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Chapter 1

Introduction

The fossil fuels depletion combined to greenhouse effect (caused by increasing
emissions of CO3) are two basic factors to face up for a sustainable future. A
significant breakthrough was made thanks to common renewable resources
although the effect they have on the economy is still small. In this context,
hydrogen would represent an ideal substitute of fossil fuels: it will not be
the answer to the energy problem (at least not alone), but it could definitely

solve the problems related to environmental pollution.

1.1 Hydrogen storage

Hydrogen is the element with the lowest mass and size and with the highest
diffusion coefficient (D ~ 1.285 cm?s™1). It is also the most abundant sub-
stance in the Universe. It has the 1s! electronic configuration when it is in
form of atom but the first shell can be filled with 2 electrons and this allows

four different processes:
> formation of H™ by donation of its valency electron (e.g.: HCI, HF);

> formation of the hydride ion H~ by accepting one electron (asin NaH,
CaHy);

>~ sharing its valency electron to form a covalent bond (e.g.: Hs, H20,

hydrocarbons);
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> share the electron to an ensemble of atoms forming a metallic bond
H° (like in PdH,, NiH,).

The hydrogen covalent bond is one of the most stable present in nature.
The average dissociation energy for Hy is ~428.2 kJ/mol (4.438 e¢V) and
for this reason the molecular hydrogen is the stable form of this element on
the Earth, although is most commonly present in molecular form bound to
other elements. Free molecular hydrogen, in fact, does not occur naturally in
quantity (only 0.55 ppm by volume in the atmosphere), but can be generated
with different methods (mainly from steam reformation of hydrocarbons and
water electrolysis). When the hydrogen reacts with oxygen a combustion

occurs, with the reaction:
1
Hy(g) + 502(g) — Ha0(1) + 286 kJ (~ 2.96 V).

The great heat released in this process can be utilized as energy source. On
this point of view, hydrogen has to be considered as an energy carrier, rather
than an energy source (as in the case of nuclear fusion). The use of hydrogen
as an energy vector falls within the context of the so-called “hydrogen econ-
omy”. In this context, of prominent relevance would be the use of hydrogen
as fuel for the automotive industry, as a substitute of petroleum and deriva-
tives: thanks to its “green” emissions (free of COy and NO,), upon the
combustion in air, and its relatively easy production (from water electrol-
ysis, fossil sources, biomass), with low environmental impact. In fact, the
major fossil fuel dependence in western economies is for transport. Unfortu-
nately, one of the greatest obstacles to the adoption of hydrogen as a fossil
fuel replacement is related to its volumetric density. If compared with other
substances, the hydrogen stands out for its remarkable energy density by
mass (141.86 MJ/kg, about 3 times the one of gasoline, Diesel or propane).
On the contrary, as often happens, things seem to be too good to be true
and the downside is that the volumetric energy density is one of the lowest
(e.g.: 4.5 MJ/L for Hy compressed at 690 bar at 15 °C and about 8.5 MJ/L
for the liquid, respect to about 34.2 MJ/L for gasoline). In Fig. 1.1 various

substances are displayed as a function of the energy density obtainable from

2
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their characteristic reaction (chemical, electrochemical, electrical) with ex-

ternal components. Because of its poor volumetric energy density, the use
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Figure 1.1: Energy densities of systems that require external components,
such as oxidizers or a heat sink or source. These figures do not take into ac-
count the mass and volume of the required components as they are assumed
to be freely available and present in the atmosphere.

of hydrogen as fuel in the automotive industry has to be accompanied by a
clever storage. In its gaseous form is practically useless and the only way to
achieve a performance efficiency comparable to that of a petrol-powered ve-
hicle is to increase its density. Practically speaking, about 8 kg of Hs would
be necessary for a family saloon to achieve a range of 400 km [1] (4 kg for an
electric car with a fuel cell), while the same distance would be covered with
about 24 kg of petrol in a combustion engine. The problem is that 4 kg of
Hy at room temperature and room pressure would occupies about 45 m? of
volume (in terms of size more than a weather balloon), so that it will hardly
fits the vehicle’s storage system. The easiest way to reduce this volume is
by compressing the gas. Novel carbon-fiber high pressure tanks are tested

to resist up to 600 bar and can be filled up to 450 bar for regular use but

3
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they have to be protected in the inner surface by special coating in order
to prevent reaction between the gas and the polymer. Aluminum (light and
inert) is commonly used for methane’s store systems and can be adopted
also for Hy. In this way is technically possible to achieve 4 % hydrogen
stored by mass, but there would be some issues to overcome: for example
the problem of pressure dropping from 450 bar to zero overpressure, so that
an additional pressure control is essential. Moreover, the risk arising to a
high pressure system is a matter to be taken into account in terms of safety.
A second opportunity is given by the condensation of Hy into liquid form.
At its boiling point the hydrogen density becomes 70.8 kg/m?. However, the
condensation temperature at room pressure is rather prohibitive (-252 °C)
due to the expensive cooling system necessary to keep hydrogen as liquid.
Furthermore, the enthalpy of vaporization at the boiling point amounts to
452 kJ/kg thus the heat transfer through the container leads directly to the
loss of hydrogen.

Actually, the most promising system is the hydrogen storage in solid and
liquid materials. Hydrocarbons contain large amounts of chemically bound
hydrogen and are available in liquid and solid form: cyclohexane (CgHi2),
for example, can reversibly desorb 7.1 mass% Hj forming benzene (CsHg).
Of course, the health and environmental risks associated to this substance
make it inadvisable to use. On the other hand, an inorganic system like N H3
is able to store 5.9 mass% Hs, although its corrosive nature does not makes
it attractive for applications. Of great relevance is the hydrogen storage in
metal hydrides, many of them capable to reversibly absorb and desorb large
amounts of the gas. In this field several materials have been investigated
by the “hydrogen community”: metal hydrides, mixed metal hydrides, light
metal borohydrides and alanates.

The U.S. Department of Energy (DoE) imposed clear targets for mobile
application within 2015 [2]:

= a gravimetric capacity of 5.5 mass% hydrogen for the tank, in order

to achieve system-level capacities of 1.8 kWh/kg system,

>~ a volumetric capacity if 0.040 kg hydrogen/L (1.3 kWh/L ~4.7 MJ/L),

4
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and the ultimate targets of 2.5 kWh /kg system (7.5 wt.% hydrogen) and 2.3
kWh/L (~8.3 MJ/L, 70 g/L of hydrogen) for the long-therm period. The
overall storage system must also comply all the problems concerning fast
kinetics of hydrogen charge and discharge and cyclability. At the current
state of the art no system fully satisfies all of these requirements. The
lighter metal hydrides LiH or MgHj can easily absorb about 12.7 and 7.7
mass% Hsy respectively, but the kinetics of absorption/desorption is very
slow and high temperatures are necessary to overcome the energy barrier
required to dissociates the hydrogen molecule on the surfaces of Li and Mg.

For those reasons, alanates are preferable because of their relatively mild

Ve

Mg, NiH, LaNigH, H, fliquid) H, (200 bar)

Figure 1.2: Volume of 4 kg of hydrogen compacted in different ways, with
size relative to the size of a car [3].

condition of hydrogenation (de-hydrogenation) [1]. The most studied are,
for example, NaAlH, (which decomposes in 2 steps forming Al+NaH+ %HQ
and desorbing 5.6 mass% of hydrogen [5]), LiAlH4 (about 7.9 mass% Ho
desorbed in two steps through formation of LiH [0]), M g(AlHy4)2 (about 6.6
mass% Hs released in the first step at 163 °C through production of M gHs,
which can subsequently decomposes at 380 °C leading to a total of 9.3 mass%
[7]). LiBH4 can reversibly store 8-10 mass% hydrogen at 300 °C (100 bar) [¢]
but is a very expensive compound. Materials such as intermetallic hydrides
like LaNisHg (1.37 mass% Hs at 298 K), TiVoHy (2.6 mass% Hs at 313 K)
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have also been considered for hydrogen storage applications. These materials
possess in general low gravimetric energy density but high energy density
by volume.

All the above mentioned compounds exhibits a peculiar behavior: they
store hydrogen by means of a more or less strong chemical interaction, or
chemisorption (except in the case of intermetallic hydrides in which hy-
drogen is in neutral form). Another approach consists on physisorption:
porous systems such as clathrates [9], carbon nanostructures (nanofibers,
carbon nanotubes, activated carbon) [10], zeolites [I1] and Metal-Organic
Frameworks (MOFs [12]) are a widely studied class of materials. In all these
compounds the interplay between the specific surface area and porosity is
of fundamental importance in determining the ability to adsorb hydrogen.
Generally, the adsorption in these materials occurs at low temperature (lig-
uid nitrogen) and relatively low pressure of hydrogen and they desorb at

room temperature or slightly above. It is the variation of attractive surface
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Figure 1.3: Overview of the binding energies for different hydrogen storage
materials [10].

forces as a function of distance from the surface which decides whether ph-
ysisorption or chemisorption takes place. In the former case the hydrogen
remains as a molecule and its electronic structure is barely perturbed upon
adsorption, leaving intact the surface. The fundamental interaction which
drives this process are the van der Waals forces and the interaction energy
is usually in the order of 10-100 meV (1-10 kJ/mol ). In contrast, when

chemisorption occurs, a chemical reaction between the adsorbate and the
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surface leads to the generation of new chemical bonds. In this type of sorp-
tion the energies involved are generally greater than 0.5 eV (>50 kJ/mol).
In Fig. 1.3 the landscape of possible interactions is depicted. Energeti-
cally speaking, the useful range for a good hydrogen storage material is
10-50 kJ/mol, which is, in some way, borderline between physisorption and
chemisorption. In this region two are the most considered processes which

could take place between hydrogen and the ad/absorber:
> Kubas interaction
> Spillover effect

A deepening of these processes will be given in the following paragraphs.

1.1.1 Kubas Binding

The so called Kubas interaction draws its name from a famous article of
Gregory Kubas [13]. The process involves a transition metal (M) and a
hydrogen molecule and results in the formation of a dihydrogen complex.
In its simplest sense it is a three center 2-electron bond in which a molecule
of Hy 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:

ik
LoM+H—H = L,M+— : = L,MH,, (1.1)
H

where L, represents one or more ligands (such as CO, Cl or phosphine)
attached to M. The Kubas binding occurs before a typical oxidative addi-
tion to form a metal hydride (third step eq. 1.1): the hydrogen molecule
thus acts as a neutral o-donor. The electrons donated by the ligands and
occupying one of the filled atomic d-orbitals on M are donated to the o*-
molecular orbitals (MO) of Hy and back-donated on the unoccupied metal’s
orbitals, forming an n?-complex. The H—H bond is stretched about 20

% over its value in free Hy (0.74 A). The process is similar to the Dewar
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LM LM&H, H,

Figure 1.4: MO scheme showing the interaction between the frontier orbitals
of Hy and an metal fragment, adapted from [14]. One of the occupied and
one of the unoccupied AO of metal hybridises the LUMO and the HOMO

of Hs. An intermediate state is stabilized in energy.

coordination of olefines with metals, in which the retrodative donation of
electrons from a filled metal d-orbital to the m*-orbitals of a C=C bond link
a m molecule (such as C HyCHj) to the metal. A review of this interaction

in organometallic compounds can be found here [15].

1.1.2 Spillover effect

The tendency of transition metal atoms to cluster makes, in some cases,
the Kubas effect hard to produce in many compounds. However, the for-
mation of metallic nanostructures can lead to the formation of a different
mechanism. The spillover effect was first studied by Khoobiar on Pt/AlsO3
(0.5 wt.% Pt) catalyst [16]. To take place, this mechanism needs a metal
particle (for example a clusters of few atoms of Pt, 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
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Figure 1.5: Left: schematics of spillover process in real space. The inequality
shows the range of chemical potential H favorable for spillover. Right: model
of spillover in energy space for Pt supported on graphene. The relative
energy (chemical potential) of hydrogen is displayed in different states. The
gray, dark-red, and blue lines show the H in fully hydrogenated graphene
(CH), in metal hydride (PdHy 75), and in the Hs molecule, respectively. The
pink and dark-red blocks show the range of energies of H at the catalyst
and at the Pd(111) surface with the H coverage varying form 25 to 100 %.
The family of thin dark-blue lines corresponds to the energies of H bound
to graphene. From [17].

the incoming hydrogen molecules. The process can only work if the car-
rier is able to allow the diffusion of hydrogen chemisorbed on its surface.
The metal has the role of lowering the energy pathway for gaseous species
which are firstly adsorbed by it and then diffuse on the plane of the carrier.
Thanks to diffusion of atomic hydrogen onto the carrier surface, the metal
particle is always virtually free to continuously split new Hs molecules. If
one consider the hydrogen chemisorption process, let assume that n,; is the
total number of metal atoms forming the cluster, nys ) the number of sur-
face metal atoms and ng the number of chemisorbed hydrogen atoms: the

ny /nys ratio is given by:

ng ng  NM(s)

)

nM o NMGs) M
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which allows one to calculate the crystallite size or metal cluster area know-
ing the value of ng /ny;(s). It is commonly accepted that hydrogen spillover
occurs whenever the ng /njys ratio for a supported metal being grater than
that exhibited by the same metal in the unsupported state (and having the
same particle size). Since this comparison is virtually impossible, usually
the spillover reasonably occurs when the ng/njs ratio for the supported

metal exceeds the ny /ny ) value for the unsupported metal [15]:

(nH/nM)supported > (nH/nM(s)> free :

For example, unsupported platinum catalyst at different temperatures and
hydrogen pressure have always a value of ny /npy) S 1 [19], while Boudart
et al., found a maximum value of ng/nyr of 75 for platinized carbon [20].
Up to now only the hydrogen chemisorption was considered. Actually,
many catalysts are capable of absorbing relatively large amounts of atomic
hydrogen to form a non-stoichiometric hydride (for example, Pd is known
to form o and B hydrides). Singh et al. studied the hydrogen spillover
in terms of thermodynamics for small clusters of Pd and Ni on graphene
receptor [17]. In Fig. 1.5 a conceptual diagram of spillover is reported. The
process is energetically favored when the chemical potential of hydrogen on
the receptor is lower than the same in the metal and in its gaseous state.
In order to achieve this condition the hydrogen has to almost saturate the
metal particle: the first incoming hydrogen molecules is dissociated by the
metal forming an hydride cluster (e.g.: PdyHs). The subsequent Hy addition
do not fully dissociates the molecule, but rather bind to PdH, via Kubas
interaction until saturation. At this point, any further Hs is energetically
unstable upon adsorption on PdH, and is favored to migrate to the graphene

receptor.

10
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1.2 Fullerides

1.2.1 The fullerene molecule (Cq)

Fullerene Cpo was first discovered by Harold Kroto et al. [21] in 1985 study-
ing the formation of long carbon chains in the interstellar space. The name
fullerene (or buckyball) comes from the the name of the architect Buck-
minster Fuller, whose geodesic domes resembles the shape of the molecule.
The structure can be ascribed by a truncated icosahedron (I, point group
symmetry) made of 20 hexagons and 12 pentagons of carbon atoms (each
pentagon is surrounded by 5 hexagons). The van der Waals (v.d.-W.) diam-
eter of the molecule is about 1.1 nm while 0.71 nm is the nucleus to nucleus

diameter. The average carbon to carbon bond length is about 1.4 A and

Figure 1.6: Schematic representation of the fec structure of Cgo fulleride.

can be considered a double bond. The electronic state of carbon on Cgg is a
mixture of sp? and sp> hybridized orbitals: each C' atom is bound to 3 other
carbons and its p, orbital owns a dangling bond for which the electron den-
sity is pronounced toward the external surface (although the electronic wave
functions of the molecular orbitals slightly extend also inside the sphere).
Whereas the C-C bond length in sp?-hybridised carbon is ~1.42 A (e.g.: in
graphite) while it is ~1.54 A for sp3-hybridised carbon (e.g.: in diamond),
in Cgo there are two kinds of bond length: the edges shared by 2 hexagons
are in the order of 1.46 A while the those between an hexagon and a pen-
tagon are around 1.40 A. For the sake of simplicity, the longer bond-length
is generally considered a single o bond and the shortest a n double bond,

although this may be an oversimplified assumption.

11



1.2. FULLERIDES 12

Cgo can be synthesized from graphite through arc-discharge in inert at-
mosphere. This process generates a soot of carbon allotropes for which Cg is
the most abundant species (~80 %) [22] and can be easily separated through
chromatography. Fullerene exists as a black crystalline solid (fullerite), or-
dered in the Fm3m spatial group (a = 14.17(1) A at 300 K, doy,— g 10.2
A) [23, 24]. The asymmetric unit, centered in the 4a Wyckoff site (000), is
orientationally disordered among different positions and for this reason ful-
lerite is a plastic crystal. This structure presents large octahedral (Oy) and
tetrahedral (7},) voids. The rotational disorder is significantly lowered below
260 K, where the crystal undergoes a first order transition and the symmetry
is reduced to simple cubic (sc) with Pa3 spatial group (a = 14.04(1) A at 11
K) [23]. Since there are two different ways of placing a fullerene into a cubic
environment which preserves the same number of symmetry operations, the
low temperature phase can be understood by thinking a fcc arrangement of
Ceso wherein neighbouring molecules are still in motion, but the rotational
axes lie along different [111] directions. Moreover, below about 90 K all the
rotations are entirely frozen, although the merohedral disorder can be still
present [25]. Some important properties of Cgy are reported in table 1.1.

In its molecular form, Cgg owns a high grade of degeneracy in its molecular

average C-C distance 1.44 A

Cgo mean diameter 6.86 A

Cgp outer v.d.W. diameter 11.18 A

Cgo inner v.d.W. diameter 3.48 A

15¢ ionization potential 7.58 eV

274 jonization potential 11.5 eV

electron affinity 2.65 eV

fee lattice constant (300 K) 14.17 A

fullerite density 1.72 g/cm3

Oy, site radius 2.07 A

Ty, site radius 1.12 A
thermal expansion 6.2- 1075 cm3/K

Band gap 1.6 eV

Table 1.1: Main physical properties of Cgg molecule and crystal.

12
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orbital states, due to the high grade of symmetry. This high degeneracy
is also reflected in the electronic structure. Cgg orbitals are schematized in
Fig. 1.7. In the ground state, the 60 valence electrons are localized on only 7
energy states. The h, level (I = 5) is completely filled by the ten remaining
electrons, becoming the highest occupied molecular orbital (HOMO), and
the t1, levels become the lowest unoccupied molecular orbitals (LUMO),
while the LUMO+1 levels have t1, symmetry. The HOMO-LUMO gap is

about 2 eV. The molecular character is in some way preserved also in the
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Figure 1.7: Left: scheme of the molecular orbitals of Cgg, as calculated by
Hiickel model with the relative degeneracy and symmetry. Right: derived
electronic band structure in the fec fullerite crystal. From [26].

crystal fullerite, where the overlap of the n orbitals broadens the levels to
bands (Fig. 1.7). The HOMO-LUMO band gap is ~1.5 eV [27].

1.2.2 The alkali intercalated fullerides

The ability of Cgg to easily accept electrons on its LUMO orbitals is widely
exploited in the synthesis of charge transfer salts (or fullerides). It is well
known that the molecule can receive up to 6 electrons on its t1,-LUMO lev-

els [28, 29, 30]. Moreover, the large intermolecular space in the fcc structure

13
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allows the diffusion of ionic species, such as alkali and alkaline earth metals
(e.g.: Li, Na, K, Rb, Cs, Ca, Mg, Sr and Ba), exohedrally to Cgy. Much
harder is rather the doping with transition metals, such as 7%, V, Fe, Co,
Ni, Hg, Pt and Pd, due to the high cohesive energy of these elements and
the poor tendency to donate their charge to Cgo [31, 32, 33, 34, 35, 36, 37]:
in these cases the synthesized solids are often amorphous or polymeric. Ful-
lerides of rare earths have also been synthesized but up to now remain of
purely fundamental interest [38, 39, 10]. A wide variety of intercalated
fullerides were synthesized since the discovery of Cgg, with interesting appli-
cations, for example in superconductivity [65] and energy storage [51, 66].
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. Of particular interest for
the purposes of this thesis are the alkali intercalated fullerides, M,Cgy (M =
Li, Na, K, Rb, Cs), whose main properties are summarized in Table 1.2 (in
Fig. 1.8 the structure is schematized). This class of intercalated compounds
was widely studied in the last 25 years. The so called A3Cgy (A = K, Rb, Cs)
are known to be type-II metallic superconductors at relatively high critical
temperature (7, ~18, 28 and 38 K respectively) and crystallize in a fcc sys-
tem. The A4Cqp and AgCgp crystallize in a bco and bee lattice respectively
and are small band-gap semiconductors [17]. LiyCsy and Na;Cgo systems
deserve a brief deepening, due to their different behavior and since they are
topic of this thesis. Lithium and sodium are the smallest alkali metals and
this allows a relatively easy intercalation in the fullerite lattice. Unlike the
A, Cgo, their phase diagrams are not well defined and the originated phases
often depend on the adopted method of synthesis. Moreover, the Li,Cgqg
and Na,Cgo are the only known alkali fullerides that permit the existence
of small “metallic” clusters in the fcc fullerite lattice, for a high grade of sto-
ichiometry (typically > 6). The NaCso, Na2Csp and Na3Cpgp, synthesized
by vapour phase deposition of Na on Cgg, are diamagnetics and present a
fec structure with absence of superconductivity in the NagCgo phase [63].
NayCgo and LiyCegp are isostructural and crystallize in a beo lattice (space

group 12/m) forming a polimeric crystals in which fullerenes produce a 2-

14
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Figure 1.8: Structure of alkali-doped Cgy compounds derived from the fec
structure of undoped Cgg. The upper and lower rows display identical struc-
tures in terms of a cubic and a tetragonal unit cell, respectively, for better
view. A3Cgo is made with K, Rb and with a mixture of C's and other alkali
metals, so that the C's occupies the octahedral sites (black atoms). From

[25].

dimensional array of molecules linked together by covalent bindings between
sp3-hybridised carbons. The alkali ions reside in the pseudo-octahedral and
pseudo-tetrahedral voids of the lattice [60, 52]. In particular, LisCgo dis-
plays a typical super-ionic behavior with possible applications as a solid
electrolyte in lithium-ion batteries [51]. For z > 4 the issue becomes more
complex: Cgo can virtually accept up to 6 electrons in its 1, LUMO and
6 others in the 1, LUMO+1 states, for a total of 12 electrons. Anyhow,
such a large charge transfer is hardly feasible in the solid state and only
the t1, orbitals are actually occupied (although rare cases of t14 occupied
orbitals have been reported [67, 68, 69, 70]). This causes the alkali metal to
partially donates its charge onto the Cgy molecule yielding to the formation
of alkaline clusters in the octahedral voids of the fec lattice. Such alkali
cluster intercalated fullerides present diamagnetic behavior (usually 6 elec-
trons fill the ¢1,, orbitals bringing to a singlet ground state) [55]. If only the
Ty(3%31) and O, (333) voids of the fec fullerite were completely filled by, for
example, an alkali ion (M), the maximum theoretical stoichiometry will
be M3Cgg. For this reason the lattices of A4Cqp and AgCpso (A = K, Rb, Cs)
are respectively bct and bee (the body centered system can in principle ac-

commodate up to 12 ions, depending on their radius). However, in the case
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of Li and Na, the small ionic radius of these elements allows to fill the octa-
hedral voids of fec-Cgp with more than one atoms. For example, Na is small
enough for more than one of it to fit into the fecc Oy, site and NagCgp and
Naj1Cgowere made [59, 64]. Lithium is also smaller and Li,Cgy compounds
were synthesized with © = 12, 15, 28 without segregating the element from
Ceo [71, 72, 53]. In the past, it has been suggested that lithium can forms
a cubic cluster in the Oy void, with both the body and the faces centered
by other Li ions/atoms occupying partially or completely the 32f (zxzz), 4b
(313) and 24e (4 3y) sites of the Fm3m lattice respectively. This allows a
maximum of x = 17 Li for Li,Cgy. Nevertheless, different structures could

be generated when z > 17.

1.3 Hydrogen storage in fullerene and fullerides

Carbon nanostructures were widely studied in the past as an alternative to
commons hydrogen storage materials. The reason is mainly to be found in
the attractive properties of these system: carbon is abundant, cheap and rel-
atively light element. It can be synthesized in different allotropes (e.g.: dia-
mond, graphite, graphene, carbon nanotubes, fullerenes, onions, nanohorns)
and easily interacts with hydrogen forming hydrocarbons. In particular, car-
bon nanotubes seemed to be the answer to the hydrogen storage problem
when Northwestern University group found more than 60 mass% of Hs in
specific carbon fibers [73]. “Long story short, we hear a story too good to be
true — it ain’t”, in fact, this fantastic result has never been reproduced any-
more and was probably originated by experimental errors. A more reliable
study has allowed to establish an empirical law for hydrogen adsorption
on carbon based materials: 1.5 mass% Ho per 1000 m?/g of specific sur-
face area [3], although during this work it was demonstrated that transition
metal nanoparticles can improve the adsorption on graphene outside of this
scheme [74]. This is true, in general, for the physisorption.

The binding energy of hydrogen molecule to carbon structures represents
the main problem. For example, thinking about graphene (the single layer

of graphite), which displays an enormous surface area (2630 m?/g), one can
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estimate a 7.7 mass% of chemisorption if each carbon binds one hydrogen
(producing the so called graphane). Unfortunately, only at very high tem-
perature this can be possible, because of the high energy barrier to overcome
for the dissociation of Hy on graphene. Moreover, the C — H graphene bond
has a binding energy of 140 kJ/mol, still far from the target value of 10-50
kJ/mol which represents the optimal value for near room temperature ap-
plications. On the other hand, the binding energy for physisorption is too
low (5 kJ/mol) [75]. Is common knowledge that in medio stat virtus and the

optimal energy range could be fit taking into account some considerations.

> The binding energy of hydrogen is enhanced in curved carbon
sheets. This is due to a “transition” from the sp? hybridization of
flat carbon to a partial sp® carbon hybridization. For this reason
nanostructures like carbon nanotubes and fullerenes, which displays a
high grade of sp® hybridization, are more promising for this purpose.

It was calculated that the binding energy increases with the curvature

[76].

> The binding energy increases if the curved sheet is charged.
Both nanotubes and fullerenes show this feature. In a past work Chen
et al. reported 15-20 mass% H stored on alkali doped nanotubes [77].
Although these high values have never been confirmed and were as-
cribed to errors, it was, however, confirmed the improvement in the
properties with respect bare carbon nanotubes (finally, a more reliable
value of ~2 mass% Hy was measured doping with lithium [78]).
On the theoretical point of view, DFT calculations clearly show that
the binding strength of molecular hydrogen on either positively or
negatively charged fullerenes can be dramatically enhanced to 18-22
kJ/mol [79]. In both cases the enhancement is attributed to the po-
larization of the hydrogen molecule by the electric field generated near

the surface of the charged nanostructure.

> Metal ions can bind Hs. The enhanced physisorption (or “mild

chemisorption”) which occurs in the intermediate range of 10-50 kJ/mol
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may be favored by catalyzers. As previously described in paragraph
1.1.1, metal ions can, in principle, bind hydrogen molecules by means
of orbital interaction [30] (named Kubas interaction in case of met-
als which possess available d orbitals). Similarly, light alkali metal ions
can polarize the hydrogen molecule through electrostatic interac-
tion. Finally, the spillover can lead to a low energy chemisorption if a
metallic cluster is present, supported on good receptor, able to accept

hydrogen atoms (as discussed in paragraph 1.1.2).

All these features may be very useful in the design of the hydrogen storage
material.

Fullerene molecule presents many advantages since it is indeed a curved
carbon plane (rolled up to itself to form a ball) and its ability to accept
large degrees of charge is well known (see paragraph 1.2.2). In the last 8
years many theoretical works contributed to increase the interest in this
nanostructure. In 2005, Yildirim et al. calculated that 7%, Sc and Co
can decorate a Cgy molecule binding up to 56 Hs via Kubas interaction,
corresponding to a 7.5 mass% Hj stored for Ti15Cs0 [21], with an average
binding energy of 300-500 meV/Hs (about 30 - 50 kJ/mol). In 2006, Sun
et al. found that an isolated Li19Cgo “superfulleroid” (a molecule of Cgg
whose pentagonal faces are coordinated by 12 atoms of Li) can store up to
120 hydrogen atoms (about 13 mass% of Hs) with a binding energy of 75
meV/Hy (about 7.2 kJ/mol) [75]. At the same time, Shin et al., calculated
that NigoCgo is capable of storing ~6.8 mass% Hs with hydrogen desorption
activation barrier of 510 meV/Hj (about 50 kJ/mol) [34]. In 2008, Yoon et
al. studied the interaction of Cgy with alkaline earth metals (Be, Mg, Ca,
Sr) and predicted that CazeCep is able to store up to 8.6 mass% Hs with
an average binding energy of about 200 meV/Hy (19 kJ/mol) [32]. In the
same year, Chandrakumar et al., predicted that the superfulleroid structure
NagCgp can store up to 9.5 mass% Hs with an average binding energy of
about 87 meV/Hy (~8.4 kJ/mol) [83]. Some of these superfulleroids are
depicted in Fig. 1.9. All these structures exhibit a relatively strong coordi-
nation of the metal onto the pentagonal (T%12Cg0, Li12Cs0) and hexagonal
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Figure 1.9: Superfulleroid structures theoretically predicted to absorb Hs
at mild conditions. (a) [Ti(H2)4]12060 [81]. (b) [Li(H2)5]12060 [1—5]. (C)
CaggC(;o(Hg)gg [NZ]. (d) [Na(Hg)ﬁ]chQ [N;].

(NagCgo, CasaCpp) faces of Cgp or above the edges between two hexagonal
rings (Ni3pCeo). The binding between alkaline earth or transition metals
and Cgp can be generally explained by a simple Dewar-Chatt-Duncanson
model, where the interaction is promoted by donation of charge from the
HOMO of the ligand (fullerene) to the metal empty states and a subsequent
back donation from filled d orbitals to the lowest unoccupied orbital of the
ligand. Subsequently, the hydrogen molecule is attracted on the metal by
means of Kubas binding, in case of transition metal, or electrostatic inter-
action (the positive charge of the cation polarizes the hydrogen molecule).
In the case of alkali metals, such as in Li19Cg9 and NagCyo, the strength
of these bounds should ensure the existence of these organometallic clus-
ters even outside the theoretical context, however, the stability of these

structures in the solid state has never been considered. In fact, it is well
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Figure 1.10: The most stable configuration of T'i15Cgg, as predicted by Sun
et al., is 24.8 eV lower in energy of the one showed in Fig. 1.9(a) [85]. The
metal tends to clustering on the Cgp surface significantly lowering the total
amount of He which is possible to store.

known that Li, Na and Ca exhibit a great tendency to clustering when their
concentration exceeds a certain level [86, 59, 64, 54]. Moreover, the high co-
hesive energy of transition metals would make it very difficult to synthesize
the T'i or Ni decorated fullerides avoiding clustering (for example, Sun et al.
showed that the T' atoms prefer to cluster on the Cg fullerene [35], as dis-
played in Fig. 1.10). Up to now any of these organometallic compounds has
never been isolated in a solid form, while some of them have been produced
in gaseous phase [37]. Anyway, a common feature of these systems is found
in the type of bond formed between the supported metal and Ho, which is
almost never split, remaining in its molecular form (only a slight weaken-
ing of the intramolecular bond occurs). This fact would allow a hydrogen
adsorption/desorption in the energy range useful for applications.

A different approach to Cgg hydrogenation considers the possibility of
having a complete dissociation of Hs. Also without doping fullerene with
metals, is possible to achieve a hydrogenated form of Cgy (named hydro-
fullerene, or CgoH,). Many reagents have been reported to reduce fullerenes
to yield mixtures of products with different stoichiometries. Between the
highly hydrogenated fullerenes, only the CgoHss and CggHig have been
thoroughly investigated. It is possible to hydrogenate fullerene by heat-
ing under high pressure of hydrogen and at high temperature (350-450
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°C) and pressure. The process isn’t reversible (prolonged treatment and

Figure 1.11: Two of the 10'3 possible isomers of CggHzg: the T' (on the left)
and the T}, (on the right) point groups.

desorption resulted in the fullerene cage fragmentation and formation of
hydrogenated fragmented fullerenes) and the hydrogenation lead the forma-
tion of very different hydrofullerene species (mainly CgoH1s,Co0H3s, Co0Haa,
CooHus,CooHsz2) [88, 89]. CeoHsg is considered one of the most stable and
reproducible forms of hydrofullerene. It stores approximately 4.8 mass% of
Hj and can be synthesized by means of Birch reduction [90]. It crystallizes
in the bec (Im3 space group) system with lattice constant of 11.785 A. After
the reduction of Cgg into CgoHse, the cage undergoes severe distortion (due
to the fact that each bound hydrogen turns an sp? carbon into sp®) and there
are roughly 103 possible isomers of the molecule [01]. Of these isomers only
few of them are considered effectively stables and many works have been
published with the intention to determine which of them was the right one
[92, 93, 94, 95, 96, 97, 98, 99]. To date, the most stable isomer is believed to
be the one having T' point group symmetry (see Fig. 1.11) [97, 96], in which
hydrogenation takes place so as to leave four benzene rings intact. However,
also D34 and T}, isomers have been proposed [941] and debate is still open.
The light alkali metals doped fullerides (such as LizCgy and Na,Cegp)
have aroused interest in the field of hydrogen storage applications just in the
last 2 years. In 2012 Teprovich et al. reported that, under optimized condi-
tions, the Li doped fullerane (with a molar ratio Li:Cgg of 6:1) desorbs up

to 5 mass% Hs with an onset temperature of ~270 °C [100]. This work was
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carried out after the Teprovich’s group had noticed improved performances
in complex hydrides (NaAlH, and LiAlH,) - Cgy composite systems [101].
In the same period the group of Carbon Nanostructures of Parma Univer-
sity had started a similar work on alkali doped fullerides, as planned in
the SNF HyCarbo project (Grant no. CRSII2-130509). In these systems
the hydrogenation occurs through a chemisorption process which involves
both the charged Cgp molecules and alkali ions and without the apparent

manifestation of Kubas or electrostatic interaction.
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Chapter 2

Experimental techniques

2.1 Diffraction methods

A fundamental tool of investigation in the study of synthesized materials
is provided by X-rays and neutron diffraction techniques. A detailed in-
troduction to crystallography can be found in the International Tables of
Crystallography [102].

The investigated samples were always in form of powders and this pre-
cludes the use of direct methods for the structural analysis. Even in the case
of powders, however, is possible to determine the crystal structure by using
different methods, such as Rietveld refinement or the Patterson analysis.

The analysis of powder pattern can be approached as follows.

> pattern indexing: it consists in the determination of the lattice
crystal symmetry. There are 230 space groups, belonging to 7 lattice
systems and 32 crystallographic point groups (as reported in table
2.1).

> structural model: after the lattice is defined, atoms and molecules
are inserted in the cell providing a model from which starting the

refinement.

> refinement of the structural model: this is the last part and allows

to find the correct positions of the atoms inside the lattice.
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The determination of the space group is a very important step and is usually
carried out by indexing the most intense peaks at low angles, assigning the
hkl reflection for each peak. This can be done with several algorithms,
usually implemented in various software suites. Depending on the algorithm,
the indexing of peaks can be carried out through a trial & error routine
(based on a permutation of the hkl Miller’s indexes) or by direct variation
in the direct space of the lengths (a, b, ¢) and angles (a, 3, v) of the unit
cell (dichotomy method). The TREOR routine pertains to the first type
of algorithm while DICVOL91 uses the latter. This first step allows to
obtain which lattice system the unit cell belongs. Then, the correct set of
symmetry operations of the crystal is obtained through the fitting of the
intensity of the pattern’s peaks (also called Le Bail analysis). Considering
the systematic extinctions, it is possible to find which of the many space
groups of the lattice better describes the crystal (or at least reduces the

choices), generally the one with the best figure of merit. There is not a

crystal systems lattice systems crystal classes
triclinic i 11
(a#b#c ot B+ 907 ’
monoclinic
(0 £b#£c 0y =90° £ ) 2/m 2, m, 2/m
(a # bo;thorho;nbic ) mmm 222, mm2, mmm
a ¢ a, B,y =90° ’ ’
rombohedral 3m 3, 3,732
(a=b=c a=p=~+#90° 3m, 3m
tetragonal A/mmm 4,4, 4/m, 422
(a=b#c; a,B,7=90° 4mm, 42m, 4/mmm
hexagonal 6 /mmm 6, 6‘_, 6/m, 622
(a=b#c; a=p=090°%v=120° 6mm, 62m, 6/mmm
cubic 5 23, m3, 432
(a=b=c; o, B,v=90° m3m 43m, m3m

Table 2.1: Table of crystalline groups in 3 dimensions and in the Hermann-
Mauguin notation. The 230 space groups are derived from combinations of
the 32 crystallographic point groups with the 14 Bravais lattices, each of the
latter belonging to one of 7 lattice systems.

general method for build up the structural model. In fullerene systems, the

geometry of the Cgp molecule is normally known, while its arrangement in
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the unit cell is unknown. Montecarlo based techniques (such as simulated
annealing) or Patterson methods can be very useful at this stage. After
defining a starting structural model, the refinement is usually carried out
by means of Rietveld method. The Rietveld refinement consists in a least
squares analysis which allows to refine a theoretical function (yq.) until it

matches the measured profile. The model is described by the function:

Yeale = Yi {Z kn | Fn)* mpLn P(Ap) + ybgd} :
h
Here y; is the scale factor, h is the index identifying the reflection, kj is
the multiplicity factor, F}, is the structure factor, Ly P(A},) is the Lorentz-
polarization factor (with Aj the offset between the calculated and the pre-
dicted Bragg peak) and 44 is a baseline function (usually polynomial) de-
scribing the background intensity. The least square method consists of a rou-
tine procedure which minimizes the normalized sum of residuals (weighted

profile):

R _ Z w (yobs - ycalc)2
P (Z wygbs) ’

where y.ps is the observed intensity and w a weight. The profile of the
peaks can be simulated through many different functions but is generally

well described by a pseudo-Voigt:
p.V.(AO) = nL(A0,T) + (1 —n)G(AS,T)

which is a combination of a Lorentzian (L) and a Gaussian (G) lineshapes
with correlated full width at half-maximum (I'). The I" parameter is com-

monly described by the Caglioti formula
I'? =Utan?0 4 Vtanf + W
for the Gaussian component and by

+ Y tand

7= cost
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for the Lorentzian one (U, V, W, X and Y are parameters to refine).

The analysis of the powder diffraction profiles presented in this work
was performed by using the free software package GSAS/EXPGUI (General
Structure Analysis System) [103].

In fullerene systems there are several problems to be addressed. First
of all, carbon is a light element and this affects its X-rays scattering cross
section (which is proportional to the atomic number) weakening the signal,
especially with laboratory X-ray sources. This problem can be easily over-
come by acquiring for longer time. Fullerides of light alkali metals have
the same problem. In particular, Li is very difficult to localize both with
laboratory and synchrotron sources of X-rays. By using neutrons, instead
of X-rays, one can overcome some drawbacks. For example, carbon owns a
good coherent cross section and zero incoherent cross section. Hydrogen is
practically invisible with X-rays (only in some cases a depth analysis with
synchrotron light can give more information) and with neutrons the inco-

herent signal completely cover the coherent one. However, is possible to

’ isotope ‘ coh. xs (barn) ‘ inc. xs (barn) ‘

T 1.7583 80.27
D 5.592 2.05
2o 5.559 0
"Li 0.619 0.78
Na 1.66 1.62

Table 2.2: table of coherent and incoherent neutron cross section (xs) of the
most representative isotopes for this thesis.

obtain structural information by replacing hydrogen with deuterium, whose
coherent cross section is more than double that the incoherent one. In table
2.2 the neutron cross section are reported for 'H, 2H (or D), Na and the
most abundant isotopes of carbon and lithium. It turns out that lithium is
hardly visible with both neutrons and X-rays diffraction. Another problem
of fullerene systems is the presence of intrinsic disorder: after the unit cell
is found, the center of mass of Cgy can be easily localized but its orientation

is never obvious and often merohedral disorder occurs. Moreover, an amor-
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phous phase is always present in fullerites, which affects the background

signal.

2.1.1 X-ray diffraction experiments

The first analysis of the synthesized samples was performed with a labora-
tory source on a Bruker D8 discover with GADDS diffractometer, operating
in Debye-Scherrer geometry and using a sealed tube generator (Cuk,).
The beam is monochromatized and collimated by double cross-coupled Go-
bel mirrors, inserted between the generator and the specimen. This allows
to select just the K, line of copper (A = 1.540612 A). The diffracted beam
is detected by a 2-dimensional HI-STAR area detector: this is a multi wire
proportional counter (MWPC) of 11.5 cm diameter. The 2D image acquired
on the detector is processed by the GADDS program and integrated. The
specimen is generally in form of a sealed glass (or quartz) capillary filled
with the sample powder. The capillary allows to hold an air sensitive sam-
ple without ever exposing it to external atmosphere. The Debye-Scherrer
geometry allows to analyze also small quantities of sample. The main dis-
advantage of this diffractometer is presented by the low angular resolution
in 260 (~0.05° with detector at distance of 20 cm from the specimen), which
is intrinsically linked to the density of wires in the detector’s chamber.
The synchrotron diffractions were carried out at the European Syn-
chrotron Radiation Facility (ESRF, Grenoble, FR) at the ID15b beamline.
The scattering angle for the monochromator is almost fixed (10 % tunebility)
by the beamline geometry. This determines the range of available energies.
There are three monochromators providing 30, 60 or 90 keV radiation. The
first two are 40 cm long bent Bragg crystals and the third one is a bent
Laue-crystal. The instrument operates in Debye-Scherrer geometry and for
pattern’s detection the mar345 Image Plate Detector (345 mm of plate di-
ameter, 100 pm? pixel size) was positioned at 60 cm from the sample with
20 fixed to zero (a beamstopper was placed to shield the direct beam). A

cold nitrogen gas blower allows to measure from 90 K to room temperature.
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2.1.2 Neutron experiments

In-situ monitoring of deuterium absorptions were operated with the HRPT
(High Resolution Powder diffractometer for Thermal neutrons) instrument
at the SINQ facility of the Paul Scherrer Institut (PSI, Villigen, CH). The
spallation neutron source SINQ is a continuous source which provides slow
neutrons. The multi-detector diffractometer HRPT [10] is designed as flex-
ible instrument for efficient neutron powder diffraction studies, also for small
sample sizes. High resolution (8d/d < 0.001) is achieved by thermal neu-
trons, large scattering angles of the monochromator and of the sample (up
to 165°). By means of primary collimators, a secondary slit system and by
appropriate choice of the sample diameter, resolution and intensity can be
optimized. Wide range of neutron wavelengths A = 0.94-2.96 A is available.
Due to the use of a large position sensitive 3 He detector , simultaneous mea-
surements are possible within a scattering angle range of 160° with angular
step 0.1°. The detector can be positioned on air cushions also at intermedi-
ate positions and the angular step can be e.g. 0.05° or less. A small furnace
was installed during the experiments (temperature range 300 -700 K).

Another instrument used in this work was the high-intensity two-axis diffrac-
tometer with variable resolution D20 [105], of the Institute Laue-Langevin
(ILL) of Grenoble (FR). The variable monochromator take-off angle, up to
120°, increases the flexibility of the instrument, providing high resolution
over the complete diffraction pattern at the highest take-off angle with a

2

neutron flux of up to 10” ns~'em ™2 or a high flux of up to 10% ns~lem=2 at

medium resolution at lower take-off angle.

2.1.3 The extraction of the Pair Distribution Function (PDF)

In some cases the long range order, found in crystals, is compromised by dis-
order. This is the case of amorphous solids, nanocrystals and low crystalline
materials. In all these systems the order is found only at short or medium
range. The peaks of the diffraction pattern (if present) become broad and a
quantitative (and often also qualitative) analysis is not possible. However,

is still possible to obtain important informations by taking advantage of
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the diffuse scattering. This can be very useful for extracting a real space
function of the distribution of lengths inside the system.

The distribution of inter-atomic distances in the investigated sample is
given by the set of r;; lengths between ¢ and j atoms through the so called

atomic pair density function:
(1) = pog (1) = oz 22000 = 73)
r) = r)= T — T
p pog Ar N2 -~ ij)s

where pg is the numeric density of a system with N atoms and g¢(r) is
the atomic pair distribution function (PDF). g(r) displays a series of peaks
centered to the lengths corresponding to the inter-atomic distances, |r; — 7},
and is proportional to the probability to find the i and j atoms at the r;;
distance. It is possible to define a reduced PDF:

G(r) = 4mr (p(r) — po) = 4mrpo (g(r) —1).

The PDF can be extracted from the diffraction pattern by calculating the

Fourier transform:

>Hw

/Q — 1] sin(Qr)dQ,
0

where @ is the magnitude of momentum transfer of the scattered X-ray
(Q = 4rA~1sind, for elastic scattering) and S(Q) is the total scattering

structure function. The latter is given by:

Icoh( <f Q 2> +
(F(@)*

5(Q) =

Here I, is the coherent scattering and f(Q) is the atomic scattering factor
which is averaged over all the atom types in the sample in order to obtain
(f(Q)) and {f(Q)?). The therm Q [S(Q) — 1] is also known as reduced struc-
ture function, or F(Q). Since it is not possible to measure the diffraction

patter between Qi = 0 and Qmer = 00, the quality of the extracted PDF
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is given by the maximum exchanged momentum attainable in the diffraction
experiment. This is mainly affected by the energy of the beam.

The extraction of the PDFs shown in this work was carried out by using
the PDFgetX3 routine [106]. The analysis of the PDFs was made with the
PDFgui program [107]. A more detailed explanation about the use of these
programs can be found in the cited references. Further details about the
total scattering experiment will be given in paragraph 3.5. More exhaustive
and detailed treatment on the PDF analysis and examples may be found in

subject related textbooks [108, 109] and articles [110, , 112].

2.2 Absorption measurements (pcT)

The most used method to characterise the hydrogen absorption/desorption
properties of materials is volumetry, also known as manometric or Sievert
method. With this technique is possible to evaluate the absorbed/desorbed
amount of gas of the sample by making use of calibrated volumes. The
knowledge of pressure and temperature of the system is sufficient to calcu-
late the amount of the gas phase through an appropriate equation of state.
The thermodynamics aspects of the absorption/desorption of hydrogen are
described by means of concentration-pressure-isotherms (pcls). In a typical
hydrogenation process there is a plateau region in which the solid solution
(a-phase) and the hydride phase (3-phase) coexist. The length of the plateau
determines the amount of hydrogen stored while the center of the same is
generally assumed as the equilibrium pressure (peg). The latter is related
to changes of enthalpy of reaction and entropy of reaction (AH, and AS,
respectively) by the van’t Hoff equation:

In <“> _AH 1 AS (2.1)

20 R T R’

where pg = 1.013 - 10° Pa and R is the ideal gas constant. Therefore, tem-
perature fixed, equation 2.1 allows to have the thermodynamics parameters
from the equilibrium pressures. A pressure-composition-temperature (pcT)

curve provide the relative mass changes allowing the quantitative estimation
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of involved stoichiometry. The kinetics of reaction involved in the process

follows the Arrhenius equation:

-E
K =Aex a) ,
p(RT
where K is the rate constant, A is an amplitude and FE, is the activation
barrier for chemisorption. The dynamic pcT apparatus at EMPA laborato-

ries is a home made instrument [113]. The system consists of the following

components:
> hydrogen/deuterium gas supply with pressure regulator,
> reference volume,
> pressure meter,
> temperature controlled sample container,
> vacuum system.

By dynamic pcT measurements the hydrogen pressure is measured as a
function of the amount of hydrogen absorbed at a constant temperature.
In a typical pcT experiment the sample is loaded inside a high pressure
cell and connected to the line. A fixed pressure is set inside the cell and
the temperature is ramped to a fixed value. Through the measurement of
the pressure inside the cell (which will decreases if an absorption process
take places) is possible to derive the amount of absorbed hydrogen. The
desorption experiment is carried out by measuring the increase of pressure
due to the release of hydrogen inside the cell. It is possible to adopt the
ideal gas law:
pV =nRT,

where p, V', T and n are the pressure, the volume, the temperature and the
number of moles respectively, while R is the constant of ideal gases. This
equation is valid since the compression factor of the gas is negligible for

pressure lower than 200 bar. The relation between the variation of pressure
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and the number of moles of the absorbed gas is given by

Anabs/des = Ap%
Here Ap and An are the variations of pressure and moles at the end of the
absorption/desorption process. The mass percentage of absorbed/desorbed
gas is:
mass% Hy = M’
mg
where My is the molar weight of hydrogen (1.008 g/mol) and m, the mass

of the sample.

2.3 Muon Spin Relaxation (nSR)

The Muon Spin Relaxation is part of different techniques, known as Muon
Spin Rotation/Relaxation/Resonance (nSR). Muons were discovered in 1933
by K. Kunze, who observed the path of this particle in a Wilson chamber.
Muons exists as positive or negative charged particles with a mean lifetime
of about 2.2 ps. Its charge is equal to the electron’s charge and owns a
1/2 spin. The main properties of positive muons are reported in table 2.3.
Muons are produced by decaying of pions (with a mean lifetime of about 26

ns) in the following reaction:
™ — uF 4 ().

The weak nuclear interaction leads the pion decay, thus a parity violation
takes place, leading the emerging muons to have negative helicity (which
means momentum, P,, opposite to spin, I,). For the purposes of this
thesis, only positive muons will be considered, while negative muons are
too reactive and undergo nuclear capture, yielding not negligible effects in
case of high atomic numbers are involved. At the ISIS large scale facil-
ity (Rutherford Appleton Laboratory, Didcot - UK), 100 % spin polarized
positive muons are produced from pions generated by 800 MeV energetic

protons colliding against a 10 mm thick graphite target. The spin is fully
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wt properties value
charge (q,,) e = 1.60217733(49)-10~1° C
spin (1) 1/2
mass (1) 105.65839(34) MeV /c?~ 0.12 m,~205 m,
magnetic momentum (/1) 4.88-103up ~ 8.9uNn
gyromagnetic ratio (vy,/2m) 135.53420(51) MHz/T
mean lifetime (7,) 2.219703(4) ps

Table 2.3: Main properties of positive muon [114].

polarized in the opposite direction with respect the p* linear momentum.
After its implantation, the muon can interacts with matter undergoing de-
polarization. After its mean life-time, the p™ undergoes a three body decay,

splitting into a positron and electronic and muonic neutrinos:
/ﬁ —>e++1/e+1?u.

The kinetic energy of the emerging positron may vary continuously between
zero and 52.83 MeV (corresponding to neutrinos traveling together and anti-
parallel to positron). Thanks to parity violation, all the positrons produced
by this reaction are prevalently emitted in the direction that muon spin had

before decaying, according to the following angular distribution:
W(0) =1+ acosb. (2.2)

Here 0 is the angle between I, and the direction of the emitted positron and
a is the asymmetry factor which increases monotonically with the energy
of the positron up to 1 (for a maximum energy of 52.83 MeV). As can be
seen in Fig. 2.1, positrons are emitted mainly in the direction of I, and
the angular distribution integrated over all energies is shifted towards the
muon’s spin. In a typical pSR experiment, 100 % spin polarized muons are
implanted in the sample with their spins oriented in the opposite direction
to their motion. Due to their very high kinetic energy (~4 MeV), the firsts
instants are employed to the thermalization of the muon through decelera-

tion. Finally, when the muon is thermalized, the particle found a convenient
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52.83 MeV

Figure 2.1: Muon decay: angular distribution of positrons from positively
charged muons for various positron energies, according to equation 2.2, be-
tween zero and %mMCQ. The black dashed line is the angular distribution
integrated over all energies.

energy minimum and there its spin starts to precess around the local field.
In Fig. 2.2 the muon is localized at the center (where the sample is placed) of
two positrons detectors. When the muons decay, detectors count the emit-
ted positrons. If, for example, the sample was diamagnetic, I,, would stays
unperturbed and positrons would mainly detected in the backward counter.
In case of paramagnetic substances fluctuation of internal fields would depo-
larizes the muon’s spin leading a temporal decaying signal in both detectors.
The evolution of the muon’s polarization is described by the experimental

asymmetry function (or muons polarization):

NF(t) — aNB(t)

Al = aoP®) = T TN ()

where Np(Np) is the number of positrons counted at the forward (backward)
detector as a function of time, ag is a scale factor and « is an experimental
factor (mainly depending on sample position detector efficiencies) which is
determined by previous calibrations. The behavior of P(t) depends on the

investigated material. If there is no time evolution of the muon polarization,
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the positron count rate is:

t
N;(t) = Ngexp (—7_> + By,
I

where By is the background (usually very small). There are mainly three

Backward Forward
detector detector
P, 1,
ammm— 0 ——————————————————————— 4—’
o LF
S TF

Figure 2.2:  Instrumental setup of the positrons backward and forward
detectors for a LF (ZF) experiment (external magnetic field parallel to P,,)
or TF experiment (field perpendicular to P,,).

different experimental configuration for a pSR experiment:
>~ zero field (ZF),
>~ longitudinal field (LF) and
> transversal field (TF).

The former (ZF) is simply a measure of P(t) without any applied field (B =
0). The LF experiment is made by applying a static external magnetic field
along the axis parallel to P,,. The TF experiment consists in the measure of

the muon polarization under the influence of an external static field applied
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along the axis perpendicular to P,. In this case, the positron count rate is:

t

N(t) = Npexp <—T> (1 + agP.(0)cos (y,Bt)) .
°w

In ZF and TF the p' is forced to precess around the local field plus the

external field (if B # 0) with the angular frequency:

w = Yu(B + Bioc)-

In this case the forward and backward positron count rates can be expressed
as:
Np(t) = Noexp (=L ) (1+ao P (1))

T

aNp(t) = Noexp (—£) (1 - aoPx(t))

and P,(t) assumes a complex behavior that depends on the type of interac-
tions involved.

When the muon is implanted in matter its behavior depends on the en-
vironment. For example, if 4+ stops in a minimum of the electrostatic po-
tential and experiences a static and randomly oriented distribution of fields
(e.g.: originated from surrounding nuclear dipoles or electron momenta) its
polarization will start to precess following a Gaussian decay and can be

expressed by:
12 9.9 o?t?
Pz(t)—3+3(1—at>exp<—2 s

which is known as “Gaussian Kubo-Toyabe” function. In diluted regimes

this can be also expressed through a Lorentzian Kubo-Toyabe:

Pu(t) = % + 21— My exp (<),

w

Due to the initial spin-polarization of u™, % of the polarization is already

in the direction of the parallel oriented local field components and it won’t
precess. The remaining % of the polarization will precess at the local field.

In case of diffusive regimes the Kubo-Toyabe can be simply replaced by
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Gaussian or Lorentzian functions (as will be better explained in paragraph
3.6). When the investigated sample presents a magnetic order (e.g.: ferro-
magnetic or antiferromagnetic order), the muon starts to precess at the local
field and an oscillation in P,(t) can be seen, whose period is proportional to
the local field.

In metals, the Yukawa potential screens the muon charge so that muon
doesn’t couple with electrons. When the density of free carriers is below
the critical value of n. ~3 - 1023 cm™3, the electrostatic screening of the
muon charge is not effective anymore and a bound state between muon and
an electron may be formed [115]. The bound state is chemically equivalent
to a hydrogen atom and is known as muonium, or Mu (u*e™). For a free

muonium in vacuum the hamiltonian can be written as:
H/h = 7VeSeB — ’}/“IMB + A,uSeI;u (23)

where 7, and v, are the gyromagnetic ratios of the electron and muon (/27
= 27.992 GHz/T; ~,/2r = 135.5 MHz/T), S. and I, are the muon and
electron spins. The first two terms describe the Zeeman interaction. In
the last term, the muon and electron spins are coupled by the hyperfine
interaction through the hyperfine parameter A, (which is 4463.3 MHz for

muonium). This can be expressed as:

2
2m A = S ek O, (2.4)

were [ig is the vacuum magnetic permeability and ¢(0) is the wave function
at the muon position. The diagonalization of the hamiltonian of equation 2.3
leads to define the Breit-Rabi levels of Fig. 2.3, whose energies are described

by the subsequent four |e~p™) spin eigenstates:

Ey = |aeoy,)
Ey=c ‘aeﬁu> +s ‘5eau>
ES = |ﬁeﬁu>
Ey=c ‘Beau> - S ‘O‘eﬂu>
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Here a; and ; represents the spin states of the muon (electron), ¢ and s are
mixing coefficients. In equation 2.5, Ej is the singlet state (the blue one in
the upper left graph of Fig 2.3), relative to J = 0 and mj = 0, while Ej,
FE> and FEj3 are the triplet’s states relative to J =1 and mjy; = 1, 0, -1.

The easiest way to study muonium is by means of a TF experiment in low
field, which allows to split the triplet states and determine the Am = +1
transitions: v and ve3 (v; = E;/h). In this case the hyperfine parameter
can be determined by:

1 (V12 + o3 + 2”#)2

A== +vi2 — 23] .
2 Vo3 — V12

In many cases the instrument measurable frequencies doesn’t allow to see the
very high precession signal of muonium: for example, the instrumental band-
width in ISIS is 0.1-10 MHz, definitely too low to see the precession of Mu.
In these case, is possible to detect the formation of muonium through a LF
experiment by directly measuring the hyperfine parameter. This is possible
by decoupling the spin of the muon from the electron spin in Paschen-Back

regime at the hyperfine field:

Bhyp = Auf (el + ) - (2.6)

When the field is off, half of the polarization is in the F; or FEj3 states
and half is a superposition of Fs and FE4. In this condition half of the
polarization undergoes precession while the other one is recovered at the
hyperfine field. The field dependent longitudinal polarization (also known

as quenching curve) may be expressed as:
P, =tr [(V'Izv)ﬂ ,

where v are the eigen-vectors of H (bottom graphs in Fig. 2.3).
In several cases, muonium isn’t stable after its formation and quickly
reacts with the sample forming radical species. This is typical of aromatic

compounds (such as benzene or ethylene). In radicals, the Paschen-Back
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Figure 2.3: Calculated Breit-Rabi diagrams (top) and the relative simulated
quenching curves (bottom) for free muonium in vacuum (left), a free radical
in a isotropic environment (center) and for a radical coupled to a proton
in benzene. The black vertical dashed line highlights the hyperfine field as
calculated from eq. 2.6. The hyperfine frequency of the radical is fixed to
500 MHz and the proton frequency is 150 MHz.

regime is reached at lower fields because of the delocalization of the wave-
function of the bound electron (¢¢; in equation 2.4) over many nuclei'. In
liquid systems the behavior is quite similar to that of muonium (as can be
seen in the upper central graph in Fig. 2.3). More in general, the symmetry
of 1¢; is not spherical (e.g.: as in the 1s!' state in Mu) and in this case

the hyperfine coupling becomes a tensor. A more exhaustive and detailed

'Here the Hamiltonian is H/h = 7eSeB — 7, I.B + A,Sel, + 610521 + Haip, where
the fourth therm is due to the anisotropy of ¥e; (dvo is a non diagonal tensor), while the
latter is the dipolar interaction with other nuclei.

40



2.3. MUON SPIN RELAXATION (pSR) 41

treatments of this situation can be found in [116].

In this work the pSR measurements were done at the Rutherford Ap-
pleton Laboratory near Oxford in the UK. The ISIS facility is the World’s
most intense source of pulsed muons (single pulse of 80 nm FWHM, beam-
size tunable from 10-27 mm FWHM) for condensed matter research. The
experiments were performed on the EMU instrument: a 96-detector pSR
spectrometer which is optimized for zero field and longitudinal field mea-
surements. Fields of up to 5 kG can be applied in LF mode by means of
Helmholtz coils. Sample temperatures can be tuned in the range of 50 mK

to 1500 K by using a variety of sample environment equipment.
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Chapter 3

Experimental Results and

Discussion

In this chapter the synthesis and the physical study of the investigated
materials is discussed. The shown samples are the most interesting and
promising of a wide range of synthesized materials. The synthesis of dif-
ferent stoichiometric compounds of sodium intercalated fulleride (Na,Cpgo,
r = 6, 8, 10), calcium intercalated fulleride (Ca,Cgo, x = 6, 8, 12, 32),
lithium intercalated fulleride (Li,Cgo, = 6, 12), and transition metal inter-
calated /decorated fullerites/alkali doped fullerides (namely T, Cgo, NiyCgo,
(T'i, Ni),(Ks, Lig, Na1g)Cgo) were investigated. However, only NajoCeo,
Li15Cg0 and LigCgo were fully characterized, especially for their high values
of absorbed hydrogen, the relatively fast kinetics of absorption process and
the simplicity of the synthesis methods.

Preliminary X-ray measurements were performed in the XRD laboratory of
Parma. Most of the various experiments were carried out in different labo-
ratories. In situ neutron powder diffraction measurements were performed
with the HRPT (High-Resolution Powder diffractometer for Thermal neu-
trons) instrument [104] at the Swiss spallation neutron source (SINQ) at
the Paul Scherrer Institute (PSI), Villigen (CH). Hydrogen/deuterium ab-
sorption measurements were carried out by Dr. Philippe Mauron at Empa

(Swiss Federal Laboratories for Materials Science and Technology, division
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of “Hydrogen and Energy” Diibendorf, Switzerland) with a home built dy-
namic pcT (pressure, composition, Temperature) instrument [1 13] or by Dr.
Chiara Milanese (Pavia Hydrogen Lab C.S.G.I. - Department of Chemistry
- Physical Chemistry Division University of Pavia) with a PCTPro-2000
manometric instrument by Setaram. Muon spin relaxation experiments were
carried out on the EMU spectrometer at the ISIS-Rutherford Appleton Lab-
oratories (RAL), Didcot (UK).

3.1 Synthesis and first characterization of cluster

intercalated fullerides

99.9+ % polycrystalline Cgy was purchased from M.E.R. Corporation and
purified in dynamic high vacuum at 250°C for 12 hours before using. Pure
sodium (99.95 %) and granular lithium (99 %) were purchased from Alfa-
Aesar and Sigma-Aldrich respectively. Anhydrous NaNs was purchased
from Sigma-Aldrich and purified.

To produce Naj9Cep, a stoichiometric amount of sodium azide (NaN3) was
homogeneously mixed with Cgy in a agatha mortar and grinded together
in order to obtain a fine powder. The powder was then pelletized and the
pellets were placed inside tantalum foil bags. The decomposition of NaN3
and the subsequent diffusion of Na inside the Cgy structure follows the
formula:

Ceo+2-NaN3 — Na,Cgsy + ga: - Ny

The pellets were sealed inside a Pyrex vial and the final product is reached
by solid state reaction achieved by slow heating up to 450 °C and subsequent
annealing for at least 5 hours in dynamic high vacuum. A typical thermal
annealing is displayed in Fig. 3.1. The NalN3 start to decompose at ~365
°C.

Lithium intercalated fullerides LigCgo and Li1oCgo were synthesized by
cutting very small flakes of granular Li and joining in stoichiometric amount

with Cgg powder. About 500-600 mg of the reagents were grinded in a 3
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Figure 3.1: Thermal desorption of NaN3/Cgy (on the left) displayed as
temperature dependent pressure inside the vial and profile of annealing (on
the right).

spheres agatha high energy ball-mill (Fritsch Mini-Mill Pulverisette23) at
30 Hz for 60 min (which were divided in 10 minutes turns, each separated
by 5 minutes of rest period). When the sample became a uniform black
powder it was pressed in small pellets (~100 mg). The pellets were put
inside tantalum foil bags, sealed in high vacuum (< 1-107° mbar) in a
Pyrex vial and heated at 270 °C for 36 hours so as to allow the diffusion of
lithium.

A first characterization of the obtained compounds is reported in Fig. 3.2.
Na19Cgo and Li12Cgo can be easily indexed with the fce structure of fullerite.
In the case of Na19Cgo the Le Bail analysis with the F'm3 space group gives
an expanded lattice of a = 14.49 A (for comparison fcc fullerite has 14.17(1)
A at 300 K [117]). The fitted lattice parameter is in between of the relative
to 14.381 A value for Nas9Cgo [79] and the one of a =14.59 A found by
Yildirim et al. for Nag7Csp [67]. In both the case of NagCgso and Na19Cso
it was found a F'm3 structure in which the 8c tetrahedral sites (%i%) of
the fcc ordered Cgg fullerite were occupied by Na™ cations as well as the
central 4b (%%%) octahedral void and 32f (zxx) sites. In particular, the 4b
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Figure 3.2: Room temperature XRD spectra of Nai1gCgy, LigCgso and
Li15Cg0 compared with the spectrum of pure Cgy. The spectra were col-
lected with laboratory instrument. Data were magnified (5x) for 260 > 25°.

and the $2f atoms form a bec cluster of sodium. The NagCgo and Na19Cgg
structures, proposed by Rosseinsky and Yildirim [59, (4], are very similar:
in both of them the octahedral void of fce-Cygg is filled by a cubic cluster
of sodium atoms; in the NagCgo the cluster is simple cubic (sc¢) while in
Nay0Cgo is body centered cubic (bec), as shown in Fig.3.3. A simple linear
interpolation of the known lattice constants for Nag 7Cgp and Nas.9Cgg gives
x ~ 8.83. Also for Li12Cgo a fast analysis of laboratory XRD suggests the
formation of a fec structure. In that case the spectrum was fitted by means of
Le Bail analysis using the Fm3m cell of Cgp and the refined lattice constant
was a = 13.880(9) A (R,, = 10.52%). The structure is contracted with
respect to the pure fullerite (14.17(1) A [23]) and this could be ascribed by
the strong Coulomb interaction induced by the presence of Li* ions/clusters

with the Cgo_ anions. It is well known that also with lithium the fullerene can
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Figure 3.3: From left to right: NagCgsy and NaigCgo structures. Cpgg
molecules form the fee structure occupying the corners (0 0 0) and the faces
of the cell (333); Na atoms fill the 8c (green spheres), 32f (blue spheres)
and 4b (red spheres) Wyckoff positions.

produce cluster intercalated compounds. For example, when LisCgo, which
is a polymeric phase, is heated up to 773 K, it becomes a fcc monomer
with Fm3m structure (a = 14.122 A) with a partially filled bce cluster in
the octahedral void [50]. In the case of LigCgp the XRD spectrum is more
complex: while the (111) and (220) peaks of the fec structure can be easily
recognized, the (311) and (222) peaks are overlapped. Peaks of this phase
appear broad, but can be easily indexed as fcc monomer phase belonging
to the lithium intercalated fulleride plus a small fraction of monoclinic cell,
isostructural to LiyCpso polymer, accordingly to [51]. The large width of the
peaks suggests that the fcc phase should present large disorder.

The Raman spectra of Na1gCgo and Li,Cgp (z = 6, 12) were measured
in Diitbendorf (by Dr. Philippe Mauron, EMPA) and in Pavia (by Dr. Pietro
Galinetto, Dipartimento di Fisica “A. Volta”) respectively. The spectrum
of NajgCgy was recorded at room temperature on a sample sealed inside a
quartz capillary with a Bruker Senterra instrument with 3.5 cm ™! spectral
resolution in combination with a 10x objective using a 532 nm laser. The
laser power was limited to 0.2 mW in order to avoid polymerization of the
fulleride [118]. The Li,Cgy were measured inside sealed glass capillary with

a He-Ne laser (A = 632.8 nm) with 1 mW power, spectral resolution of 1
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Figure 3.4: Raman spectra of NajgCgo, LigCg and LijoCgo as recorded
at room temperature. The data have been normalized (and smoothed for
Nay10Cg) and arbitrarily shifted along the vertical axis. Red signs represents
significant peaks for pristine Cgy (the A4(2) mode was evidenced as a black
dashed line in order to highlight the shift in doped fullerides).

em™ ! and 50x magnification. The intensity was reduced by making use of
a filter (optical density 0.6) in order to avoid polymerization. The Raman
spectra of Na1gCgo and Li,Cgy are reported in Fig. 3.4. It is well known
that of the 174 vibrational modes (3 - 60 -3 translations -3 rotations) of Cg,
because of the I point group of the molecule, the number is reduced to 46
distinct eigenstates. The Raman active modes are reduced to the 2 times
degenerate A, and the 8 times degenerate H, modes (while the IR active
modes are the four Ty, vibrations). The eight Hy modes, fivefold degenerate
each, retain an axis of fivefold symmetry. The two symmetric A, modes are

commonly known as breathing mode (every carbon moves radially from the
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center of the molecule, A4(1)) and the pentagonal pinch mode (in which the
two bond lengths C),-C}, and C},-C}, are modulated, resulting in a variation of
the area of the pentagon faces, A4(2)). In particular, the A,4(2) peak of Cg is
very sensitive to polymerization and charge transfer. In pure Cgg the A,4(2)
peak is located at 1469 cm ™! at 300 K and is shifted to lower wavenumbers
by 6-7 em™! per electron transferred to the Cgy due to the softening of
the C' — C bond stretching modes as the electrons enter the antibonding
molecular orbitals. In the case of polymerization it is downshifted about 5.5
em~!/ polymer bond on the molecule [119]. These rules are of empirical
origin and only allow a qualitative evaluation of the effective charge transfer

sustained by Cgy. The Raman experiment is summarized in table 3.1. In

‘ A4, (2) at 300 K (em™1)  shift (em™!) n for Cgy

Coo 1469 0 0
Na1oCeo 1436 33 5.1
LigCeo 1425 44 6.8
Li12Ceo 1430 37.7 5.8

Table 3.1: A,(2) peak, its displacement with respect to 1469 em ™! for pris-
tine Cgp and estimated number of electrons for Cf; , calculated with the
rule of 6.5 em ™! /charge.

the case of NaioCso the A4(2) peak is centered at 1436 em ™!, corresponding
to a charge transfer of ~5.5 electrons with an adopted downshift of 6 cm ™!
per charge (4.7 electrons if 7 em™!/ charge is assumed). This is consistent
with the presence of a non completely ionized cluster of sodium atoms in the
octahedral void. The LigCgp spectrum shows an Ag4(2) peak shifted down
to 1425 cm~! which correspond to about 7.3 electrons per Cgo (6.3 electrons
if 7 em™1/ charge is assumed) while in the case of Li12Cso the A4(2) mode
is at ~1430 em~! which results in 6.5 electrons (6.3 for 7 cm™!/ charge).
The interpretation of these data is not trivial at all: while the empirical rule
suggest different types of charge transfer, depending on the fulleride, the
error could be of a certain size. In the case of Na1gCgp a charge transfer
of about 5 electrons on the fulleride suggest a triplet spin state on the

molecule. Nevertheless, the sample was also investigate by means of SQulID
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magnetometry and it was confirmed to be diamagnetic, with a very small
fraction of paramagnetic impurities. Therefore, the number of electrons
on fullerene has to be even. The disagreement between the Raman and
SQuID measurements could be explained by the fact that if the cluster’s
orbitals interact with the molecular orbitals of a charged Cg, they may
incur reciprocal hybridization thus modifying the Raman spectrum [120, 18],
forming a LUMO-metal hybrid band at the Fermi level. The same effect
could be present in the Li,Cgo compounds, where the shift in the A4(2) peak
can be ascribed by a full filling of the ¢1,, MO. The diamagnetic behavior of
both LigCgsp and Li12Cgg, as measured by means of SQuID magnetometry,
is indicative of a singlet spin state which means that 6 electrons, rather than
5 or 7, are populating the antibonding molecular orbitals of Cgg. In the case
of LigCgp the presence of a minority phase of polymer can affect the Raman
spectrum.

Comparing these results with diffraction, for the Na19Cgo and Li12Cgg, the
alkali metals donate only partially their charge while the rest of the electron
density will be possibly moved to the alkaline cluster. On the other hand, the
LigCpgo is more difficult to interpret: the fec-like structure detected by X-ray
diffraction suggests the presence of aggregates. In fact, the cubic structure of
Ceso can accommodate two non equivalent atoms (A) in the tetrahedral and
octahedral voids leading to a maximum of A3Cgy stoichiometry, therefore
the only way to obtain a fec-AgCgo is to add almost one more inequivalent
atom, leading to the formation of clusters. The Raman measurement shows
a full charge transfer, so the cluster has to be completely ionized. This
fact is partially in conflict with the interpretation suggested by the pSR
experiment, as will be discussed in paragraph 3.6, but a possible explanation

will be given.
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3.2 Structural analysis of alkali intercalated ful-

lerides

The structural study of the Na19Cgy and Li12Cgy phases is of fundamental
importance for well understanding the differences of these systems from the
previous studied alkali intercalated fullerides, such as the superconducting
A3Cgp, the semiconducting A4Cgso, AsCso (A = K, Rb and Cs) and the
polymeric crystals (e.g.: NasCgp and LiyCep). Lithium and sodium are the
smallest alkali atoms on the periodic table (some of their physical properties
are reported in table 3.2). This characteristic permits in principle the inter-
calation inside the big voids of Cgg lattice and have proved in the past to
allow the formation of clusters, differently from what observed with heavier
alkali metals.
‘ Ton. . (A) Cov. r. (A) Met. r. (A) T,,(°C) E;(kJ/mol)
Li 0.68 1.34 1.52 180.5 518.8
Na 0.95 1.54 1.92 97.8 497.9

Table 3.2: Main physical properties of Li and Na elements. Ionic , covalent
and metallic radius, melting point, vapor pressure and the first ionization
energy.

The as prepared Na19Cso, obtained from thermal decomposition of sodium
azide, was investigated by means of X-rays synchrotron radiation at the
ID15B beamline of the European Synchrotron Radiation Facility (ESRF).
The wavelength was fixed to 0.22235(1) A. The sample was sealed inside
a borosilicate capillary of 0.7 mm diameter and spinned while measuring.
Data were collected at 90 and 300 K and no structural transitions were
found between these temperatures. Image data were masked in order to
remove the beam-stopper shadow and integrated using the Fit2D software
[121]. The diffraction pattern presents quite narrow peaks, evidencing good
crystallinity, and a small background contribution, mainly due to the invari-
ably present amorphous fraction of the sample and glass capillary. The low
number of peaks and the similarity with the diffraction pattern of pristine

Cep suggest the formation of a face centered cubic structure, as also observed
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with laboratory X-ray diffraction at room temperature (Fig. 3.2). A small
fraction of hexagonal phase of sodium fullerite is present and was removed
from further calculations. Le Bail analysis indicated that reflections can well
described by the F'm3 space group proposed by Yildirim et al. [64] and Ros-
seinsky et al. [59]. The Rietveld refinement of data (displayed in Fig. 3.5)
with the model proposed by Yildirim et al. (see Fig. 3.3) confirmed that the
structure is fce, with a bec sodium cluster located in the octahedral voids.
The lattice constant increases from a = 14.448(1) A at 90 K to 14.564(5)
A at 300 K, slightly smaller than the room temperature value of 14.59 A
for NajoCeo of [64]. The main differences between the structure of Yildirim
and the refined one are in the different occupancies of Na: the alkali atom
in the central 4b site refine to the full occupancy here while it was about
0.4 in the previously published structure. The 32f sites refine to 0.695(6)
(respect to 0.89) and the 8¢ to 0.910(14) (0.88). These discrepancies can
be originated by different method of synthesis. The most relevant refined

parameters are reported in Table 3.3.

’ Space group ‘ Fm3 ‘

a (300 K) 14.564(4) A

a (90 K) 14.449(1) A

formula Nag.ggcﬁo
Ry 3.33 %
dna(an)-Na@2p) | 2449 A

Table 3.3: Refined parameters of Na1gCgy at 90 K and lattice constant at
300 K.

The analysis of Li1oCgp by means of synchrotron radiation (ID15B, A\ =
0.22235 A) is more difficult, due to the low scattering factor of Li and mostly
to the damping of the intensity at high angle (typical of X-rays). Anyway,
the synchrotron pattern (not displayed here, but similar to the one reported
in Fig. 3.2) shows the presence of a single (fec-like) phase without any
presence of polymeric features, expected from low stoichiometric compounds
(such as LigCgp). Furthermore, there is no clear differences between the
spectra recorded at 300 and 90 K (a part the usual thermal shift). Le Bail
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Figure 3.5: Final observed and calculated synchrotron diffraction profile for
Nai1pCeo at 90 K (space group: Fm3, a = 14.448(1) A, Nag74Csp, Ryp =
3.1 %). The blue solid line shows the difference profile, and the tick marks
highlight the allowed reflections.

analysis with the Fm3m space group of Cgg leads to a lattice parameter of a
= 13.997(4) at 300 K and 13.981(4) at 90 K. The contracted value of a, with
respect to pristine Cygg, is attributed to the high electrostatic attraction of Li
ions with charged fullerenes. In order to overcome the problems related to
the low quality of the X-rays pattern, a diffraction experiment were carried
out by using neutrons instead of X-rays at the D20 beamline of the Institut
Laue-Langevin (ILL). The sample was sealed in glove box in a cylindrical
vanadium sample holder. The wavelength was fixed at A\ = 1.36 A and
data were collected at 20 K (by using a cryostat) in order to decrease the
Debye-Waller damping contribution and to freeze the librational motion

of Cgp, possibly present at room temperature. Although, at first sight, the
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Figure 3.6: Final observed and calculated neutron diffraction profile for
Li1aCeo at 20 K (a = 9.8614(6) A, b = 9.879(1) A, ¢ = 14.211(1) A, a = y
= 90°, B = 89.665(2)°, Li19Cso, space group P2;/n, Ry, = 6.52 %). The
blue solid line shows the difference profile, and the tick marks highlight the
allowed reflections.

pattern appears to depict the fce structure, after a more careful study it was
evident that the peaks at high angle can only be explained by a decrease of
symmetry. A simulated annealing study of the pattern by using a primitive
cell (a=0b=c=13981 A and a = 8 = v = 90°) and four Cgy molecules as
rigid bodies (located in the fec positions), leads to a remarkable result: at
the end of the computational routine, the Cgg molecules were displaced in
the same original positions of the fcc cell but with two different orientations
(see Fig. 3.7(b)). At this stage of the analysis, the contribution of the
alkali atoms was neglected, due to their low neutron cross-section. The final
symmetry is well described in the P2;/n monoclinic group, achieved after

a slight distortion of the fcc cell and rotation of fullerenes. The relative
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Space group ‘ P2y /n ‘
a 9.862
b 9.879
c 14.211
I} 89.665 °
formula Li10Ce0
Rup 6.52 %
dri—Li 2.54-2.92 A

Table 3.4: Refined parameters of Li12Cqo from Rietveld refinement of neu-
tron pattern at 20 K.

pseudo-cubic model can be achieved assuming a coordinate transformation

to a tetragonal cell:
a=dVv2 c = a,

where o’ and a are the pseudo-cubic and the P2;/n lattice parameters, re-
spectively. At this time, the structural model was refined and physically
consistent positions for Li atoms were chosen by studying the solvent ex-
cluded surface around the volume occupied by the Cgp molecules (assuming
the solvent having a radius equal to the one of Li ion). The refined structure
is displayed in Fig. 3.7(a). The Fourier map analysis excluded the presence
of a lithium atom in the center of the octahedral void of the pseudo-fcc lat-
tice. Conversely, a cluster of 5 Li atoms is formed centered in the pseudo-T},
void (see Fig. 3.7(c)) with an alkali atom fully occupying the center. The
agreement for this model reaches the minimum value of R,,, = 6.52 %, with
a chemical formula lower than Li19Cgo, due to the null occupancy of the
pseudo-Oy, void. In the refined model, the Li atom at the center of the
cluster distances about 2.54 - 2.9 A from the corners of the distorted tetra-
hedron. These distances are intermediate between the metallic bond (about
3 A) and the hypothetical distance of two lithium ions (about 1.36 A), but
closer to those of the metal. Comparing this structure with the results of the
Raman experiment, which shown a fullerene molecule charged with about 6
electrons (Fig. 3.4), is now possible to attribute a charge of about 4 electrons

for the cluster, that in this way appears to be partially ionized.
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Figure 3.7: (a) Refined cell of Li;¢Ceo (space group: P2i/n, Ry, = 6.52
%). Green and blue spheres represent the lithium atoms. (b) View along
the [010] direction: red and gray fullerenes belong to two different planes
with molecules differently oriented. Lithium atoms are omitted for clarity.
(¢) The pseudo-cubic cell of LijnCgp with Li atoms linked in order to better
display the tetrahedral cluster. Here the color of lithium atoms is maintained
as in (a).

3.3 Study of the hydrogen sorption

The hydrogen absorption of the samples was investigated volumetrically by
means of pcT (pressure, composition, Temperature) instrument [113]. Hy-
drogen/deuterium pressure (100-200 bar) was applied on the sample (200-
400 mg) and subsequently a heating ramp of 0.5 °C/min was applied up
to a temperature between 200 and 400 °C, depending on the experiment.

The samples were kept at the final temperature between 1 and 67 h. The
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amount of hydrogen absorbed was determined by the pressure change at
known volumes and defined temperatures. In order to correct for the pres-
sure increase in the heated sample holder a measurement consisting of a
non absorbing silicon sample, occupying the same volume as the sample,
was subtracted. After each hydrogenation experiment the hydrogen pres-
sure was released from the samples. Hydrogen desorption was carried out
either in vacuum (<1-10% mbar) or at 1 bar of hydrogen by applying a heat-
ing ramp of 1 °C/min and by measuring the amount of desorbed hydrogen
with a flow meter. Alternatively the pressure increase in a known volume
was used to determine the amount of hydrogen. The Na19Cgo and Li12Cgg
absorptions/desorptions were carried out at EMPA by Dr. Philippe Mauron
using an home built dynamic pcT instrument while LigCgy was measured
in Pavia by Dr. Chiara Milanese using a PCTPro-2000 (Hy-Energy) mano-

metric instrument by Setaram.

3.3.1 Hydrogenation of NayCgg

The first hydrogen absorption measurement of Na19Cgy was carried out on a
multiphasic sample produced with the azide method. The starting material
shows diffraction peaks corresponding to a major phase of fec Na1oCgo [04]
and a minor phase of bcc NayCgo [60, (2], as can be seen in Fig. 3.8.
The peak at 20 < 10° is typical of hexagonal distortion of Cgg, previously
observed also in Na,Csy by Kobayashi et al. for x>4 [63], and here is
attributed to a minority phase. The peak at ~10° is attributed to the
(111) reflection of the fec structure while the one at ~11° is the (110)
reflection of bcc NayClgy. By refinement of the as synthesized Na,Cgy with
Le Bail analysis, a lattice parameter of a = 14.49 A was calculated for the
fec majority phase, corresponding to Na79Cgo when linearly interpolated
[123] with the parameters of Nas 9Cgo [59] and Nag 7Cgo [64]. To determine
the suitable working conditions, the first absorption was carried out on the
synthesized sample under 200 bar of hydrogen pressure (heating rate 0.5
°C/min) and up to 350 °C and holding the NajoCgo at this temperature

for 80 minutes before cooling. The measure of the absorbed hydrogen is
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Figure 3.8: XRD patterns of (o and Na,Cgg before and after the first
and second hydrogen ab/de-sorption as measured at room temperature (the
patterns are normalized and shifted in y-axis with a constant offset) [122].

reported as a function of temperature in graph of Fig. 3.9. The absorption
process starts at about 150 °C which is significantly lower than for pure
Ceo [124]. A maximum amount of about 2 mass% Hj is reached at 300 °C
and above this temperature the sample starts the desorption process, also
if the 200 bar pressure is still present. At the end of the experiment about
1.1 mass% H, was already absorbed by NaijgCsy. The XRD spectrum of
this sample is shown in Fig. 3.8 (third from the bottom): after the first
absorption the (1 1 1) peak of the fcc phase and the (1 1 0) of the bcec phase
are downshifted meaning that the respective lattice now are expanded. The
desorption measurement of this partially desorbed Na,CgoH, was carried
out in 1 bar of Hy up to 400 °C (heating rate 1 °C/min) and the results
are shown in Fig 3.10. The sample desorbs completely the 1.1 mass% Hs
in 2 subsequent processes: about 0.2 mass% are desorbed at ~150 °C and
full dehydrogenation is achieved at 250 °C. The second desorption presents

a relatively sharp peak and finishes at ~300 °C, reaching the maximum
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Figure 3.9: Absorbed hydrogen amount in Na,CsoH, as a function of the
temperature (heating rate 0.5 °C/min) during first absorption at 200 bar
hydrogen [122].

value of 1.1 mass% Hs indicating complete reversibility of this sample. The
temperature of desorption is significantly lower with respect to hydrogenated
Cgo (treated at 400 °C in 120 bar Hy for 50 h) which desorbs in vacuum
above 400 °C (see Fig. 3.12(c-d)). After the second desorption, the peaks of
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Figure 3.10: Desorption measurements in 1 bar Hs of Na,CsoH, that previ-
ously absorbed 1.1 mass% Hs. On the left the desorption rate is shown as a
function of temperature while on the right the amount of desorbed hydrogen
is reported in the same scale [122].
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NayCgo phase disappear and the fec phase has a lattice constant of a = 14.49
A which is the same of the original structure (Na79Cg), thus confirming
the reversibility of the process.

A second hydrogenation was then made on the desorbed sample at 200 °C
(0.5 °C/min) under 200 bar of Hy and holding at this temperature for 67
h. As shown in Fig. 3.11, about 3.2 mass% Hsy were absorbed during the
treatment. With this pressure the onset of hydrogenation starts already
at ~80 °C which is a relatively low temperature and significantly increase

in rate above 150 °C. The full hydrogenation is not achieved immediately
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Figure 3.11: Absorbed hydrogen during the second hydrogenation of
Naz9Cs (200 °C, 200 bar Hjy): left Y-scale: the amount of mass% Ho
absorbed is reported as a function of time (red solid line) and as a function
of temperature (green dashed line). Right Y-scale: the thermal ramp is
showed as a function of temperature (black solid line).

at 200 °C, while almost half of the total amount of hydrogen is absorbed
during the temperature ramp. To gain the other ~1.5 mass% the sample has
to hold at 200 °C for almost 50 hours. The XRD spectrum of Na,CsoH,
after the second absorption is showed in Fig. 3.8 (second from the top).
The second absorption was made at lower temperature than the first one, in

order to avoid the partial desorption occurring a 300 °C, and on one single
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Figure 3.12: (a-b) rate of desorption and mass% desorbed hydrogen of
Na,CeoH, during the 5th desorption cycle in 1.8 bar Hs up to 600 °C
(heating rate 1 °C/min). (c-d) first dehydrogenation measurements for pure
CeoHy in vacuum up to 700 °C (heating rate 2 °C/min) [122].

phase system. The most intense reflection at 26 ~11° presents 2 shoulders
on the left and right proximity. Additionally sodium hydride (NaH) is
also present as can be noted by the presence of typical reflections at 31.8,
36.8 and 53°. Since the other peaks are easily indexed with the Fm3 space
group, being the peak at ~11° the (1 1 1), the 2 satellite reflections at low
angle could be ascribed by the presence of a weak hexagonal distortion of
a fec structure. All the cubic peaks are downshifted resulting in a huge
expansion of the lattice after the hydrogenation. The lattice constant of
Na,CgoH, was refined to be a = 14.780(3) A (Le Bail, Ry, = 10.1 %)
which is significantly higher than 14.49 A of Na79Cso. The additional NaH
could be formed during the hydrogenation by the deintercalation of Na from
the hydrogenated sodium fulleride (NagCsy — Nag—,Ceso + Na) and the
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subsequent reaction with Hy or it can be also created inside the structure
of the hydrofulleride and successively segregated outside. It’s well known
that hydrofullerene tends to form bce structures, like in the case of CgoHsg
which has a Im3 symmetry with a lattice parameter of a = 11.785(15) A
[96]. Moreover, if only Na reacted with hydrogen forming NaH with the

following process:
Na10Ceo(s) + 5Ha(g) = 10NaH (s) + Ceo(s),

then the hydrogen absorbed would be ~1.0 mass%. From these considera-
tions it follows that the fec phase formed after hydrogenation is likely still
intercalated by a low stoichiometry of Na and the mechanism of reaction

could be written as
NagCeo + Hy — Nag_;ECGoHy +xNaH (3.1)

The absorption/desorption process was repeated 5 times in order to study
the reversibility of the system. The third and fourth cycle were performed
at 100 bar hydrogen where 1.8 mass% and 0.4 mass% were absorbed at 200
°C (18 h) and 400 °C (12 h) respectively. The absorbed amount of hydrogen
during the 5% hydrogenation (not shown here) was 3.5 % (at 200 °C and
190 bar Hj for 40 h) and it was completely discharged during the following
desorption procedure (up to 600 °C, 1 °C/min, in a constant volume from
vacuum to 1.8 bar), as can be seen in Fig. 3.12. Only one sharp peak of
desorption is detected at about 220 °C (Fig. 3.12(a)): it is broader than in
the first desorption because of the fact that the measurement wasn’t done
at constant pressure. The 600 °C temperature is relatively high for fullerene
and the molecule can start to decompose. Nevertheless, a 6! hydrogen cy-
cle was reversible with 3.4 mass% Hy (185 bar, 200 °C, 40 h) of hydrogen.
The total amount of 3.5 mass% in NaigCgp corresponds to CgoHss and is
very close in stoichiometry to CggHsg which is considered the most stable
hydrofullerene molecule. However, to obtain the CgoHsg fulleride starting

from fullerite only chemical methods can be used (Birch reduction [90]). The
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physical hydrogenation of pure Cgy starts a very high temperature (above
300 °C in 190 bar Hs, 45 h), reaching about 2.5 mass% but the molecule
decomposes during hydrogenation and dehydrogenation. Since NaH is a
very stable phase (AH}): -122.6 kJ/mol Hs) and decomposes at very high
temperature (~800 °C) the disappearing of NaH peaks after desorption
could be attributed to the intercalation of NaH inside the hydrofulleride
which allows a reduction of the energy barrier required for the dissociation
(Nag—+Ceo(s) + yNaH (s) — NagCeo(s) + §H2(g)), as suggested by Mur-
phy et al. [58]. Ignoring the formation of NaH, the measured 3.5 mass% of
hydrogen absorbed/desorbed in NajoCgo could be attributed to the follow-
ing reaction:
Na10Csp + 18Hy = Na10Cs0H3ss.

This corresponds to about 3.7 mass% Hs. Supposing there is some dein-
tercalation of NaH from the hydrofulleride, the reaction can be written

as:
36+

2

Na19gCso + ( ) Hs — Nayg_CeoHsg + tNaH

and for x = 4 (NagCgoHsg) corresponds to 4.1 mass% of hydrogen which
partially compensate the extra weight of Na. In comparison CggH3ss has

about 4.8 mass% hydrogen storage capacity.

3.3.2 Hydrogenation of lithium intercalated fullerides (LigCso
and Li12060)

The study of hydrogen storage in Li,Cgg was undertaken after the encour-
aging results achieved on Na19Cgp. The advantages of lithium fullerides are

mainly due to the following reasons:

> Lithium is lighter than sodium so that Li,CgoH, will have gravimet-

rically more hydrogen absorbed than its equivalent sodium fulleride.

> Lithium ion has smaller radius than Nat and this fact facilitates the

diffusion into Clgg

> It is possible to achieve high stoichiometries of Li in Li,Cgy, while
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Figure 3.13: (a) Schematic representation of the mechanism of the reversible
hydrogenation of NaijgCgy. During the hydrogenation, Na atoms reacts
with Hy and are deintercalated as sodium hydride while Cg;~ forms CgoH3g
hydrofullerene. Desorption process takes place through the decomposition of
NaH which reintercalates into Na(j9—,)Cgo- (b) Hydrogenation mechanism
of pure Cgy which decomposes during hydrogenation and dehydrogenation
for high hydrogen content [122].

sodium doesn’t exceed the z = 10-11 in Na,Cgo.
Nevertheless, there are also disadvantages in using lithium:

> The phase diagram of Li,Cgg for different x is not well known for z >
4.

> The study of powder diffraction of lithium fullerides is not easy due
to the very low scattering factor of lithium both with X-rays and neu-

trons.

The study of hydrogen storage in Li;Cgy compound was also stimulated on
one part by the well established knowledge of these system by the group
of the Carbon nanostructures Laboratory of Parma (which resulted in the
publication of several articles in the past years [125, 56, 52, 50]) and on the
other part by the recent publication of Teprovich et al. [100] which found
that lithium-doped fullerane (Li; — Csg — H,) under optimized conditions
can reversibly desorb up to 5 mass% Hs with an onset temperature of ~270

°C. In particular they measured the maximum uptake for a Li : Cgy molar
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ratio of 6:1. Moreover, theoretical studies on Li19Cgy demonstrated that
this system could in principle achieve an approximate gravimetric density
of molecular hydrogen of 9 mass% at low temperature by means of a small
binding energy, useful for applications [75].

In this study, differently from what was done by Teprovich et al., the starting
material was pure Li,Cgp phase (in this work studied for z = 6 and 12).
The material was synthesized as reported in paragraph 3.1. Laboratory
diffraction of LigCgp and Li12Cgg are reported in Fig. 3.2 and discussed in
the same paragraph. The hydrogen absorption of Li19Cgy and LigClgy was
respectively measured by Dr P. Mauron (EMPA) and Dr. C. Milanese (Pavia
H, Lab). Since LigCgp had been previously studied in depth by Teprovich
et al. [100], only the first hydrogen absorption at 350 °C (0.5 °C/min, 100
bar Hy) was made, in order to check if the maximum amount of absorbed
hydrogen was the same of the published one. The measure of hydrogen
absorption of LigCgg is reported in Fig. 3.14. The measure was carried out
in 100 bar of hydrogen pressure with a fast thermal ramp of 5 °C/min and
up to 350 °C. The onset of hydrogen absorption starts below 100 °C and
when the system reaches the maximum temperature (350 °C) the absorbed
hydrogen is already about 2.8 mass% (in the case of NajoCsy was about 1.6
mass% at 200 °C and 200 bar Hy). After 10 hours about 5 mass% of Hs
is stored and maintained also at room temperature and ambient pressure.
X-rays diffraction of the hydrogenated sample (not shown) confirms the
formation of the bce phase of the hydrofulleride, as reported by Teprovich
et al. in the same experimental conditions [100].

The absorption of Li19Cgy was carried out at the EMPA laboratories.
Since the sample was scheduled to be studied with neutrons, deuterium was
used instead of hydrogen. The first step of absorption was made under
190 bar Dy with a thermal ramp of 0.5 °C/min up to 225 °C (the data
are reported in Fig. 3.15). The onset of deuteration starts around 60-70
°C and at the maximum temperature (225 °C) the absorbed deuterium is
equivalent to ~3 mass% of Hs. An additional 1.5 mass% H> is absorbed
during the isotherm (45 hours) leading to a total of 4.5 mass% Hs. Cooling

down the sample to room temperature under pressure doesn’t produce any
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Figure 3.14: (a) Variation of pressure during the hydrogen absorption of
LigCgo reported as a function of time (blue line) and temperature (grey
line). The adopted thermal ramp (5 °/min) is displayed as a black line
as a function of time. (b) Absorbed hydrogen during the hydrogenation
of LigCgo (350 °C, 100 bar Hs): left Y-scale: the amount of mass% Hj
absorbed is reported as a function of time (red solid line) and as a function
of temperature (green dashed line). Right Y-scale: the thermal ramp is
showed as a function of temperature (black solid line).
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Figure 3.15: (a) Absorbed deuterium (expressed in terms of mass% hydro-
gen) during the hydrogenation of Li;2Cgo (225 °C, 190 bar Ha): left Y-scale:
the amount of equivalent mass% Hs absorbed is reported as a function of
time (red solid line) and as a function of temperature (green dashed line).
Right Y-scale: the thermal ramp is showed as a function of temperature
(black solid line). (b) The same measure for pure Cgp (350 °C, 185 bar Hj):

desorption. At the end of the cycle the pressure decreased from 190 to 173

bar. A second step of hydrogenation of Li15Cg0, made in similar conditions
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to the one of the first absorption of LigCgo, up to 350 °C at 0.5 °C (under
100 bar Ds), led to an additional absorption of 0.5 mass% Hj, reaching
about 5 mass% total (like for LigCgsp). As can be seen in Fig. 3.16, after
the hydrogenation at 225 °C the crystal considerably increases the lattice
constant but without apparently changing its structure, which remain fec,
although it is difficult to establish because of the broad peaks. At the same
time, the formation of a fraction of lithium deuteride (LiD peaks at 38.3
and 44.6°) is evident. The lattice constant of the fec structure changes from
a = 13.880(9) A for pure Li;oCs to a = 14.394(2) A if refined with Le
Bail analysis using the structure of fcc-Cgg. While the spectrum of LijoCgq
was detailed also at high angle (see the zoom in Fig. 3.16), after the first
hydrogenation only the low angle peaks are appreciable. This is indicative
of disorder in the final structure, maybe due to different stoichiometries
of hydrofullerene inside the crystal (e.g.: different y of CeoD,, coexisting
within the same cubic structure). After the second step of hydrogenation
(the XRD is not shown here but can be found in [126]) the LiD phase is
still present, the final structure of the Li12CgoH, hydrofulleride becomes bcc
and the lattice constant was refined to be a = 11.79(2) A, which is close to
the one of CgoDsg hydrofullerite [94, 96] (a = 11.7(1) A) and similar to a =
11.924(2) A determined for CgoHy1 (MER Corp.). Moreover the peaks are
sharper and well defined.

Unfortunately, since the experimental conditions were quite different,
a direct comparison between the absorption of Li19Cgy and LigCgy can’t
be done. Nevertheless, a significative comparison can be done between
the Li,Cgy and Nay19Cgy. In fact, around 300 °C and under 200 bar Ho
the Nay19gCso started the desorption process while the LigCso — H, and
Lii12Cso — Dy are already hydrogenated/deuterated (also if the pressure is
lower, e.g.: the desorption should occur at lower temperature). This is in-
dicative of the fact that, while it is true that on one part they absorb more
hydrogen than Na;Cgo, on the other the hydrogenated/deuterated phases
of Li19Cgo and LigCgp are more stable against dehydrogenation. If we con-
sider the formula units of the sodium and lithium intercalated fullerides

and their respective amounts of stored hydrogen, ignoring the formation
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Figure 3.16:  XRD patterns of the as synthesized Lij2Cgp (blue) and
Li19CeoHy (red) after the first step of deuterium absorption (225 °C, 190
bar). Patterns are normalized and shifted on y-axis.

of hydrides, we can approximately estimate the final stoichiometries of the
formed hydrofullerides. As already said for Na,Cgso (3.5 mass% Ha stored),
the hydrogenated phase should corresponds to NaigCgoHs4. Similarly, the
hydrogenated phases of LigCgsy (5 mass% Hs) and the LijoCgo (4.5 mass%
Hs) corresponds to LigCgoHao and LijoCgoHss respectively. All these stoi-
chiometries have to be considered as an upper limit to the effective hydrogen
stored in the fulleride. In fact, it was always detected a small amount of
hydrides, formed during the hydrogen absorption process. As discussed in
paragraph 3.3.1 the hydrogenation process of NajoCgg can be described by
equation 3.1.

The formation of CggH,, is confirmed for Na190Cso and Li12Csp also by FT-
IR experiment (as shown in [122] and [126]) that shown the presence of C-H
stretching modes at 2800-3000 cm ™' for Na19Cso and the C-D stretching
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modes at 2158 and 2105 ¢m ™! for Li19Cgs . The formation of CeoHy in
LigCpp is confirmed also by Teprovich et al. [100]. Assuming that CgoHsg
(Cs0D36) is the more stable compound formed during the hydrogenation, in

the case of Li,Cgo (where x = 6, 12) the absorption process can be described
by:

(36 +0 + )

Li,Cgo + 5

Hy = Li(;c—a)CGOH(?)G—f—(S) + aliH, (3.2)

meaning that during hydrogenation/deuteration the Li atoms deintercalate
from Li,Cgo, such as Na in Na19Cgo, and form LiD/LiH, in which deu-
terium/hydrogen is bound to Li and at the same time in the remaining
Li(y—4)Ce0 phase, hydrogen/deuterium covalently binds to Cgo. If only the

lithium reacted with hydrogen, in the process:
Li19Cg0 + 6Dy =—> 12LiD + Cgp,

then the hydrogen capacity would be only 1.5 mass% Hs. Conversely, as-
suming a complete lithium deintercalation (o = 6, 12 for LigCgp and Li12Cgo
respectively) and the formation of CgoHss (0 = 0), then the material would
have a total hydrogen capacity of 5.6 mass% (12LiD + CgyDs3¢). In compar-
ison CgoHsg has a hydrogen storage capacity of 4.8 mass% Hs. Therefore,
the intercalation of Li not only improves the sorption properties but also
increases the hydrogen storage capacity.

The reversibility of this process was investigated in desorption by means of

neutron diffraction and will be discussed in paragraph 3.4.

3.4 1in-situ neutron diffraction

In this chapter the investigation of samples by means of in-situ deuteration
neutron diffraction is reported. A cylindrical 6 mm stainless steel sam-
ple holder (wall thickness of 1 mm) was filled inside a He glove box (< 1
ppm of Oy and H0) with about 300-400 mg of sample and measured in
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high intensity mode with A = 1.8857 A. The cell is placed, connected to a
high pressure system, into a radiation-type furnace mounted on the HRPT
diffractometer. During measurements, temperature was increased up to 450
°C. Diffraction patterns were collected in the angular range 26 = 5-165° with
a typical acquisition time of ~3 hours subdivided into acquisition steps of
few minutes each. Samples were stabilized until the normalized total counts
of neutrons became constant, in order to monitoring the possible transi-
tions occurring during the treatment, and only the data collected when the

normalized counts were constant in time have been integrated.

3.4.1 in-situ study of Na;oCy

The first investigated sample was Na19Cgg. The experiment was performed
under 100 bar of Dy and during treatment the temperature was increased
up to 350 °C. The collected spectra are reported in Fig. 3.17. The analyzed
sample was made in similar way of those measured by means of pcT, Raman
and XRD but comes from a different batch. The first spectrum from the
bottom was recorded on the as synthesized sample and clearly shows the
fee symmetry of NaigCgo which is present as single phase. Le Bail analysis
at 25 °C confirms the F'm3 space group and gives a lattice constant of a
= 14.542(2) A with an agreement factor of Ryp = 5.18 %, corresponding
to NaggCgp when linearly interpolated with the parameters of Nas.9Cgo
[79] and Nag7Cso[0]. The most intense peaks at 53.95 and 63.18° and the
smallest at 30.34 and 43.55° are originated by the steel sample holder and
were not taken into account during analysis. As can be seen in Fig. 3.17,
the insertion of 100 bar of D2 at room temperature does not influences the
overall spectrum. Rising the temperature up to 150 °C doesn’t change sig-
nificantly the recorded spectrum except for the little increasing in the lattice
constant (see inset of Fig. 3.17) due to the natural thermal expansion. The
pattern recorded at T' = 250 °C, in presence of 100 bar of Dy, shows an
abrupt change in the lattice constant of the cubic structure, with the si-
multaneously appearance of new reflections in the diffraction profile. The

lattice parameter increased by Aa ~ 0.4 A (Le Bail analysis: a = 14.930(8)
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Figure 3.17: Neutron powder diffraction patterns of NajgCgg for different
temperatures (patterns are normalized and shifted on y-axis). inset: lattice
parameter, a, as a function of temperature for the data fitted with the F'm3
cell of Nag3Cgp structure (dashed lines are guides for the eyes) [122].

A, R, = 11.16%) and such a big enlargement can’t be explained by normal
thermal expansion. The (311) peak at ~24° is now splitted in two different
peaks at 23.74° and 24.41° and at the same time new peaks at 44.9 and 65.5°
arise. The last two can be easily ascribed by the presence of NaD phase
while the splitting of the (311) is attributed to the formation of an expanded
cubic structure (the one at 44.9°) which is accompanied to the original one
(peak at 24.41°), already present during the experiment, and undergoing the
normal thermal expansion. Since no Na peaks were detected in the original
phase of NaggClgo, the formation of sodium deuteride is accompanied by a
leakage of sodium from the original cubic structure, as can be noted by the
decrease of the relative intensities of the (311) and (222) peaks. However,
the changing in relative intensities compared with the anomalous expansion
of the lattice cannot be attributed to the simple de-intercalation of metal

ions: while the structure already resemble the fec phase of NajoClgo, differ-
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ences in the relative intensities could also be attributed to the introduction
of deuterium atoms inside the cell, which modify the coherent scattering
form factor of Cgy due to the formation of hydrofullerene (CgoD,,) [90]. The
fact that the (311) is splitted at 250 °C is attributed to the not complete re-
action of the system in the time-scale of the experiment which produces the
formation of two phases: the new deuterated Na(jg_q)Ce0D(36+s5) and the
original NaggCsp which slowly undergoes hydrogenation (the intensity of
the two peaks was evolving during the experiment and the spectrum shown
in Fig. 3.17 is the integration of the data collected when the normalized
total counts of neutron was apparently constant in time). As a support to
this interpretation is also the slow increase in mass% Hs stored by Na1oCeo
occurring during the hydrogen absorption when the temperature was al-
ready 200 °C, as can be seen in Fig. 3.11 (about 1.6 mass% Hs was slowly
stored during the ~60 hours of isotherm). By increasing the temperature
from 250 to 350 °C the NaD peaks disappear (although the melting point
of NaH is at 425 °C and it’s known to decompose at 800 °C), the lattice
constant deceases, going back to the initial linear trend (see inset of Fig.
3.17). This is in good agreement with what observed in the pcT experiment
where, during the first hydrogenation, the sample starts the desorption pro-
cess above 300 °C, also under 200 bar of Hs. The sample, cooled down at
room temperature (avoiding reabsorption of deuterium) under 100 bar, was
measured again at 300 K and the spectrum perfectly superimposed to the
one of the as synthesized NaggCgo, meaning that the deuterated sample
underwent complete desorption at 350 °C.

Due to the fact that NaD peaks disappear when the sample was heated
above 300 °C, it is supposed that NaD reacts with Na9_q)Ce0D 36+6)
phase by reintercalating sodium released from deuteride and this process
involves reduction of CGQD(gﬁié) back to the original Cgg in a reversible

way:

(36 + £ )

Na19gCeo + 5

Dy <= Na(0-a)Ce0D36+5) + aNaD.
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The exact number of « and § is not easy to be determined from the neutron
(or X-ray) diffraction, in fact, the refinement of the deuterated /hydrogenated
fulleride will need to know the geometry of the deuterated/hydrogenated
fullerene molecule. In the case of CgoDss (CeoHss), for & = 0, there are
roughly 10" possible isomers but only few of them are considered effectively
stable. In particular, only the symmetries T, T},, Sg and Dsq [93, , 94, 92]
were assumed good candidates. A depth investigation of the CgoH, geome-

tries will be discussed in paragraph 3.5.

3.4.2 StLIdy of the Lilgcﬁo

The in-situ deuterium absorption of Li19Cgy was investigated from room
temperature up to 350 °C under 170 bar of Ds (the maximum value al-
lowed during the experiment but anyhow near the one of 190 bar adopted
during the first pcT absorption), in a similar way to that illustrated at the
beginning of paragraph. Unfortunately, the reaction of the system with deu-
terium in these condition was too slow to be recorded during the time-scale
of the experiment (3 hours). The resulting spectra (not reported here) do
not show significative differences and only the appearance of LiD peaks in
the spectrum recorded at 350 °C deserves a note. While the XRD spectrum
of deuterated Li12Cgo of Fig. 3.16 showed the presence of LiD already after
absorption at 225 °C, it should be noted which in that case the sample was
held at 225 °C for almost 40 hours before cooling it down and measuring
at room temperature. This fact may actually be of great relevance in dis-
criminating the segregation of the phase of LiD from the formation of the
Li12-0)Ce0D36+5)- In fact, if after 3 hours of deuteration at 250 °C the
LiD is not already formed, while pcT measurements showed that at 225 °C
and 190 bar of Dy about 3 mass% of hydrogen were already stored in the
sample and the presence of LiD was found with XRD only at the end of
the treatment (when 4.5 mass% Hs was achieved), it is possible to speculate
that the formation of the hydride takes place only after the hydrogenation
of Cgg. Therefore, the formula of equation 3.2 for Li15Cgso can be splitted
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in the 2 subsequent steps:
Li19Cs0 + gDz = Li12C60 Dy,
(36 —y+a+9)

2

Measurements of in-situ Inelastic Neutron Scattering (not shown here) re-

Li12Ce0 Dy + Dy = Li(12—a)060D(36—y+5) + aliD.

cently carried out at IN4 beamline (ILL - Grenoble, France) seem to confirm
this hypothesis. The data were collected from room temperature up to 250
°C under 100 bar of Hy (High Resolution mode, A = 2.4 A). From the first
raw analysis, the Density of State G(w) evidenced a peak located at 150
meV (which is typical for the C-H bending modes in the hydrofullerite) at
~180 °C, followed by the rising of the Li-H reticular mode, located near
100 meV starting around 225 °C. The same result can be expected also in
the case of the hydrogenation of LigCgy and NaigCgo, although a direct
proof is missing. Discrimination between the process of hydrogenation of
the Cgp and the subsequent segregation of lithium hydride/deuteride is of
fundamental importance in understanding the mechanism of hydrogenation
and will be discussed in more detail in paragraph 3.6.

The sample of Li(13_q)CeoDy, deuterated at 350 °C and 100 bar of Ds
(second step, other batch), was investigated by means of neutron powder
diffraction and its desorption was monitored in-situ between room tempera-
ture and 450 °C. The sample was measured in a 6.3 mm diameter vanadium
sample holder with a wall thickness of 0.25 mm, previously sealed in glove
box in ~1 bar He. The recorded neutron patterns are shown in Fig. 3.18(a),
for different temperatures during the temperature ramp. At room tempera-

ture two phases can be easily identified: LiD phase and a bcc phase similar

to CgoDsg [94, 96] as already detected by XRD. The lattice parameter of
a = 11.848(1) A determined at RT is similar to the one of 11.8(1) A given
by Hall et al. [94, 96] for CgoD36. Up to a temperature of 325 °C the pat-

terns looks similar and the only differences are due to the normal thermal
expansion. At 350 °C all the LiD reflections disappear, although the melt-
ing point and desorption temperature of LiH are at 680 [1258] and 943 °C
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(calculated from thermodynamic values [128]), respectively. The bec phase
is not present anymore and it results evolved into a new crystal structure,
with lower symmetry. Up to a temperature of 450 °C there is no major
change in the spectra anymore. The new structure formed at 450 °C is still
under investigation.

In Fig. 3.18(b) the lattice parameters of LiD and the Li(12_q)Ce0D(36+5),
fitted with the Le Bail method from the respectively cubic structures, are
plotted as a function of temperature up to 325 °C. Due to thermal expansion
the lattice parameters increase for LiD and Li(12_4)Ce0D(364.5) by heating
up from RT to 325 °C. Unlike the hydride, for Li(13_q)Ce0D(36+s) the lat-
tice expansion deviates from a linear behavior between 300 and 325 °C as
desorption occurs in this temperature range and the lattice parameter de-
creases again. Due to the fact that, integrating the pattern, for a fixed
temperature part of kinetic information got lost, normalized total counts
(Stot) for each pattern are therefore plotted in Fig. 3.19, as a function of
time. Changing in Sy, is proportional to deuterium desorbed from sample,
since D is essentially contributes to the total scattering cross section. It can
be seen that desorption starts at 300 °C and that it is essentially terminated
at 350 °C at a value of Sy,y = 70 %. A calculated value of Sy, considering
the sample geometry (cylindrical sample, annular vanadium sample holder)
with constant packing and mass densities of the sample [129], for the formal
reaction CgoD3g + 12LiD — Li19Cqy gives ASiy = 71% after desorption,
which is very close to the measured one.

These measurements suggest that, while in the first step of hydrogenation
(225 °C, 190 bar, 4.5 mass% Hs absorbed) only a fraction of lithium re-
acts with deuterium and segregates in form of LiD, when the “full” hy-
drogenation is achieved (after the second step protracted at 350 °C, 100
bar, 5 mass% Hy absorbed), almost all (but not all) lithium is deinterca-
lated from the Li(1o_4)Ce0Dy (z < 12) forming the hydride. Assuming
that the final hydrofullerene is CgpD3s (CeoHss), if the final product was
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Figure 3.18: (a) Evolution of the lattice constants of bec-Li(1a—q)CooDy

phase (right Y-axis) and LiD (left Y-axis) after the second step of deutera-
tion of Li12Csp (355 °C, 100 bar Dj) reported as a function of temperature

from 225 °C

to 325 °C [120].

aLiD+ Li(13_q)Ce0 D36 for the 2 steps of hydrogenation it could be written:

Li19Cqo + %Dg = 2LiD + Li1gCgoDs3g (1St — step : 4.5 mass% Hg)

Li19Cep + %DQ = 8LiD + LisCgoDsg
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Figure 3.19: Normalized total counts (Left Y-axis:) and sample temperature
(Right Y-axis) as function of time [120].

Conversely, if all the lithium reacted with deuterium (hydrogen) forming
12LiD, then the final hydrofullerene would be CgoDss (CgoH3z). Actually,
it is rather difficult to deduce the exact stoichiometries relying on these data
and the error is certainly high.

As already said in the paragraph 3.3.2, lithium hydrofullerides turns out
to be less stables against hydrogenation, although they can store more hy-
drogen. While Na19Cgg reversibly stored its maximum amount of hydrogen
without changing the initial fee structure, also after the 5% cycle, the same
can’t be said for the LijoCgg hydrogenated up to 350 °C, for which after

desorption at 450 °C a new structure is formed.

3.5 Real space investigation of intercalated hydro-

fullerides

The structural study of hydrogenated/deuterated phases of alkali interca-
lated fullerides is complicated by many factors: first of all the low grade
of symmetry in all the hydrogenated samples makes it difficult to analyze
the diffraction patterns. While the space group of these crystals can be
qualitatively attributed by indexing the most intense peaks at low angle

and performing a Le Bail analysis, comparing the agreement factor of the
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most probable choices, a structural refinement is hampered by the poor
crystallinity, inferable, for example, from the large FWHM of the peaks and
to the broadening of spectrum at high angle. Also in the case of lithium
fullerides (as it was for sodium fulleride) the possible isomers of CgoD, are
a cosmic number and this makes conclusions about the value of y purely
speculative. Furthermore, there is also to take into account the possibil-
ity (which is consistent) that there is a distribution P(y) of hydrofullerenes
(CeoHy), as indeed found, by means of mass spectroscopy, in some hydro-

genated fullerenes [130), 88, ]. In this complicated scenario, a quantitative
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Figure 3.20: Pair Distribution Functions measured for pristine Cgg and of
hydrogenated /deuterated LigCego, Li12Cs0 and Na1gCsp. The black dashed
line at 1.44 A highlights the average C'— C bond length in pristine Co. The
gray solid line underline the typical sp?> C' — C distance. The black dotted
line corresponds to the maximum C — C length inside pristine Cgy. Data
are normalized and rigidly shifted in vertical for a better view.

analysis is hard to perform. Nevertheless, the low crystalline character of

these materials can be exploited, in order to get informations about the
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short-range order, in a total scattering experiment. In fact, while in the
case of classic diffraction the long range order is easily measurable due to
reflection of Miller planes, which is more efficient for low values of the h
k [ indexes, the short-range order is detectable only at high value of the
exchanged momentum (@) and if the crystal displays disorder the relative
peaks (at high angle) are too broad to be deconvoluted and also too damped
in a X-ray experiment. Conversely, the diffusive scattering (which is consis-
tent for high values of @) can be exploited to extrapolate the Pair Distri-
bution Function (PDF). For this purpose, total scattering experiment was
carried out on the hydrogenated/deuterated compounds on the high energy
scattering beamline, ID15B (ESRF, Grenoble). The experimental setup was
optimized in order to have scattering window from @, = 0.5 A1 and up
t0 Qumaz = 21.8 A=1. The wavelength was fixed at A = 0.22235 A (~55.8
keV) and the area detector was placed very close to sample (20 cm). The
sample was sealed in a boron-silicate capillary of 0.7 mm diameter and its
background was removed from calculations with PDFgetX3 [106], in order
to extract the PDF. The average values of f(Q) were calculated by using
atoms and stoichiometries adopted for the synthesis (e.g.: for Lij2Cgp, 60
atoms of C' and 12 atoms of Li were considered).

The extracted PDFs of pristine fullerite and hydrogenated LigCeg, Li12Cs0
and Na19Cgo are displayed in Fig. 3.20. After the hydrogenation the PDF
appears deeply changed for all samples: remarkable is the shift of the first
peak toward higher values of r. This is the shortest measurable distance
inside the compound (since the C'— H or C'— D bond lengths are too short
to be detected in a PDF experiment) and is indicative of the C' — C' bond
length. This length should be 1.44 A, on average, in pristine Cgy and, in
fact, the peak is centered at ~1.44 A for it. The broadening is mainly
due to thermal motions and to the fact that this is not the only nearest
neighbors distance whereas a distribution from 1.367 to 1.463 A is present.
In case of hydrogenated/deuterated samples, the binding between carbon
atoms and hydrogen/deuterium turns the sp? hybridization to sp® which
increases the average bond length up to ~1.4-1.6 A. This clearly happens in
hydrogenated /deuterated alkali intercalated fullerides, where the first peak
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is centered at 1.56 A for LigCeoH,, 1.59 A for Li12Cg0 Dy and 1.61 A in the
case of Na19CgoH,. Moreover, is interesting to see that the PDF is limited
between the diameter of a (g molecule and no peaks are observed above
7.1 A. This is attributed to rotational diffusion of the fullerene molecule
for pristine Cgg, which mediates to zero all the intermolecular correlations,
while it is indicative of long range disorder in case of hydrofullerides (where

no rotations are expected).
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Figure 3.21: Measured room temperature PDF of LigCsoH, compared with
the model fitted for the 7}, isomer of LigCgoH3g in the I'm3 cell. Inset:
refined structure with Li (blue), carbon (gray) and hydrogen (white) atoms.

The extracted PDF of hydrogenated LigCgo (350 °C, 100 bar Hj) is
displayed in Fig. 3.21. The diffraction pattern of this sample was in perfect
agreement with the one previously published by Teprovich et al. [100],
when a bcc arrangement of the hydrogenated Cgy molecule was deduced
by indexing the most intense peaks. The lattice parameter (a = 11.95 A)
results slightly increased from the one fitted for CgoHsg (a = 11.785(15) A
[94, 96]) and this can be ascribed by the steric hindrance exerted by the
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Li atoms, still intercalated inside the structure. The geometry of CgoH, in
LigCeoH, will be reflected on its packing and the space group of the crystal
will have to be consistent with the molecule point group. Several LigCgoHsg
models were simulated and compared with the data. In particular, Dsg, Sg,
T and T}, punctual symmetries comply with the m3 symmetry of the Im3
space group and are considered to be the most stable isomers of CggHzsg
[95]. Hall et al. found that for CgoDs¢ the most stable isomer was the
one owning a 1" symmetry [96]. However, in the case of LigCesoH,, the
isomer who better describe the PDF is the one owning a 7} symmetry.
For this reason, a Im3 structure in which the center of a T), — CgoHzg
was located in the 2a (000) position and the Li atoms were placed in the
12e (m%O) special positions, was simulated and the model was relaxed by
fitting the position of atoms (according to the symmetry constraints) and
the instrumental parameters (for a technical description of latter refer to
the PDFgui user manual [107]). The fitted model is displayed in Fig. 3.21
and compared with experimental data. The profile qualitatively follows
the G(r), however, the agreement factor (R, = 33.01 %) is still too high
and this is most probably due to the presence of different species of CgoH,
and widespread disorder, which make a further analysis not feasible. The
refined structure is showed in the inset of Fig. 3.21. It’s important to
observe how the presence or absence of hydrogen does not significantly alter
the theoretical profile and for this reason its position in the refined model is
only indicative. In the case of Li, although its small scattering factor, the
influence on the profile function is more pronounced. However, the most
significative contribution to the G(r) is given by the position of carbon
atoms which clearly distort the smoothed shape of Cgg to a more sharpened
molecule. This is indicative of sp? hybridization which involves the carbon
bound to hydrogen. In particular, it was found that two of the five carbons
of a pentagon ring are still sp? hybridized, with a bond length of 1.326
A, while the three others are sp® hybridized and bound to hydrogen. The
hexagon which shares two neighbors carbons with the double bond of the
pentagon ring is slightly distorted toward a boat conformation and binds 4

hydrogens. The hexagon ring who shares only one carbon with one of the
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two sp? pentagonal carbons shows a more pronounced distortion towards a
chair conformation. Its carbon atoms are arranged in an alternated sp?-sp3

configuration and the sp? types bind 3 hydrogens.

2

o Na,C H (300K)

NaloceoHss — T model

G(n)

4
r ()

Figure 3.22: Measured room temperature PDF of NajoCgoH, compared
with the model fitted for the T isomer of LigCgoHsg in the F'23 cell. Inset:
refined structure with Na (blue), carbon (gray) and hydrogen (white) atoms.

The PDF of hydrogenated Li;oCgo presents features very similar to that
of hydrogenated Na19Cgg, in particular for the position of the first 5 peaks.
The refinement of Li12CgoH, PDF is still in progress at the time of this work,
but a model for the hydrogenated Na19Cgg have been proposed: in fact, the
analysis of the sodium hydrofulleride is simplified by the higher scattering
factor of Na with respect lithium. Diffraction pattern of this compound is
reported in Fig. 3.8 (2"? absorption, 200 °C, 200 bar H,). The structure
for this phase is qualitatively fcc, although a minor hexagonal distortion is
possible. A secondary NaH phase is also present and is, in principle, to take
into account in calculations. A first attempt to refine the PDF was carried

on a fcc arrangement of T}, isomers of CggHsg with Na ions occupying the
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free volume of the cell in the 8c and 4b Wyckoff positions. The adopted
cell has the F'm3 space group and the lattice parameter was fixed to a =
14.78 A, as refined from XRD data using the fee cell of Cgp. This model
was not convincing and the shape of hydrofullerene did not resemble the
PDF extracted for this compound. A more depth refinement improves the
R, but leads to non physical results. A good refinement is achieved by
starting from the T' isomer of CgoHsg. In this case the F'm3 space group
can’t be adopted due to the non centrosymmetric character of the 7" isomer,
which is indeed well represented inside a F'23 space group. By letting a =
14.78 A and simulating the free volume accessible to a sphere of r = 0.95
A (Na™), the space left in the cell resides in the 4d (%%%), 4c (%i%), 4b
(312) and 16e (zzz) Wyckoff positions. The refinement of this model is
in good agreement with the measured PDF, as shown in Fig. 3.22, and a
final Ry, = 10.9 % has been reached. The T — CgoHsp isomer is slightly
distorted respect the non intercalated compound [96] and is characterized
by the presence of 4 non hydrogenated benzene rings. In the fec packing
these hexagons are faced along the [111] direction leaving a large space in
four of the eight tetrahedral voids. This space can be filled by a cluster of
five Na atoms, as shown in the inset of Fig. 3.22. The secondary NaH
phase, detected by means of X-ray diffraction, was not detected in the PDF

data and was therefore considered negligible.

3.6 The pSR study of the hydrogen storage mech-

anism in lithium and sodium fullerides

To follow the mechanism of hydrogenation of an absorbing system one has
in principle to study separately the interaction of hydrogen molecule and
atom. The in-situ diffraction and Hy absorption experiments have been
very useful in determining the final step of hydrogenation for Li,Cgo and
Na,Cgo, allowing to understand that the intercalation of Cgy with high
stoichiometries of alkali metals (Li and Na) promotes the dissociation of Hy,

also at moderate temperature. The final product is an alkali intercalated
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hydrofullerides (M,_CgoHss+s) and it was found that the deintercalation
of hydrides takes place only at the end of the process. In order to understand
how hydrogen atoms are splitted from Hs and subsequently interact with
fulleride, the pSR technique has been used.

In addition to normal magnetic interactions that a muon can follow stop-
ping into matter, briefly described in paragraph 2.3, in some cases it is also
able to form paramagnetic species. When positive muons (u") are implanted
into insulating/semiconducting materials, they can bind an electron forming
muonium (Mu = pute™), a light isotope of hydrogen (equivalent on a chem-
ical point of view). In metals, the formation of muonium atom is avoided
due to effective screening of muon charge carried out by the Yukawa poten-
tial, which replaces the unscreened (electrostatic) Coulomb potential. The
threshold of electron density at which bound states should appear has esti-
mated to be n, ~ 3-1022cm~3. In some systems, like quartz (insulator), the
Mu is very stable and is the only species which is formed [131]. In others,
like graphite (semimetal with a small density of carrier, n ~ 3 - 10%¥cm™3),
when it is formed is so unstable that immediately reacts: binds to the plane
and loses its electron, yielding a 100 % diamagnetic non decaying muon pre-
cession [132]. For these reasons, quartz and graphite are commonly used as
reference materials in pSR experiments. In some cases, muonium atom can
further interacts with an electron forming the negatively charged “hydride”
ion (Mwu™), as happens in lithium hydride where the Mu~ occupies an H~
vacancy site [133]. Especially in organic m-systems, there is also the inter-
mediate chance that Mwu atom interacts with an aromatic carbon (owning
a m-orbital) by binding to it and forming an adduct radical (ion/molecule
with unpaired valence electrons).

Since the discovery of fullerite and superconducting fullerides, the puSR
technique has been widely used to characterize the magnetic properties of
these materials. The first study on pure Cgp was made by Kiefl et al. [134]
in low transverse field. Three distinct signals were observed: a small dia-
magnetic fraction and two muoniated species. About 12 % of them owning
a large hyperfine parameter (4341(24) MHz), very close to the value for free

muonium in vacuum (4463.3 MHz [135]), and a second signal (~80 %) with
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an isotropic hyperfine parameter of 325 MHz, typical of muoniated radicals.
The former was attributed to a quasi-free muonium residing at the center
of Cgo (endohedral Mu, or Mu@Cyg), where a minimum in the electrostatic
potential is expected, and the latter was found to be a muonium bound to
a carbon atom, exohedrally to Cgg (Mu — Cgp). When the same experiment
was carried out on alkali doped fullerides fec-A3Cgo, A4Cso and bec-AgCeo
(A = Na, K, Rb), it was found that only 2 species could be formed: 60-70
% of diamagnetic muons, which localize interstitially to fulleride lattice, and
a small fraction of endohedral muonium, ~ 6 % [17, ]. The production of
radicals in alkali doped fullerides was determined to be suppressed, in both
metal and insulating environments, due to the charged state of fullerene
molecule (Cg, ). Also in the case of superconducting K3Cso, Na2C'sCpgg
and Rb3Cgo the formation of endohedral muonium was observed in the nor-
mal (metallic) state and the spin-exchange events between endohedral Mu
and conducting electrons was found to be very weak, thus confirming the
isolated nature of Mu@Cg [136]. Although the formation of radicals in
Ceo was an important event, especially when one considers the implications
for the hydrogen storage, at that time this had not aroused much interest,
while great value was given to formation of endohedral muonium. This is
mainly due to the fact that the community involved in these researches was
basically interested in the electronic properties of Cgg.

In the following section it will be shown how the formation of radicals
on Cfgo can be retrieved when fullerite is intercalated with clusters of alkali
metals and a possible mechanism of hydrogenation will be proposed [137].
At the time of the experiment only the LigCgy and the NajgCgo phases
were available (in the pristine and hydrogenated form), while the synthesis
of Li1aCgy was still in progress. Nonetheless, results found for the four

studied samples could be easily extended also for LijoClg.

3.6.1 The pSR experiment on Na(Cgy and LigCy

Zero and longitudinal magnetic field (ZF and LF) experiments were per-
formed on the EMU spectrometer at the ISIS-Rutherford Appleton labora-
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tory. About 350-400 mg of sample was pressed and sealed in an air tight
aluminum cells closed by kapton windows. The windows has the double use
as a sealant system with the purpose of keep the sample in a protected en-
vironment and as a medium for slowing the incoming muons allowing them
to thermalize. For the latter reason a calibration with different thickness of
kapton (usually in the order of 10 pm) is necessary so as to ensure that
all the muons stop inside the sample. The bottom of the sample holder is
coated with a silver slab (silver is diamagnetic with a very small nuclear
momentum and doesn’t change the muons polarization) in order to catch
muons stopping outside the sample. The sample is made of pressed powder
with large area and small thickness. The full asymmetry was determined
with a transverse field measurement performed at room temperature on a
pure silver plate and the total asymmetry was estimated to be Ag = 22.74(1)
%. Since a fraction of the muon beam end up on the mask of the cell, it
is necessary to measure the baseline of asymmetry due to that muons that
end off the sample. This background was measured in transversal field on a
quartz slab covered with a silver mask of the same diameter of the sample.
Since quartz produces 100 % of muonium, all the muons stopping inside the
space used for the sample give a missing fraction. The Zero Field asymme-
tries of pristine and hydrogenated LigCsy and Na19Cg are reported in Fig.
3.23. Both pristine and hydrogenated fullerides show basically two differ-
ent components: the first one is a slowly decaying fraction, which was fitted
with different decay functions and the fitting is reported in the graph as solid
(dashed) lines for the pristine (hydrogenated) samples. The interpretation
of this decays will be discussed later in this section. The second component
is not directly visible in Fig. 3.23 since is possible to detect only by looking
at the evident missing fraction which reduces the initial data asymmetry to
a value lower than the instrument full one (Ap), which is reported as black
dashed horizontal line at 22.74 %. The presence of a missing fraction indi-
cates that the precession frequency of the correspondent fraction of muons
exceeds the instrument pass-band (vp,q ~ 13 MHz).

In absence of strong magnetic phenomena, this is the fingerprint of hy-

perfine interaction of a muon with an unpaired electron either in isolated
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Figure 3.23: Zero field muon spin relaxation in pristine and hydrogenated
LigCqp (left) and pristine and hydrogenated NaioCgo (right), measured at
5 K. Fitting curves for pristine (hydrogenated) samples are reported as
solid (dashed) lines. LigCsy and NaioCeoH, data have been fitted with
a Lorentzian decay, Na19Cgo with Gaussian and LigCgoH, according to a

stretched exponential lineshape. The full asymmetry is represented as a
black dashed line at 22.74 %.

muonium or in a muon substituted radical. Since it was known that metal
intercalated fullerides could stabilize only the endohedral Mwu and no rad-
icals were expected, the first hypothesis was that in this case the missing
fraction could be attributed to Mu@Cgy. It has to be pointed out that the
for pristine and hydrogenated LigCgo the initial asymmetry is about 40 %
lower in amplitude than Ag and also in the case of Na19Cgg the hydrogenated
sample has a similar missing fraction (while for the as synthesized crystal
it is slightly smaller). Such big values of missing fraction are indicative of

a significative fraction of muons forming muonium, while only ~5-7 % of
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the signal in fullerite and A,Cgo compounds was attributed to formation of

Mu@QCy [17, , ]. So there are two possibilities:

> all the muons involved in the missing signal form endohedral Mu,
as occurs almost for NasCsCgy, Rb3Cgo, K3Cs0, K4Cs0 and KgClego

[17, 1306,

>~ for some reason, for Li,Csy and Na,Cgy (x > 6) the production of

radicals is not suppressed anymore.

In order to understand which paramagnetic species are formed in the samples
it is necessary to repolarize the missing fraction by means of a longitudinal
field. In fact, the hyperfine coupling between the muon and the paramag-
netic electron can be estimated by the field dependence of the initial muon
polarization. In case of isotropic coupling (as for free muonium, as it shown
if Fig. 2.3(a) and (b)), by applying a field in the order of few thousand
gauss parallel to the initial muon spins, B|| (I,(0)), the muon and the elec-
tron spins can be decoupled and the average muon polarization at the time
of the 8 decay is increased. The initial polarization goes from 50 % at zero
field to a full 100 % at high longitudinal fields which fully decouple the muon

and the electron. The functional behavior has the form:

: (3.3)

where Bpy, = Au/(ve + ) is the hyperfine field (the effective magnetic
field exerted by the muon on the electron) and its value is about 1580 G for
free muonium, v = B/Bgyy. Bpyp could be considerably lower than 1580
G if the electron captured by the muon is delocalized around many nuclei
(adduct radicals). Moreover, if the hyperfine interaction was anisotropic,
like it is observed in most of the radicals, the zero field polarization would
be quenched from 50 % to zero and equation 3.3 assumes the approximate
form P = 22/ (14 2?) [138]. The repolarization of the muon spin for the
four different samples is shown in Fig. 3.24. It is clear that the application

of a field much lower than the hyperfine field of free Mwu is sufficient to
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fully repolarize the missing asymmetry in all the cases, since the expected
inflection for free muonium at 1.58 - 10% G is not observed and at this field

the polarization is already at 100 %. This demonstrates that the missing
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Figure 3.24: Muon spin repolarization experiment in pristine and hydro-
genated LigCgso (left) and NajoCgo (right). The repolarized asymmetries
have been fitted (here shown by solid/dashed lines) with equation 3.4 [116].
The vertical black dashed line represents the hyperfine field for free muo-
nium.

fraction is due to the formation of radicals while no endohedral muonium is
produced [139], contrary to what expected for alkali intercalated fullerides.
The reaching of 100 % repolarization in Fig. 3.24 at the highest applied
longitudinal field (e.g. to the full polarization measured in a transverse field
experiment on a reference Ag sample) moreover guarantees that no other

muon thermalization process contributes to the observed missing fraction.
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The repolarization curves have been tentatively fitted with the function

ZE2
Pezp =Pp+ Apaa - > (34)

1422
where Pp is the fraction of diamagnetic muons observed in zero field ex-
periment while A,,q represents the amplitude of the radical fraction. Since
the Cgp crystal structure is described by many inequivalent carbon atoms
(unlike many other fullerides the presence of large intercalated clusters hin-
ders the fullerene rotational disorder and therefore Cgg molecules are blocked
[59, 64]), it is expected the hyperfine coupling to be anisotropic. For this rea-
son the fit to function 3.4 allows just an estimation of the average hyperfine
field as for this experiment (on powder samples) a more precise measurement
of the coupling parameters is not allowed. From the mean square analysis,
it was found that for LigCgo the radical hyperfine frequency rises from a
value of 123(19) MHz in pristine sample to a value of 550(30) MHz in hy-
drogenated sample, while for Na;oCsp it rises from 158(22) MHz to 325(27)
MHz in the hydrogenated sample. Incidentally the value of the muonium
substituted free radical in pure Cgo is 325 MHz [110] but, due to different
nature of Na1gCeoH, and Cgg, this fact is attributed to coincidence rather
than the formation of the same radical. A more precise investigation of
the anisotropy of these radicals will be the topic of a next experiment. It
should also be noted that in pristine LigCgsy and NajgCgo, the hyperfine
coupling was found to be significantly lower than for pure Cgy (for which it
was about 325 MHz for the radical). The hyperfine field on the muon can be
interpreted as an average value of the electron density sensed by muon in the
radical state. Here, the presence of Cg; anions, in which the t;,, molecular
orbital is completely filled, allows to efficiently delocalise the further radical
electrons, hence decreasing the hyperfine interaction. On the contrary, as
seen in paragraph 3.5, hydrogenation has the effect of deeply change the
geometry of the molecule and therefore also of the electronic arrangement.
The resulting reduction of point symmetry thus induces the localization of
paramagnetic electrons, thereby preventing an efficient delocalization of the

radical’s electron. The final effect is a decrease in the average distance of the
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radical’s electron from p and therefore a relative increase of the hyperfine
coupling.

The complex scenario depicted by the pSR experiment is helpful to bet-
ter understand the hydrogenation process in alkali intercalated fullerides. In
such systems, sizable hydrogen storage with reversible character is reached
through the hydrogenation of Cg;, molecule at much milder conditions as
compared with those necessary to achieve the CgoH, hydrofullerite, as dis-
cussed in the previous paragraphs. This can be explained as due to the
catalytic effect of intercalated alkali clusters, effective in dissociating the hy-
drogen molecule and to the subsequent migration of hydrogen atoms from
the metallic clusters to the buckyball [122]. The slowly decaying compo-
nent shown in Fig. 3.23 is attributed to a diamagnetic muon fraction (Pp
in eq. 3.4) and is realistically originated to the dipolar interaction that
muons experience passing near the Li or Na nuclear momenta. In the hy-
drogenated samples the presence of hydrogen nuclei (protons) would has the
effect of increasing these dipolar interactions raising the decay rate. This is
clearly observed in lithium compounds while the opposite behavior happens
in sodium samples probably as a consequence of different dynamical regime.
For LigCgg the zero field asymmetry was fitted with a simple Lorentzian de-
cay. Muons, diffusing interstitially through the clusters, undergoes a random
dynamic interaction with the local nuclear fields. The fitted Lorentzian (or
stretched exponential) depolarization functions, which are shown for pristine
LigCgo, originate from this diffusion and can be expressed by the following
equation:

A(t) = Ppexp(—At).

In the case of Na1gCgg, dynamics is frozen and the asymmetry follows a

Gaussian relaxation, indicative of random static interactions with Na nuclei:

P
At) = —2—cap(—t252/2).
2mo?

For hydrogenated samples the behavior is complicated by two main factors:

> presence of hydrogens (protons) bound to Cs
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> and the presence of a small fraction of LiH or NaH.

Whilst the Gaussian and Lorentzian field distributions adequately describe
the concentrated and dilute dipole moment limits respectively for LigCgo and
Nai10Cso, in the case of LigCgoH, the distinction between the two limits is

rather arbitrary and is generalized by using a stretched exponential decay:
A(t) = Ppeap (—-(\)%).

A simple Lorentzian decay was adopted in order to fit the Na1oCeoH, asym-

metry. The different fitted decay rates and their temperature dependence
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Figure 3.25: Temperature evolution of relaxation rates for pristine and hy-
drogenated LigCgo (left) and NajoCso (right). Capital letters are reminder
of relaxation functions used in the fit of the ZF experiments: i.e. Gaus-
sian (G), Lorentzian (L) or stretched exponential (S). Solid/dashed lines are
guides to the eye.

(see Fig. 3.25) are indicative of various diffusing regimes. For pristine
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fullerides it is observed that relaxation decrease raising the temperature for
LigCgo while the opposite happens for Na19Cg. For LigCsoH, the behavior
is similar than for the pristine sample (but faster). In the case of Na1oCeoH,
the relaxation appears constant in the range of 5 to 300 K. It is difficult to
assign this diamagnetic fraction to bare muons or to Mu~, whose formation
is commonly observed in alkali metals hydrides [141], however it was demon-
strated that relaxation rate for Mu~ follows a thermally activated behavior
in LtH and undergoes a decrease in NaH. Nonetheless, the hydrogenated
LigCsp and Nay19Csp (which certainly contain at least small fraction of hy-
dride) show a different thermal behavior: the relaxation rate of LigCsoH,
is not activated (as it should be for LiH) while for NaigCeoH, is constant
(whereas it should be decreasing in temperature). Moreover, the repolarized
fraction of a Mu™ in the LF experiment should presents a hyperfine field
around 1 kG (it is 1084 G for NaH [111]) while here it is well below 1 kG.
Therefore, the presence of LiH and NaH in the hydrogenated samples is
considered negligible in this experiment. However, nothing is known about
a Mu™ interstitial to a cluster of few atoms of Li or Na, like it could happen
in this samples. Other decay mechanisms like spin exchange (between the
electron residing on ™ and another paramagnetic electron of the sample)
can be ruled out in these systems where no paramagnetic centers are present.

The presence of muon adduct radicals in intercalated fullerides is itself
remarkable as it proves that their absence in other known fullerides is prob-
ably due to the lack of interstitial Mu (although present endohedrally), and
not to the instability of radicals in charged Cgp, as previously thought [136].
Unlike the most common alkali intercalated fullerides, in these systems the
interaction of partly ionized alkali metal clusters [55, (4] is probably at the
origin of the observed peculiar behavior. Raman spectra of Na1gCgp and
LigCsp (shown in Fig. 3.4), proved the charged state of Cg; to be of about
n = 6 electrons. The even number of electrons on the tq, levels of Cygg is
also confirmed by the non paramagnetic character of NajgCgy and LigChgg
as measured by means of SQuID magnetometry. It’s easy to understand
that, if “only” 6 electrons occupies the LUMO orbitals of Cgg, at least for

Na19Cgo, the remaining electrons have to be delocalized over the cluster
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of sodium atoms. Therefore, the clusters are only partially ionized and can
bring a residual charge. This fact is also confirmed by the distances between
the sodium atoms of cluster in Na19Cgo which are in an intermediate range
between the ionized state and the metallic bond [64, 59]. When muons are
implanted in the sample they can interact with the charge of the delocal-
ized electrons residing on the clusters which can be captured leading to the

formation of muonium. Surprisingly, differently to what observed in pure
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Figure 3.26: Temperature dependence of the fraction of muons producing a
radical obtained as difference between full asymmetry and fitted zero field
initial asymmetries (A,qq in equation 3.4) for pristine and hydrogenated
LigCsp (left) and NajoCgo (right); solid lines are a guide to the eye.

Ceo [131], the fraction of radicals here depends on temperature. Fig. 3.26
shows the temperature dependence of the observed missing fractions which
were found to invariably increase on cooling for all the investigated samples.

Such a behavior indicates that the propensity of Cy to bind atomic hydro-
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gen and, therefore, to form hydrofullerite, is enhanced at cryogenic tempera-
tures and it is already present also at room temperature. This suggests that
also hydrogen absorption is expected to be enhanced at low T, as long as
atomic H is available. Nevertheless, the hydrogen absorption experiments
show that only at moderate temperature the hydrogenation occur, due to
the required homolytic bond rupture of Hj, while the formation of CgoH,
would be promoted at low temperature. The more convincing hypothesis is
that at high temperature the dissociation of the Hy molecule is mediated by
the intercalated alkali clusters. The partial electronic charge present on the
cluster may promote the dissociation of the hydrogen molecule. Moreover,
it is likely that even the high charged state of Na;Cgo and LizCgo (z > 6)
contributes to the overall process. In fact, the high degree of charge present
on the antibonding orbitals of Cgy would greatly increase the probability to
attract a hydrogen atom on the molecule, significantly lowering the energy
barrier required to form the C — H bond. With this perspective, the nSR
experiment results suggest that, in order to increase the storage capabilities
of these materials, the assisted dissociation of the Hs molecule must be im-
proved. A possible way to achieve this result is the addition of transition
metals, such as Ni, Pd or Pt, which are known to efficiently catalyze the
H, dissociation at low temperature [112]. However, as discussed above and
experimentally proved [143], the simple intercalation of transition metals
would not be sufficient to reach the high uptake rates observed in NajyCégg
and LigCqo, as the charged state of Cgg, not achieved in transition metals
intercalated fullerides, appears also to play an important role in inducing
the observed high degree of hydrogenation.

It is also evident, that the fraction of adduct radicals appear larger in hy-
drogenated samples than in the pristine ones, as shown in Table 3.5. This
happens in all the explored thermal range for pristine and hydrogenated
Na19Cgo while it is evident only near room temperature for the LigCgg. For
understanding this result, one has to consider the fact that, after the hydro-
genation, CgpH, molecule exhibits a more pronounced curvature than Cpg.
This was clearly demonstrated in paragraph 3.5 where the PDF of LigCgoH,
and Na1oCeoH, were attributed to the T}, and T isomers of CgoH3zg. In par-
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| frat 5 K (%) frat 300 K (%) Bpyp (mT)  vpy,(MHz)

LigCeo 58(3) 23(6) 4.4 123(19)
LigCeoH, 61(3) 39(5) 20.3 550(30)
NaioCeo 32(5) 22(6) 5.7 158(22)

Na10060Hy 66(4) 54(3) 11.6 325(27)

Table 3.5: Radical fraction percentage (fgr) relative to full asymmetry and
fitted hyperfine fields in pristine and hydrogenated samples of LigCsy and
Na10Csp.

ticular, whereas carbons were almost completely sp? hybridized in LigCg
and Nay9Cego, after hydrogenation the hybridization turns into sp? for those
carbons which have bound a hydrogen [95]. Tt is well known that the pres-
ence of local curvature in carbon based nanostructures has promoting effects
on the Hy binding energy and that H bond is shown to increase on sp? re-
ceptors [79], like graphene, by increasing the H coverage [144]. In this case
the curvature of the partially hydrogenated fullerene cage is clearly greater
than in bare Cgg, due to the presence of sp® hybridized carbon atoms. Es-
pecially for Na19CegoH,, the T' symmetry, found by means of PDF analysis
(see Fig. 3.22), leaves four benzene rings available to be subsequently hy-
drogenated. This is in agreement with the greater increase in the radical
fraction produced after hydrogenation of Na19Ceo, with respect to LigCgoH,
which displays lower increase of radical fraction formed after its hydrogena-
tion.

The hyperfine field on the muon can be interpreted as an average value of
the electron density sensed by muon in the radical state. Although the ex-
tracted values were obtained with strong assumptions, they could still be
interpreted on the basis of the following considerations. In pristine LigCgq
and Na19Cgo, the hyperfine coupling was found to be significantly lower than
in pure Cgo. Here, the presence of Cg, anions, in which the ¢, molecular
orbital is almost completely filled, allows to efficiently delocalise the fur-
ther radical electrons, and hence to decrease the hyperfine interaction. As a
matter of fact, it is known that light alkali metals intercalated in fullerenes

only partially donate their charge to Cgo [115]. On the other hand, after
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the hydrogenation, the conversion to sp® of part of carbon atoms on the
fullerene cage deeply affects the electronic arrangement of the molecule; this
induces the localization of the paramagnetic electrons, thus also increasing
the muon hyperfine coupling.

In order to endorse the hypothesis of the cluster’s catalytic effect on clus-
ter intercalated compounds a hydrogen absorption experiment was carried
on the bee-KgCgo. In this compound the charge transfer on the ¢1,, molecular
orbitals is complete [116] (as in the case for NajoCso, LigCso and Li12Cso)
and the bce structure avoids the formation of KT clusters. The sorption
measurements on KgCgy were made under the same conditions of LigCegy,
but the amount of hydrogen absorbed/desorbed was too low to be detected.
As previously discussed, in this system the formation of radicals in the pSR
experiment is suppressed and this fact was tentatively explained as due to
the charged state of Cgo [17]. In the case of LigCsy the Raman spectrum
evidenced a complete charge transfer of 6 electrons on the t1, molecular
orbitals. Under this point of view the KgCgo and LigCgo can cautiously be
compared (both are not electronic conductors and presents a Cgo_ anion).
In such a systems the most prominent difference is the presence (or not) of
an alkali intercalated cluster. The explanation given by the uSR experiment
is effective if the clusters in Nai1gCgy and LigCgp hold some residual elec-
tronic charge on their orbitals (this is true for NajgCgg but apparently not
for LigCgo, where all the lithium atoms seem to be ionized). The muonium
is formed during the deceleration of . In this process muons cover long
distances before thermalise and can easily undergo scattering events with
electrons. In KgCgg, for example, the formation of Mwu occurs outside the
fullerene molecule but if the energy is enough the pseudo hydrogen atom can
break a carbon bond thus entering in the endohedral cavity (the broken car-
bon bonds can be easily reconstructed). This leads to a very small fraction
of Mu@Cygg. In LigCgo the endohedral muonium is not formed but a big
fraction of radical is present. The high disorder of this phase, as confirmed
by powder diffraction analysis, may be the main cause of the formation of
Mu (as it is well known, the nSR is very sensitive to the presence of de-

fects [117, 115]). In particular there can be two main source of disorder:
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merohedral, as present in the high temperature phase of LisCgo [50], and
the disorder due to a distribution of cluster’s configurations.! In particular,
the latter could be the responsible of scattering efficient in producing Mu,
if one of the most frequent defects was a cluster in which part of the charge

is maintained.

'as in the case of NagCso [79] the symmetry of the cell allows different configurations
of the same cluster. Moreover, if the occupancy of the alkaline atoms is not the same in all
the cells, a distribution of the number of atoms constituting the clusters may be possible.
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Chapter 4

Conclusions

In the present work, the lithium and sodium-cluster intercalated fullerides
were synthesized and their structural, electronic and absorbing properties
were investigated by means of ez-situ synchrotron diffraction, in-situ neu-
tron diffraction, Raman spectroscopy, pressure-composition isotherms (pcT),
analysis of the X-ray pair distribution function (PDF) and muon spin relax-
ation (pSR).

The interest in these materials was motivated by both theoretical [$3, 75]
and experimental works [100] who evidenced an increased interaction of
these systems with hydrogen. A Kubas-like or electrostatic interaction was
hypothesized in some theoretical works whereas a chemisorption of hydrogen
onto Cg, forming hydrofullerene, was experimentally detected. Up to now,
a clear mechanism of hydrogenation was not demonstrated for Na,Cgo and
LiCgo absorbing systems.

The structural analysis of the pristine phases of LigCgy, Li12Cgp and
Na19Cgo highlighted the presence of alkali intercalated clusters inside the
lattice of Cgp anions. While in NajgCgo the cluster (made of nine sodium
atoms) resides in the octahedral voids of the Cgg fee structure, in the case of
Li15Cgo the rearrangement of Cgy anions allows a cluster of 5 lithium atoms
to be held within the pseudo tetrahedral voids of a P2;/n cell. The LigCgo
appears characterized by intrinsic merohedral disorder and a fcc arrange-

ment of Cgo anions (similarly to pristine Cgy) was hypothesized, allowing
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a cluster of Li atoms to stay in the T} or Oj voids. The detection of a
maximum charge of 6 electrons, by means of Raman spectroscopy, on the
fullerene anions of LigCgg, Li12Csp and Na19Csp leads to hypothesize the
presence of electrons onto alkali clusters, compensating the residual charge.

The absorbing properties of these compounds were demonstrated to be
remarkable if compared to pure fullerene, but also compared with commonly
studied metal hydrides and complex metal hydrides. NajoCgp was able to
store up to 3.5 mass% Hs in a completely reversible process. LigCgy and
Li19Cqy were demonstrated to be able to absorb up to 5 mass% Hs, in
optimized conditions, and the process is reversible. For both sodium and
lithium fullerides hydrogenation involves the segregation of metal hydride
minor fraction and the formation of a stable alkali intercalated hydroful-
leride.

The investigation of hydrogenated compounds of sodium and lithium
fullerides by means of total scattering technique allowed to detect the geom-
etry of the hydrofullerene molecules and to hypothesize a possible structure
of the alkali intercalated hydrofullerides.

Finally, the nSR experiment on pristine and hydrogenated LigCgp and
Nai19Cgo highlighted an unusual tendency towards the formations of radicals
on the Cgp anions, not observed in A,Cgy parent compounds (A = K, Rb,
C's). Moreover, the radical fraction was demonstrated to increase by low-
ering the temperature and the hydrogenated compounds proved to be more
reactive toward subsequent hydrogenation. A mechanism of hydrogenation
was hypothesized, involving the presence of electrons localized far from the
fullerene anions and possibly residing on the alkali clusters.

This research opens many outlooks towards the discovery of new hy-
drogen storage systems based on intercalated fullerene nanostructures that
have demonstrated to be, once again, source of great interest thanks to their

surprising properties.
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