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Chapter 1: Introduction

Chapter 1

Introduction

This thesis isfocused on synthesis, characterization and physical study of new carbon based
materials (fullerides and graphenes) for the storage of hydrageih has been carried out at the
Carbon Nanostructures Laboratory (CNL) of the Department of Physics andSegtites at the
University of Parma under the supervision of Prof. Mauro Ricco.

The aims of tis study areghe synthesis and optimization of these materials, the improvement of
their storage properties and the understanding of the mechanisms and fifie sperction
between hydrogen atoms and metal decorated graphene and alkali cluster intercalated fullerides.
This studystarts from preliminary results published in the last few years by my research group and
it is part of a comprehensive approacithe use of carbon nanostructures for hydrogen storage, as
developed in the CNL group. It has to be placed in the context of a growing demand of renewable
fuels such as hydrogen, identified as a possible replacement to the current gasoline for automotive
application. In this domain, considerable interest is stimulated by the carnamostructures for

their relatively low weight and the possibility to modify the interaction energy with the hydrogen
molecule.
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1.1Energy problems & Hydrogen-based Solutions

Nowadays we arfacing energetic and environmental problems.

The extensive use of fossil fuels is rapidly depleting a nonrenewable resource and its combustion
produces carbon dioxide emissions that accelerate the greenhouseceffieibuting to global
warming'. Exhaust emissions from petrochemical fueled transportation release also a large amount
of oxides of nitrogen (NQ, greenhouse gases that play an important role in the destruction of the
ozone layef.

We need to change our economy based on nonrenewable oil/gas to a renewable based economy.
Hydrogen could be a good candidate as a practicatsairenergy, creating a cycle of that can

replace with benefits all the traditiorexiergeticabteps and problems.

Renewable _> N Transport

Energy ‘/7 & Storage

Dissociation

of Water

Clean

Energy
Figure 1:Cycle of Hydrogen

Hydrogen is an energy vector that can be burneafasl releasing an energy three times bigger

than liquid hydrocarbons and the product of the combustion is water instead 8f CO

The productionof H, can occurin different ways, the most common and green method is by
electrolysis of water using renewable energy sources like solar and biomass to dissociate the water
molecule. Starting from renewable sources for hydrogen production would agaiibwtento
eliminatethe CO, emissions involved in the current method of energy production.

For these reasons maoguntries are developing strategies and technologies to medde¢his new
promising economy, starting from the automotive sector.

Although hydrogen allows the podslity of a large scale storagés density in relation with the
storage systems represents the main practical problem that prevents its use.
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It is essential that the autonomy of the hydrogen devices is at least comparableatg#od the
petrol and diesel vehicles and to reach these performances we need to use approximately,4kg of H
the amount required to covarmistance 0400 km®.

This amount of required Hat room temperature and pressure would occupy a volume of 45 m
impractical for a car system.

First of all we need to introduce &fundamental parameterconneted with this
problem volumetric density and gravimetric density.

The firstdescribes the capacity of a material to store hydrogen according to the volume space of the
system it occupies (tank); the gravimetric density determines the amount in weigtenpesf
hydrogen accumulated in that materials.

To addresshe problem it was thought abaeéveral solutions that can be divided
consideringhe thredlifferent statesf hydrogen:

-storagen gas phasby means ohigh pressure compression to reeltiee volume
-storage ifdiquid phase

-solid statestorageusingabsorbent materiatsapable of easily loadir@nd release hydrogen

10*
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Figure2: Hydrogen phase diagram

In the compression strategy novel hglessure tanks made chrbonfiber-reinforced composite
materials have being developed and are able to resist up to 600 bar and filled up to 450 bar for
regular usé.

However they haveeveral disadvantagesd problems, mainly the safety field due to the risk of

an exploson.
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The condensation of gaseous hydrogen into liquid form is particularly attractive from the point of
view of increasing the mass per container volume because the density of liquid hydrogen is 70.8 kg
m3®and because we donét Have to operate under |
However also this storage solution present many problems caused by the working temperature.

At 1 bar the condensation temperature of hydrogé253® °C and the vaporization enthalpy at the
boiling point is 452 kJ kb. Liquid hydrogen containers are open systems to prevent strong
overpressure and can lead to the loss of hydrogen as a consequence of heat transfers of the system.
So unfortunately these continuitagsedy evaporatiortan cause dangr ofoverpressure.

The use of materialsapable of storingydrogenseems to bthe mospromising way for a
practical application, having also a higher volumetric density than gaseous and liquid $tbrage

an important aspect to underline is thefeliént interactions of Hwith materials.

Hydrogen can bind an atom with different bond strengths: it can be physisorbed or chemisorbed by
solid state material

In the former case there is a surface interaction between molecular hydrogen and the adsorber
system. Responsible for the molecular adsorption of hydrogen are weak dispersive Van der Waals
forces, between the gas molecules and the atoms on the surfdee slitl. Due to the weak
interaction between molecular hydrogen and solids, the amount of hydrogen stored at room
temperature is very low, while it can consistently increase at low temperatures, typically 77 K.
Physisorptiondepending on the applied peeire and the temperature a completely reversible
process, which means that the hydrogen can be easily adsorbed and released during several cycle:
without any loss. Furthermore, no activation energy is involved in the molecular adsorption of
hydrogenwhich leads to very fast kinetics of the adsorption and desorption process.

Since in physisorption the hydrogen is adsorbed only on the surface of aratiet, thann the

bulk, the most suitable materials for molecular hydrogen storage must be portthey have a

high specific surface area. For these reasons the most studied and attractive materials in this field
are zeolite$, clathrates®, metal organic framework (MOF2)and carbon based materis

During the chemisorption hydrogen binttsan atom forming a ionic or covalent bond and this
strong interaction involves high binding energy and gives in terms of application a reversibility
problem and also bad kinetics and/or thermodynamic properties because the formedveoyd is
stable.

Many metals and alloys are capable of reversibly absorbing large amounts of hydrogen, as we can
see in the figur@.

The family of hydrides is the most studied class of materials based on chemisorptions and

it presents good values in terms of volumetric andigreiric density

Onemore importanadvantage of metal hydrides is the ability to store hydrogen in a very efficient
way enabling hydrogen storage at rather low pressures without further need for liquefaction or
compressiort®.
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He

Allred-Rochow Electronegativity Ref: Huheey, J.E. Inorganic Chemistry ; Harper & Row: New York, 1983

P (onic hydrides CH: | NH, | H0 HE Ne
I Covalent polymeric hydrides
Covalent hydrides

B \etaliic hydrides

250 | 307 | aso | 410 |
SiHy | PH; | H:S | HCl | Ar

GeH, | AsH; | H:Se | HBr | Kr
202 | 220 | 248 | 274

'SnH, | SbHy | HiTe | HI | Xe

172 182 | 201 221

185 | 167 | 176 | 190

Figure3: periodictables of hydrides

However the products of hydrogenation are too stableétetydrogen release eénergetically too
expensive®. The reversibility of the reaction is also not gehievedor all systems.

In this wide panorama a higher mass densitg#&hable only with light elements such as calcium
and magnesium. In fact, in the case of Mg, it forms ionic Muidtis one of the most promising
hydrogen storage materials and has already been extensively studied due to its low price and high
hydrogencontent (7.7 wt %, 110 g/L}".

However the Mg/MgH systems suffer from slow kinetics and unfavorable thermodynamics that
hamperits usein practical application for automotive purposes. For example the enthalpy of
formation of the hydride {75 kJ/mol) corresponds to an equilibrium temperature of about 300 °C at
1 bar hydrogen pressure. In practice dehydrogenation temperatures above 40thé€dadand
theyare too high for storage applicatiohis

Finally, other importat strategies to store hydrogen in solid state are represented by hydrocarbons
that can be hydrogenated and dehydrogenated if their ratio of hydrogen to carboralidass
reversibility. For example Cyclohexane d€;,), reversibly desorbs six hydrogeatoms (7.1
mass%) and forms benzeneffg) °.

We canalsoconsiderAmmonia (NH;, 5.9 mass%) as a mestio release hydrogen digenerate an
indirect form of solid state hydrogen stordge

The table below shows the value in gravimetric and velumdensity of all the citednaterials

above
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sravimetric hydrogen
density
(kg Hy kg~ 'system) (%)

volumetric hydrogen
density
(ke Hy m— system)

pressure cylinder (500 bar, 25°C)
liquid hydrogen (1 bar, —253°C)
physisorbed hydrogen (70 bar, —200°C)

metal hydrides (1 bar, 25°C)

complex hydrides (1 bar, 150°C)

metals (1 bar, 25°C) Zn (H50)
ammonia (1 bar, —33°C)
hydrocarbons (1 bar, 25°C)
water (1 bar, 25°C)

4
3 (100%)
2(4%)

1.2 (1.85%)
4 (13.5%)
3 (3.8%)
(17.6%)

14 (14%)
11

27
40(71)
30
50(110)
50(120)
90

(15)

10

11

Tablel: gravimetric and volumetric density values for the main hydrogen storage systems

In particular the U.S. Department of Energy (DoE) imposed clear targets for solid storage in mobile

application to be achieved by 2059

- agravimetric capacity of 5.5 mass% hydrogen for the tank,

- avolumetric capacity of 0.040 kg hydrogen/L

Very important also to underlinare the completereversibility, the fast kinetics together with
optimized thermodynamic properties and the low cost of the storage system.
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1.2 Carbon nanostructures materials

Among the various field ofesearch in the wideorld of solid state storage systerttss thesis is

mainly focused on carbon based materials. Carbon can be a good alternative to hydrides: it is green,
biocompatible and often inexpensive.

In the family of carbon nanostructures miaks, two of them could be interesting for our aim:
graphene and fullerene.

1.2.1Graphene

Graphene is a single layer of carbon packed in a hexagonal lattice (honeycomb structure), with a
C-C distance of 0.142n. It has been produced and isolafedthe first time in 2004 by Geim

and Novoselov from University dflanchester (UK). This is the fir@D crystal structur¢hathas

been isolatedndhas highphysical stabilitthanks to the presence adublecovalent
bondsbetweerthe carbon atoms.

Figure4: layer of Graphene

It constitutes thédundamentaih br i ck o of g heonrdlly foren, mang lbtheearbono  t
nanostructuresor examplepy folding asheet ofGraphene oiitself you geta nanotube, similarly
you cancurve itto forma closed surfacebtainingthe Fullerenegsee Figurel).
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Figure5: fullerene molecules, carbon nanotubes and graphite can all be thought of
as being formed starting from a graphene sheet.

The materiakxhibitsoutstandinghermal,mechanicahndelectrical propertiemakingit interesting
for theoretical studieandfor technologicabpplications.

The production of grapheman occur in several ways: the startteggent@re mainlygraphite
andcarbides.

In the case o$ynthesisstarting from grphite,the aim is tseparate the layeds carbon thatre
held together byan der Waals wealkteraction forces.

The most common methodsedto synthesize graphene from graphite are:

- MechanicaExfoliation 2°

. itis based on exfoliation of graphitplanes by applying the
energyrequired to breakhe forcesof cohesiorbetween layers.
TheVan der Waalénteractionenergybetween graphite planes2eV/nnf andthe force required

to exfoliationis approximatey800 nN/um?.

- Chemical graphene® ("grapheneoxide"): this methodllowsalarge scale production
of GrapheneThe gaphite is oxidized by oxidizinggents, like concentrated acids, that introduce
on the surface many organic groups, in particular hydroxyldHj, carboxylic {COOH) and
epoxydic (CHOCH,) groups.

The oxidized partsan be removed hyeactiondike chemicalor thermalkeduction.

- Epitaxial growthona substrate®®; the growthis supported and occurs under controlled
atmospherandunderparticular conditions o andT.
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All these synthetic wayallow to produce graphenesth very differentmorphologies and
properties and so the strategy and the choice of the production method is a fundateprial
study graphene for marparticular application.

In our casegraphene is produced by a thermal exfoliation of graphite oxide.

The first step consistn the oxidation of grade RV& graphite powder to produce graphite oxide
(GO). This is obtained witthe Staudenmei@r Brodiemethods™: a treatmenin nitric
/sulphuricacid in  presence of stromgxidizer,in our case it has beemsedsodium
chlorate(NaClQO;).

GOis thenexfoliatedthroughheat shoclat 1150°C underdynamicvacuum.

The treatmenproducesa volume expansioof the sample, which increasés initial volume up

to 1000times. This thermallgxpandedjyraphiteoxide (TEGO) can be produced in gram scale and
this is a suitable advantage for practical applications.

Graphite GO
/ 4

Figure6: Principal steps in the production of TEGO
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1.2.2Fullerene Cgg

Csoand the dillerenes family werefirst discovered by Harold Krotet al 2* in 1985, studying

the formation of long carbon chains in the intersteb@ace and it is the most common
representative of the fullerene family.

The Cgo molecule presenta truncated icosahedron structure with a symmetry defined bihthe
point group and itdéds made of 20 hexagons and
It has a surface radius of about 3.56 A, but the outer diameter is increased to 10 A for the surface
occupation of moleular orbitals around the carbon shell.

Figure7: Schematic representation of thg (eft) and the crystdicc structure of solidCsg

Moreover the p electronare not homogeneously delocaliz on the sphere and provide two
different bonds: the edge shared by two hexagons is 1.46 A, the one between a hexagon and a
pentagon is 1.40 A. The main physical propertieSgfare reported in table 1.1.

average C-C distance 1.44 A

Cin mean diameter 6.86 A

Crn outer v.d.W. diameter 11.1R A

Clgp inner v.d.W. diameter 3.48 A

1% jonization potential 7.58 eV

2™ jonization potential 11.5 eV

electron affinity 2.65 eV

fee lattice constant (300 K) 14.17 A

fullerite density 1.72 g;"cmﬁ
(Jy, site radius 2.07 ¢

Ty, site radius 1.12 A
thermal expansion 6.2-107° cm® JK

Band gap 1.6 eV

Table 2 Main physical properties of solidéD

Cso can be synthesized from graphite throughdischarge in inert atmosphere.
This process generates a soot of carbon allotropes for Whids the most abundant species ( 80
%) and can be easily separatsihgchromatography.

10
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As shown in Fig.7, in the solid stat&Cg; molecules arrange into a face centered cubic structure
(space group F m3m) with a=14.17 A at room temperature anefulierene distance of 10.02 A.

This structure presents large octahedtdd) (and tetrahedrallf) voids.

Stating from 260 K the molecules are free to rotate ardhed center of mass in a orientationally
disordered plastic crystal. When the temperature decreases under 260 K the rotation is blocked and
the structure chang@nto a simple cubic cell (space gmBRa3).

The high molecular symmetry provides two different energy scales: one is associated with the
strong intramolecular covalent bonds and a weaker one due to Van der Waals soft interball binding.
This feature deeply influences the electronic behathersolid states resemble the molecular levels
with the addition of a weak splitting in narrow bands (seeBfas an effect of the crystalline field

In the ground statef the moleculethe 60 valence electrons are localized on only 7 energy states.
The hy molecular orbitalevel ( = 5) is completely filled by the ten remaining electrons, becoming
the highest occupied molecular orbital (HOMO), andtthéevels become the lowst unoccupied
molecular orbital{LUMO), while the LUMO+1 levels havey symmetry. The HOME@.UMO gap

is about 2 eV. The lowest unoccupied molecular orbital (LUMO) presents a non bondingmature
agreement with the ggelectronegative character and is triply degenergniimetry),

allowing the population of§ LUMO level with the possibility of reaching anion charges of 1Pe

=
-‘-h-""‘-—._
2 - g |—-zu 5?—;’ %-ﬂ:ﬁ_
aaaa Hu
LI, £ 2 fjbﬁ“‘*
1 hg 1.0 = _"‘---.-:--""’-‘E‘/:E
r _J—p LA LUMD
- - '] - = :-T'_-_..
0 - - - e 00 [ e T |
— >
? HtHHH hy E
LU L
{E::: L - I z 1.0 HoMo|
: rnnadBE ) —— Py
2| ot 2y 20 f
H g Mg
+He LT
-3 F + 2y -3.0
-4.0 .
r ¥ OOW L r K 0O 20 40
DOS [slateais V]

Figure8: Scheme of molecular orbitals off@and the derived electronic band structure
in the molecular crystal.
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1.2.3The alkali intercalated fullerides

We have just explained the ability G, to accept electrons on its LUMO orbitals and in particular

the molecule can receive up to 6 electrons otlitd UMO levels®.

Moreover, the large intermolecular voids in fice structure can allow the diffusion of light ionic
species, such as alkali and alkaline earth. The intercalation of transition metals is more difficult due
to the high cohesive energy of these elements and the poor tendency to donate their €agfye to

in these cases the synthesized solids are often amorphous or polymeric.

Since the discovery oCs, a wide variety of intercalated fullerides were synthesized, with
interesting applications in the fields of superconducti¥fignd energy storadé.

Whereas the undoped fullerite is a semiconductor, when it is doped with electron donor atoms the
conduction bands are progressively filled leading to the formation of metallic and insulating phases.
Nowadays it is easily possible to synthesize a huge nunibgeccalated fullerides.

Our research group has widely investigatedny alkali-metal intercalated fullerides for energy
storage applications in the last few years introducing a new promitiisg of materias for
hydrogen storage.

In particular Lithium and sodium intercalatexystems have shown interesting and different
properties as absorbent materials due to their different gravimetric and thermodynamic properties.
Lithium and sodium are the smallest alkali metals and this alkklovegatively eay intercalation in

the fullerice lattice. Moreover, théi,Cso and NaCeso are the only known alkali fullerides that
permit the existence o ffccfsllendd ldtticefitipieally abtdineddad anc | u s
high amount of ir¢rcalated metal corresponding to a stoichiometry ratio of riggafore than &.

The synthesis of these materials usually occurs via solid state synthesis and in ounajnbyijpy
chemical or physical intercalation with a process described iingiime below.

A = metal (Li, Na)
Reaction at -30 °C for 1 day and
slow evaporation of solvent

/

NH; solution (-70°C) - Chemica-l
intercalation
Cgo powder /
O%57%) \ ACg
Grinding, Ball-milling physical / .
/ intercalation  Annealing at 300-450 °C
for 1 day (DHV)

A or AN; powder
Ar atmosphere (O,, H,O < 0.5ppm)

Figure9: Main synthetic ways to produce lithium or sodium intercalated fullerides in
Carbon Nanostructure Laboratory in Parma University.

As shown in Figure 9 it is possible to directly intercalate the metal or use the metal azide precursor.
12
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In the first caseCgo powderis mixed to small pieces of metal in the stoichiometric ratio, in order to
obtain typical 406600 mg batches of powdérhe grinding processakesplace in a 10 ml volume
agate balmilling jar containing the sample and 3 agate spheres of 10 mm dignketesch Mink

Mill Pulverisette 23), whichis mechanically shaken at 30 Hz for 60 min (typical milling step takes
106l dwdd by 506 pause, i n order to avoisthenj ar
pelletized, placed in Ta foil bags, sealed under high vacuum®(sit@r) in a Pyrex vial and
subsequentenly treated in a furnace at 270°C for 36h.

Following the sythetic approach using metal azides @owder isgrindedwith Li or Na azide
powder in a mortar, pelletized and finally treated under dynamic vacuum to decompose the metal
precursor releasingJ\

In this thesis work we have mainly investigated two particular intercalated fullerides:

Li12Ce0 and LiCso.

At low temperature (20 K), LiCgois a monoclinic crystal (space grolg 7o) a= 9.888(9) A,

b =9.901(8) A,c = 14.290(8) Ab = 89.51(6)°) where the ggmolecules are centred in the same
way of thefcc Cgo Structure, but rotated to ~ 90° around the [001] axis of the parent cubic lattice.
This structure is characterized by the presence of a small cluster of five Li atoms (eittred
tetrahedron structure), residing in the psetetahedral voids of the parefat lattice (sed-igure
10), while the remaining two Li ions, which complete the stoichiometry, are delocalized in the
remaining interstitial spac. Above 553 K the structurbas beerdetermined to bécc (space
group”Odoa ), with a Li cluster in the central octahedral void and thgnlecule characterized
by rotational disordet’.

13
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Figure 11:structure of LiCe

Also In the case ofigCso > the structurénas been determined be afacecentereecubic structure

(space grougF-m-3m a = 13.86 A and Li clusters and ions occupies the lattice interstitial voids
(Figure 11)

In thisintroduction we have sed¢he mainstarting materials and the aim of the research sowew
need to understand and introduce their properties and behaviors in the hydrogen storage field.

14
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1.3Hydrogen Storage in Carbon Nanostructures

We have already sed¢hat bare carbon materials are not suitable for room temperature sorption as
the physical adsorption of hydrogen takes place atstmall binding energies ( < 2Q/nol),
requiring low temperatures, while the chemical absorption isttemg (> 50 B/mol) and requires

to work at high temperatures. In order to operate around room temperature, the physical binding
energies must be strengthere@dhe chemical binding energies must be lowered, taking advantage
of particular effects that can occur when hya@nognteracts with other elements: like it happens for

the Kubas binding® and the spillover effec¥.

The Kubas interaction involves a transition metal (M) and a hydrogen molecule and results in the
formation of a dihydrogen complex formed by a thceater 2electron bond in which a molecule

of H, acts as a two electron sigma donor to the metal center.

A typical dihydrogen complex is formed in the second step of the subsequent reaction:

L, M+ H—H — L, M<+— — L, MH>
H

where Ln represents one or more ligands (such as CO,phbsphine) attached to f

Whereas n the spillover process the dissociation of the hydrogen molecule and the reversible
chemisorption is mediated by metal nanoparticles.

To take place, this mechanism needs a npstelcle (for example a clustef few atoms ofPt, Pd

or Ni), which has to be dispersed upon an inert support (receptor or carrier). The real absorber

is the receptor surface while the metal particle has the role of dissociating

the incoming hydrogen molecul&s

The process can onlyork if the carrier is able to allow the diffusion of hydrogen chemisorbed on
its surfaceThe metal has the role of lowering the energy pathway for gaseous species which are
firstly adsorbed by it and then diffusen the plane of the carrier.

Thanks tothe diffusion of atomic hydrogen onto the carrier surface, the metal particle is always
virtually free to continuously split netd, molecules.

15
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Figurel2 schematics of spillover process

Both these mechanisms involviemding energy in the range @0-50 kJ/mol, which is the useful
range to realize an efficient carbon solid state system in order to operate at room temperature.
The figure13 shows the possible interactions that occurs between hydrogen and carbon materials

with the related energies.

Graphene (phys) Graphane (chem)

b e
P> 233 @ " ,¥9o B0 Herooin storms
1

Chemical
Hydrides

Metal
Hydrides

100

. %= Hyspillover

IO

Binding Energy (kJ/mol H,)
Figure13: binding energy range required for practical solid statetétage applications

In the case of physisorption we have introdlttee importance of a high specific surface area that

can increase the number of interactions of the material with the molecular hydtogen

In particular the amount of physisorbed hydrogen is proportional to the surface area and in the case
of carbon mateals theoretical studies have calculated that this correlation at 77 K is

1.5 mass% of kiper 1,000 g * of specific surface area (figuiet ) 2.

16
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Figurel4: Reversibly stored amount of hydrogen on various carbon materials versus
the specific surface area of the samples. Circles represent nanotube sampfiés (best
line indicated)friangles represent otheanostructured carbon sampfés

Other theoretical studies have shown that another important parameter is the curvature of the system
3 Actually the binding energy of hydrogen is enhanced in curved carbon sheets.

This is due to asprhybridzatieniof flabcarbon foragantiai taebon
hybridization, forming a curved structure witthigher number of carbon atoms interacting with the
hydrogen molecule.

For this reason nanostructures like carlbanotubes and fullerenes, which displays a high grade of

sp’ hybridization, are more promisirgndidategor this purpose.

Also the presence of metal catalyzers and charged systems has been demonstrated to improve the
physisorption creating a sort of mild chemisorption.

Metal ions can in fact bind hydrogen molecules by mearmhifal interactios ** (named Kubas
interactionin case of metals which possess availahdebitals) and similarly, light alkali metal ions

can polarize the hydrogen molecule throaglelectrostatic interaction

Moreoverwhen a metallic cluster is preseantthe system, the spillover effect can leadcatow

energy chemisorption of hydrogen atoths

So if we start from a graphene plane, the binding energy of hydrogen can be optimized by operating
on three factors: the curvature, the charge and the prestaceetal catalyst to allow a spillover

like process.

We hare found that partially ionized alkali clusters are quite suitable for this applicitamd in

this thesis we investigate a spillover system in fullerene, following the prediction that a charged and
curved spcarbon could meet the suitable conditions for hydrogen absorption.
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1.3.1Hydrogen storage in graphene systems

Grapheneseemsa promising candidatéor the production othydrogen storage systesms:

- it hasalarge specific surface area, equivalen2680m?g, theoretically predicteddmitting the
accessibility oboth sideof graphene.

- ltis lightweightandhas remarkablenechanical properties (Young's modutdd TPa,
5 timesthat of steelthat guarantedurability and reliability.

- Macroscopiquantitiesmay also be available, thanks to the developmentheical
techniquedo produce iin large scale.

However theoretical calculationand experimental resulkmve shown how graphersable
to physisorb hydrogemoleculeonly atlow temperature (7K), due to the higlpotential
barrier(3.3eV) which shouldovercometo dissociate KH>.

The interactiorof graphenawith atomic hydrogemraninsteadboe energetically favorabknd can
occur eitheon theplaneor on the edges.

On the plane H ishemicallyabsorbed througaAnexothermigorocesgwe can onlyovercomea
smallactivation energpf 0.2eV) and formsa stable systerwith abinding energyf aboutl eV.
The Hbond to the edges has a higher binding energy of 4 eV.

Theoretical calculationsave shown thahe energy with whichcarbonbindsatomic hydrogen
grows bycoveringthe surface upo reach6.56eV in the case ofraprene (seeFigure15) system in
which allcarbons arep® andare linked tal hydrogen (containing 7.7 mass% of H).
Unfortunately the working temperatusetoo highfor practical applications.

Figurel5: Graphane
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However the binding energyxan be opthized,for example, decoratingraphenewith alkali
metals alkaline earth metalsr transition metals”.

The binding energpetweergrapheneand H can be increasemperating on twdactors:

1) The polarization dfhehydrogen moleculedueto the electric fieldyenerated
by ionizedalkali/alkaline earthatoms can increaséhe physisorption binding energy.

2) A guanturamechanical interaction (according Kubas) which consistsin the specific case of
alkalineeath metalsand transition metalsn the hybridisation of d orbitals of the metal with the
hydrogen molecular orbitals.

In the second casehatwe expects that thell bondingorbital of H, makes an hybridizatiowith
thed atomic orbitalof the metal byheretroorbital donationof antibonding

d molecular orbitafi * of H,.

If this processl o e s n 0 tit leadst  pthelissociation oH, moleculeand the formation
of thehydride.Moreover a singlenetal atontancoordinatemore tharone molecule ofiydrogen.

However he presence of metals can bring another issue: the atetas carform aggregatedue
to theirhigh cohesiorenergy(of the ordeiof 4 eV).

Neverthelesghe formation oimetallicaggregateon graphenanay still facilitate the absorptioaf
hydrogenthroudh the"spillover" phenomenorand the formation of 1 bonds mediated by metal
clusters.

Nanoaggregatesf Pd, Ni,Ptare knowrfrom the literaturé¢o lowerthe dissociation energy the
H, molecuk, promoting the formation of atomic hydrog#mat can interact with the actidefects
of graphene, likédanglingbonds".

On the other hand, the diffusiaf H on gaphene is another important aspect for the realization of
a spillover and some recenstudies suggeshat this phenomenowccursalreadyat room
temperature.

In 2014 our research group haliminary investigated a Ni decorated graphene (TEGO) s§5tem
studying its hydrogen physisorption, compared to a bare graphene.

In that study the microscopy analysis demmatistl the formation of monodispersed nickel
nanoparticles, ol 7 n m ( Gdiameted, decomajing the single laygaphene sheets and the
presence of Ni led to a significant improvement in the amount of moldoydaogen adsorbed at
77 K.
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In fact, according to the theoretical physisoption 1&f mass% of biper 1,000 g of specific
surface ared, we found for our graphene system, with a specific surface aré@5ofif g ™
(theoretical adsorption0.75 mass%)a maximum adsorption valwd 1.15 mass% 51% higher
than pristine graphene at the same conditfns

These results shows us that the physisorption process is not so promising, mairmlypgahsdow
amount of hydrogen sorbed. Probably better results could be obtained stabgmgsorption,
using metals to dissociate the hydrogen molecule.

For this reason it has be#mought to optimize the catalyst nanoparticles size and in this thesis
are going to see theesultsobtainedin the synthetic optimization of the Pt and Ni decorated
graphenes.

Another possible use of graphedioe hydrogen storages to applyonly asa substratéo promote the
nanosizing ofmetal hydrides.

Now we can tryto understand the advantages of this alternative approach of improving the
properties of a given material by nanosizing and/or supporting that méterial

Even if this approach is relatively new for hydrogen storage applications, it has been knawn for
long time in other fields such as heterogeneous catalysis, where a high surface/volume ratio is
essential.

The idea of using porous materials as a support for nanosized active species is widely used in the

field of catalysis. Depending on the application, a supporting material can fulfill a nwhber
different purposes. Thiggure belowshows a schematic oveewv:
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Active hydrogen storage
compound

ﬂ Deposition

Nanometer sized particles: < Porous SUDDOYt » Macroscopic support bodies:

= stabilization of particle size l = improved thermal management

= change in thermodynamics = mechanical system stability

= faster kinetics Active phase confinement = tuning accessibility active phase
and anchoring:

= prevention of sintering
= limiting phase segregation

= change in thermodynamics

Figurel16: schematic illustration of the potential advantages of using nanoporous supports
for hydrogen storage materials

Interesting material classes are unsupported clusters, nanoparticles and nanostructures, and 3D
supported or scaffolded nanaterials®.

In general, the crystallite size of the materials uksed is below 10 nmamndt 6 s | mport ant
to obtain these nanosized materials, but &d$oy to control the morphology and particle size.

However, it is well known that the fundamental physical and chemical properties of materials can
change drastically wheentering the nanosize regimi&so one can emect important changes
hydrogen sorption propertiesich as impved kinetics and revsibility and possiblya change in
thermodynamics.

For this purpose graphene is again a perfect candidate due to its outstanding morphological,
physical and chemical properties.

In the experimental part of this thesis we will able tonsae example of this strategy, studying the

decoration of TEGO with magnesium nanopartighesrderto produce nanostructured Mgldnder
hydrogen pressure directin the surface of graphene and investigate its desorption properties.
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1.3.2Hydrogen storage in fullerene and fullerides

Another important part of thisork has been the study of intercalated fullerides to improve their
hydrogen absorber performances and understand the mechanisms involved in this process.

Fromthe literature we know that pur€, can chemisorb hydrogen only at very high temperatures
and the process is irreversibfé Only a small fraction of the absorbed hydrogen is desorbed
followed by the breaking of the molecule. It has been also explainedCgpatan be easily
intercalated and charged by alkali mefdls

There is &0 arisk associated to thiprocessbecausehe alkali atom can also bind hydrogen
making the hydrides which are quite stable and it would be quite hard to desorb it.

If few alkali per molecule are ntercalated you synthesizéullerides well-known for
superconductivity’, butthere isno relevant improvement in terms of hydrogen absorptiespect
to pureCego.

The intercalation of relatively high amounts of light alkali metals in fullef@p@ives fullerides in
which alkali clusters occupy the octahedral interstices of the fcc lattice.
In thesesystems th€go ball acquires 6 or less charges and the clustersnly partially ionized.

In the recent paslithium and sodium fullerides were investigated and it was demonstrated that, in
the case of LgCgo and Li,Cgo,they can reversibly absorb up to 5 wt%iH their bare form and up
to 5.9 wt% H when doped with catalysta

Coupled manometrid calorimetric measurementshowed that the overall dehydrogenation
enthalpy value for LCgois about 63 kJ/mol

In the case of Ni&go the enthalpy of reaction for the formation afss + 6NaH from Ng@Cgowas
predicted to be 56 kJ/molhvhile in case of NaCgo was measured to be 52 kJ/mol*&l

The onset temperature for dehydrogenation decreases from 3@8 E{Gso to about 250 °C for
NasCeo. It is also worth pointing out that the addition of catalysts, useful for improving the kinetics
of absorption and the maximum value of absorbed hydrogen, does not affect significantly the
enthalpy of desorption. This in agreement with the role of catalyst, present in form either of micro
and naneparticles, in dissociating the hydrogen molecules, while the detachment of a hydrogen
atom from a GH bond in hydrofullerene depesdn the lability of this bond.

From thispoint of view, the transition metal catalyst plays a-fawral role (being dispersed in the
carbon matrix), while the dehydrogenation ofolfy is a local process (occurringt molecular

level).
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During preliminary studies we also investightihe sorption mechanism by mean of neutron
diffraction and muon spin relaxatioechnique®.

In these systems hydrogen mainly covalently binds to thenGlecule, thus forming the smlled
hydrofullerene CsoHy, y ~ 3648), while a minority part reastwith a fraction of the alkali metal
ion (Li or Na), segregating as alkali hydride.

In situ neutron diffraction explorethe hydrogen desorption procedstected the return to the (fcc)
pristine structure in a reversible storaged the contemporary thermal decomposition of lithium
hydride, which is formed upon lithium detercalation during kFuptake.

In both Li and Na fullerides, the presence of alkali clusters & dttahedral voidseems to
influence the hydrogen dissociatiand facilitate its chemisorption by significantly lowering the
hydrogenation temperature, which is observed only at 550 °C on kar@heérefore neither the
Kubas, nor the eleaistatic interaction seetn be the main responsible for the binding of hgdro

in LigCgsp and NaoCso. Unfortunatelya complete understandingf the absorption/desorption
process still lacking: i.e.we need to make clear i, dissociation is praded by intercalated ions
or by charged fukkrene moleculeand alsowhich is the imiting factor preventing, in both cases, a
complete GoHso hydrogenation.

Muon spin relaxatiotechniquewas recently adopted to study the initial stages of the hydrogenation
mechanism in particular for §&Cso, NaoCso, and Li-Csq™®.

In these fullerides, muons showed that the presence of intercalateehadkalliclusters plays an
important role in the dissociation of the hydrogen molecule at moderate temperature, while the
highly-charged anionic state ofg&readily captures the ataenhydrogen. This process is even more
efficient below room temperature

Although alkali cluster intercalated fullerides nearly meet the DOE requirements in terms of
hydrogen amount, the kinetic of their absorption is still not ideal. In fact aftelatively quick

uptake of approximately 3 wt% for dGso the remanent 2% is absorbed quite slowly. This slowing
down, we have seen from investigation techniques, that is triggered by the formation of the hydride
and the consequent reduction of the clusizes.

In order to improve the kinetics we followed two different approaches:

the first approach consisted in the decoration of the lattice with transition metals nanoparticles
which are known to facilitate the,Hnolecule dissociation and initial inuegations have shown
promising results.

In particular we tried tintercalate Pd or Pt nanopatrticles into the fulleride lattice. These are known
to be good catalysers for hydrogen dissociation and the final amount of absorbed hydrogen raised

from 5% to amost 6% for both cases and the systems work at lower temper&tures
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Also a study using Ni nanoparticles has been performed, showing also in this cabke firsl
amount of absorbed hydrogen reaches the DOE required value of 58.wt%

The secondipproach has followed the observation that Na intercalated fullerides display a better
kinetics but a lower absorbed amount of hydrogen, so we prepared fullerides intercalated with both
Na and Li*,

Part of the present thesis is aimed to provide theteesfilthis cointercalation approach and will

showthe benefits of this strategy and howsitpossible to control arfdrtherimprove thestorage
properties of thesmaterias.
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Chapter 2

Experimental techniques

The aim of this chapter is to describe the range of analytical techniques and methods used to
charactede the materialsynthesized during this thesis work

2.1 X- ray diffraction (XR D)

X-ray powder diffraction (XRD)is a rapid analytical technique primarily used for phase
identification of a crystalline materialt provides information onthe crystal symmetry and on the
atomic arrangement in thumit cell.

This technique has been discoveredMigx von Laue in 1912, which understotitht crystalline
substances act as thréenensional diffraction gratings for-Kay whosewavelengthis comparable
with the atomiglanesdistancean a crystal lattice.

X-ray diffraction is based on constructive méeence of monochromatic-Kays diffused by the
crystalline sample. These-pays aregenerallygenerated by ra X-ray tube, filtered to produce
monochromatic radiation, collimated and directed toward the sample.

The interaction of the incident rays withe sample produces constructive interfereand a
diffracted raywhen conditions satisfhe Bragg's Law

na=2d sind.

This law relates the waveleng#of electromagnetic radiation to the diffraction andleand the

lattice spacingd of a set of atomic planas a crystalline sample. Thegosition and intensity of
diffracted Xrays aremeasured by a detector, which in a powder diffraction experiment, moves
around the samplscanning a range ofdzangles the diffraction peaks argetected whenever the
detector intersects the Deb$eherrer cones generated by the samplies to the random
orientation of the powdered material.

By using the Braggbs | aw, i diffractiom pepkangtrsdisatirgs t o |
allowing the identification of the raterials by comparison of -@¢pacings \th standard reference
patternspecause eadctlementhas a set of uniquegpacings

More in detail, X-rays are generated a cathode ray tube by heating a filament to produce
electons, accelerating the electrons toward a target by applying a voltage, and bombarding the
target material with electrons. When electrons have sufficient energy to dislodge inner shell
electrons of the target material, characteristica)( spectra are proded. These spectra consist of
several components, the most common bein@ai€l K. Kyconsists, in part, of & and K.

Kwm has a slightly shorter wavelength and twice the intensityiasThe specific wavelengths are
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characteristic of the targetaterial (Cu, Fe, Mo, Cr). Filteringdpy foils or crystal monochromaty

is required to produce monochromatiera§/s needed for diffraction. ffand Kgp are sufficiently
close in wavelength such that a weighted average of the two is used.

A detector recats and processes thisrdy signal and converts the signal to a count rate which is
then output to a device such as a computer monitor.

Intensity
100

a0
a0
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30

]

a 10 20 30 40 50 &0 70 a0

Figure 17: example of a diffractogram of,C

The geometry of an XXay diffractometer is such that the samtates in the path of the collimated
X-ray beam at an angtewhile the Xray detector is mounted on an arm to collect the diffracted
X-rays and rotates at an angle af Ihe instrument used to maintain the angle and rotate the
sample is termed goniometer For typical powder patterns, data is collecteddr@m ~5°to 70°,
angles that are preset in therdy scan.

The synthesizedamples have been analyaesinga Bruker D8 discover diffractometer, operating
in DebyeScherrer geometry and ugia sealed tube generat@Quy and a 2D detector (GADDS)
The beam is monochromatized and collimated by double -congded Goébelmirrors, inserted
between the generator and the specimen. This altoveelect just th&yl line of copper &=
1.540612 A).

The diffracted bears detected by a-@imensional HISTAR area detector: this is a multi wire
proportional counter (MWPC) of 11.5 cm diameter.

The 2D image acquireoh the detector is processed by the GADDS program and integrated.
The DebyeScherregeometry allows to analyze also small quantities of sample.

These small quantities of investigated air sensitive sample powder are in general intiodaced
seded glass (or quartz) capillary, avoiditige exposition to externatmosphere.

Themain disadvantagef this diffractometer is presented by the low angular resolution
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in 2d (~0.05° with detector at distance of 20 cm from the specimen), visiakrinsically linked to
the density of wires in the detectords chambe

Figure 18:Bruker D8 discover diffractometer

29



Chapter 2: Experimental techniques

2.2 Neutronscattering experiments

The neutron is a powerful probe for the study of condensed matter, and has significant advantages
over othettechniquedor the study othemicroscopic structure and dynamufsmatter

Neutronscattering gives detailed information about the microscopic behavior of condensed matter,
playinga major role in shaping the experimental and theoretical understanding of materials ranging
from magnetism and superconductivity to cheahisurfaces and interfaces.

A neutron is an uncharged (electrically neutral) subatomic particle with mass 1,839 tinuéghba
electron. Neutrons are stable when bound in an atomic nucleus, whilst having a mean lifetime of
approximately 1000 seconds adree particle. The neutron and the proton form nearly the entire
mass of atomic nuclei, gbey are both called nucleons.

Neutrons scatter from materials by interacting with the nucleus of an atom rather than the electron
cloud. This means that the demtng power (crossection) of an atom is not strongly related to its
atomic numberunlike X-rays where the scattering power increases in proportion to the number of
electrons in the atom.

This has three advantages:

1) it is easier taletectlight atoms, such as hydrogen

2) neighbouring elements in the periodic table generally have substantially different scattering cross
sections and can be distinguished,

3) the nuclear dependence of scattering allows isotopes of the same element uhbktardially
different scattering lengths for neutrons. Isotopic substitution can be used to label different parts of
the molecules making up a material.

Neutrons have wavelengths similar to atowhigtancespermitting diffraction measurements to be
performed.

2.2.1 Neutron diffraction

Neutron diffraction provides information on the location of atoms within a sample, which may be a
single crystal, a polycrystalline powder, a glass, a liquid or even a gas. Single crystal diffraction and
powder diffraction may be used to reveal the positions of the atoms within the unit cell of a
crystalline material. For a disordered material, total diffraction is used to determine the atomic
correlation function. Neutron diffraction also provides informatiorttenlocation and orientation

of the magnetic moments in a magnetic material.
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Neutron diffraction is of use for the study of physical phenomena within a sample, as well as for
studying the atomic structure itself.

The wavelike properties of the neutronere first demonstrated, by means of diffraction, by
Mitchell and Powers in 1936.

When a beam of radiation is incident on a crystalline sample, interference effects between
wavefronts scattered from the regular array of atoms in the mateodilice a diffaction pattern
characteristic to that material.

Measurement and analysis of this diffraction pattern allows the locations of the atoms in the
material to be determined.

When the path length difference between waves scattered from successive layerssof aiom
whole number of wavelengths, constructive interference gives rigaipg Reflectionsonly in

certain welldefined directions. If a single crystal sample is placed in the b#an, scattered
beams are observed i n amhaw isdsatisfiedoyt soneenset bfBraggwh i ¢
planes.

Therefore, knowing the wavelength, and the angle between the transmitted scattered beam
directions, 2, we can calculate the interplanasplacings, antience determine the dimensions and
symmetry of thaunit cell.

From the de Broglie relationship= h / mvit can be seen that neutrons with therevargies have
associated wavelengths of the order of interatomic separations.

A typical thermal neutron with a velocity of 2200 Tkas an energf = 25 meV(given by its

kinetic energy, ¥nv?) and a wavelengta= 1.8 A.

Thus, neutron diffraction experiments can be used to investigate crystal structures in a manner
analogous to X ray diffraction.

In an X-ray or electron diffraction experiment the radiatisscattered by the electrons surrounding

the nuclei and an electron density map is obtained, from which the positions of the nuclei can be
deduced. Neutrons, however, are scattered by the nuclei themselves, and thus a neutron diffraction
experiment givea direct measurement of nuclear positions.

In this thesis we have used this technique, mainly to study the structure and the phase transitions of
fullerides.

In particular using neutron diffraction instead of X ray diffraction can solve many problems
connected to our investigated carbon nanostructures based systems.

Firstof all, carbon is a light element and this affects Hsa¥{s scattering crosection

(which is proportional to the atomic number) weakening the sigepécially with laboratory Xay

sources. This problem can be easily overcbsnacquiring for longer time.

Fullerides of light alkali metals hatbe same problem. In particulay, is verydifficult to localize

both withlaboratory and synchrotron sources ofays. By using neubns, insteaaf X-rays, one

can overcome some drawbacks. For example, carbon ogmosdacoherent cross section and zero
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incoherent cross section. Hydrogerpiactically invisible with Xrays (only in some cases a depth
analysis withsynchrotron light caigive more information) and with neutrons the incohesggal
completely cover the coherent one.

Isotope Coh. xs (barn) Inc. xs barn
H 1.7583 80.27
D 5.592 2.05
c 5.559 0
Li 0.619 0.78
Na 1.66 1.62

Table3: table of coherent and incohererutron cross section (xs) of the
most representative isotopes for this thesis.

However, is possible tobtain structural information by replacing hydrogen with deuterium, whose
coherent cross section is more than double that the incoherent one. I8 thbleeutron cross
section are reported fOH, H (or D), Naand themost abundant isotopes of carbon and lithium.

It turns out that lithium ikardly visible with both neutrons andrdys diffraction.

Another problemof fullerene systems is the prese of intrinsic disorder: after the unit cél

found, the center of mass G§, can be easily localized but its orientatismever obvious and often
merohedral disorder occurs. Moreover, an amorphous phase is always present in fullerites, which
affects the backgrourgignal.

2.2.2 Inelastic neutron scattering (INS)

When a neutron interacts with a nucleus, it can be either absorbed or scatteretitiartbase its

energy and/or trajectory can be affected. The relatively weak eoétlyg thermal neutrons used in

a neutron scattering experiment (in the order of fie@/) prevents the excitations of the internal
nuclear levels and core electronic states, isutesponsible for the sensitivity of the neutrons to the
global dynamics of the matafiunder study.

The neutromucleus interaction is characterized by a scattering length, which can be a complex
guantity for an absorbing material and which quantifies the capacity of an isotope to interact with
the neutron beam.

This interaction dependsn the total spin state J = | + S of the neutnogleus system (with | the
nucleus spin and S that of the neutron). The scattering length therefore varies from one chemical
species to another, but also from one isotope to another within the same. species

In the elastic neutron scattering the energy of the incoming neutron does not change after being
scattered from the sample whereas in inelastic neutron scattering the energy of the scattered
neutrons are different from those of the incoming neutrons.

Herce, ly contrast to elastic scattering, a part of the kinetic energy of the neigrivassferred to
the sample for inelastic scattering.
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An example of inelastic neutron scattering spectrometer is given in the figure 19.

The analysis o&ninelasticspectrum provides information on the energy levels of the sample under
study.These levels can be magnetic (cry$tald, spin waves), and/or nuclear.

In the lattercase they fféect thefluctuations of the atomic positions in the system, which vary with
the thermodynamics conditions (P), df the sample. The time (and space) periedications of the
atomic positions will réect the interactions at stake in the sample.

In our systemshte coherent pauf the scattering originates essentially from carbontrtbutions

and will develop théncoherent term as if originating uniquely from hydrogen atoms.

Also, when metal decoratedraphene or metal intercalated fullerides are considered, the
contribution of themetallic particles should be included. particular, Ni, Li and Na atoms have
coherentand incoherent cross sections which should be taken into account in the interpretation

of their spectra.

Background choppers Curved monochromator

| Diophrogm | Shutter
Sapphirefilter

Fermi chopper
Monitor
Diaphragm

collimator
Small angle detecor

Figure19: layoutof the IN4C® time offlight spectrometer (ILL, Grenoble) used for our investigations.
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2.3 Muon Spin Relaxation ¢ SR)

MSR techniqueuses the muon spin to look at structural and dynamical processes in thd hulk o
material on an atomic scalg probing the local magnetic field

In generalit is mainly used to study magnetic and superconducting materials, but is also used to
study chage transport, proton diffusion, and the chemistry of muon radicals.

It is a really promising and usefalternative technique for the syudf hydrogen storage materials
thanks to the production, in many systems, of Muonium.

In @ muon spin rotatioexperiment a beam of spin polarized positive muons is implanted in the
sample The muon makes a pression under the influence ofacal magnetic field and, in case, of
anexternal applied field.

After an average mean lifetime of 215 the muons decayto a positron and two neutrinos.
Thanks to the parity non conserving dechyhe muonthe positron is emitted preferentially in the
direction of the muon spiflhe incoming muon and the outgoing positron can be revealed by two
detectorgFigure 22)

If we plot the number of events as a function of the residence time we see that the muon decay
curve is modulated by the muon precession frequency, so we can get something very similar to the
NMR free induction decay.

MSR is useful for studying hydrogen sige materials because if your sample is not a metal, in
which muon potential is screened by the conduction electrons, during its thermalization process the
muon binds to an electron and makes muonium.

Muonium is an isotope of hydrogen, totally equivalent from the chemical point of view.

So in this case, @SR experiment is equivalent of implanting a single hydrogen atom in your
sample and following its behavior by measuring the muon spin evolution.

Muon

Local Magnetic Muonium (Mu = i'e)
Field

-

l
L

v,=136 kKHz/mT

Figure 20:(left) muonspins are forced to precess aroarldcal magnetic field
with their Larmor frequencygmagnetogyric ratie 136 kHz/mT);
(right) Muonium
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Although muons are produced in a variety of héglergy processes and elemeynizarticle decays,

€SR requires low energy muons that will stop in the samples being studied. Low energy muons are
availableat the requiredenergyonly from ordinary twebody pion decay. Thus, before making a
source of muons, one must make pions. Pisagpeoduced in sufficieramountfrom collisions of
high-energy protons (>500 MeV) with the nuclei of an intermediate target.

A light element such as carbon or beryllium is used for the primary target in order to maximize pion
production, while minimizingnultiple scattering of the proton beam. The charged pions that are
produced live for only about 26 billionths of a second and then decay into a muon and muon
neutrino (antineutrino).

Primary
500 MeV Eroduclion
High rarget
Energy Carben or
—~_Proton Beryllium %
N Nuclei /Q.
.V 7/

Neulrino

Pion T _=26ns

4.1 MeV
T,=2.2Us

Figure21: muon production

€SR is made possible by the unique properties of the pion and muon decays:

1 surface muons are perfectly spin polarispgosite to their momenta
For this reasomvhen a muon is transported down the beam line to stop in the sample being studied,
it arrives nearly 100% spin polarized. This is a significant improvemiht respect tonuclear
magnetic resonance (NMRYr electron spin resonance (ESR) that must relpnuphermal
equilibrium spin polarization in a magnetic field so that sufficient polarization is often achieved
only at low temperatures and/or in strong magnetic fields.

1 when the muon decays it emits a fast decay positron (electron) preferentially ladong t
direction of its spin.
From a single decay positron we cannot be certain which direction the muon spin is pointing in the
sample. However, bsneasuring the anisotropic distribution of the decay positi@ns a bunch of

35



Chapter 2: Experimental techniques

muons deposited at the same dtads, one can determine the statistical average direction of the

spin polarisation of the muon ensemble.
The time evolution of the muon spin polarisation depends sensitively on the spatial distribution and

dynamical fluctuations of the muomeagnetic emronment.

Electronic clock

Spin-polarized Backward
muon beam A\ positron
Muon detector A

detector

e

Forward
positron
detector

Figure22 ZF-uSR experiment schematic representation.
The detectors are orgaeidin two groups, forward and backward

Figure23: picture of EMU instrument at ISIS (UK)

In this work thee SR measurements were done at the RutheAppletonLaboratory near Oxford
in the UK. The | SIndstihtanse sburce of puisesl miohsgsingleopulse dftB6

nm FWHM, beamsiz&unable from 1627 mm FWHM) for condensed matter research.
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2.4. Transmission Electron Microscopyanalysis (TEM)

Transmission electron microscopes produce -dimoensional, images and cadetermine the
positions of atoms within materialsaking this techniquea fundamentatool for morphological

and composition studies. For this reason it has a lasgein nantechnologies research and
development in many fields, including heterogeneous catalysisvartthve extensively used it in

the study of metal decoration of graphene and more in general to investigate nanoparticles in our
systems. This instrumeran give several different information as it is explained in the following
part. In this thesis we have used mainly HRTEM and STEM analysis, but also the other possible
TEM applications are very useful and interesting in the study of the carbon nahwegdield.

2.4.1 Highresolution TEM (HRTEM)

High-resolution TEM in general refers to imaging in which lattice fringes (i.e. crystallographic
planes) are observed or atomic resolution is achieved. HRTEM images are formed from a number
of diffracted bems; this multibeam approach is known as phasetrast imaging, and is necessary

to construct an image of the crystal lattice. HRTEM provides access to much information about the
sample, such as anaiyg crystalline defects and interfaces at the atormates and observing and
verifying devices, multilayers, naarystals and nanostructures.

2.4.2 Scanning TEM (STEM)

The condenser lens system of the microscope is used to focus a small electron probe on the sample.
Scan coils then raster the probe acrthgs sample (similarly to &nning electron microscopy

SEM). While a central brighfield detector may exist, images from an annular dark field (ADF)
detector are usually of more interest. Such ADF images, formed from electrons incoherently
scattered at high angles, have image intensities dependent on dainkpiess and atomic number

("Z contrast" images).

These images can therefore give good compositional contrast, for instance of heavy catalyst
particles on light supports, or of multilayers made from different materials.

When combined with EDXS or EELS,TEM becomesa powerful technique for analyx
compositional variations on hanometric to micrometric scales.

Unlike the TEM, where the electrons in the primary beam are transmitted through the sample, the
Scanning Electron Microscope (SEM) produces imdnyedetecting secondary electrons which are
emitted from the surface due to excitation by the primary electron beam. In the SEM, the electron
beam is scanned across the surface of the sample in a raster pattern, with detectors building up an
image by mappig the detected signals with beam position.
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TEM resolution is about an order of magnitude better than the SEM resolltitre SEM, we use
much lower accelerating voltages to prevent beam penetration into the sample since what we
require is generationf the secondary electrons from the true surface structure of a sample.

2.4.3 Energydispersive Xray (EDX) spectroscopy

This is a ompositional analysis technique. The high energy electron beam can eject electrons from
innershell atomic orbitals. Theesulting vacancies are filled by electrons from higher energy
shells; electron energies lost during these transitions are emittedragsXThe transitions, and
hence Xrays, have energies that are characteristic of the atomic species. Thereforeingéasur
X-ray spectrum allows identification of the sample composition, and is typically sensitive down to
levels of about 0.5 to 1 atomic percent. Quantification of composition is relatively straightforward
for elements heavier than sodium. While lighelsments can be detected, e.g. from boron or carbon
upwards, sensitivity to them is low, thus making quantification difficult. In general, spectral
analysis must account for possible artefacts such as emissionrajsXfrom Cu grids or
microscope pole pees induced by baegcattered electrons, and peak overlap from the limited
spectral resolution. When combined with STEM, EDX compositionaldaans and maps can be
taken.

2.4.5 Electron energyloss spectroscopy (EELS)

Inelastic scattering by the TEM egimen results in energy losses of the electron beam that are
measured in the electron eneilggs spectrum. At low energy losses (e.g. < 50 eV), energy loss is
mainly due to interactions with oscillations of weaklgund electrons ("plasmons") in the
spedmen. Intensity in this region of the specimen can, for instance, give information on sample
optical properties. At higher energy losses, instezll ionization events produce intensity edges in
the energyloss spectrum that are atomically characteristic] can therefore be used for elemental
analysis. Compared to EDX, the better collection efficiency of the EEL spectrometer can allow
shorter spectral acquisition times for compositional -8oans or mapping in STEM mode.
However, compositional quantifitan is more complicated and less accurate than for EDX,
especially if there is overlap of edges from different elements (i.e. it is not a "push button"
technique). Nevertheless, EELS is often more chemically sensitive than EDX, and further provides
better identification/quantification of low atomic number elements such as carbon or oxygen.
Additionally, measurement of the fine structure of the ionization edge spectrum can be used to
analyze atomic bonding states or valency for many elements. Specimamessickelative to the
inelastic scattering mednee path, is also be easily determined from the EEL spectrum.

Forthis thesis work has been used a JE@irument model JEM2200FS able to operatet
200 kV (mint resolution of 0.19 nm) in collaboration with IMERNR in Parma(IT).
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To perform these measurements the graphene samples haveolobdizedin degassed
isopropanol solvent, sonicatedd promotdayers separationand finally the solution has been
deposied on an amorphous carbon grid.

In the case oTEM analysis performed in Australia to analyzed Mg decorated graphene (Chapter ),
it has been useal Phillips CM200 microscopaperatingwith anelectrons energgf 200 keV.

Figure 24: image of JEQinstrumentJEM-2200FS (IMEM CNR Parma)
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2.5 Scanning Electron Microscopy (SEM)

The sanning electron microscope (Figure)2S another instrument able to study the sample
morphology. It isan electron microscope that images the sample surfasealoying it with a high

energy beam of electrons.

Conventional light microscopes use a series of glass lenses to bend light waves and create a
magnified image while the scanning electron microscope creates the magnified by using electrons
instead of lightvaves.

|

aulilibe-

Electron
Detector 5
 ——

Figure25: schematic diagram of SEM

When the beam of electrons strikes the surface of the specimen and interacts with the atoms of the
sample, signals in the form of secondary electrons, back scattered electrons and charaeteristic X
raysaregener ated that contain information about
etc. The SEM can produce very higésolution image of a sample surface, reveatiatails about

1-5 nm in size in its primary detection mode i.e. secondary electrajrigha

Characteristic Xays are the second most common imaging mode for an SEM.

These characteristic -Kays are used to identify the elemental composition of the sample by a
techniqgue known as energy dispersivea¥ (EDX). Backscattered electrons (BSH)at come

from the sample may also be used to form an image.

BSE images are often used in analytical SEM along with the spectra made from the characteristics
X-rays as clues to the elemental composition of the sample.

40



Chapter 2: Experimental techniques

In a typical SEM, the beam passes tlgtopairs of scanning coils or pairs of deflector plates in the
electron column to the final lens, which deflect the beam horizontally and vertically so that it scans
in a raster fashion over a rectangular area of the sample surface. Electronic devicsesd aiee

detect and amplify the signals and display them as an image on a cathode ray tube in which the
raster scanning is synchronized with that of the microscope. The image displayed is therefore a
distribution map of the intensity of the signal beingtézdi from the scanned area the specimen.

SEM requires that the specimens should be conductive for the electron beam to scan the surface and
that the electrons have a path to ground for conventional imagingctdwhuctive solid specimens

are generally coatl with a layer of conductive material by low vacuum sputter coating or high
vacuum evaporation.

This is done to prevent the accumulation of static electric charge on the specimen during electron
irradiation.

The SEM shows very detailed dimensional imagesiuch high magnifications (up to x300000) as
compared to light microscope (up to x 10000). But as the images are created without light waves,
they are black and whitdt is useful for our purposes because fitaeture surfaces, nanoparticles

and nanocating can be imaged through SEM with great clarity.

To perform the morphological analysis of the samples we have used a Zeiss, mod. EVO
MA10 (Carl Zeiss, Oberkochen, Germa scanning electron microscopy collaboration with the
H,-laboratory in PavidlT). For the instrument calibratiom has been used a Gtandard.

2.6 Hydrogen storage properties characteriation techniques

2.6.1 Temperature-Programmed Desorption (TPD) analysis

TPD analyses are used to obtain the hydrogen desorption information of as synthesized and cycled
materials. In particular in this thesis we have used this technique to investigate the desorption
temperature ofanosizednagnesium hydrideupported on gragme (see chapt8tb).

TPD analysis was performed by a tandem system consisting of Mettler Toledo Thermogravimetric
Analysis (TGA) and Differential Scanning Calorimetry (DSC) system which were coupled to an
Omnistar Mass Spectrometry (MS). Thasstruments were installed inside a glove box filled with
high purity Ar (low G ppm).

In general, TGA allows for a simple measurement that monitors the weight loss of the material
while ramping the temperature up. Besides the weight loss, DSC also rmdhédheat flow that
corresponds to the inert reference material during the temperature ramps.

In this way, all thermal events of the materials can be observed on the DSC analysis.

These events include the hydrogen desorppictess(endothermic) andther structural change
events such as melting. The most important part of TPD was the spectroscopic desorption
measurement which was performed by the MS instrument connected to th®3GAnstrument
chamber. During heating, the hydrogen and other vaddititen the materials were released into the
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evacuation line which was connected to the MS. They thene analyed to determine the relative
composition of the desorbed gas based on their specific molecular weight.

Using the MS, masses between m/z = 9@9avere selectively monitored and measured.

In our casan/z = 2 corresponded to the hydrogen released by the materials.

A typical sample measurement involved a loading of a small amount of samples (4 mg) into an
alumina or aluminum crucible to undergaatiag on the furnace.

Then, a 10 minute settling time was used to stabile initial temperature before the temperature
was ramped up to 500 °C. The heating rate was set at 10 2C.omder a flow of 25 ml.m#ul of

Ar.

In addition this type of analysis allows also to obthim hydrogen capacity of the overall materials

It is calculated from two sources; the weight loss captured by the TGA analysis and the calculation
based on the hydrogen evolution monitored by the MS

However, this is only applicable when there are relatively no impurities on the material as observed
in the MS. Therefore, it was usually done only with the materials after hydrogen cycling, while the
calculation based method was done by integratidf,qfeak from MS after a 1 point calibration of

the MS with standard MgH Standard Mghlused is commercially available MgkB9%, Aldrich)

with the calibration results shown in Figué
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Figure26: (left) TPD result of a commerciakd MgH, with theoretical [H] of 0.1 mol and the area under
the curve was used to plot the calibration line (right)

Total Hydrogen storage capacities are typically presented in units of weight percentage (wt%),
defined as:

massy.,

wit% = x100%

MAasSsample +MASSH,
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2.6.2 Cycling hydrogen pressure neasurements in a pressureaador rig

In the ~case of investigations of graphene samples, the measurements of
hydrogenation/dehydrogenation cycles of the syn#eelsimaterials were done in a pressure rig
chamber. This instrument was used to anneaktrah the materials from unwantedjpducts of

the reactions. It was done by manually controlling the hydrogenation/dehydrogenation process
where the rig chamber was heated to a certain temperature either under vacyypressltie.

A schematic drawingf the apparatus is shown in Figure.

It has a thermocouple that is connected to the temperature controller and attached to the outside of
the sample chamber to measure the temperature of the sample. The temperature controller regulates
the furnace to hédhe sample chamber to the set temperature. The pressure in the gas reservoir was
monitored using a pressure gauge and was adjusted with manual valves. Typically, a sample was
first dehydrogenated under a dynamic vacuum to ensure the removapadducs for 35 h.

Then, the rest of the dehydrogenation steps were performed in a closed static vacuum. The length of
the dehydrogenation time was determined from the kinetics measurements of the materials with
either a Sievert or Gravimetric instrument.

The sample usually underwenttdrogenation/dehydrogenation cycles before it was characterised
further as a cycled material.

Pressure Gauge

T

Gas Reservoir

Gas Supply

_N.__.

Vacuum

Sample Chamber

Thermocouple

Figure27:(Left) Schematic diagram of the high pressure manual sorption apparatus for hydrogen storage
studies and theorresponding apparatus setup (Right)
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2.6.3 Absorption and desorption measurements (pcT)

The instrument used to test the sorption properties is a fully automated Sievert type
manometernpparatusPCTPro-2000, Hyenergy& Setaran(Figure 28).

It allowsto perform cyclickinetic and thermodynamic properties measuremendébsdrption and
desorptiorprocesses of the investigated samglesparticular it ispossible to quantifthe
absorptiorand release dfydrogenby monitoringthe pressurenside thesystemafter
having measuredhe volume.

.
} .
Figure28 PCTPre2000 instrument

In this thesis this technique has been usedvéduate the sorption propertiealkali metal
intercalated fullerides operating on ab800mg of as prepared sample.

The absorptionmeasurements consist in monitoring the hydrogen pressure variations as a function
of time translated into mass percentage (¥%): in general the system is heated from room
temperature up to 280° C at the rate of 5° C/min, under@dssure of 100 bar.

At the end thesystemis maintainedat the endamp temperaturtor 10 hours and theit is cooled

to room temperatureThe absorption results are affected by the instrument sensitivity and present
an accuracyf + 0.1wt%.

Also the desorptiomeasurematsallow to control thenydrogenpressure variationass a function of

time translated into kiwt%: the systenis heatedrom room temperature up #90°C, at the rate

of 5° C/minunder a costant Hpressure of.5barand then the system is cooldown b room
temperature.

In the desorption case we have a results accurfaey).01wt%.
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2.6.4 Combined manometriccalorimetric desorption measurements

We use high pressure cells, with a volumd®t! (Fig. 29, combined” with Setaram Sensys HP
DSC instrument connected to the Sievert apparatus(PCTIPris).measureallow tostudy the
hydrogendesorption process from the thermodynamic point of \{iEasei DHdesorption-

About30mg ofhydrogenatedampleare heatedfom room temperature up #90°C at the rate
of 5° C/minunder a H pressure 00.5bar.

Figure29: high pressure cell (left); Sensys #ISC instrument (right)
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Chapter 3

Experimental Results and Discussion

The experimental chapter of this thesis starts with the study of fullerene based materials.

In particular we havénvestigatedthe storage mechanisms and propertiedigbCeso LisCsp and
optimized alkali nkxedintercalated fullerides by means of neutron diffractMnSR etc...

As it was described in the previopsirts of this thesjsour effortshave beerfocused ontahe
understandinghe interaction occurring between hydrogen and fullerides, nleehanism ofH,
absorptionwith the aim to improve thestorageproperties of these novel materials with the
development of new strategies for the addibbmetals toithium intercalated fullerides.

In the Chaptefl we have also introduced fulleride systems and we have described the preliminary
characterization of this materials.

In particular we have underlined howfartunately some properties of intercalated fullerides are
still detrimental to theiapplication n the field of hydrogen storage.

The high temperatures needed to relddsé&om fulleride systems, for instance, suggestficult
operative conditionHowever, @spite themprovements still needed, the relatively high absorption
values discovered inath intercalated and hybrid fullerides iddigis these systems as very
promising.

Therefore it is evident the importance first of alkctarify the hydrogennteractions with carbon to
understand the hydrogé&ehavior in these systems.

Although the study of the starting and the final products are relatively straightforward, the
intermediate hydrogenation steps are not yet fully understood.

Muon Spin Relaxation (uSRjasalready revealed part of this mechanism o€ and NaoCeo,

in this chapterwe will show, however, that in LiCs this process looks quite different.

We already know thgiSR is a well suited technique to study hydrogen storage materials thanks to
the chemical similarity shared by a hydrogen atom and Muonium.

This propertymakesthis techniquea unique tool for studying the behaviour of a single hydrogen
atom in matter.

ThepreviousuSR experiment on LCqso andNayoCgpin detailshas showra particular behavior:

the zero field measuremelmas showmuite a large missing fraction which indicates that more than
half of the implanted muons undergo an hyperfine interaction with an electron.

In order to understanthe origin of this interactiona longitudinal field experiment has been
performed, showing that the muon spin polarization is not restored at the field expected for
Muonium but at much lower fields, indicating the presence of a radical.

The only possibility for Mu of forming a radical in this system is bindingdo(Eigure30).
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Figure30: radical MuCgg

So uSRin the case of 1kCso material showsthat the first process to occur while absorbing
hydrogen is the hydrogenation ofC

Starting from these preliminary reswi® have increased the amount of intercalated Li aatiave
madethe same experiment on; kCqo.

3.1Study of hydrogen storage mechanism in LpCegg

This uSR experimentshowsresults quite diferent from the previous case ofgl0s0 and NaoCso

parent compounds andemavediscovered here a new mechanisnimgdrogenation

Moreover, the Li dynamicdhas beenprobed by both uSR and Inelastic Neutron Scattering,
revealing an internal Li cluster rearrangement, which suggests the activation of Li diffusion above
150 K.

First of all, no missing fraction is observe@, no hyperfine interaction on muon.

The observed relaxationis quite temperature dependent and cannot be fitted with a single
combination of relaxation functions

It is indeed the sum of two contributiorssGaussian decay and a slow oscillation.

While the former suggests tlagoolarinteraction with manyurroundinghuclei which in our case,

must be’Li; the second, in a non magnetic system, can only originate from a precéssiche

dipolar field of a singl@lipolar nucleushere’Li (the snall natural abundance 8fi does not really

affect this conclusion)ndicating the formation of a bound Mui state.

The first reaction of Mu, in this system, appears the formation of -&iNdound state which could

either be the first stage of the eation of the hydride, but could even be part of the spillover
process, just after the hydrogen molecule dissociation. The amplitude of this component is strongly
temperature dependent and it increases at high temperatures. The remaining fractiongdyamresent
muons stopped interstitially into tlagkali cluster

From the precession frequency we can precisely compute the lmdaiance which matches that

of a Li-H covalent(and not ioniclhond at all the temperatures.

On the other hand, we can compute an average +hudistance from the observed decay of the
interstitial muons. The big change observed around 250K indicates a structural phase transition
implying a cluster rearrangement, also confirmed by inelasticorestrattering measurements.

48



Chapter3: Experimental Results and Discussion

In addition, the uSR signal shows a clear transition above 150 K, compatible with a thermally
activated Li cluster rearrangement.

Finally a combined Inelastic Neutron Scattering analyss been performed which showst
tetrahedral Li clusters may undergo a progressive melting upon heating, which could favour room
temperature ionic diffusion.

The PSR experiment was carried out on the Argus spectrometer aRU#i8rford Appleton
laboratory (Didcot, UK) at the RIKEIRAL Muon facility. The 100% spirpolarized pulsed beam

of this facility is optimized to study the muon spin evolution over long-8oages.

Inelastic Neutron Scattering (INS) measurements have been carried out on the thermal neutrons
time-of-flight spectrometeiN4C at the ILL, in Grenoble, France.

Sample preparation

The Li;oCgo crystalline powder has beaynthesized as describedthe introduction part (pad.3)

by cutting small pieces of lithiunpgrity of 99 %) mixing them with Gy powder Purity of 99.9

%) in stoichiometric amourand following a solid state synthesis using the ball mill technique.

The obtained powder has been pelletized, it has been introduced in a Ta foil, sealed into a pyrex
vial and thermally treated under static vacuum at 270°G6éhr

To perform theuSR experiment the sample has been pressed and sealed intigitasilver

coated aluminium cell, capped by a kapton window. The total experimental muon polarization
asymmetry was established to be 21.10(15)%, estimated on a separate transverse field (TF)
experiment on pure silver. The baseline, due to muons stopping outside the sample, is measured to
be 5.76(11)% of the total polarization. The muon polarization is followed by plotting the asymmetry
function, expressed as 0 0 0 |[O O0FT0 o |0 o0, where 0y is the
backward/forward collected counts amd is a geometrical parameter, calibrated for each
temperature by fitting the oscillation observed under the application of a 20 G transversal field (TF).
Data were analysed byeans of the WiMDA softwaré®, after correcting for the doubleulsed
structure of the muon beam.

In the case of INS experimertt@ut 300 mg of Li,Cso powder has been sealed in an aluminium flat
container sealed with an indiumring and measured using neutron incident wavelengths of 1.11
and 2.41 A. This allowed us to probe the dynamics either in Stokes or in tHetckes side,
covering differat energy ranges with different resolutions.
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Analysis of the results

The zero field (ZF) time evolution of the muon polarization of,Cép has beerdisplayed, for
different temperatures, ifrigure 31. The initial polarization of LibCgp is 100% of the total
asymmetry, while in the previous casgssCso and NaCso) * a sizeable missing fraction was
present. In L§Cqso and NaCso, the large fraction of the missing initial polarisation was attributed to
the formation of radical species on the negativelygdn fullerene molecule.
In thatcase, the strong hyperfine coupling between thend the nearby radical electron generate a
muon precession frequency that exceddsgass band of the instrument, the application of a
longitudinal field (LF) allowedo repolarize this missing fraction and to estimate the value of the
muonelectron hyperfine coupling.
In Li1xCeo, the absence of missing fraction suggests that no radical is formegyanp@bably
because some more efficient processes prevathenMu reaction pathway. Moreover, the ZF
relaxation observed in LiCg is also different from the kCqo case, where a simple lorentzian
decay was observed and easily ascribed to interstitidifjusion.
Due to the low natural abundance® (~1%) ad to the diamaugtic nature of these materighe
only possible spin interaction which the muon experiences is the eteronuclear dipolar coupling with
"Li nuclear spinsl(= 3/2; the 7% natural abundance’oif gives a negligible contribution).
The compéx ZF relaxation observed inkCso (shown inFigure31) can be properly fitted with two
different components:

1- a Gaussian decaying component

2- a slowly oscillating component

The former can originate from a multiple dipolar spin interaction.
This would in principle induce a static Kubtoyabe (KT) decay of the muon polarizatidf,
however, the short time portion of this dedayknown tobe well approximated by a Gaussian
function. The 1/3 recovery expected for theTKdecay would, in our case, fall outside the
experimental time window.

The Gaussian decaying part of the polarization can be fitted with the function:

0 g 0 Qon - o , (1)
where9, is the muon gyromagnetic ratio agus related to the dipolar interaction through the
Hayano functiorj26]:
® -0O0por -B 1 ,(@
whereF = 1 for integer spins and it [ -—7T for odd halfinteger spins while; is the distance

between the muon and théh nucleus®?’.

Equation 1 describes the time evolution of the spin of those muons stopped interstitially or
substitutionally to thealkali ion, thus probing the nuclear dipolar field of the many Lision
constituting the clustetncidentally, sincéLi nucleus has a nermero quadrupolar moment, the spin
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Hamiltonian will contain a quadrupolar term in addition to the dipolar one. In case oNfew
neighbouring nuclei, one have to solve the'O p dimensional problem, while, i is high

enough, as in our case, theTkor Gaussian relaxations become again a good approximation and the
previously adopted approach is fully justified

For the second slowly oscillating componeihtiyas not possible tproperly fit by a KT function

(either staticordynami©) , especially for the |l onger ti me |
On the other hand, a-K fit of the oscillating part gives a large value épfabout 4.5 G g~ 0.4

i ) correspondi 4ilpdistanze ircompatibleewithatie estrueture of this compound
(it would suggest an aggregation@afi 6s around the muon, not | ik
positive charge of both). On the contrary, this part of the spin evolution can be fitted aymgdec

oscillatory function.
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Figure31: Zer o Fi el d & SR ,@Ggfor selentet tergperatypes.ct r a of L |
Solid lines represent the fit to equation 3.

Such an oscillation could be originated either by a dipolar interabegtween themuon and a
single 'Li nucleus quite close to it, or by the hyperfine interaction of the muon with a long range
ordered magnetic phase (hypothedisadyexcluded bythe diamagnetic nature of the material)
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The interaction between the muon and a single lithium spin can be analytically modelled by
considering the full Hamiltonian in terms of dipolar and quadrupolar coupling, as described by
Meier?°. The ZF asymmetries were fitted, for different temperatures, according to the function:

0O 0 ' H MAGD_0o 0 . (3)
HerePy is the Meier function, with and’ respectively the dipolar and quadrupolar frequencies
2% The observed lorentzian decaj the oscillation is attributed to théi diffusional and

vibrational dynamics.

The fits with the abowelescribed model are shown kigure 311 and the results of the fits are
displayed inFigure 32. All efforts aimed to adopt tferent models, for instance by replacing the
oscillating term by a static K (or Gaussian) relaxatiomyorsen the fit and leads to nphysical

results In order to explain this result we have to make some considerations. As already observed in
the previous studysystems LiCso and NagCeo *, the partial electron charge residing on Li clusters
can interact with the implanted during the muorthermalization process, inducing the production

of Mu. Moreover, the high negative cigarowned by & (6 electrons) can easily leads the creation

of a Cec-Mu adductradical and it is also known to inhibit the formation of endohedral muonium
(Mu@Gso, €.9.:a Mu residing at the centre ogdLotherwise observed in other fullerides.

However, neither a stable Mu atom nor a radical is formed ipQgo, as no signature for the
existence of a muon hyperfine interaction with a paramagnetic electron is observed. This, however,
does not exclude that Mu is formed as precursor of an efficient priassan quickly trap it and

leave the muon in a diamagnetic environment. Other possibilities are that the muon does not trap
any electron (although the slightly HD@ussitti ve
interstitially or substitution&} to Li. Alternatively, two electrons could bind to the muon forming

the muonium ion Mu(experimentally observed on Lif$*Y). Following the latter hypothesis, if we
assume the Hadius and simulate the free volume accessible by it, only two distinct interstitial
positions are large enough to accepthie tentre of the big pseudatahedral void (which at 20 K
resulted unoccupied by Li ions, according to gouprecent structural study§ or the centre of the

Ceo molecule (MU@GCso), as already observed by MacFarlanal.*2

For both these configurations, and for other possible locations within #&d-structure, wenave
calculated, from equation 2, the dipolar fietd @nd wehavecompared it with the Gaussian width
of the fit displayed irFigure32c. In Table4, the average radius and calculdtedpbare reported for
different sterically allowed substitutional or interstitial sit8smce the values reported Trable 4
were calculated for the structure refined at 28 Kve have to compare them with the experimental
value oft p-0.2 us' extrapolated at this tgmerature.
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By the comparison of the found values with the experimentally observed ones displayed in
Figure32ci t i s evi dent "intheadentretohtiee te(radngdralclasse® is the one that
better reproduces the experimental values.

First

Muon site OYOA) neighb o Calculatedd o * i
W @Ty-Lis 2.7 4 0.20
®)u* in Ty-Lis corner 4.07 7 0.10
Mu @0, void 3.8 8 0.14
Mu @Cso 6.5 32 0.06
®u”in Th void, Qr-Lig (HT phase) 3.7 4 0.07
Muin LiH [31] 2.04 6 0.54

Table 4: Average distancéYObetween muon and the first neighbour Li ions for allowed muon sites in
Li.Ceostructure®®, t he rel ative number of f ioframequaten 2gd(h:o ur
one | substitutional to the Li ion at the centre (corner) of thetéirahedral cluster. A muamm anion

sitting at the centre of the cell (c) or endohedral (d). (e)' eeplacing the tetrahedral Li ion in the high
temperature phase of Fig.1b. (f): the MuLiH is also reported for compariséh

Following this discussion, below ~150 K the Gaussian relaxation can be attributed to the
diamagnetic muons trapped in the centre of the tetrahedron, substitutional to the central Li.

In this thermal rangé¢, cpwas calculated to vary between 0.25(2) (at 5 K) and 0.194{1ja1<59

K). In fact, hydrogen is well known to easily cluster with alkali metals, and it is believed to hold a
negative charge when added to neutral Li molectiles

In our case, it is difficult to assign a net charge dnsince it becomes part of a charged molecule
made of five lithium atoms, whickhould be thought as a whole. We can tentatively attribute a
charge of two electrons per clusters{l), considering they are in number of two pes &d two Li

ions are disordered in the crystal. The averagi Histance is about 1.6 A for the covaleair and

may vary up to 1.85 A in small clusters or molecules, while it is fixed to 2.04 A in bulk lithium
hydride salf.
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Figure 32: The results of the fit, according to equation 3, for thu®R data of Li,Cso displayed
as a function of temperature. (a): amplitudes of th@3aussian) and LiMu (oscillating)
components. (b): dipolar and quadrupolar frequencies of the LiMu oscillation (black and grey solid
lines represents the respective average value). (c): relaxatioh raief the Gaussian component.
Solid lines in (fand (c) are guides for the eyes.

Upon rising the temperature above 150gKconsiderably decreases, indicating a possible phase
transition or the migration of the muon to another site, where the average distance between muon
and lithium rises. In ourpnion, the most plausible possibility is that the Li at the corners of the
tetrahedron move far from the central ion toward thev@d, raising the relative distance, thus
forming a cubic cluster (kf*) in the larger central void of the cell, as obsdrig Cristofoliniet al

for Li,\Csoc ompounds (with R O 12) 373 K

The high temperature cluster configuration is depictdelgare33b.

above
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Figure33: (a) Low temperature phase 0of4Gs, *%. (b) High temperature phase as suggested by uSR and INS
experiments (as explained in results and discussion paragraph).
The Gy in the foreground has been omitted for clarity.

The muon, sitting at the centre of the low temperature tetrahedron, would maintain the same
coordination and the dipolar field would decrease as far as the lithia at the corners move toward the
centre of the cell. This hypothesis was taken into accoumugyting equation 2 foN = 4 (the
number of lithia at thei byltheaverageradi@®@ or ner s) an
The relative [i-Li distance is plotted iffigure31, as a function of temperature, showing a gradual
increase from ~2.5 to about 3.7 A. In this condition, the cubic cluster at high temperature would
have an average edge of about 2.6 A (caledl&rom the cell at 20 K).
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Figure31: Black dots: distances extracted from the fit to equation 3 for the first LiMu oscillating component

as a function of temperature. Baddished lines represent the tabulated distances farHheovalent (black)

and ionic (grey) bonds. The solid line is the average value of the fit. Yellow dqtsalierage distance as
computed from o for a coordination number of fo
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This hypothesishas beerconfirmed by Inelastic Neutron Scattering (INS) investigations, which
shows an evident temperature evolution of the spectral features associated to lithium cluster
vibrations just around 250 K (sé&ure 335.

The measurements, performed at differentperatures from 10 to 320 K, have beeormalized to

the monitor counts, the vanadium standard and then corrected for the background and the scattering
coming from the sample holder. The signal was then converted into tb&llet generalized
density of sates’'O0 0 TYHY . The theoreticalO] R'Y has been calculatdsy ILL collaborators,
experts in DFT analysign the basis of firgprinciples calculations, performed using the projector
augmented wave (PAYWormalism?! of the KohrSham density functional theory, within the
generalized gradient approximation (GGA) as implemented in the Vienna-afitio simulation
package (VASP¥. All electronic functions have been calculamdthemat the gamma point only

and an energy cudff of 450.0 eV was used. Geometry relaxation and a series of single point energy
calculations were carried out on;iCs structural unit as reported in litgure*>. Phonons have

been extracted using the direct method as implemented in the Phonon sétti@refi Y has

been calculated from the partial density of st&ss as:

"O) AV B — 01 Q

Where, ¥ and, 'Q¢ dndicate the coherent and incoherent cross section respectively,

the mass and U is the DebyeWaller factor for the atoriQFinally, the summation

"0 1 RY _ O] YD ‘Q0has been carried out on a regulasg@l, matching the @pace
covered by the experiment.

The calculated spectra, convoluted with the experimental resolution function, were then compared
to the experimental data.

In Figure 2, the GDOS of Li,Cg derived from IN4c measurements using 1.1 A wavelength
incident neutrons at 10, 200, 250 and 320 K is displayed. As clearly shown, the INS bands located
around 15 and 22 meV (indicated by stars) drop as the temperature increases, while the other bands
are essentially unaffected. The shaded area below 5 meV indicates the region where a strong
contribution from the elastic line is present, hence it was not taken into account in our study.

These data are compared to the Li and C partial GDOS calculateaiTh@ partial GDOS of Li
domi nates the t ogdgalp 0s precgtRvomey, whete at. ¢coelribiti@ from C
vibrations is expected. In particular, the two peaks at 15 and 22 meV are in good agreement with
those found in the experimentaltdaThey were associated to vibrations involving Li atoms located

at the corners of the tetrahedral Li cluster, while the central atom (navy afégume 35
contributes only weakly in this frequency range. These observations are compatible with a
progressive melting of the Litetrahedral cluster upon heating. The lack of evolution of the
principal G molecular modes with temperature suggests the absence of severe modification of
their local environment
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The amplitude and temperature dependence ofobiserved uSR Gaussian decay can thus be
reasonably explained by assuming that the muon stops inside the tetrahedral Li clusters and probes
the Li2Ceo Structural phase transition.

Moving backto the oscillatory muon fraction,savehaveexplained abovehe dipolar interaction

of the muon with a single Li ion is responsible for the observed oscillating component.

In analogy of what is observed for H, the muonium could form*®i ionic pair (similarly to

LiH) or a covalently bound EMu molecule®s. In both cases, the hyperfine coupling would be
quenched by a singlet electronic state. In fact, {iMLi the 2 electrons on uwould fill the pi
hydrogenoid level, while in MilLi the electron on fitand the one on Li would lower their energies

by forming a bonding molecular orbitalhe fit of the ZF polarizatiorio equation 3eads to' =

35(2) kHz and’ = 41(3) kHz (seerigure 2). The dipolar frequency is consistent with the
formation of a single l-Mu covalent bond, being the relative average extrapolated distance 1.62(7)
A and the LiH covalent bond 1.599 &. The fit of the data at different temperatures show that the
second oscillating component does not show any temperature dependendgg(see32b),
suggesting the formation of a rather stable spedibs. lithium intendedto form this bond is
possibly one of the four at the corners of thecllister or one of the two lithia delocalized in the
lattice. Moreover Figure Figure32a shows a clear temperature evolution of tHeapd Mu puSR
amplitudes. While at 5 K the two species are present with the same fraction, at 400 K the percentage
of muons covalently bound toi ldecreases to ~33.5%. This may be compatible with the cluster
expansion, also probed by INS, whose increasing sterical hindrance could inhibit the formation of
Li-Mu covalent bond.

Furthermore, the quadrupolar frequency is also in good agreement wiitFThealculation made

on an isolated covalent4H. In this case it results = 46 kHz, for a LiH molecule with 1.6 A
distance. The slightly lower value extrapolated from the fit could be due to thiealated nature

of this molecule inside the 14Cgg lattice which manifests itself in a different charge on the Li atom.

It is also interesting to notice how does not vary significantly on increasing the temperature,
indicating that the electric field gradient on lithium, which is affected by ¥g@mment, does not
undergo major changes during the phase transition, as expected.
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Figure32: (top curves, from top to bottom, curves are shifted by 0.01 GDOS unit for clarity) Generalized
density of states (GDOS) of {:Cs derived from IN4C data using 1.1 A incident neutrons, as collected at 10,
200, 250 and 320 K. (Bottom curves) Calculated total GDOSgEdi(black solid line) and the Carbon
(black dotdashed line) and Lithium (dalashed grey area) partial GDOS. Tlagyarea within the grey area
represents only the partial GDOS of Li atom at the centre of the tetrahedral cluster. Calculated spectra were
convoluted with a Gaussian function having a full width at half maximum matching the energy resolution of
the spectmeter.

Conclusions

Li;2Ceo Systemhas beerstudied by means of muon spin relaxation spectroscopylmelastic
Neutron Scattering and these analysis have unveiled the behaviour of hydrogen in the first step of
the hydrogenation process. The resultsgaite differentlybetweenLisCesoand Li2Cego.

In theprevious study of LsCso, the formation of a muonic radical is observed, proving that H (Mu)

is immediately chemisorbed bygafter the molecule dissociation. InikCso, H will bind to Li to

initiate the formation of LiH (always found in LiCsoHy) 9. Only after the amount of free Li in the
lattice is suitably decreased, thgo@ydrogenations expected to start. As 1kCso is known to
chemisorb hydrogen starting at mild conditions (up to 709;@®Je can deduce that the presence of

Cso dramatically reduces the temperature (and pressure) necessary to comhbime IH to form

LiH. The two factors enhancing Li hydrogenation anethe formation of small Li clusts, 2 their
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partial ionization andurther investigations on increasing ktoichiometrycould be usefulto
understand which is the main factothe hydrogen absorption mechanism

After this first analysis focused on the study of the interaction occurring in the first step of
hydrogenation for LbCso, We have tried tounderstand the full mechanism involved in the
absorption process in the case afdgh stoichiometry from a structural point of view, using neutron
diffraction technique.

3.2Neutron diffraction study of Li ¢Cgp interacting with hydrogen

Although thein situ thermal evolution of related fullerides, such asdSs and Li-Cgo, has been
investigated by means df situ high-resolution neutron powdaefiffraction g™ the study of the
LisCeo System has been largely ignored usiregtron diffractionor any other detailed structural
analysis. Thezfore, there is a need to understand the hydrogenation processCgf ftom a
structural perspective and the combination of deuterium absorptiomasitl neutron powder
diffraction are ideal tools for such analysis.

We have seen thaiCs is one of thebest performing fullerenbased hydrogen storage material.

In the last years this particular fulleride has been widely studied in our group both from the
manometric measurements and from structural point of vidle. have mentioned in the
introductive part of this thesis that a first study of hydrogen behaviour and dynamic has been
performed with uSR to analyze the type of interactions occurring during the beginning of the
hydrogenation process and has shown how hydrogen binds the carbon gflib# ©Grming a GH

bond It was found an increase in the amounfrattion ofmuonium adduct radicals cooling down

the systemto 5K that indicates that hydrogen interactiondahanced at cryogenic temperatures,
while theunfavorablehigh T needed fonydrogen absorptiois probablyrequired to overcome the

H, dissociation baier mediated by alkali metal&or this reason it is particularly important the
optimization of the hydrogen molecule dissociation dtepmprove the sorption properties of
intercalated fullerenes.

Anyway the mechanism of its reversible hydrogen absorpsiarot, however, totally known and it

is important to better understand how these materials work.

In order to understand the mechanism of #isorption process we recently investigated the
structural evolution of lCso during the absorption of deuterium with in situ neutron diffraction
The experimenthas beenperformed on the highintensity neutron powder diffractometer
WOMBAT®® at ANSTO (Sydney, Australia)
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The sample was kept under 60 bars pressure of Deuterium and its temperature was gradually
increasedip to 330 °Gwvhile measuring the evolution of its diffraction pattern.

Following theLieCgo Structural patterns evolution is possible to notice several phase transitions that
involvedtheformation andpartial segregation of H.

Neutron powdediffraction measuremesithave beencarried out using an incident neutron
wavelength of 2.95825(5) A, determined using thEBaNIST standard reference material 660b.

The amount of absorbed deuteridras beerdetermined by the analysis of the variation in the
scattered neutron intensity and confirmedabgx situdesorptiormeasurement.

Samplepreparation

LisCeo Was synthesized fromggpowder (purity of 99.99%) by adding stoichiometric amounts of
LiN3 in a mortar, pressing the mixture into pellets and annealing them at 350°C for 20 hours.
Lithium azide has been previously anhydrified and purified from a 20 wt% solution,Gn H
purchased from Aldrich

The annealing process prom®tile Li intercalationnto the G lattice.

In fact LiIN3 liquefiesat 115 °Cand can easily diffuse in the fullerene lattibefore its
decomposition into metal Li andnitrogen.

The thermal rate to reach the temperature has been divided in 4 sequential steps: up to 120 °C at 60
°C/h, then to 180 °C at 5 °C/h, then to 240 °C at 20 °C/h, and finally to 350 °C at 60 °C/h.

After the synthesis we analyzed the obtained sample by meansray Hiffraction which
confirmed the expected fcc crystal structure @Ckg.

To perform theexperiment LiCgqo was loaded inside a He globex into a pressureated stainless

steel sample cell of ~8 mm inner diameter and 0.51 mm wall thickness equipped with a gas delivery
tube and isolation valve. The sample was positioned ongt&ondiffractometer inside a vacuum
furnace.

The temperature was controlled via aype thermocouple at the base of the sample cell, with a
second thermocouple attached to the ¢edit above the sample for monitoring the thermal
gradients. The gas line and samplacgphas been evacuated before the introduction oft®the

sample and maintained at 60 bar using a Hiden Isochema IMlefjaery system.

2 min diffraction patterns were collected continuously throughout the experiment, during which the
temperature waincreased from 40 to 330 °C in steps of 2D °C and held at each step for ~ 20
min. The temperature was then held at 330 °C for about 9 h. The diffraction data were normalized
with respect to the incident neutron flux measured by a beam monitor peditipstream of the
sample. An additional set of temperatdiependent data were collected for a nominiaéntical

sample cell pressurized with 60 bar helium gas. In addition to the intense reflections from the
stainless steel cell, some spurious weakkpeaere observed, attributed to secondaryaaf
scattering from parts of the surrounding sample environment.
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It has been possible to estimate the deuterium content of the sample by taking into account both the
scattering from the sample cell and samefevironment, obtaining the total neutron intensity
attributed to the sample alone. The total intensity from the sample for this estimation was obtained
by subtracting the total neutron counts of the empty cell, scaled to account for differences in mass in
the beam using the first datasets. More in detail, the temperature evolution of the empty cell total
intensity was fitted by a polynomial function in order to subtract from the sditipte cell the

value at correct temperature.

After the experiment wlave investigatedx situthe amount of desorbed hydrogen to confirm the
system reversibility and check also the absorbed hydrogen amount. The deuterium desorption was
carried out by heating the sample at 5 °C/min from room temperature up to 390 °C under a
hydrogen pressure of 0.5 bar in a PCTFPOO0 manometric instrument (HyEner§gtaram).

Analysis of the results

Neutron diffractionshows how the hydrogen absorption byCho is a complex process.

From the diffraction pattern analysis we earderstand the hydrogen storage mechanism

The hydrogen molecule is dissociated by the intercalated clusters follawpiljpverlike process.
Then the hydrogen atoms immediatelpdto Go.This process proceedsp to 8 H atoms attached

to fullerene.After that hydrogen starts to react with Li itself and makes the hydmdech
segregates in the lattice.

This leads two detrimental effects) the cluster nuclearity decreases and ¢hester ability to
dissociate the fHmolecules also decreas@3in principle,the production of LiH could segregate an
amount of hydrogen which cannot be desorbed anymore.

Fortunately this does not happen. In these particular conditigHsnanoparticles decorating the
fullerite lattice)the stability of LiH is muchdwerthan the bulkand during the desorption process
all the absorbed hydrogen is released and the -inteecalates in the fcc latticat moderate
temperaturesThe initial compound ithenobtained at the end.

All this mechanism involves at least thmaain processes that will be analyzed in details in the next
paragraphs.

The neutron powdatiffraction pattern of the pristine &0 Sample and the empty cell diffraction
pattern are shown iiigure 36.

The complexity of the experiment and reflectiorani the stainlessteel cellrequiredthat Le Bail
analyses or single peak fitting routines had to be used to extract information from these data
preventing a global Rietveld refinement

The fcc lattice of G (fulleride) may hold in principleseveralatomsand f the intercalated ion is
sufficiently small €.g.Na or Li)*>*?it is possible to maintain thfec structure by forming small
alkali-metal clusters centered in the octahedral or tetrahedral voids of the structure, as happens for
NaeCso, NawoCso, and LioCso.¥ >’ LigCeo is isostructural to €, exhibiting anfcc structure at room
temperature.
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Different from the other systems, it comsia minor fraction of polymeric }&go (below 5%)*
irrespective of the synthesis procedure. Its structure is similar to theemgierature monomer
phase of LiCs, which has a Li cluster in the central octahedral vbide Bail analysis of the
neutron diffraction data sk in Figure 1 results in a lattice parameter for tbe phase of

a = 13.815(6) A. This is slightly lower than the value reported in the literature §og.imeasured
using laboratory Xay powder diffractioré The lattice parameter is also lower than the 14.16 A of
fullerite and this igprobablydue to the coulombic interaction between Li cations aggda@ions,
which contracs the overall latticeThe structure@appears to be a slightly distortixt lattice, similar

to that observed for LiCso."*> An amorphous fraction is also commonly present in fullerides,
corresponding tby a background below the Bragg peaks.
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Figure 36: Neutron powdediffraction patterns of the ECso Sample before and after in situ deuteration, as
measured at room temperature. Patterns from an empty stainless steel cell and deuw€gatextrhicted
from the cell and placed in a vanadium can are stisgvn.

Vertical bars at the bottom are reflection markers for different phases or space groups

The collection of neutred i f f r act i on dat a i n t hei80°ddr they ant

experiment are shown as a function of deuterium pressure apeérggnre in a twalimensional
plot in Figure 37 The LCgo fcc phase in then situ data exhibits its three most intense peaks at
scattering angles (2d) of 21, 35 and 40.5A
The LisCgo fcc 111 reflection in particular was targeted to follow the evolution oféahattice
parameter as a function of temperatufe. read théemperature in thegure, correlated with a
specific stepwe need tdorizontally projectthe investigated diffractsgm pointonto
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theblackline temperatur®n the left. Single peak fitting using a Gaussian function plus a flat
background was performed near the peakthadesult is shown ifFigure39.
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Figure37: Two-dimensional representation of the timesolvedn situ neutron powdediffraction patterns
of Li¢Cso in the region between 18 and 80° (right) and the corresponding temperaturg@eddire (left).
Some weak invariant peaks can be seen that originate from spurious scattering from the samplesahvironm
as shown ifFigure. The numbers 1, 2 and 3 label the three main transformations discussed in the text.

Increasing the temperaturdyave 125°C the data reveal at least three main processes occurring:

1) Hydrogenation of the & molecule starting between 130 and 140 °C, when th@sd.fcc 111

and 220 reflections deviate from their expected thermal evolution and the lattice expands
significanty. A similar behavior was observed lim;,Cgo and NayoCso, Where an anomalous lattice
expansion was detected between 150 and 250 °C, ascribed to the formati@ngrb@ps on &

which are responsible for the sudden volume incr&aBeiring this expansion, the background
increases (as expected for the increasing deuterium content, whiclsiggifecant incoherent
neutron scaeérer) and the intensities of the;Cko fcc 111 and 220 reflections decrease.

This phase transition is a slow process tarthinatesat about 300 °C, when the lattice expansion
rate slows downit is evidentthatthis first absorption process involves only thg, @nions and no
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LiD is formed This suggests thdhe presence of Li in the cell is of fundamental importance in the
hydrogenstorage mechanism. PurgoGtarts to absorb hydrogen only at ~ 38D °C and 200dr

H, (well above the 140 °C of §Cso deuterated at 60 bar) and with very slow kinegics.

The Li in LigCgp allows the absorption of [{and H) to occur at much lower temperature. We can
simplify this process (1) with the equation:

. A o o~
E# 18 w LE# $ Q0O (1)

The number of deuterium atoms absorbed RZ4dat this stage was approximatively calculated by
considering the total méron intensity at the end of process 1. This deuterium is likely to be
chemically bound to fullerene, since the direct hydrogenation of gher@on, as a first step of
hydrogenabsorption process in dGso, Was already shown to occur by means of muan-sp
relaxation spectroscopy. This hydrogen behaviour is natgeneral rule in fullerideas we have
seen in the previous chaptehere in the case of 1.Csowe have shown that thest hydrogenation
step isthe formaibn of Li-D covalent bonds*

2) During the expansiosr ound 200 AC a p e adssigeed tohe aubisLiDalll 2 d -
reflection. The intensity of this peak increases with temperature up to 305 °C. The LiD 220
reflection is also observed when the sample was removed from the stainless steel cell and measured
in a vanadium cell (sdeigure).

The second procesisenbegins with the formation of LiD from deuterate@d@do.

Unfortunately,in this caset is not possible to determine the amount of segpejLiD solely from
powderdiffraction data, since the structure factor of hydrofulleride is unknown.

However, a maximum in the normalized total counts is achieved at the end of this stage
(corresponding to 1.95 wt%_,H The following equation can dedoei this process:

E# S 00H-3 w  EH# S dbd0UES (2

where 0 < U < 6 and represents the amount of
overall 15 deuterium atoms are bound tg (as calculated from the normalized total counts).

Specul atively, U is likely to be greater tha
intensity of the LiD111 reflection has decreased by about 60%, corresponding to-iateger
stoichiometryi f u = 1. Mor eover, the chemisorption ¢

saturation of the carbon sphybrid orbitals and the subsequent formation oH Cbonds.
Consequently, only an even number of hydrogens can be boung¥acnd U coul d be
leading to the formation of g€CgoD12 Or Li;CsoD10, respectively. The reasons for the origin of the
formation of LiD are ot evident. However, we can caaar two different hypotheses.
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1) The steric hindrance exerted byi1@ hydrogens on & could not allow the stability of more
than (6U) Li i twacsll (.e.the fred wlume decreases and theluster is too large to
remain in thecccell). (2) The LUMOs of the £Ds+,.; molecule are able to host a lower number of
electrons than £ and the excess Li returns to the metallic state, permitting the formétioD.o

3) A dramatic structural change observedabove 315 °C and up to the maximum achievable
temperature of 330 °C. Here, the integrated intensity of the LiD 111 reflection decreases by about
60% and, at the same time, a new peak at ~35.1° appeatstive indexing allowed the latter to

be ascribed to thiecc hydrofullerene 311 reflection. After reaching the maximum temperature, the
LisCso fcc 220 reflection progressively decreases in intensity and completely disappears after about
4 h at 330 °C. Gnversely, the LCg bcc 311 reflection increases in intensity and reaches its
maximum value after the §Cso fcc 220 reflection disappears. Despite these changes, the peak at
19.5°, which was previously attributed to theQd, fcc 111 reflection, mainias an approximately
constant g position during the 330 °C temperature hold. The integrated intensity slightly increases
during the first few minutes of the dwell after the phase transition, and then decreases (see Figure
40, region (3)). This is becaugiee LisCso fcc reflection on the (111) planes and theQsp bcc 110
reflection overlap. The fit of this peak is displayed as a function of time and temperdtigerea

and b, respectively This third process starts at 315 °C and continues for a large part of the 330 °C
hold. About 60% of the LiD reacts again and possibiintercalates in the form of Li

At the same time, a second hydrofullerflease segregates from the former. About 0.21 wt%,0f H
equivalent is released during this process (two D atoms). This deuterium is likely to be released
from LiD during the rentercalation. Moreover, from the variation of the relative integrated
intensites of the two deuterated fullerene phases (see

Figuré, it is possible to deduce that the transition fromftedo the pseuddcc structures ocas
between two lingohases i(e. the disappearance of tlec phase occurs progressively with the
appearance of a nefcc structure that is thermodynamically more stable). We can tentatively
describe this last stage of absorption by the following equation:

, . e oo A , - o~ o ,
E# S Q000 ESy Eg #3% g0OOO U ¢, ES 3)

The fact that when thbcc phase increases some Liintercalates is not unexpected, sinceca
arrangement of molecules (rather thdnaattice) possesses interstitial space for more Li ions.

This third step is the slowesinebecause, when LiD reacts with the hydrofulleride. (CsoDs+y-0),
the limiting process is the ionic diffusion ofLin the deuterated phase which is reported to be
slow>*
A similar process is therefore supported here, where the diffusion ofolhs from the LD
decomposition into thdécc phase (starting at the grain surface) is limited by dlog ionic-
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diffusion in this phase. It is also worth noting that after the segregation of Li from hydrofulleride the
absorption process bysgstops. This is in agreement with the hypothesis of spillokereffect of

Li clusters in LiCeo:™* the intercalated Li clusters are effective dissociating the hydrogen
molecules and, when Li is segregated in the form of LiH (or LiD), the chemisorption procegs by C
is not promoted further.

The three stages described before can be illustrated figtire below.

Figure38: Schematianechanism of the hydrogenation process gt

From the analysim details of the peaks evolution and the structural change, we can see that

thefcc lattice parameter increases from ~13.8 to 15.0 A and the lattice then evolves toward the new
bcc phae | for which the cubic parameter is ~12.
increase from 0.75 to 1 (about 33%) during ithaitu experiment and this can be correlated to the

D, content, which would correspond to 3.93 wt% dbsorption. An evaluation of the lattice of
deuterated compound was carried out by measuring neutron diffraction data of the sample at the end
of the experiment in a vanadium cell at room temperature. Le Bail analysis ré@éads
symmetry with a lattie parameter of 11.816(4) A (close to what is found fgHg).*?

The lattice parameter value extracted from the Gaussian fitting of ggolbcc 110 reflection

ranged from 12.23 to 12.12 A during the transition at 330 °C in the stainless steel cElj(see
3Figure9c).
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Figure39: The Gaussian fit of the cublié¢sCgoreflection in the neutron diffraction data as a function of time

(a) and temperature (b) during the experiment (only the fit during the ramp is shown in b). KcdCEhfec

and pseuddcc lattice parameter obtainBdm Gaussian fitting (open circles) and the total neutron intensity
(crosses) as a function of time and with discrete temperature points reported.

It is worth noting that the assignment ofbac symmetry to the hydrofulleride §CsoDy lattice

should beconsidered only as an approximation. In fact, while hbe structure indexes well the
collected data at low angles, it does not perfectly fit the data at high angles. A more reliable fit was
obtained to the data of the sample in the vanadium cell at remperature with a monoclinic cell

with 12/m symmetry and lattice parameters 11.602(3)b = 11.624(2) Ac = 12.390(1) A and

b = 87.43(1)A. Therefore, tbdt and thebtctcdse discussadn b e
approximates reasonably well the monoclinic cell.

Thenextfigure reproduces the evolution of the intensities of the different diffraction reflections.
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Figureddl nt egrated intensity (left) and 2d position
reflections from L§Cg (black, green, and orange), and the LiD 111 reflection (blue). The temperature is
shown on the right-axes. The vertical lines mathe main phase changes. In particular, the thicker black
vertical line highlights the point at which the fcc structure starts to evolve toward the bcc phase. The
numbers 1, 2 and 3 label the three main transformations discussed in the text.

It should ato be noted that the dGso sample did not absorb the maximum amount of deuterium,
corresponding to the 5 wt%;Hchieved by treating the sample at 350 °C and 100 k&f #ue to

the pressure and temperature limits of the sample environment, but on the basis of a preliminary
structural analysis of the fully hydrogenated phase, no dramatic chandbe structure are
expected during the increase from 2 to 5 wt% hydrogen, apart from an expected small increase in
lattice parameter.

At the end of the absorption procesgact (~2 wt% H at 300 °C, 60 bar £) the lattice volume of

LisCso increases bybout 26%. Compared to the volumetric increase per wi%f Mg (~25.5%

volume increase in Mgl corresponding to about 7.7 wt%)Hin these conditions the dGso
expansion is about 4 times greater if normalized to the amount of stored hydrogen.

We alsoknow thatLisCeso can easily reversibly accommodate 5.9 wt%do further intercalating a
transition metal(i.e: absorption at 350 °C under 100 ban#ith a Pd catalyst}*

From 2 to 5.9 wt% HKthe lattice volume increase is very small (less than 2%) since the space
occupied by a sentiydrogenated fullerene does not differ much from that occupied by a highly
hydrogenated g (such as GHss or CsoHag). At its maximum hydrogen content, the volumetric
expansion of LgCgso Nnormalized by the wt% of stored hydrogen is just 1.5 times greater than the
same value for Mg. Although molecular systems are comrmmngidered less attractive than
metal hydrides forapplied hydrogeistorage purposes, especially because of their low density,
fullerene stands out for its ability to reversibly chemisorb large quantities of hydrogen at mild
conditions and with a limited volume expansion.
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Deuterium desorption measurement of the sangpleeen carried oudfter thein situ experiment
and is displayed, as a function of time, Figure 41. The total amount of desorbed deuterium
corresponds to 3.4 wt%, equivalent to about 1.7 wi2elHis is in good agreement with the amount
of deuterium calculated from the normalized neutron total counts.
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Figure4l: (a) Desorption measurement of deuteraiie@e, (390 °C, 0.5 bar ).

Conclusions

In this study he deuterium absorption bygdso at 330 °C and 60 bar [pressure was investigated
usingin situ neutron powdediffraction. The sample was kept under 60 bars pressure of Deuterium
and its temperature was gradually increased while measuring the evolution of its diffraction pattern.
The overall absorption process can be described using three differestbgab of reaction:

(1) The first deuteration of kCgo, oOccurring through an anomalotisc lattice expansion and
leading to the formation of kCsDs.

(2) The partial segregation of LiD and the deuteration of fullerene (up to about 2 wt% of equivalent
H, is chemisorbed).

(3) The formation of two line phases and the structural transition to aboewydrofulleride
structure.

In particular, we found that the low ionic diffusion of lithium (after its partial decomposition from
LiD) into the newbccphase is the ratémiting step in the process.

In conclusionwe have understood and described the mechanism involved in the reaction between
hydrogen and LiCso underliningthe catalytic effect of Li that, together with the charged state of
Cso, constitutes the necessary ingredient for the absorption of hydrogen in this new class of
materials, allowing the absorption to take place reversibly at temperatures suitable for on board
application.
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We have already discussed thdtha@ugh alkali cluger intercalatd fullerides nearly meet the Bo
requirements in terms of hydrogen amount, the kinetic of their absorption is stileabt id

We have also introduced the two different approaches, starting from #@o lulleride
stoichiometry, followedn order to improve the kinetics:

1) Decoration of the lattice with transition metal nanopartiélds Pt and Nivhich are known to
facilitate the H molecule dissociatiowith increment in the hydrogen chemisorbed amount up to 6
mass%o.

2) Cointercalation of both Li and Na in the fullerene lattice.

In these alkali mixed intercalated systerhe thigh occupancy of thgLUMO states of &
(usuallylocatingup to 6 electrons) promotes the hydrogen chemisorption through the formation of a
C-H sp’ covalent bond' °. Both lithium and sodium intercalated fullerides present advantages and
disadvantages: while §Cs absorbs high amount of hydrogen, its stability in the hydrogenated
phase (LiCsoHy) is stronger than the hydrogenatedsGka. This causes the onset of desorption to
be higher in temperature with respect to the parent Na iraéedaphase”.

In order to improve not only the absorption kinetics, but also the desorption praeessed to
operate on the composition of the fulleride system, in term#tdrcalated ions or clusters and
charged state ofda. So he aim of this work is to find the best compromise between absorption and
kinetics of these materials.

3.3 NaXLi 6—XC60

We have synthesizadixed alkali cluster intercalated fulleride serieslNg,Cso( 0 O x O 6)
and we hare investigatedhem by means of charge/discharge kinetic and coupled calorinietric
manometric measurements.

These compounds are isostructural tg@®égand LsCeso While the cubic lattice parameter is linearly
dependentn the amount of intercalated sodium (Figdisg

The H, absorption/desorption was studitat all the different NayLisxCso CONcentrationsand we
found the best compromise between apson rate, temperature and amount of hydregan
Nay LisCgo.

This system is able to reversibly absorb up to 4.3 wi@t80 °C with about 67 % improved
kinetics than L§Cgoreference compound.
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Samples preparation

Materials have been synthesized by following a solid stastep procedure in according to the
synthetic process showed in the introductive part of this th€sigbtain the cointercalation we
need to produce in a first step the sodium fulleridgOytgand then dd the lithium to the system.

We usually start fronCgo (purity of 99.9 % grinded in an agate mortar witk moles of NaN
(99.99 %, SigmaAldrich). NaN; waspreviouslyanhydrified by precipitation from ethanol and then
treated in dynamic high vacuum &@QL°C for several hours. The powdspelletized; the pellets
placed in tantalum foil bags and then treated in a Pyrex® vial connected to aniidmular
vacuum pumpThe materialsare therheated in dynamic high vacuum up to 250 °C with a rate of
60 °Ch and therat 450 °C by ramping at 10 °C/h to decompose the sodium precursor

(Tdec NaN: ~400°C).

At this temperature, the sample annealed for one day and finally cooled down to room
temperature. The as produced,Gia has beerthen analysed by means ofrXy diffraction to
check the phasé\s we can see in the figure we have obtaimgtily crystalline fcc compounds in
the case of sample stoichiometnes 1, 2, 3and § while for the samples with compositioms= 4
and5 they present a monoclinic lattice
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Figure42. XRD analysis of Na,Cg at the end of th first synthetic step to check the proddotsnation

In the second step of synthesis 8@ sampless grinded and mixed with (8 moles of granular

lithium ( purity of 99 %, previously cut in very small flakes. The mixtusemilled in an agate ball

mill (Fritsch Mini-Mill Pulverisette23, 5 mL volume with 5 agate spheres of 10 mm diameter) at
30 Hz for 606, divided in 6 rounds of 1006 f ol
The obtained black powder was pelletized, placed in tantalum bags, within a sealed Pyrex® vial,
and treated at 270 °C fordays under static high vacuum conditions.
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Figure43: Ball mill

Another possible synthetic way for this second step useg @sNithium precursor following a
similar approach of the first step. The as synthesizef€dy@s grinded and mixed in the mortar
with (6-x) moles of LiNs and then the mixed reagents are pelletized and treated under dynamic
vacuum at 270°C in a vial using the same method described in the productiaCaf Na

We can resume the synthetic stepthmfollowing prospect:

1) Synthesis of sodium fulleride: x-NaN; + Cgo = NaCso + ¥2X-N, (dec. 450 °C)

2) Synthesis of Nd.is«xCso

1 First method: N&Cgo + (6-X)-Li = NayxLiexCeo (ball-mill + annealing)

1 Second method: N&gp + (6-X)-LiN 3 = NaLis.xCso+ ¥2(6-X)-N2 (Tgec~300 °C)

Both the two methods for the intercalation of lithium pregamticularadvantages:

using the Lithium azide allows to obtain samples with a higher crystallinity and a finer powder
(figure ) with respect to using metallic litmu On the other hand using the metal we can better
control the stoichiometry of the system because the dynamic vacuum applied during the treatment
to decompose the azide can remove also a little fraction of lithium together with the nitrogen.
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Figure44: SEM analysis of NgisCgo Obtained by metallic lithium (top) and by lithium azide (bottom)

In this particular study we have chosen to obtain the final product adding lithium metal sn@lball
process in order to better control the stoichitsgnef the samples.

After the synthesis thergliminary X-ray powder diffractiohas beercarried out by means of a
Bruker D8 Discover instrument (&g ; radiation), working in Deby&cherrer geometry and
equipped with an area detector (GADD®he samplepowder has beerealedin glass capillaries

and the measuremehave been performed, undgsinningcondition, collecting data for several

hours per frame. Hydrogen absorption investigatibage beerperformed on the as prepared
samples in a PCTP12000 manometric instrument (Setaram). About 300 mg of sarmatebeen
heated from room temperature up to 280 °C at 5 °C/min under 100 bar of hydrogen and a 10 h
isotherm was appended at the end of the ramp. Hydrogen desorption kinetic measunaments
beenperformed by heating the sample at 400 °C under 0.5 bar of hydfoli@ned by 10 h of
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isotherm. All the operations of synthesis and handling of materials were carried out in air and
moisture free conditions by operating in vacuum or within an Ar glove(@gxand HO levels <1

ppm).
Analysis of the results

The synthesis of N&so phases by means of the azide method producescrystallized samples,
as shown in pwder Xray diffractions of Fig 45

The Le Bail analysis of those spectra confirmed the formation of thekm@nfcc phases of

NaxCeo (for x = 1, 2, and 3) and N@go (for x = 6)* and the monoclinic phase of )&, (x = 4 and
5).>! The NaLigxCso phases exhibit broadened peaks Egere 45. These are in part due to the
reduced size of powdgrainsand the increased disorder caused by the-aérggrgy ball milling.

On the other hand, a decrease offtessymmetry, inducing a pseudoc arrangement of fullerenes,

is commonly observed in Li containing fullerides, leadimécc peaks splitting.

In case of low resolution (such as forrXy powder diffraction) the convolution of these peaks can
be confused as peak broadening. The refinement of the pseudocubic lattice parameter by Le Bail
analysis of the diffractograms, adimg the " Odcoa cell of Gy, demonstrated an increasing trend,
according to the relative increasexoforx = 6, we founda = 14.37 A, in good agreement with the
literature'* Satellite peaks near the 111 reflection, at ~10.5°, and the peak2af,18etween the
220 and the 311 reflections, are normally attributed to hexagonal distortion fuictlztice, as
stacking fault type of defect¥. Due to thefcc (or pseudefcc) arrangements of g molecules, the
only way to fill the free spacwith 6 atoms of Na (Li) is allowing the formation of an alkaline
cluster in the central octahedral void of the cell. This cluster is tetrahedral in casgCef Nand

not yet characterized in the novel Mg «Cso phases.
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Figure45: On the top: Xray powder diffractions of N&igCeo. At the bottom: fcc lattice parameter as a
function of Na content from 0 to 6, abtained from Le Bail analysis of the diffraction patterns.
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The samples have been hydrogenated at 280 °C under 100. bar H

The first hydrogen absorption and desorption cycle is reported, as a function of thgeiren47

Hydrogen absorptiori desorption cycles showed that both the gravimetric capacity and the
absorption rate significantly improve by decreasing the Na content and the values obtained for the
mixed compound N&isCgo are better than those for pure;Cio( Table ), testifying the atalytic

activity of Na when added in small amount to thefullerite. The hydrogen sorption reaction is
reversible for all the stoichiometries, the cycling ability is good in the frame of 3 cycles (maximum
tested up to now) and as we have already discuss the previous chapters, the addition of Na
destabilises the hydrogen sorption process, and we obtain a promotion in the dissociation of
hydrofullerene with desorption temperature below 3082C.

By checking with X ray diffraction after theydrogenation at 280 °C ( Figu4é ) is possible to see

an expansion ahefcccell caused byhe Govolume increasing due to-B bonds formation.

In case of LiCsp and N@Cg the lattice is evolved frorftc to bccwhen hydrogenated above 300°C

in this case we donofdcstractutei ce any evolution of

We observealso the formation of LiH and NaH, although is not possible to make a quantitative

estimation from XRD datdn the analysis we have chosen the stoichiometries with x = 2 and 3 as
general references for all thaLi.xCsofullerides.
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Figure46. X-ray powder diffraction patterns of selectedNg,Csq after the first hydrogen absorption at 280
°C (100 bar). The pattern of Qs hydrogenated at 350 °C (100 bar) is also reported for comparison.
The general data of the most important results emytdrogen storage parameters of all thd NaCs,
samples are reported in the table.
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Figure47. 1* cycle of hydrogen absorption (up) and desorption (bottom) @fifNaCso are reported as a
function of time and amount of hydrogen absorbed and released.
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Absorption Gravimetric Absorption rate
Sample capacity (wt %) capacity (wt %) (x 10 wt %/min)
@ 280 °C after isotherm under the ramp
LisCeo 1.8 3.5 3.9
Na1Li 5C60 3.2 4.3 6.5
NapLi4Ceo 3.1 3.9 5.9
NagLi3Ceo 2.8 3.2 5.0
Na4|_| 2Cs0 1.5 2.4 3.3
NasLiCeo 1.8 2.3 3.5
NaeCeo 1.5 1.8 /

Table5: kinetic absorption properties (Absorbeg Binset temperature and rate) of thglila,Cso phases.

The analysis of the time derivative of desorption curves allow to better separate the different
processes involved when varying the stoichiometry.Figure 8 the rates of desorption are
reported as a function of the time and the profile of desorptionbbas tentatively fitted by
different noncorrelated Gaussians. It is possible to identify at least four main processes. One
occurring at lowest temperature (near 150 °C) and at least three convoluted processes above 200 °C.
The results of the fit are shown Figure 48 it is evident that the first peak of desorption, between
140- 155 °C, is highly dependent on Na presence, being absenyGg, Bind progressively more
consistent between x = 2 and 6. It is worth to point out that the percentage of désahmgen is

not only dependent on the amount of hydrogen but also atetistyof the absorber. Therefore, an
increasing (decreasing) of the wt% of When varying the amount of Na in the structure, does not
necessary corresponds to the same variation in the stoichiometric content of hydrogen. For instance,
assuming that the only product of hydrogenation igLNaCsoHy, a 1 wt% H in NaLisCeo and

NasCeo corresponds to a different value of y = 7.8 and 8.6 respectively. The amount of hydrogen
released in the first process is very low and varies between 0.02 (for x = 1) and 0.2 \{it%o H
NasCes0), corresponding to about® hydrogenatomsper Gy, while the minimum temperature for

this step is found fox=3 (140 °C). The second processcisarly lower in temperature for Na
containing samples (247 °C fer2) than for L§Ceso (291 °C) and the amount of desorbed hydrogen
varies from 0.3 (LgCs0) to 0.95 wt%(x=4), corresponding to-8 hydrogens per 4, depending on
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X. The third process, occurring between 308 and 347 °C, is the most important and deperdent on
In the case of Cqo it occurs at 323 °C and only 0.3 wit% i4 released (about 2 hydrogens per
Ce0). In the mixed phases, the maximum desorption is reached for x = 0.5 at 330 °C, corresponding
to 3.3 wt% H (about 26 hydrogens pekd and decreases progressively witlThe last process is

the highest in tempenate; it decreases in temperature wittiarying from 380 °C (LdCs0) to 350

°C (x=0.5) and for some sample is completed during the isotherm. In the cas€#fthis is the

most important processoprrespondingo 2 wt% H desorbed (about 15 hydrogens).

Anyway, for xi 0, the amount of desorbed hydr oxens
corresponding to about 0132 wt% H.
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Figure48. hydrogen desorption rates (black) and fit according to Gaussian functions (blue and green) of
NaLie«Csoreportedas a function of time (left Yaxis).

We attempted to do the same analysis the absorption datanyway, the peaks were not well
separated as for desorption and their deconvolutions have been too difficult to study.
Considering the amount of hydrogelesorbed per single step, it is possible to reconstruct the
complete dehydrogenation processes gl NgCso cOmpounds.
It has been found that the hydrogenation involves the segregation of part of the metal in form of
hydride (NaH and LiH in our case}. To better explain this investigation we can use the following
general equation:

AE # A JE # ( 1, E(r. A( (1)
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HereUandb are the amount of lithium and sodium hydrides respectively.

Unfortunately, is difficult to quantify these values from XRD data, since the structure of
hydrofulleride is unknown and a quantitative phasalysis via Rietveld refinement is not possible.
In NayoCso, LisCso and Li2Cgo part of the alkali metal is d@tercalated in form of hydride during
the absorption process®> The measurements on hydrogenatedLNaCso highlighted the
presence of both LiH and NaH (s€g&ure 4. It is possible to just estimate a roundedyup
assumingld=b=0. Another assumptiowe have done is that hydrofullerene compositiongigiss,
where nO1, since only an even nugh®&rBelowfforhydr
simplicity we will exclude from discussion the first absorption process at 140 °C.

For LisCso about 20 hydrogens are chemisorbed gga€the end of the absorption process.

During the first two dehydrogenation steps at 291 and 324 °C about 0.28 wi%r ldtep are
released (2 hydrogens per stepsHGs and GoHis are respectively formed).

The third dehydrogenation process allows to desorb 2 wi%csotresponding to the remaigy
hydrogens.

During the following three steps of dehydrogenation at 280, 331 and 3505534, s0H24 and

Ceo are respectively formed.

Whenx=1, about 36 hydrogens are chemisorbed on fullereggi{§) at the end of the absorption
process. During theecond dehydrogenation process (257 °ggHés loses about 4 hydrogens per
molecule (becoming £Hsp). The third step at 315 °C brings tosB,, and the complete
dehydrogenation is achieved at 370 °C.

The path of dehydrogenation

for x=2 iSCengoV 65"'23( 247 AGEH)()( 3’ 0og A66X$70 QC) C

Forx=3: GsoHas Y &H20( 26 1 A ( 3Y1 0C Ase(360 °C). C

For x=4: CﬁonzV 65"'12( 280 Ang)_o( 3’ 2 2 Agg:(;%?? OC) C

Forx=5: GsoHaoY &H12( 269 Aslo( ¥1 T Ase(356 °C). C

Finally, for NaCeso: CooH14Y &Hs( 27 0  As(353 °C). C

The first stage around 140 °C was considered together with the first of the three high temperature
processes in the calculation of the dehydrogenation paths, due to the low value of hydrogen
involved (G2 hydrogens per §Hy, depending orx). Since this process is very far in temperature
(about 100 °C) from the other three processes, we attribute it to extrinsic hydrogen spgcies (

hydrogen not bound to carboi@omparing the four stage$ desorption, is clear that the first step
only occurs when Na is intercalated. A possible explanation is that those hydrogens responsible for
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this process are likely to form a chemical bond with sodium, either in form okign KlaH) or
clustered withintercalated lithium. The second hypothesis is likely to occur when, as previously
assumed’, the mechanism of hydrogenation can be explainedigira spilloveiike effect.

In fact, the hydrogen molecule is quickly dissociated on the metal cluster during the first stage of
absorption, until the cluster become less effective to perform this task.

Then, the hydrogenation of fullerene contingésnving down its rate since alkali cluster has been
partly deintercalated in form of hydride. This was already evidencedmad loped L§Ceso, Where

the presence of a catalyser allowed to continue the fast process at the limit, even when the LiH was
segregated’.

Anyway, in that case thpresence of the catalyser did not significantly influenced the desorption
enthalpy. On the contrary, by substituting part of the Li with Na, the absorption process is faster,
not only during the absorption (comparable with the rate measured-Rat é¢orated LiCgg) but

also for desorption.
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Figure49. (a) desorption onsets of hydrogenategliNgCso and respective partial desorptions (b) and
maximum desorbed content (c), reported as a function of x.
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After this gravimetric analysis we have aiswestigate the thermodynamic properties of the most
promising sample N&isCg, comparing the calculated desorption enthalpies wiCsbi and
NasCeo take as references.

In the figure we can sebd dehydrogenation calorimetficofiles recorded on the isgle after the
first hydrogenation run

Coupled calorimetri¢ manometric measurements were performed by connecting theiagbure
stainless steel cell of the Sensys high pressure DSC by Setaram with the 2Q0wPro

About 30 mg of the hydrogenated samples (after the first charging run) were discharged by heating
from room temperature up to 450 °C at 0.5 bar of hydrogen in dynamic mode (heating rate = 5
°C/min).

For NaLisCg is presentone only and quite sharp entdetmic peak centred at about 310 °C,
resembling the signal of puregdss. By increasing the Na content, one endothermic shoulder at
higher temperature appears, making the peak broader and broader and shifting its maximum
temperature up to 370 °C for thedNiCgo Sample.

This large peak resembles the highest temperature signakGfdN®ther two endothermic peaks
compare in the calorimetric trace of this compound, one centred at 170 °C and the other at 260 °C.
Both these signals are coupled with masss,lobence they are dehydrogenation steps.
The desorption enthalpy under the highest temperature signal deéreasé6 kJ/mol H for pure

NasCso Or 63kJ/mol for LisCgo, to 47 kJ/mol H for NayLisCgo, Valuethat falls in the bindingnergy

range for practical applications.
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Figure50. Top: differential scanning calorimetry of NiaCqoSshowing three exothermic desorption peaks
with a global enthalpy of 4¢J/mol H..Bottom: differential scanning calorimetry ofsCeso
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So combining the twanalysisresults is evident that NalCso is the mat promising stoichiometry
consideringooth thermodynamicend gravimetric properties | 't 6 s maxi mum48bsor |
wt% H,, when LsCgp Only get 2.7 wt% K after a longer isotherm landing at 280 °C.

Finally neutron powdediffraction measurementsn NayLisCgo have beertarried out on the high
intensity neutron powder diffractometer WOMBAT at ANSTO (Sydnkystralia) in the same
way and conditions of the experiment performed on aCdiand explained in the previous
experimental part ahis thesis.

We haveinvestigated the structural evolution tife sampleduring the absorption of 60 bars
pressureof deuterium, keepinghe sample undgsressureandgradually increasing thiemperature
up to 330°Gwhile measuring the evolution of its diffraction pattern.

Following theNaLisCgp structural patterns evolution is possible to confirm the absence of phase
transitions (different results with respect to thgCso System) and noticenly an increase in the fcc
lattice,involvedin theformation andoartial segregation of H (Figure )
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Figure51 Two-dimensional representation of the timesolved in sitneutron powdediffraction patterns
of NaLisCgin the region between 18 and 80° (right) and the corresponding temperaturgpaeddDre
(left).

85



Chapter3: Experimental Results and Discussion

We can underline the only presencé the cubic LiD 111 reflecton( 2 d = 77 . 3 A) , ap
200°C, without any evidence of the NaD formation.

Although there are pressure limits on the experimental setup that avoid the possibility to a complete
hydrogenation of the system (only 60 bar of deuterium can be appliedpsteca of NaD in the
NayLisCgois probably due tthe low amount of sodium in the system.

During the process sodiuprobably remains alwayssidethe cell makingpill-over and
improving the kinetics even when lithium segregates as hydride.

When weintercalate more Nawve introduce in the systesteric effect problems and we promote

the formation of NaH. Aurther studyon thedependencef metalconcentratiorcorrelated with the
formation of metal hydrides can be useful to better understand thean&tis involved in these
materials.

Conclusions

Mixed alkalicluster intercalated Na and Li fullerides Nig xCgo have been synthesized by means

of two step procedure consisting in the thermal decomposition of sodium aziggandQhe bail

milling of metallic lithium with NaCsgo. The hydrogen storage investigatimasproved the catalytic
effect of Na in promoting the hydrogenation gf&nion.

The DSC coupled manometric measurements evidenced that also the dehydrogetiatipy isn
affected when LgCqo is doped witbkmo | es o f Ni@awas 68/ kJimoldiforgptie LiCogo, it

is only 47 kJ/mol H, when x=1. This study allowed us to establish that;INi§Ceo is the best
compromise between the amount of stored hydrogenhankirtetics of absorption and desorption.

We can finally confirm the substantial interest of these materials in hydrogen storage application in
terms of kinetics and thermodynamics properti€be gravimetric density could be further
increasedand apromising strategy to investigate can b&yathesis, adding transition metals (i.e Pt

or Pd), of a cointercalated alkali and transition fulleride system combining the properties of both
metalfamilies
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The second part of this chapter is focusadyraphene based materials.

We have discussed in the introductive part of this thesis that in the case of graphene for solid state
hydrogen storage we need to decorate our system with metal nanoparticles to promote a
chemisorption of atomic hydrogen duethe spillover effect’.

We also know that the process/olved in the dissociation of hydrogen molecule requires high
temperaturdecause the strength of the molecular bond.

Preliminary results suggested that relatively sharp particle size distribution allow a contemporary
improvement of Habsorption and destabilizatioluring thedesorption process.

In fact the reduction of transitin metal particle sizbas beendentified as possible improvement
because itacilitates this dissociation process aitdowersthe dehydrogenation enthalpy

We succeeded to prepare a suitable graphene based system thiwekddwelopment of a novel
transition metal addition strategy basedtbe decomposition of metal orgamececursors andn
particularusing ametalcarbonyl clusterprecursor

We have chosen w&tart the decoration @fur graphene with transition metatstead of using alkali

or alkaline earth metal&s we have seen in the previous part of this chapter in the case of metal
intercalated fulleridesbecausetransition metals are known from literature to befpeomote
spillover effect'"*°.

In the following partthe synthetic strategy tobtain graphene decoratedth transition metal
nanoparticlegnickel and platinumvill be presented

After this firstwork onsynthesis and nanoparticles size optimization, it will be presented a study
on the use of decorated graphene as a substrate for the in situ (graphene surface) production of
nanosizedMgH,, with the aim of reduceéts high decomposition temperatuiieyestgating the
thermodynamic properties of the metal hydride.

3.4 Synthesis of metal decorated graphene

Graphene is a perfect substrate material; bulk synthesis of graphene and its decorations with metals
can open to interesting opportunities in the field of energy storage or heterogeneous catalysis.

We are able taobtain gram amount of thernialexfoliatedgraphene (TEGO) and weavetuned

different synthetic approaches for the decoration and functionalization of TEGO with metal
nanoparticles of Ni° and Pt.

In particular we have developed a nove$t@ps method for the bulk synthesis nanoparticles
decorated graphene (avoidiitg exposireto air). The size and the distribution of nanoparticles can

be controlled and optimized varying the therm@ompositionrate, the nature and concentration of
metal precursor.

We have investigated different organic precursors and metal clusters like Ni@uh&io(CO)yy,

we have observed the formation of nanoparticles with a diameter less than 20 nm anuakerf

of single metal atoms (depending on the synth
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The morphological and topological properties of the sampde® beennvestigated by means of
high resolution transmission electron microscopy (HRTEM, HAADIFEM).

The main result showed byhis workis how single metal atoms can be generated on graphene,
providingthe opportunity to explore the properties of individual metal atoms.

3.4.1 NiGraphene

We havefollowed two different synthetic approaches for the decoration of graphene with Ni
nanoparticles starting from two different precursors:
Ni(acac) and[NBug]o[Nig(CO)2]*

The synthetic approach to obtain addicorated graphene consist a twosteps process:

1) Synthesis of graphene from the termal exfoliation of graphite oxide (GO):
§ Oxidation of graphite with Brodie methd(oxidazing reagents NaCi@and HNQ)

1 Production of TEG{Thermally Expanded Graphite Oxide)
Termical exfoliation of GO at 1150°C for 30 min under dynamic vacuum

2) Decoration with metal nanopatrticles:
decoration of TEGO via chemical impregnationdadecomposition of metal organometallic
precursors

Using this synthetic way, @vare able to decorate graphene \itvide variety oftransition metals
and we carlsocontrol the dimension of nanoparticles.

1) The first step consists in the product@mEGO staiihg from graphiteg(RW-A grade).

We perform an oxidation of the graphite mixingnita 3 necksroundbottom flaskswith NaClO; in

a weight ratio 1:8 in favor of the oxidazing agent.

In a lateral neck is introduced a funnel with fumiiiyOs to further oxidize the mixture.

The neckin the opposite side isonneced with a tubefluxing nitrogen to removeClO, vapors
formed during the oxidation reaction. Thigxing step is important because a high concentration
of these yellow/greenaporscan cause an explosion.

In the centraheckit is introducel the agitatorto keep the reagents under continuous stirring.
Theflaskis placedn an ice bathin which it is immerse@ heater connected to a laptop.
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Figure52: picture of thesynthetic apparatus for the oxidation of the graphite (on the left) and focus on the
mixed reagents inside the rouhdttom flask before the addition of HN(@®n the right)

When theemperature of the systewoontrolled witha thermocoupleeachesaboutO® C we
startsto drop slowly thenitric acid always keeping the temperature close to zero to avoid possible
explosions.
After the introduction o&ll HNO3, we proceedvith a thermal treatment descripted in the following
steps

1 Upto60°C with arate 0of20° C/h

1 Dwell of 8hat60° C

1 Cooling down at room temperature

Theobtainedproductpresents green coloration.

Thenwe need to waskhe oxidated graphite in @M solutionof HCI and then wash agiwith
millipore H,O until you get a neutral plf the solution

Finally the suspensiors filteredandthe products dried overnight in an ovesit 60°C.

The produced graphite oxide is exfoliated in a oven at 1150°C for 30 min under dynamic vacuum.
This process alloaito obtain a high amount of termgalexfoliated graphene and as we can see in
the figure53 we observea big increase in the volume of TEGO compared to the graphite oxide
precursor.
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Figure53: picture of the thermal exfoliation step.
On the bottom its possible to compare inside the quarz tube
the volume of the GO precursor and gieducedTEGO

2) To perform the decoration with metal nanoparticles, in the case of Nimpregna¢ TEGO and
Ni(acac) or [NBua][Nig(CO)2]* in tetrahydrofuran(THF) according to the schematic procedure
shown in figure.A termal treatment at 300°C occurs to decompose the metallic precursors,
promoting the formation of metal nanogigcles on the graphene surface.
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Stirring (@ 50°C

Evaporation (@ 30°C

Figure54: Example of the metal decoration procisthe case of Nichel

During all the synthesis@vmanipulate our samples in a gldwex underAr atmosphere
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Figure55: glove box(O,and HO < 0,5ppm).
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The TEM analysis of Nigraphene materials have shown different results in terms of nanoparticles
size:

1 we have obtained an average diameter of ~20 nm in the case of samples synthesized using
Ni(acac), confirming the previous analysis of our grotip

1 An average diametdess then 5 im in the case of the samples obtained from Ni cluster.

In this sample we have also the formation of atomic size particles with dimensions lower
than 1nm

Figure56. STEM images of Ngraphene from Ni(acag)
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2-

2[Nig(CO)2l

Figure57. STEM images of Ngraphene samples frofiNBu,]
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3.4.2Pt-Graphene

Following the promising results obtained with-duster precursor we have synthesized also
platinum decorated graphene using the same synthetic way, described in details in the following
part.

RW-a grade graphithas beenoxidized following the Brodie methdd.

The graphite (5 g) was mixed with sodium chlorate powder (40 g) in a weight ratio 1:8 and cooled
with anice bath in a fumdéood. By keeping the mixture under continuous stirring, 50 ml of
concentrated HN®was slowly added, with minimal change in temperature.

The suspension was heated@at°Cfor 8 h with a slow thermal ramp (2€/h) and then cooled to

RT (30°C/h). After continuous stirring for 1 day, the suspension appeared dark green.

The produchas beetthen diluted in typ€l purified water and filtered through a coarse filter paper.
The product was then suspended in a 3M solution of HCI 37%, €@itaral carefully washed on the

filter until the pH of the liquid phase increased to 7. Finally, the product was dried in an &@n at

°C overnight. The as obtained graphite oxide (GO) was washed and dried ir6@ir@tfor one

day. Batches of about 60fig of GO were then placed on the tip of a quartz G Zatume vial,
connected to a vacuum pump. The thermally exfoliated graphite oxide (TEGO) was obtained as
described in the previous part (pag.7dy suddenly exposing the GO to 1423 K in dynamic high
vacuum (< 166 mbar), in order to exfoliate graphitic planes, and holding at this temperature for 30
minutes before fast cooling in air at room temperature. The vial was then disconnected and opened
in Ar atmosphere (< 1 ppm of,;@nd HO) in order to preent the oxidation of dangling bonds
formed by the detachment of oxygeontaining groups during the exfoliation.

In this case of platinum decoration we have studiea different reagent&*°>

T (TBA")4[Ptio(CO)3* (TBA = tetran-butylammonium)
T (PPh)* [Pt5(CO)q* (PPh = tetraphenylphosphonium)

The impregnation step in this case has been performed in acetq@H€N, 99.8 %, Sigma
Aldrich) for Ptg-cluster and THF for R4-cluster. Both the solventsave beeranhydrified and
degassed before usehese particular solventsave beerpreferred, with respect to the commonly

used dimethylformamide (DMF) or-methyl2-pyrrolidone (NMP), because dfieir lower boiling

point and modest effectiveness in suspending TEGO. This facilitates the evaporation at room
temperature, avoiding the thermatluced decomposition of Pt carbonyl clusters.

These particular platinum clustprecursors have be@mosen because of théow nuclearity and

the high solubility in CHCN and THF.
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Figure58: [Pti(CO),* (ref)

Assuming TEGO as entirely composed of carbon, we synthesized the Pt decorated TEGO
according to the atomic ratio (Pt:C) 1:100. Tbhancentration is typical for applicatioms metal
decorated grapherier energy storage armhtalysys (see also investigations of NEGO in ref?).

We report only the synthesisethodfrom Pt valid asa general procedure for both the investigated
precursors.

About 200 mg of TEGO and 1 mol% of (TBAPto(CO)-] were suspended/dissolved separately in
acetonitrile (10 mL each) by continuous magnetic stirring inside Schlenk glassware, in order to
avoid undesired reactions with atmospheric oxidizing agents.

The mixtures were then combined at room temperature gqtdukder stirring overnight.

The solvent was removed by slow evaporation at room temperature.

In order to remove the carbonylic groups from Pt clusterd HAO was heated up ®00 °Cin
dynamic high vacuum with a fast ramp (20/min) and held at thisemperature for 20 minutes
before cooling. The rapid heating promotes the molecular decomposition favoring the nucleation
process and inhibiting the growth of nuclei.

A summary of the synthedigllows:

100' (:grafene+ 1/15 PtlS(CO)lg -> PtQ_OO (ln TH F)
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Also in this case we have obtain a system which presents both veryaggadbatesind single
atoms as it is clearly show in the figure .

— e e T eees==n

Figure59: Theorical image of the different Pt nanoparticles and atoms obtained on the graphene layer
(background) compared with a STEM imagéshe sample Ptfg from Ptg-cluster(on the right).

SEM and HRTEM analysis of both different samples obtained frofardift Picluster have been
reported in the next pages.
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Figure60: morphology of the PTEGO film.
(a) STEM image, showing the small Pt particlesuniformly dispersed on the graphene sybstrate
in the images on thp Pt atoms are underlined by red circles
(b) Corresponding HRTEM image from few i&noparticles.
Some primal atomic planes are formed, with a dist&:23 nm, as expected from
(111) PtO planes (see inset). (c, d) Particles diameter histograms &@ssimthesized (c) and 573
K treated sample (d), respectively (standard deviations in brackets)
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Figure6l a) STEM images of Pt{g, from Ptgo-cluster precursoib) HRTEM image
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Figure62 STEMimages of Ptgofrom Pts-cluster precursor
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