitivity Bulk Surface Bulk
Sample concentration| High High Low

Table2.2 Experimental considerations for different measurement techniqufesAg38]

Transmission mode involves passiaays through the sample and comparing the incident to

the transmitted intensities according to the equat{@il) Transmission measurements may

be performed on any type of sample (solid, liquid, gas) provided the thickness and deasity
controllable. This method is generally suitable thoe hard X-ray range[39]. In the softX-ray

range the transmission mode becaoss difficult because of the sof-ray being used the
absorption becomes quite large and the samples must be extremely thin to be penetrated.
Fluorescent yield mode is used when the element of interest is preséimé ohilute condition.
However, when used for concentrated samples, a phenghgey O f-H cS3R2 NILAUSAE 2Ty ¢
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lower the apparent absorption coefficient at higéwvéls of absorption due to nenegligible
reduction in the penetration depth as the absorptivity increases, andbsorption of the
fluorescence photons by the same sjgcbefore the photons can leave teample.

Electron Yield
X-Rays

Auger electron
" I = ].»“L sampling ¢ |
depth L S Sy o

¢
wa immeter

s (J.'ouml

—— (Core

Figure 2.9 Electron yield mode of XA&] [41]

The total electron yield (TEY) mode is better when concentrated or thick samples are used
where the surface sensitivity is requirg89]. As the sample absorbérays, it results irthe
emission oklectrons proportional tahe absorption coefficient, from both photoelectrons and
Auger electrons. Photoelectrons are those that are ejected from core orbitals and auger
electrons are emitted as part of the relaxation process as a higtigtal electronfills the hole

left behind by the photoelectronThe ollection of all produced electrons is callgte total
electron yield When the intensity of emitted primary electroisdirectly used to measure the
X-ray absorption processes, it is called thauger electron yieldvhich is highly surface
sensitive.As the primary Auger electrodsave the sample, thegreate scattered secondary
electrons which dominate the total electron yield (TEY) intensity.

For this experiment TEY inthe soft X-rayrangebetween (166260eV) has been chosen to
analyzethe B Kedge edgef the sample as the sample is concentrated as wellE&¥ mode is
depth sensitive and offers the ability to sepangterobe the surface phenomend?2]. Thus,
the total electran yield (TEY modewill be discusseth the setion below[38].

Figure 210 below, shows the experimental arrangement for TEY mode of data collection of
XANESThe TEYrocess involves the collection of scattered electrons from the sampling depth
Electrons created deeper in the sample lose too much energy to overcome the watlofun

of the sample and therefore do not contribute to TEY. The sampling depth in TEY
measurementss generally a few nanometersyhich is 5nm for Byhile it is often less than

1nm for AEY measuremei9, 41]
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Figure2.10 The schematic presentation of TH39]

2.5.X-ray Diffraction

Diffraction of light occurs whaver the wave motion encounters a set of regularly spaced scattering

objects, provided that the wavelength of the wave motion is of the same order of magnitude as the
repeat distance between the scattering centers. Most materials are made up of many systdlr

and each of these crystalscomposed up o& regular arrangement of atoms or moleculdsis kind

of arrangement of atoms/ molecules fosequidistant planes in the crystal. Von Laue reasoned that,

if crystals were composed of regularly spacedhagovhich might act as scattering centers Xarays,

and ifX-rays were electromagnetic waves with the repeating periods called wavelength of about equal

to the interatomic distance in crystals, then it should be possible to difitaaysby means of crystals.

¢tg2 9YyIfAAK LIKRAAOAAGAXT 2l @ . NIF3I3I YR KAa azy 2
express the necessary conditions for crystal diffraction.

In a crystal, repeating arrangement of the atoms form distinct planes aggrhbya specific distance.

When anX-ray encounters the crystal planes with an atom, its energy is absorbed by electrons. Since

this energy is not enough energy for the electrons to knock out from their orbit, this energy must be
released in the fan of a new X-ray with the same energy as the original. This process is called elastic
A0 GOSNAY3Id . NIX3IIAQa fl g 3IAPSE GKS O2yRAGAZ2Y T2
a0FGGSNBR 61 @Sad | OO2NRAY3I G2 . NI I3IFQasefeanily 6 KSY
that the next wave/waves must travel the whole number of wavelengths for the constructive
interference. In other worg the path difference between two scattered waves should be the integral
multiple of the wavelength of incideni-rays far constructive interference which is when one can
observe the diffraction. If the two scattered waves are out of phase, the signal will be destroyed and
hence it is called destructive interference, consequently one does not observe the diffraction.
Mathemai A OF f f @ (GKS . N}X3I3Qa fl 6 A& 6NARIGGSY |&T
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WhereWQs the interatomic/ interplanar distancé is the wavelength of the light usédy RCs tHe
number of wavelengths as a path difference between two scattered waveshésdstalso called the

order of diffraction.\H Q calléd the angle of diffraction which is the angle between the direction of
the incident wave and the scattered wave direction. The exact angle at which the diffraction occurs
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can be calculatedith the help of the interatomic distance (belongs to the crystal structure) and the
wavelength of thex-ray used.

CKS2NBGAOItftes RAFTFNIOUAZ2Y AyiauSyaAridASa)wheisd OF f Oc
(hkl) refesto the miller indices of the plane which scatters theays. The intensity (1) of diffraction is
proportional to the square of the structure factor as;

® $QFK0Cs (2.21)

The $ructure factor is determined by the atomic positionchatomic scattering factor (f), unique for

every atom. SeevSy A F . N} 3I3IFQa fl ¢ akKz2ga GKS LI NIAOdz I NJ
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systematic absergs ofthe hkl diffraction peaks due to specific Bravais lattice and atomic coordinates

are provided by the diffraction selection rules. Not thk hkl peaks are allowed by the diffraction

selection rules which are present in the diffraction pattern soreals can be absent due to the nature

of atoms and atomic scattering factors canceling each other. The relationship between Bravais lattice

and reflections necessarily absent can be found systeijtio [24].

XRD technique at present can be used dovariety of materials ranging from single crystal to
polycrystals and mixtures of powder amglen the randomly oriented amorphous materials. In this
work, we are going to usbe powderX-ray diffractiontechnique to find out if any crystalline structure
exists in theintermediate unknown speciebtained from partially decomposed - Mg(BH)2 in
different temperaturesy usinghe TGA/DS@istrument[24, 43]

3.Experiments

Commercial gamma magnesium borohydr{tleMg(BH).) (SigmaAldrich, 95%jvas used to prepare
the samples.

Amorphous boron powdeB)(purity >95%, sigmaldrich), bori@anhydride(B:0s,) (>99.98, Sigma
Aldrich), magnesium boridgpowder (MgB) (>99%, Mesh)boric acidH:BQ) (ACS reagent99.%%,
SigmaAldrich andlitihium borohydride(LiBH) (>90%, SigmaAldrich) were used as references.

3.1. Experimental details

All the data reported here for thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) and the powdexray diffraction (PXD)are collectedresearch laboratory sitted atthe
University of Stavanger, angray absorption spectroscopy (XA8ata were collected aRGBL
beamlineat BESSY Il synchrotron radiation facility, Berlin Gern#dithe samples were preparealy
heating fresh - Mg(BH): in differentdecompositiortemperatures between 24800°Cin TGADSG+
instrument. As'-Mg(BH): is air sensitive, most of the part of this experiment was carried ot in
protective Ar atmosphere inside the glove box. XAS data in the analytical chamber in the beamline
were collected iravacuumeven though the samples were prepared in Ar.

3.2.TGADSC instrument

To prepare aisensitive samples at different temperaturdhe combinedTGADSC measuremest

were carried out using thEGADSC 3instrument from METTLER TOLEDI®s is a paxf the METTER
TOLEDOT3R system.TGA is a techniquihat is frequently used for thermal analysis of the samples

at different temperatures. Its main use is to characterize the materials by measuring their mass as a
function of temperature or time. From TGA generally the composition, ypudt@écomposition reaction,
decomposition temperature, absorbed moisture contegiic. of a sample are measured. TGA is often
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used with DSC ( differential scanning calorimetry ) because these two techniques together provide
valuable information for the intgoretation of the thermal analysis experimel@] .

o Not Touch
O |\ SERLAN T

Figure3.1: TGADCS 3+ METTLER TOLS&D@&ted at UiS research lab

The crucible used for the partial decomposition ofMg(BH). was the alumina (ADs) crucible of size

of 70 ul. For thiexperiment, the TGA/DSC measurements were conducted dynamically in a linear
temperature ramp and isothermally. The temperature ramps are used to investigate the temperature
dependent process such as loss of moisture, comjositand chemical reactions.sdthermal
measurements are used to determine the amount of the gaseous reaction prodlessed from the
sample. The inert atmosphere was used by making the use of Argon flavait of 200 ml per min
throughout the experiment. The simultaneously megsiliDSC heat flow signal then recorded the
exothermic and endothermievents such as phase transitions and decomposition of chemical
reactions etc.

In order to heat thesamplesin TGA/DSQhe first stepwasto create the methods with all required
conditions at which the samplewededto be measured should be set up in the METTLER software.
To get the blank measurement as a background (which should be subtracted with the measureme
with sample), the experient then should run in the same set up with empty crucible. Once the blank
measuremat wasobtained, the measurement should then taken by using the same method which
then gvesthe final measurement and the graph for TGA/DSC curvestiatbubtracted bacground.

In order to take the measurements with samples, firstly, the mass of the empty crucible should be
taken and tared in the Houilt balanceof the instrument.The rext step is to fill the samples in the
same crucible which was done inside the glbee filled with Ar. Finallthe real measurement of the
sample was run with the already set up parameters, in which the blank curve waseuioysty. All

the samples were decomposed at Ar flow rate of 200 ml per minute inside the TGA/DSC instrument.
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3.3. Glove box

For handling the aisensitive samplehe MBraunglove box was used. All the sample preparation
was done inside the glove box wiitontinuously purified and protected Argon jAatmosphere.
During the sample handling inside the glove box, water molecede$\was always below 0.5 ppm
and the oxygen moleculesvel was below 8 ppm (here ppm is abtiated for parts per million).

The main parts of the glove box:

a. The main bx to work inside.
b. A pair ofrubber glove

c. Small antechamber

d. Large antechamber

Most of the time, the small antechamber is used as it has small volume, it will be easctate and

refill with the inert gasBvery time the glove box is used one must check thell of water (HO),
oxygen (@), and the gas pressure inside the glove box on the screen. This screen works as a control
unit of the glove box where thevels for the water or oxygen or other compants are shown in the

unit of ppm (parts per million) and the used gas pressure inside the box is measured in millibar (mbar).
While working on glove box one should always be very careful not to cut or damage the rubber glove.
While taking things inside thglove box from outside, one must first open the outer door of one of the
antechambes and puteverything inside the chamber, then the chamber needs to be flushed with
argon/inert gas foacouple of times. For this experiment argon was flushed the avahleast 3 times.
Flushing is generally done to remove the moisture and other components froitetinsthat is being

taken inside the glove box and it is donedwacuating and refilling the chamber by argon gas. One
must refill the chamber with argoat the end ofthe flushing process to open the door of the
antechamber from inside the glove box and prepare the necessary sample. To maintain the proper
working atmosphere inside the glove box is very important. For this purpose, one needs to decide
which substance is to keep inside the glove box and which not. This is an isokatioa so; it mver

should be open tahe air. Ante chambers should be undedynamic vacuum to minimize the solvent
vaporization inside the glove box.
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Figure 3.2Glove box used for the experiment situated at UiS research lab
Problenms and precautionwhile usingthe glove box

Working correctly on a glove box was the most crucial but tough part of the experiméntmist
important to use the glove box witltareful steps, otherwisethe airsensitive sample gets
contaminated with air or water and can destroy. Sometimes it is possible to make mistakes by
forgetting to flush the antechamber with argon after putting themsthat arebeing taken inside from
outside. At that time, the D and the Qlevel increase abruptly and can reach up &veral hundred

ppm andeven havea chance to contaminate the samples that are inside the glowe So, at that

time it is important to recirculate the argon othe inert gas inside the glovsox step by step as quigk

as possible by throwing the aiontaminated gas outside and putting in the pure argon inside the
glovebox. This must be done until the;@nd HO kvelsreach at least <10 ppm. Thus, leaving th

&l YLI S Qa even3nside the glasdyox is rver a good idea.
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3.4 Synchrotron Bamlineand XANES instrumentation
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Figure3.3: Schematic presentation of Russi&erman Beamline (RGBL) at BE$&H |l

The RussiagGerman beamline ahe dipole magnet D18 A of the Berliner Elektronen speicherring
fur Synchrotronstrahlung (BESSY) is a central part of thevMaaedof the Russiaerman laboratory
at BESSY. RGBL dipole is dedicated to higisolution photoemission and photoabsorption research
in the photonenergy region between 30 and 15@&Y. This is a plane gratingionochromator
beamline. This beamline works under up to .50"11 photons/100mA of flux and provided with
horizontal polarzation. It works under the temperature range of 1295 K and UHV (ultrahigh
vacuum)pressure[45].

To obtain the boron ¥dge spectra, the surfaesensitive Total electrogield (TEY) mode was used
and the TEY signals were collected via drainage current fromxerimental sample.

3.4.1. Sample holders

For the experiment in RGBL beamline, XAS experiment was checked by keeping the samples in three
different types of sample holders as shown in the figure below but the final data collection was done
using the indim tape on the top of stainlessteel which is shown in picture number b) of figure 3.4.
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Figure 3.4Three different types of sample holders for XAS experimene irst picture with indium
tape on the top othe stainlesssteel sample holder anthe stainlesssteel pallet over it (a)The
secondpicturewith copper tape on the top ahe stainlesssteel sample holder (bY.he thirdpicture

with indium tape on the top ofhe stainlesssteel sample holder (c).

3.4.2. XANESnstrument

Thesamples were prepared in the glove box with great precautions. The sample holders were then
transferred to the main XWESinstrument by perfectly setting up the required pressure and
temperature in the chambers of XAS instrument. After the samples wadetbto the main analytical
chamber, the sample holder had to be perfectly positioned so that the samples got hit By dlgélux

in the desired position of the sample. For this purpose, the, And Z positions as well as the polar
and the azimuthal angles of the sample holdesrevperfectly adjusted. Then after, setting up the
required energy range of th&ray flux, the experiment was then started when thegay flux started

falling ypon the sample and corresponding readings and the graph started being seen on the computer
screen. Once the scanning of the targeted sample byttay is finished, the file should be saved, and

the other scan should be started. The measurements vpendormed inan ultra-high vacuum, the
samples were located at 4%0 the X-ray beam.
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Figure 3.5The Main analytical chamber (inside the glass window) for performing XAS experiment in
RGBL, BESSY I, Berlin. The staisteskpallet with six di€rent samples is being treated widray.

3.5. XRD instrument

For this experimenta D8 Advance diffractometer from Bruker from the Wb i S N@idnded Q
laboratory, was used. D8 Advance diffractometer uses cofpay source which producexrays of
wavelength _ 1.5418A.
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Figure3.6:. NHz] SNR& 5y ! Ry OS RASVE NISOEsiantedaid®itithé A G dzI G SR
sample at the center (left), Goniometer to mount the capillary filled with sample (right).

X-rays produced by heating the filament in cathode ray tube were accelerated towards a target by
applying a 40Kv voltage and 25mA current. During the experiments, electrons accelerated with 40Kv
bombarded the target material and produced the characteristiesays. ThisX-ray can contain
different types of spectra, among all, &d K are weltknown.A monochromator is used to produce

a monochromaticX-ray which is necessary for diffraction. The monochromatic light is then made to
fall on a samm@ by selecting a certain range of argjietween theX-ray source and the detector. As

the X-ray source and the detector move in the given range of angle and sample is rotated with certain
rotations per minute, the diffraction patterns are reced in terms ofa graph ofthe scattered
intensityof scatteredXraysvs 2 (the angle between the detector an@ray source) During scanning
ofXraya U KNRdzAK GKS &l YLX ST AF GKS . debrEBy@&incidentT T NI O
radiation, constructive interference occurs, and intense peak can be observed in the pattern.

For this experiment the 2range selected asfrom 11-60 degrees, goniometer rotation per minute
was 120 It is possible to do the experimenithout rotating the goniometercontainingthe sample,
but this is not a good idea if one wants to get teod intensity peakdf the samples are rotated with
appropriate rotations per minute, the samples inside the capillaries would be positionedsaidiece
in its best orientation toX-rays, so that the sample can diffratrays with better intensity.

In order to carry out PXD ofélseair-sensitive samples, the capillaries hava@5 mm diameter were

filled inside the glove box. Capillaries for referenited were not airsensitive were prepared outside

the glove box. If the capillaries prepared for PXD is not fully compact or if the capillary is not properly
mounted and not aligad properly in the goniometer, then the sample may not be oriented properly
with respect to theX-rays and then it is possible not to obtain good quality data and hence the graph.

36



4. Data processingnd analysis
4.1. TGADCSlata analysis

Hydrogen gravimetric desorption measurements were performed usiagombined differential
scanning calorimetsghermogravimetrc analysi§DSCTGA) instrument from METTLER TOLHD®
samples were heated at differediecomposition temperatures and the heating rate of 5K/min in a
200 mlimin Ar flow. The samples were heated to a required temperature dntirkand then left to
decompose at isothermal conditions.

S.N| Decomposition Reaction Initial Mass of | Weight loss | % weight loss
temperature fC) isotherms sample (mQ) (mg) Per sample

1. | 240 19 hrs 9.8 0.1434 1.5

2. | 260 16 hrs 10.9 0.2 2.1

3. | 280 16 hrs 9.7 0.3602 3.7

4. | 300 3 hrs 10.8 0.6246 5.8

5. | 320 3 hrs 11.2 1.0479 9.4

6. | 340 4 hrs 10.4 1.1145 10.7

7. | 400 2 hrs 11.96 0.962 11.3

Table 4.1 TGADSC details of the samples prepared at different temperatures

Graphs given below show the details of total weight loss in the sarmdpleamposedt different
temperatures and at different reaction times. It also showstihtal weight loss irthe sample in
GSN¥Ya 2F Alda ¢SAIKG Ay WwWYydQ FyR GKS LISNOSyidl3IsSo
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9)

Figure 4.1Weight loss in the samples during decomposition-a¥ig(BH) in TGA/DSC instrumeirt
two septs for a) 24%C b) 26C c) 2806C d) 306C e) 326C f)346C and g) 4. Thered dashedline
shows the totalweight loss during thelecomposition of the samples whereas the blue dotted line
shows the weight loss itwo steps in selected region$he ample temperature during reaction is
denoted bya blackstraight line whie the other blaclcurve is the TGA curve that shows weight loss
duringthe reaction.
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