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Abstract

Intercalated alkali metal fullerides, which have been recently demonstrated

promising hydrogen storage materials, have been prepared and character-

ized by µSR spectroscopy, known technique for the study of the interaction

of the hydrogen atom with matter. The hydrogenation mechanism has been

clarified and highligted the possible improvement with the addition of tran-

sition metal particles. Novel synthetic strategies have been developed to

achieve the addition of platinum, palladium and nickel to lithium inter-

calated fullerides and the new materials were characterized with multiple

solid state techniques aiming to probe their structures and understand the

remarkable absorption properties which were discovered by manometric and

calorimetric techniques.
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1

Introduction

1.1 Energy problems & Hydrogen-based Solutions

Massive use of fossil fuels as an energy source led environmental consequences such as

an anthropogenic increase in the amount of nitrogen/carbon-based gases in the atmo-

sphere and a corresponding rise in the global average near surface temperature known

as greenhouse effect. Moreover to withstand global energy demand, which is forecast

to double by 2050 (United States Department of Energy, US-DoE), it is necessary to

establish a transition from the non-renewable oil/gas dependance to a renewable en-

ergies based economy. In this context hydrogen may replace fossil fuels and natural

gases: its chemical energy (142 MJ kg−1) is three times bigger than liquid hydrocar-

bons and its combustion processes in fuel cells represent a carbon-free method of heat

and electricity generation compatible with many domestic and industrial applications.

The oxydation reaction with oxygen leads to the formation of water or steam that is

naturally part of the water cycle. The main technical problem the hydrogen economy is

facing is provided by H2 storage media. Classical high pressure tanks exploit gas phase

storage but in order to realise a petrol equivalent tank around 450 litres space would

be necessary under 300 bar compression which constitutes a dangerous system. The

liquid hydrogen density (70.8 kg m−3) could help optimising space problems but the

hydrogen condensation temperature is 21 K and therefore cryotechniques, which are

inherently unsafe, would be needed. Luckily often hydrogen is absorbed in solid state

materials with a density even higher than gas and liquid state (1). Metal hydrides as

i.e. LaNi5H6 and Mg2NiH4 have a high volumetric hydrogen density between 90 and
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1. INTRODUCTION

150 kgH2 m3, but the high density of the host material limits the achievement of low

gravimetric hydrogen density between 1 and 5 wt% (2). On the other hand different

chemical hydrides, as for example the reaction of NaBH4 with H2O to form NaBO4

and 4 H2, have a high gravimetric hydrogen density of 10.8 wt% but the product is too

stable and is energetically too expensive to reverse the reaction (3). In mobile applica-

tion, carbon based systems are inherently safer than many others systems due to the

chemical inertness of carbon compared to the high reactivity of borohydrides, alanates

with air and water. Moreover carbon based materials are to be considered relatively

unexpensive with respect to transition metal and rare-earth based compounds, thus

more suitable for widespread application.

1.2 De Fullerenis Molecula

Named after the American architect Buckminster Fuller, the carbon allotrope and most

abundant fulleroid C60 has opened an entire research field in carbon chemistry and

physics after its discovery in 1985 (4) and the adoption of Krätschmer and Huffman

large scale production method (5). This molecule is composed by 60 carbon atoms

which are arranged in 12 pentagons and 20 hexagons rings (see Fig. 1.1: in comparison

with the purely sp2 plane of graphite it is possible to understand that 5 member rings

force the plane into a curved configuration. According to Eulers theorem 12 pentagons

lead to the smallest closed structure achievable. The truncated icosahedrons (point

group Ih) resulting geometry has a surface radius of about 3.56 Ȧ, but the outer di-

ameter is increased to 10 Ȧ for the surface occupation of molecular orbitals around

the carbon shell. Moreover the p electrons are not homogeneously delocalised on the

sphere and provide two different bonds: the edge shared by two hexagons is 1.46 Ȧ,

the one between an hexagon and a pentagon is 1.40 Ȧ.

As shown in Fig. 1.1 fullerenes arrange into a face centered cubic structure (space

group F m3̄m) with a=14.17 Ȧ at 300 K and inter-fullerene distance of 10.02 Ȧ. Above

260 K molecules are free to rotate around their mass center in a merohedral disordered

plastic crystal. A temperature decrease freezes the rotation changing structure into a

simple cubic cell (space group Pa3) (6). The high molecular simmetry provides two

different energy scales: one is associated with the strong intramolecular covalent bonds

and a weaker one due to Van der Waals soft interball binding. This feature deeply
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1.3 Intercalated Fullerides

Figure 1.1: a: a schematic representation of the fullerene molecule; b: the crystal fcc
structure of solid C60.

influences the electronic behavior: the solid states resembles the molecular levels with

the addition of a weak splitting in narrow bands (see Fig. 1.2).

The lowest unoccupied molecular orbital (LUMO) presents a non bonding nature

in agreement with the C60 electronegative character and is triply degenerate (tu sim-

metry). Electrochemical measurements on fullerene solutions (7, 8) explored the pro-

gressive filling of these orbitals and showed the presence of Cn−
60 states (n up to 6).

Moreover, intercalation of alkali metal ions indicated the possibility of reaching anion

charges of 12− (9) (allowing the population of t1g LUMO level)

1.3 Intercalated Fullerides

The fullerene low reduction potential and its internal available free volume in the crystal

lattice provided intercalation chemistry a fertile soil for the insertion of an incredibly

wide number of electron donors. This resulted in the study of many charge transfer

salts called fullerides, whose main properties come from the partial or complete filling of

the electronic band structure. The undoped C60 is a semiconductor whose band gap is

around 1.7 eV. During electron addition, the conduction band is progressively filled and

transport properties are changed. Intercalation of alkali atoms in a stoichiometry AxC60

yields a complex behaviour in these systems. K3C60 reports a metallic phase with a

superconducting transition (TC =19 K) due to the half filling of its t1u orbital (10, 11),

3



1. INTRODUCTION

Figure 1.2: C60 molecular orbitals and electronic band structure of the molecular crystal.

while K6C60 is an insulator. Probably due to strong electron correlation (12) deviations

are commonly observed: i.e. K4C60 shows insulating ground state (13, 14). Stimulated

by the studies on fulleride superconductivity, the scientific community developed a

huge amount of intercalation compounds (15). Most of alkali and alkali-earth metal

ions were added to C60 in order to explore tunable fulleride properties (the identification

of a proper bibliography would be an immense task and therefore only some publication

on different ionic systems are mentioned here: (16, 17, 18, 19, 20)). This investigation

was as well extended to halogen atoms (21) and to some rare earth metals (22, 23, 24).

Nowadays it is easily possible to synthetise a huge number of intercalated fullerides.

1.4 Why H2 Storage in Carbon Nanostructures?

Carbon materials are nowadays considered a promising system for hydrogen storage

alternative to the common metal hydride and metal organic framework. Their rela-

tively light weight suggests a possible use in the vehicle application and their relatively

unexpensive costs may promote a widespread distribution.

Besides the aforementioned advantages, pure carbon systems like graphite, even if

nanostructured, still reveal inadequate for this purpose. The binding energy of hydrogen

molecules to carbon framework represents the main problem to be solved. H2 can either
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1.4 Why H2 Storage in Carbon Nanostructures?

be physisorbed on carbon (as it is currently observed at very low temperatures) but

this process involves a low binding energy (5 kJ mol−1) which is too small for storage

application (25) or, on the other hand, the hydrogen molecule can be chemisorbed after

dissociation by the formation of a direct C-H bond on top of carbon sp2 layers. In this

case, the binding energy is around 140 kJ/mol, still far beyond the targeted value of 15-

20 kJ mol−1 which represents the optimal value for near room temperature reversible

applications.

Such an energy range may be achieved by promoting binding mechanisms which are

different from the bare and too weak physisorption or from the too strong chemisorp-

tion. As a general consequence of partial sp2-sp3 hybridization the hydrogen binding

energy has been calculated to increase with increasing curvature (26), These structure

can be naturally realised by folding carbon planes either in cylindrical (to form nan-

otubes) or spherical way by introducing pentagon rings in the hexagonal lattice (to

form fullerenes). Early results on carbon nanotubes gave absorptions in the range of

5-10 wt% at 77 K (25) although precise numbers are hardly obtained due to difficulties

in sample purification from metal catalysts. On the other hand, carbon nanohorns

show a binding energy in the range 10-12 kJ mol−1 (27) and an adsorbate density

higher than that of the liquid H2 at 20 K is predicted (28). Even graphite highlights

remarkable uptake properties leading to a few percent physisorption at 77 K (1) but its

energy range exclude any room temperature stability. If the hydrogen is chemisorbed

the result is an sp3 carbon structure which traps around 7 wt% but in a too stable

chemisorption driven graphane (29).

A further increase in binding energy can be reached if the curved sheet is charged.

Both nanotubes and fullerenes clearly show this feature. Although the early reports on

alkali doped nanotubes (30) largely exceed the US-DoE target of 6.5 wt% they were not

subsequently confirmed (31) and attributed to the presence of metal catalyst. However

lithium intercalated CNT (32) show evidences about a clear increase in H2 uptake

with respect to the neutral material. Similarly DFT calculations show that the binding

strength of molecular hydrogen on either positively or negatively charged fullerenes can

be dramatically enhanced to 18-22 kJ mol−1 (33). In both cases the enhancement is

attributed to the polarization of the hydrogen molecule by the electric field generated

near the surface of the charged nanostructure.
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1. INTRODUCTION

Therefore a great importance for the tayloring of hydrogen storage materials is held

by the establishment of a strong interaction between H2 and metal ions. Two possible

sources motivate this binding: the first is the electrostatic interaction since the leading

permanent multiple moment of H2 is its small quadrupole moment which can couple

to other charges. From the value of 2.21·10−40 Cm2, an approximate interaction of

3.5 kJ mol−1 with a point charge at 3 Ȧ distance can be estimated. Furthermore the

hydrogen molecule is moderately polarizable (χH2 = 8.79·10−41 C2m2J−1). This adds

to the previously estimated energy approximatively 6.8 kJ mol−1 and is the dominant

one in the case of alkali metal ions. The second interaction is the orbital one. Unlike

the overall repulsive behaviour of two filled orbitals, the interaction of a filled one with

the empty one belonging to different systems can be attractive due to partial charge

transfer and donor-acceptor bonding interaction. This can be much stronger than the

former and adds to the electrostatic one when H2 gets close to alkaline earth ions or

transition metal ions. If we focus our attention on the most lightweight alkali or alkaline-

earth elements it is known (34) that the bond between Li+ and molecular hydrogen is

strong enough to fall into the useful range of ideal binding affinities. This interaction is

predominantly of electrostatic charge-quadrupole and charge-induced dipole character.

But if the presence of C60 as electron acceptor is included into the ab-initio calculation,

Na+ turns out to be favourite as a H2 absorber (35). Instead a different situation is met

for Mg2+ and Al3+ where their low lying vacant valence orbitals of favourable symmetry

can mix with the bonding hydrogen orbital allowing a forward donation of the H2 σ

electron density into the vacant orbital (34) followed by a back donation from the metal

to the anti-bonding σ∗ H2 orbital. As a result the H-H bond is lengthened considerably

and the metal-hydrogen bond gets stabilized. The obtained binding energy is rather

strong and actually often overcomes the 20-40 kJ mol−1 useful range. This interaction

is effective also in transition metals where it produces comparable (or higher) binding

energies and it is known as Kubas interaction (36), which can be exploited in the design

of hydrogen storage materials (37).

Usually bare metal ions bind hydrogen too strongly for an ideal and reversible gas

storage. However this picture can dramatically change when metals are complexed and

only part of their electron density is available to interact with H2 orbitals. In this case

the binding energy can be suitably reduced to fit the useful range, as predicted on metal-

ethylene complexes which should efficiently store hydrogen exceeding 14 wt% (38, 39).

6



1.4 Why H2 Storage in Carbon Nanostructures?

Figure 1.3: Computed structures of Ti12C60, Sc12C60 and Ni30C60 (from the left). The
H2 molecules they can adsorb are also represented.

Carbon nanostructures and, mainly, fullerenes proved to be the ideal framework for

metal complexation since: a) the Dewar coordination (40, 41, 42) between ions and the

cyclopentadiene rings facilitates every metal bonding; b) the relatively weak strength

of this bond allows the metal activity in the development of further bonds with large

amounts of H2 molecules; c) the high surface area and large empty volume in the

fullerene lattice allows a fast and efficient H2 intersticial diffusion thus enhancing the

sorption/desorption dynamics. As a matter of fact, several first principle calculations

recently reported clearly show either the stability of different metal decorated C60 and

their high H2 uptake at the useful energy range. Ti is predicted to decorate C60 with

stoichiometry ranging from 12 to 14 yielding up to 7.5 wt% H2 at an energy of 50 kJ

mol−1 (43); Sc12C60 is predicted to bind 7 wt% of hydrogen at 30-40 kJ mol−1 (44);

Ni is foreseen to bind to the 6-6 bonds of C60 thus allowing 30 Ni atoms to attach

to fullerene, yielding an uptake of 6.8 wt% at an energy of 50 kJ mol−1 (45) (see

computational structures in Fig. 1.3).

Similar clusters with comparable absorption uptake and binding energies were also

computed for alkali and alkali-earth metals. In particular Li12C60 was predicted to have

a record storage capacity of 13 wt% with 18 kJ mol−1 binding energy (46). Similarly, Ca

was shown to develop a coating of the C60 molecule (47) (see Fig. 1.4) by coordinating

to both pentagons and hexagons thus giving a fulleroid whose stoichiometry is Ca32C60

and which has capability of 8.4 wt% H2 storage with 20-40 kJ mol−1 binding energy.

Similar features are expected also for Sr (47). Every compound presented so far

reflects the enhancement of the physical absorption of hydrogen molecules in terms of

7



1. INTRODUCTION

Figure 1.4: Computed structures of Li12C60 and Ca32C60 (from the left) and their esti-
mated adsorbed H2.

binding energy. The intercalation of metal atoms in fullerides is expected to lower the

chemical absorpion energy promoting an heterogeneous catalysis of hydrogen dissocia-

tion on supported metal catalysts, described as spillover effect (48). Hydrogen spillover

is dissociative chemisorption of H2 onto a metal particle followed by migration of hy-

drogen atoms onto the surface of the bulk material and subsequent diffusion away from

the receptor site (49, 50) It was recently proposed that an enhancement of the hydrogen

storage capacities of physisorptive materials can be gained by hydrogen spillover from

a metal catalyst onto the adsorbing surface (51, 52, 53, 54). The details of hydrogen

spillover are not yet understood: mainly because of the challenging task of detecting

atomic hydrogen in spillover systems and partly because of the inherent difficulties in

accurately measuring small changes in hydrogen uptake at room temperature. In in-

tercalated fullerides, however, the presence of metal atoms may constitute the receptor

site suitable for an atomic hydrogen distribution over the receptor constituted by the

fullerene molecule, available to covalently bind multiple (theoretically 60 in its complete

sp3 conversion) H atoms.

In spite of the variety of different stable structures formed by C60 and lightweight

elements and of their outstanding capabilities of binding high hydrogen amounts, none

of these structure was realized up to date. The reason is mainly that the stability of

the molecule does not guarantee on the overall stability of the bulk material as inter-

molecular interactions and, more generally, the crystalline field, can heavily perturb

8



1.5 Li6C60 and Na10C60 as materials for hydrogen storage

the molecular stability and make it to evolve to a totally different structure (55).

1.5 Li6C60 and Na10C60 as materials for hydrogen storage

Lithium intercalation in fullerides attracted considerable interest due to the massive

doping levels achieved (56); only recently, however, experimental efforts were devoted

to investigate the great expectation on this carbon-based material as H2 absorbing

systems. Teprovich et al. (57) explored lithium stoichiometry with a solvent assisted

mixing of LiH and C60 synthesis and showed that Li6C60 reversibly absorbs up to 5 wt%

H2 at 270 ◦C and 100 bar H2 pressure. Spectrometric (TOF-MS), spectroscopic (IR and

Raman) and XRD charachterization have been interpreted according to the formation

of a polymeric phase which turns into a hydrofullerite ( bcc) phase upon hydrogenation.

They conclude therefore that Li atoms assist in the formation of a polymeric network

that is able to expand and contract upon absorption/desorption of hydrogen and that

the charge transfer from the Li atom to the C60 molecule results in the destabilization

of the C-H bond motivating the observed lower desorption temperature, although not

excluding lithium hydride formation. Similarly our group demonstrated that sodium

intercalated fulleride Na10C60 can reversibly absorb up to 3.5 wt% H2 at 200 ◦C and 200

bar H2 pressure (58). Neutron and X-Rays powder diffraction were applied to probe

the structural evolution upon temperature change under hydrogen pressure application.

An anomalous lattice expansion was detected at 250 ◦C with the occurrence of NaH

pattern which has been explained by partial sodium deintercalation contemporary to

the formation of hydrofullerenes. This was confirmed by FT-IR transmission measure-

ments that have shown C-H stretching vibrations absorption bands typical of covalent

hydrogen-carbon bonds, thus confirming the addition of atomic hydrogen on charged

fullerene molecules which explains the structural expansion. Our group observed simi-

lar results in Li12C60 (59). This relatively high lithium stoichiometry compound is able

to absorb up to 4.5 wt% H2 under 350 ◦C isothermal conditions and the absorption

can be easily detected as a phase transition from the (fcc) structure the pristine sample

has to the (bcc) structure possessed by the hydrofullerene C60Hx. Again, FT-IR mea-

surements demonstrated, by the observation of C-H stretching modes, that hydrogen

covalent binding is accomplished by fullerenes molecules. In situ neutron diffraction

9



1. INTRODUCTION

explored the hydrogen desorption process and detected the return to the (fcc) pris-

tine structure in a reversible storage and the contemporary thermal decomposition of

lithium hydride, which is formed upon lithium de-intercalation during H2 uptake. In

both Li and Na fullerides, the presence of alkali clusters in the octahedral voids (18, 60)

seems to influence the hydrogen dissociation and facilitate its chemisorption by signif-

icantly lowering the hydrogenation temperature, which is observed only at 550 ◦C on

bare C60 (57). Therefore neither the Kubas, nor the electrostatic interaction seems to

be the main responsible for the binding of hydrogen in Li6C60 and Na10C60; however a

complete understanding of hydrogen dissociation is still lacking: i.e. if H2 dissociation

is provided by intercalated ions or by charged fullerene molecules, or which is the lim-

iting factor preventing, in both cases, a complete C60H60 hydrogenation. The present

thesis is aimed to provide an answer to some of these questions.

10



2

Techniques for H2 storage study

2.1 The importance of pcT and DSC acronyms

2.1.1 Manometric measurements

In view of materials application in the field of either mobile or stationary hydrogen stor-

age, the knowledge and design of the thermodynamic properties is crucial. Pressure-

concentration-temperature measurements (pcT) and differential scanning calorimetry

(DSC) are the ideal tools to investigate the hydrogenation and dehydrogenation en-

thalpies and to determine the maximum gravimetric capacity (61). Furthermore, hy-

drogen sorption events can be separated and identified, as usually happens in case of

different endohedral peaks in polymorphic transformations and therefore these tech-

niques are complementary to structural investigations. The basic instrumental require-

ments are a precision balance (or a quartz crystal microbalance for high resolution or

small samples (62)) and a programmable furnace equipped with a thermocouple to

accurately monitor system temperature and its variation.

Sample is placed on a balance pan and gas pressure applied and the versatility in p,

T and gas changes allows the calcultion of the H2 mass loss/gain under a wide variety

of conditions (63). Different instruments have been developed and the investigation of

the hydrogen sorption properties of the materials has been carried out using the auto-

matic Sievert type equipment PCTPro2000 by Setaram (up to 200 bar H2 an 450 ◦C).

The Sievert method is based on the use of calibrated volumes to evaluate the absorbed

or desorbed amount of a gas in or from a material (64). The known volumes of the

sample holder and of the gas reservoir are put in communication at the beginning of the

11



2. TECHNIQUES FOR H2 STORAGE STUDY

Figure 2.1: Block diagram of a thermogravimetric instrument.

measurement. The detection of temperature and pressure of the system leads to the

calculation of the amount of the gas phase through an appropriate equation of state.

The increase/decrease of the gas amount from the initial value is interpreted as a des-

orption/absorption, respectively, of the gas substance. Alternatively, flowmeters can be

used to evaluate the amount of the hydrogen flown from the gas reservoir to the sample

holder. By monitoring the temperature and pressure of the sample holder, the hydro-

gen in the gas phase is calculated and then the absorbed or desorbed hydrogen amount

is obtained. It is therefore possible to keep the pressure of the sample holder strictly

constant throughout the sorption test. With the Sievert type apparatus, both kinetics

and thermodynamic measurements can be performed. Kinetic measurements are a kind

of thermogravimetric analysis in which changes in physical and chemical properties of

materials are measured as a function of increasing temperature (with constant heat-

ing rate) or as a function of time (with constant temperature) (65). Thermodynamic

information can be also derived by Pressure-Composition Isotherms (PCIs). These

pressure-composition (quasi-) equilibrium curves are obtained performing a sequence

of kinetic measurements, increasing step by step the system pressure in isothermal con-

ditions. By measuring isotherms at different temperatures and plotting the equilibrium

pressure peq as a function of the inverse temperature T−1 the thermodynamic param-

eters of the de- and re-hydrogenation reaction can be determined with the Van’t Hoff

equation

ln
(
peq
p0

)
=

∆H
R
· 1
T
− ∆S

R
(2.1)

12



2.1 The importance of pcT and DSC acronyms

where ∆H and ∆S are the reaction enthalpy and entropy, T is the system temper-

ature and peq is the equilibrium pressure. A pcT curve directly provide the relative

mass changes allowing the quantitative estimation of involved stoichiometry. More-

over the analysis of the curve shape is used to elucidate the reaction kinetics since

the temperature dependence of chemical processes may be expressed by the Arrhenius

equation

K = Aexp(−Eα/RT ) (2.2)

where K is the rate constant, R the gas constant and T the thermodynamic temper-

ature (K). The values of the Ea and A parameters provide measures of the reaction

energy barrier since they are the activation energy and the frequency factor leading the

reaction respectively. The rate constant K is defined by the relationship between the

rate of reaction (dα/dt) and the fraction reacted (α) according to the general relation

(dα/dt) = kαm(1− α)n (2.3)

It is possible to derive various sub classes of rate equation by changing the values of m

and n according to different reaction models, although this is often not a straightforward

path (66).

2.1.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a thermoanalytical technique in which heat

capacity, latent heat, reaction enthalpies can be evaluated (67). The difference in the

amount of heat required to change temperatures of a sample and a reference is measured

as a function of temperature (68). The basic principle underlying this experiment is that

when the sample undergoes a physical transformation such as a phase transition, heat

will need to flow to it and to the reference to maintain both at the same temperature

according to:

∆
(
dQ

dt

)
= β · [mscs −mpcp] (2.4)

where the variation of heat (Q) flux is expressed in terms of masses m and heat

capacities c of the sample and the reference. Whether less or more heat flows to the

sample depends on whether the process is exothermic or endothermic. The result

of a DSC experiment is a curve of heat flux versus temperature or versus time that

can be used to calculate enthalpies of reactions through the integration of the peak

13



2. TECHNIQUES FOR H2 STORAGE STUDY

corresponding to a given transition. It can be shown that the enthalpy of transition

can be expressed by

∆H = K ·A (2.5)

where ∆H is the enthalpy of transition, K the calorimetric constant and A is the

area under the curve. The calorimetric constant depends on the instrument and can

be determined by a proper calibration (69) In general, the heat in differential form

measured in a calorimeter can be written

dQ =
[(

∂H

∂p

)
− V

]
T,ξ

dp+
(
∂H

∂T

)
p,ξ

dT +
(
∂H

∂ξ

)
p,T

dξ −
∑

dEi (2.6)

where the enthalpy H is a function of the pressure p, temperature T , and composition

ξ and Ei represents contributions from all other energy forms (e.g surface heat). When

measuring some materials (e.g. metal hydrides) in isothermal mode the first and sec-

ond terms can be considered zero (70). Equation 2.5 therefore simplifies to the lone

concentration dependent term and consequently the integrated value in the DSC curve

corresponds to the enthalpy of the hydrogenation reaction. Combination of both ther-

mogravimetric and calorimetric measurements has the great advantage of being able to

correlate both mass variation and energy on the same sample.

2.2 The ball milling technique

The ball milling method is used to grind materials for different purposes and applica-

tions (71, 72, 73) The material to be ground is inserted inside the milling vial together

with the milling media, which most commonly are balls or shots. The mill motor and

driving components produce the vial motion, which causes crashes between the milling

media and the material to be treated. The purpose of the ball milling is the reduction

of particle size of the ground material together with the uniform mixing. However

other processes, either wet (if some solvent is present in the vial) or dry synthesis, or

mechanical alloying, can occur due to the loca high temperature condition realized in

high energy collisions (74). Depending on the movement that the milling vial is sub-

ject to, there are different type of mill producing specific features material since the

vials walls and the balls creates a combination of forces, compression and shear, which

shape particles in size and kind. Shakers and vibrator mills are both indicated as high

efficiency mills, due to the fine pulverization they assure if compared to other types of
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mill (75). Planetary mills use rotation to generate the movement and, in addition to

rotation around the vial axis, a revolution motion is added in the opposite direction.

Higher temperatures than the ones obtained in vibrating-type can be achieved (76).

With high energy ball milling non-equilibrium processes (e.g. mechanical alloying) can

occur, allowing the formation of metastable phases, which cannot be synthesized by

conventional ways (77). It is also possible to realize the milling process in a hydrogen

atmosphere inside the milling vial (reactive milling process). In this synthesis, temper-

atures achievable together with the exothermic effect of H2 absorption reaction must be

considered in order to avoid overpressure inside the chamber. The temperature raising

can be controlled by using refrigeration systems, or by alternating milling and pause

intervals.

2.3 Muon Spin Resonance: a very general introduction

A form of magnetic resonance known as µSR has nowadays widespread use in condensed

matter physics and materials science (78). The success of the µSR techniques relies

on two circumstances: the intrinsic polarisation of the muons and the anisotropy of

the positron emission in their subsequent decay. Such characteristics provide µSR the

unique sensitivity to weak internal magnetic fields (10−5 T), the possibility to probe

local hyperfine interactions and insensitivity to impurities since the signal amplitude

is proportional to the volume fraction. The probe in this technique is the spin of the

muon (79), a short lived elementary particle which is produced in pion decay process

π− → ν− + ν̄µ π+ → ν+ + ν̄µ (2.7)

and collected to create a completely spin polarised beam of positive charged par-

ticles (80). Muons are then implanted in matter where they face a thermalisation

process. It lowers their kinetic energy from the Mev range they possess after the beam

formation to the keV range after atoms ionisation and scattering with electrons and,

later, to the eV range after successive electron capture and loss events. An electron

capture by a muon leads to the formation of muonium, a light isotope of hydrogen (the

muon mass is 1/9 of the proton mass, see Fig 2.3 for a picture) chemically equivalent

to it (81). Such a phenomena makes µSR technique useful even to highlight hydro-

gen behaviour in materials (82, 83). After muonium formation during thermalisation
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2. TECHNIQUES FOR H2 STORAGE STUDY

process its energy is furtherly reduced by muonium-atoms collisions which lead to a

thermalised muonium. This is usually stabilized in insulating materials while it un-

dergoes dissociation process producing free thermalised muons in conductive materials.

Once muons are implanted within a sample their local magnetic environment dictates

the subsequent evolution of their spin vectors. If they experience magnetic fields, as

well as their time or spacial variations it is reflected in a dephasing or depolarisation of

the spin ensemble. The information on the local environment is delivered at the end of

the mean muon lifetime (2.197 µs) in the form of a positron emitted in the muon spin

direction at the instant of its decay

µ→ e+ + νe + ν̄µ (2.8)

. Unfortunately positrons are not precisely emitted along the muon spin direction but

distributed according to the probability function

W (Θ) = 1 + a · cos(Θ) (2.9)

where Θ is the angle between the muon spin and positron emission and 0 ≤ a ≤ 1

is the asymmetry factor depending on the positron energy. A correct integration over

the energy dependent probabilities of positron emission and detection leads to the

evaluation of the decay asymmetry or polarization, an experimental parameter given

by the equation

P (t) =
F (t)− αB(t)
F (t) + αB(t)

(2.10)

where F and B are forward and backward time dependent positron detector countrates

(with respect to the beam polarisation direction) (84) and α is the detector asymmetry,

a correction applied to take into account any deviation from the ideal geometrical

experimental setup. The extraction of a time dependent muon polarisation and its

interpretation are usually the goal of a muon spin experiment since embody detailed

information on the spatial distribution and dynamical fluctuations of the local magnetic

environment. A general scheme of a µSR experiment is reported in figure 2.2.

2.4 The Muon fate into the Matter

The two most common experimental configurations used in µSR experiments are the

transverse field (TF) and longitudinal field geometry (LF or ZF if no magnetic field
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Figure 2.2: ZF-µSR experiment schematic representation. The detectors are organised
in two groups, forward and backward

is applied), The former consists in the application of a magnetic field H in a direction

perpendicular to the muon polarization. µ+ spins are forced to precess around this

with their Larmor frequency

ω = γµH (2.11)

where γµ is the muon magnetogyric ratio and thus an oscillating signal is observed

in the asymmetry. In the latter the external field is applied along the same direction

of the muon spin and added to the local fields. Such an experiment provides a view

of the magnetic environment found by the muon after its implantation. Three special

cases allow the observation of a single frequency coherent oscillation: the first one is

the presence of a constant and uniform local field within the sample, as in the case of a

long range magnetic order (85, 86). The second one happens if paramagnetic muonium

is stable in the sample: In this case the muon senses the hyperfine interaction due to

the bound eletron and its energy is described by the hamiltonian

H/~ = −γµI ·B + γeS ·B +AS · I (2.12)

where B is the applied magnetic field, A is the hyperfine coupling constant and I

and S the muon and electron spin respectively. The last possibility is the formation
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2. TECHNIQUES FOR H2 STORAGE STUDY

Figure 2.3: Left: a simple picture of Muonium. Right: the Breit-Rabi diagram for free
Muonium in vacuum: the plot shows Muonium spin energy levels as a function of the
applied transverse magnetic field. In a low TF (a few Gauss) is possible to observe the two
nearly degenerate transitions among the triplet states, highlighted by the black arrows

of muonium-substituted radical species. Muonium undergoes an addition reaction in

which it gets covalently bound to unsaturated systems, thus miming hydrogen addition.

The last two cases show a relatively high precession frequency (typically more than

few hundreds kHz) which may fall out of the spectrometer bandwidth like in case of

pulsed muon sources (ISIS-Rutherford Appleton Laboratory i.e.) giving rise to a lack

of asymmetry usually called ”missing fraction”. The radical formation can be verified

either by the application of a small TF (2 G), which is expected to induce transitions

among the muonium triplet states (see Fig. 2.3), or by asymmetry measurements as a

function of an applied longitudinal field (LF), which allow to observe the repolarization

of the initial asymmetry (87).

In most situations, on the contrary, a relaxation of the muon polarization is ex-

pected. The simpliest case is provided by the muon stopping in an electrostatic equi-

librium position and experiencing randomly oriented dipolar fields (whose average is

zero) from neighbouring electrons and nuclei. Such a situation is usually described by a

Gaussian (under the approximation of relatively high concentration (88)) or Lorentzian

(in the approximation of dilute spin system (89)) static field distribution. Such an envi-

ronment affects the polarization which follow the gaussian or lorentzian Kubo-Toyabe
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function (90, 91):

P (t) =
1
3

+
2
3

(1− σ2t2) exp−σ
2t2/2 P (t) =

1
3

+
2
3

(1− λt) exp−λt (2.13)

where the relaxation rates σ and λ describe the width of the local field distribution

function at the muon site (92, 93). If muons are subject to diffusive dynamics or if static

muons sense fluctuations in local fields in the strong collision approximation (extreme

motional narrowing regime) the resulting relaxation function can be simplified to a

Lorenztian form. These paragraphs are only meant to provide an introductory reading

to the µSR technique. More exhaustive and detailed treatments may be found in

subject related textbooks such as Abragham, Slichter and Schenck’s (92, 94, 95) or in

review publications (96, 97, 98).
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3

Materials & Experimental

methods

3.1 Intercalated Fullerides for µSR measurements

In order to prepare Li6C60, stoichiometric amount of Lithium metal (Sigma Aldrich,

99% purity) was mixed with C60 (MER, 99.95% purity) through high energy ball

milling. Sample was then heat-treated at 270 ◦C for 24 hours to improve cristallinity.

Na10C60 was synthesized accordingly to (58) from a 350 ◦C heat treatment of a stoi-

chiometric mixture of fullerene and sodium azide powders. The air sensitivity of the

samples required to operate under strict oxygen and moisture free condition (glove box

under argon atmosphere with less than 1 ppm O2 and H2O). Powder diffraction investi-

gation confirmed the expected fcc crystal structure for both Li and Na fullerides. Unlike

many other fullerides the presence of large intercalated clusters hinders the fullerene

rotational disorder and therefore C60 molecules are blocked (18). Hydrogenation was

carried on at a temperature of 350 ◦C and a H2 pressure of 100 bar. Sievert (PCT)

measurements, performed in a manometric instrument PCTPro2000 by Hy-Energy&

Setaram, confirmed already reported uptake amount of 5 wt% (57) for Li6C60 and

3.5 wt% (58) for Na10C60. The estimated amount of hydrogen chemisorbed on C60 is

C60H40 and C60H34 respectively.
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3.2 Transition metal addition to fullerides

3.2.1 Alloys of Platinum & palladium

Only Li6C60 was selected for further improvement since its storage final value (57) ex-

ceeds the one reported in sodium fullerides (58) and it is therefore the most promising

for storage purposes. Since binary phase diagrams predict platinum and palladium

solubility in lithium for a wide compositional range (99, 100) and since these transition

metals possess catalytic activities toward hydrogen (101) they were selected for the dec-

oration of intercalated lithium fullerides. Different Li-platinum and Li-palladium alloys

were prepared through the addition of lithium metal (Sigma Aldrich, 99%) and platinum

(Sigma Aldrich, 99.99% in weight percentage equal to 15, 25, 35, 50, 65%) or palladium

(Sigma Aldrich, 99.98% in weight 15, 25, 35, 45, 55, 68%) in tantalum cylinders which

were sealed in glass vials under 1 mbar He atmosphere. These vials were treated for

2.5 hours at 400 ◦C and then cooled down to room temperature. This treatment was

meant to prepare a segregation of Li9Pt and Li5Pd alloys (in final different amounts)

in lithium matrix which would have been used as decoration reagent. Alloys were cut

in ribbons and joined to fullerene powder (MER 99.9%, further purified in vacuum at

250◦ C for 12 hours) in an high energy ball milling (Mini-Mill Pulverisette23-Fritsch)

where they were mixed at 30 Hz frequency for 30 minutes which were divided in 10

minutes turns, each separated by 5 minutes cooling. Transition metal decorated lithium

intercalated fullerides corresponding to stoichiometries Li6PtxC60 (x=0.03, 0.07, 0.11,

0.26, 0.42) and Li6PdyC60 (y=0.07, 0.13, 0.21, 0.8) were prepared. The air sensitiv-

ity of both Li6PtxC60 and Li6PdyC60 samples required their conservation under strict

oxygen and moisture free condition (Ar glove box with less than 1 ppm O2 and H2O

atmosphere).

3.2.2 A way to add other transition metals

Binary phase diagrams do not often predict solubility with lithium, in case of transition

metal ions. This is the case of nickel and titanium, which are both predicted suitable

hydrogen binders (43, 45) since forming H2 stabilizing orbital interactions. However

transition metal alogenides are commercially available. In order to achieve Ti/Ni dec-

oration of lithium fullerides, a synthetic strategy based on the application of a solid

22



3.2 Transition metal addition to fullerides

state metathesis reaction involving the intercalated alkali metal was applied as:

Li6C60 + xMeCln → Li6−nxC60 + xMe+ nxLiCl (3.1)

Since platinum and palladium decoration obtained the higher final uptake results in

a relatively low stoichiometric range, x=0.11 was selected in order to gather a direct

comparison of the efficiencies in case of different ions. Stoichiometric amounts of lithium

metal (Sigma Aldrich, 99%) were joined to fullerene powders (MER 99.9%) in high

energy agate ball milling (Mini-Mill Pulverisette23-Fritsch) and mixed for 10 minutes

at 30 Hz frequency. After this preliminary mixing, stoichiometric amounts of transition

metal chlorides were added to the powders (NiCl2, PdCl2, TiCl2 and CeCl3 were used)

and further milled twice at 30 Hz for ten minutes separated by 5 minutes cooling.

3.2.3 Nickel clusters: transition metal particle size control

Since SEM characterization showed a transition metal particle size distribution and

since absorption measurements suggest that a surface catalytic activity is promoted

in decorated lithium fullerides, as it will be described later, it become necessary to

gain control over the size of nickel aggregates to further improve these materials.

The synthesis described in the previous paragraph is not suitable for this purpose

since limited by the particle size reached during the high energy ball milling. A suit-

able source of nickel was selected in the metal-carbonyl clusters (NBu4)[Ni6(CO)12]

and (NEt4)3[HNi12(CO)21] (102, 103), which are known to decompose at the rela-

tively low temperatures of 150 ◦C. Our attention was focused on the Ni stoichiometry

x=0.11 because data obtained through the pcT study of nickel stoichiometries revealed

Li6Ni0.11C60 as the most promising system with respect to hydrogen absorption. Two

different strategies were adopted: in the former a stoichiometric amount of metal-

carbonyl cluster powder was added to lithium (Sigma Aldrich, 99%) and C60 powders

(MER 99.9%) in high energy ball milled. Probably the local high temperatures reached

in this mechanical mixing resulted sufficient for the decomposition of the nickel pre-

cursor and clusters aggregation; as a consequence, the presence of metal particles, even

visible by eyes, was detected. In order to prevent any cluster aggregation the latter

synthesis was developed: nickel was introduced with a soft grinding addition. Li6C60
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was synthesized in high energy ball milling (30 Hz, 30 minutes mixing) and the re-

sulting powders were hand-ground together with stoichiometric amounts of Ni clusters

(x=0.11).

3.3 Characterization methods

Hydrogenation studies were performed on the as prepared samples in the PCTPro-2000

manometric instrument by Setaram by heating them (about 200 mg each sample) from

room temperature to 350 ◦C at 5 ◦C/min under 100 bar H2 and appending an isotherm

of 10 hours. A portion of the discharged powders was analysed by coupled calori-

metric manometric measurements by connecting the PCTPro to the Setaram Sensys

high pressure DSC cells by stainless steel high pressure tubes. The charged powders

(about 20 mg) were heated from room temperature up to 380 ◦C under 0.5 bar H2

at 5 ◦C/min and the kinetic and calorimetric signals were recorded simultaneously.

Pure Li6C60 sample was analysed in the same conditions as a reference. Scanning elec-

tron microscopy was performed on both the as prepared and the hydrogenated samples

(without gold sputtering) by the Zeiss EVO-MA10-HR microscope. To avoid air ex-

position of the samples, a home-made sealed sample holder has been used in order to

transfer samples from the glove-box in the SEM analysis chamber under vacuum. For

TEM analysis, a small amount of sample was exposed to air and dispersed in cyclo-

hexane. The suspension was sonicated for a minute and, then, a droplet was deposited

onto carbon coated copper grids. High Resolution Transmission Electron Microscopy

(HRTEM) and High Angle Annular Dark Field (HAADF) Scanning Transmission Elec-

tron Microscopy (STEM) were carried out on a JEOL JEM-2200FS microscope with a

Schottky gun working at 200 kV (HRTEM point resolution 0.19 nm, STEM nominal

probe size 0.5 nm), equipped with an in-column energy filter (Ω-type), a CCD high res-

olution camera and STEM detectors. The morphology and structure was determined

by High Resolution Transmission Electron Microscopy (HRTEM) and by High Angle

Annular Dark Field (HAADF) Scanning Transmission Electron Microscopy (STEM).

Micro-Raman measurements were carried out using a Labram Dilor Raman H10 spec-

trometer equipped with an Olympus microscope HS BX40 objective and with a cooled

CCD camera as photodetector. The 632.8 nm light from an HeNe laser was used as the

excitation radiation. The nominal spatial resolution is given by the beam diameter at
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the focal plane, and depends on the diameter of the main diffraction spot (1.22 λ/NA),

where λ is the laser wavelength and NA is the numerical aperture of the objective. A

100x lens was normally used, with a spatial resolution of 1 µm A quasi-confocal geom-

etry was achieved with slits and confocal hole apertures kept at 200 µm, leading to a

depth resolution of 2 µm. A grating with 1800 grooves/mm was used. The samples

were sealed in glass capillaries with a diameter of 0.7 mm and a wall thickness of 0.01

mm and were mounted on the motorized xy stage of the microscope, and all the mea-

surements were performed at room temperature. X-Ray powder diffraction analysis

was performed by either Bruker D5005 or Bruker D8 diffractometer (Cu Kα radiation)

by using a suitable, sealed zero background sample holder in Bragg-Brentano geometry

on the first instrument and sealed glass or quartz capillaries (0.7 mm diameter and

0.1 mm wall thickness) in Debye-Scherrer geometry on the second diffractometer. Zero

and longitudinal magnetic field µSR spectra were collected on the EMU spectrometer

at the ISIS-Rutherford Appleton laboratory. Samples were set in Ag coated aluminium

cells and sealed with kapton windows. The full polarization measurement was carried

on in a transverse field experiment on a reference silver plate. Nuclear magnetic res-

onance studies have been performed on 7Li nuclei with Apollo Techmag spectrometer

and Kalmus amplifier at 132.1138 MHz operative frequency.
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4

Results & Discussion

4.1 The muon answer on the hydrogenation mechanism

4.1.1 Zero and Longitudinal field relaxation.

As shown in the previous chapters very little is known on the mechanisms driving the H2

absorption in fullerides, but a more detailed understanding of the process is fundamental

to further improve the capabilities of this new class of H2 absorbing materials. Only

few experimental techniques are suitable to provide informations on the dynamical

evolution of H2 within a material: among them, µSR has been extensively used to

probe the internal magnetic field distribution and the induced electronic states both

in C60 and in fullerides. Usually, in these materials, different muon environments can

be observed: muons can stay as free unbound particles (diamagnetic muons), they can

bind to electrons forming muonium (104, 105) which is only observed endohedrally in

fullerides or they can promote the formation of muon adduct radicals in which Mu

chemically reacts with the C60 molecule (106). Only in pristine C60 all the three

fractions are present (104), while in metallic fullerides, such as A3C60, the formation

of muonium is prevented by the conduction electrons screening the muon Coulomb

field (107). The ionic character of the other insulating alkali fullerides also prevents

the formation of Mu (13). The situation that is met in these particular fullerides which

effectively work for hydrogen storage purposes is definitively different from the one

commonly known. Both pristine and hydrogenated Li6C60 and Na10C60 zero field µSR

spectra reported in Fig. 4.1 show two different components: a slowly decaying fraction

fitted with different decay functions (see caption in Fig. 4.1 for more details) plus an
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Figure 4.1: Zero field muon spin relaxation in pristine and hydrogenated Li6C60 and
Na10C60 at 5 K. Fitting curves are reported as solid lines. Li6C60 and Na10C60Hy data
have been fitted with a lorentzian decay, Na10C60 with gaussian and Li6C60Hy according
to a stretched exponential lineshape. Inset picture shows schematic fcc structure of cluster
intercalated fullerides.

evident missing fraction which reduces the initial asymmetry of the histograms to a

value smaller than the instrument full one (22.6%).

The presence of a missing fraction indicates that some muons precession frequency

exceeds the instrument pass-band (νmax=13 MHz). In absence of magnetic phenomena,

this is the signature of hyperfine interaction of µ+ with an unpaired electron either in

isolated muonium or in a muon substituted radical in case of Mu chemisorption on

C60. The hyperfine coupling between the muon and the paramagnetic electron can be

estimated by the field dependence of the initial muon polarization. In case of isotropic

coupling (as in free muonium) the initial polarization goes from 50% at zero field to

100% at high fields which fully decouple the muon and the electron. The functional

behaviour has the form (92):

P =
[
1 +

x2

x2 + 1

]
· 1

2
(4.1)
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Figure 4.2: Muon spin repolarization experiment in pristine and hydrogenated Li6C60

and Na10C60. The repolarized asymmetries have been fitted (here shown by solid lines)
with equation 4.2 (92). The inset reports the temperature evolution of relaxation rate.
Letters are reminder of ZF-relaxation fitting with gaussian (G), lorentzian (L) or stretched
exponential (S) functions and solid lines are guides to the eye.

where x is the ratio of the applied field to the hyperfine field. The latter is 1580 G

for the free muonium while a considerable lower value is expected for adduct radicals.

In case of anisotropic hyperfine interaction (like it is observed in most of the radicals),

the zero field polarization is quenched from 50% to zero and equation 4.1 assumes an

approximate form P = x2/1 + x2 (108). The repolarization of the muon spin for the

four different samples is shown in Fig. 4.2 in which it is evident that the application of 1

kG is sufficient to fully repolarize the missing asymmetry, while a polarization recovery

at 1.58 kG is not observed, thus excluding the presence of free muonium.

This demonstrates that missing fraction is due to the formation of radicals while no

endohedral muonium is produced (96). The reaching of 100% repolarization in Fig. 4.2

at the highest applied longitudinal field moreover guarantees that no other muon ther-

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

Pexp = Pdiam +Arad ·
[

x2

x2 + 1

]
(4.2)

where Pdiam is the fraction of diamagnetic muons observed in zero field experiment

and Arad is the amplitude of the radical fraction. The fit to function 4.2 allows just

an estimation of the average hyperfine field as the known anisotropic character of the

hyperfine coupling in C60 and the presence of several non equivalent carbons in the

crystal structures probably do not allow a more precise measurement of the coupling

parameters in an experiment on powders. It was found that in Li6C60 radical hyperfine

frequency rises from a value of 123(19) MHz in pristine sample to a value of 550(30)

MHz in hydrogenated sample; in Na10C60 it rises from 158(22) MHz to 325(27) MHz

in the hydrogenated sample.

4.1.2 Temperature evolution and Interpretation

The complex scenario depicted by the µSR experiment is helpful to better understand

the hydrogenation process in alkali intercalated fullerides. In such systems, sizeable

hydrogen storage with reversible character is reached through the hydrogenation of the

Cn−
60 molecule at much milder conditions as compared with those necessary in pristine

C60 to achieve the C60Hy hydrofullerite. This can be explained as due to the catalytic

effect of the intercalated alkali clusters, effective in the dissociation of the hydrogen

molecule and to the subsequent migration of the hydrogen atoms from the metallic

clusters to the buckyball (58). The slowly decaying component (diamagnetic muon

fraction, Pdiam in eq. 4.2), is due to the dipolar interaction of muons with Li or Na

nuclear moments in pristine samples and to the additional dipolar interaction with

hydrogen in hydrogenated compounds. This effect is clearly observed in lithium com-

pounds while the opposite behaviour happens in sodium samples as a consequence of a

different dinamical regime. The fitted lorentzian (or stretched exponential) depolariza-

tion functions, which are shown for pristine and hydrogenated Li6C60 are attributed to

muons diffusing interstitially through the clusters; in the case of Na10C60, a gaussian

relaxation witnesses the absence of any diffusive dynamics, supplying a larger decay

rate in pristine sample. The different fitted decay rates and their temperature depen-

dence (see inset in Fig. 4.2) are indicative of various diffusing regimes. It is difficult, in
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this case, to assign this diamagnetic fraction to bare muons or to Mu−, whose forma-

tion is commonly observed in alkali metals hydrides (109), but other decay mechanisms

like spin exchange can be ruled out in our systems where no paramagnetic centers are

present. Both Li6C60 and Na10C60 are indeed diamagnetic materials and the charge

transfer from the cluster to C60 is probably of 4 electrons in Li6C60 and of 6 electrons

in Na10C60 (60). In the former case, the Jahn-Teller splitting of the t1u LUMO of C60

gives rise to singlet states even in the case of partial filling (110).

The fraction of adduct radicals produced is larger in hydrogenated samples than in

the pristine ones, as shown in Table 4.1.

Li6C60 Li6C60Hy Na10C60 Na10C60Hy

5K 58% 61% 32% 66%
290K 23% 39% 22% 54%

Table 4.1: Radical fraction percentage relative to full asymmetry in pristine and hydro-
genated samples.

This can be rationalised by taking into account that the presence of local curvature

in carbon based nanostructures has promoting effects on the H2 binding energy and that

H binding is shown to increase on sp2 receptors (33), like graphene, by increasing the

H coverage (111). In the present case the curvature of partially hydrogenated fullerene

cage is clearly greater than in bare C60, due to the presence of purely sp3 hybridised

carbon atoms (112).

The hyperfine field on the muon can be interpreted as an average value of the

electron density sensed by the muon in the radical state. Although the extracted

values were obtained under the assumption of pure isotropic hyperfine coupling, they

could still be interpreted on the basis of the consideration that, in pristine Li6C60 and

Na10C60, the hyperfine coupling was found to be significatively lower than in pure

C60. Here, the presence of Cn−
60 anions, in which the t1u molecular orbital is almost

completely filled, allows to efficiently delocalise the further 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 C60 (113). On

the other hand, after the hydrogenation, the conversion to sp3 of part of carbon atoms

on the fullerene cage deeply affects the electronic arrangement of the molecule; this
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Figure 4.3: Temperature dependence of the fraction of muons producing a radical ob-
tained as difference between full asymmetry and fitted zero field initial asymmetries (Arad

in eq. 4.2); solid lines are a guide to the eye.

induces the localization of the paramagnetic electrons, thus also increasing the muon

hyperfine coupling.

The presence of muon adduct radicals in intercalated fullerides is itself remark-

able as it proves that their absence in other known fullerides is probably due to the

lack of intestitial Mu (although present endohedrally), and not to the instability of

radicals in charged C60, as previously thought (107). Unlike the most common alkali

intercalated fullerides, in these systems the intercalation of partly ionized alkali metal

clusters (18, 60) is probably at the origin of the observed peculiar behaviour: the delo-

calized electrons residing on clusters can be captured by the muon forming muonium.

Surprisingly, differently to what observed in pure C60 (114), the fraction of radicals

here depends on temperature. Fig. 4.3 shows the temperature dependence of the ob-

served missing fractions which were found to invariably increase on cooling for all the

investigated samples.

Such a behaviour indicates that the mechanism of atomic hydrogen capture by Cn−
60
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4.2 H2 storage in platinum and palladium decorated Li6C60

which forms hydrofullerite is already efficient at room temperature and increased at

cryogenic T. This suggests that also hydrogen absoption is expected to be enhanced

at low T, as long as atomic H is available, while the high temperatures required for

H2 absorption appear to be necessary for the catalytic dissociation of the H2 molecule

mediated by the intercalated alkali clusters. These results, therefore, suggest that in

order to increase the storage capabilities of these materials, the assisted dissociation

of the H2 molecule must be improved. A possible way to achieve this is the addition

of transition metals, which are known to efficiently catalyze the H2 dissociation (101).

However, as experimentally proved (115), the simple intercalation of transition metal

atoms is not sufficient to reach the high uptake rates observed in Na10C60 and Li6C60,

as the charged state of C60, not achieved in transition metals intercalated fullerides,

appears to have a promoting role in the induction of an high hydrogenation degree.

4.2 H2 storage in platinum and palladium decorated Li6C60

Consequently to the results of the previous section in this part we detail the properties

of hybrid transition metals lithium fullerides. Since Li6C60 final storage value (57)

exceeds the one reported in sodium fullerides (58) this material was selected for further

improvement with the addition of transition metals such as platinum and palladium.

These metals, which were chosen as doping metals for their renown heterogeneous

catalysis (52), were introduced from lithium-TMs alloys as described in chapter 3.

4.2.1 Structural Investigation

Two transition metal decorated lithium intercalated fullerides were selected for X-ray

powder diffraction on the basis of their absorption values: pristine and hydrogenated

Li6Pt0.11C60 and Li6Pd0.07C60 were analysed. The former, which is reported in fig-

ure 4.4 shows the presence of a majority phase Li6C60, accounting for the most intense

peaks in the range 2Θ=10-40◦.

Peaks of this phase appear broad, but they can be easily indexed with the mono-

clinic cell isostructural to Li4C60 polymer (117), plus an fcc monomer phase belonging

to the lithium intercalated fulleride. At higher angles, two broad reflections, respec-

tively at 2Θ=40.7◦ and 2Θ=47.4◦, witness the presence of Pt particles, which segregates

during the synthesis procedure. The expected position for the reflection (1 1 1) of Pt is
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4. RESULTS & DISCUSSION

Figure 4.4: X-ray diffraction profiles of Li6Pt0.11C60 collected on the as-prepared sample
(red line), on the sample after hydrogenation (purple line) and after de-hydrogenation (blu
line). The black ticks mark the reflection positions of the hydrofullerite C60H36 (see text),
accordingly to (116). The asterisk indicates a reflection which was tentatively attributed
to graphite. Inset: evolution of the peak at 2Θ=40.7◦, ascribed to the presence of Pt
nanoparticles. The dashed line indicates the expected position for the (1 1 1) reflection of
Pt. 34



4.2 H2 storage in platinum and palladium decorated Li6C60

at 2Θ=39.8◦ (118) and the rather large upshift of this reflection is not yet completely

understood, although the strong reduction of the size of the nanoparticles (see below)

could account for a sensitive contraction of the Pt cell dimension. A crude estima-

tion of the particle size can be obtained from the broadening of the X-ray reflection

by the Scherrers formula p=K·λ/(b·cos(θ)), (where λ is the radiation wavelenght, b is

the broadening of the peak and K is the Scherrer constant and was assumed 0.90, as

originally proposed by Scherrer (119)). The average size of the crystallite (p) is defined

as the cube root of the volume of particle. The fit of the (111) peak gives an average

diameter of 4 nm, a value much smaller than the dimensions of Pt clusters seen in the

scanning electron microscopy (SEM). This suggests that the metal aggregates visible

by SEM are composed of smaller crystallites. After the treatment under hydrogen at

high temperature (intermediate diffractogram in 4.4), the majority of the sample takes

a bcc crystalline arrangement (a=11.83(3)Ȧ). The same structure was observed in the

hydrofullerene C60H36 (116). The loss of the C60 Ih icosahedral symmetry in C60Hy

molecules makes the bcc arrangement energetically favorable with respect to the fcc.

The peaks of metal Pt are still present in the hydrogenated sample, while no PtHx

phase was observed. In this case (see inset in Fig. 4.4) a new narrower peak is present

nearby the broad peak observed in the as-prepared sample, whose position is in very

good agreement with Pt (1 1 1) reflection. This indicates that a partial aggregation of

Pt nanoparticles is induced with the high temperature reached during hydrogenation.

Some small peaks of the diffractogram were indexed with the fcc cell of pristine C60

(S.G.: Fm-3m, a=14.16Ȧ), corresponding to roughly 5 wt% in mass of the sample and

indicating that the H treatment was not effective to hydrogenate the whole fullerene

molecules. The transition from the lithium fulleride polymer to its monomer Fm-3m

phase is known (120) to take place at the temperature reached during hydrogenation

isotherm (590 K), thus increasing sample homogeneity. After the de-hydrogenation, the

sample recovers the original structure with an increase in the monomer phase, confirm-

ing that the hydrogenation process of the fullerene molecules is reversible (see Fig. 4.4).

After de-hydrogenation, the peak of metal Pt again appears upshifted and broader, in-

dicating a clear structural activity of Pt in hydrogen absorption and desorption. X-ray

diffraction data collected on Li6Pd0.07C60, reported in Figure. 4.5 indicate that in the

as-prepared sample only the Li6C60 phase is present, while no evident traces of Pd

segregation are evident.
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4. RESULTS & DISCUSSION

Figure 4.5: X-ray diffraction profiles of Li6Pd0.07C60 collected on the pristine sample
(red line) and on the sample after hydrogenation (purple line). The black ticks mark the
reflection positions of the hydrofullerene C60H36.
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4.2 H2 storage in platinum and palladium decorated Li6C60

Figure 4.6: Nuclear Magnetic Resonance line bandwidth results for 7Li and 1H nuclei
on hydrogenated Li6C60 (left panel) and room temperature NMR signal (blue color) and
fitting (red color) of Li6Pt0.11C60 (right panel).

After the hydrogen treatment, the crystalline structure changes and the peaks can be

indexed with a bcc cell with a=11.81(6)Ȧ, similarly to what observed in Li6Pt0.11C60Hy.

In this case, no spurious phases arising from metal hydrides segregation (LiH or PdHx)

or carbonaceous phases different from the hydrofullerene are clearly evident in the

diffraction pattern, indicating that the hydrogenation process of this sample is homo-

geneous.

In order to clarify over the formation of lithium hydride in these Li intercalated

fullerides we performed Nuclear Magnetic Resonance on Li6C60H40. Figure 4.6 (left

panel) reports the signal bandwidth of hydrogenated Li6C60 for both 7Li and 1H nuclei.

Since the NMR bandwidth depends on the dipolar interaction (in case of diamag-

netic compounds where the hyperfine coupling is absent) it is strongly dependent on the

spin-spin interaction and therefore it is sensitive to different chemical compounds. A

direct information on lithium environment in Li6C60 can be obtained when full width at

half maximum (FWHM) temperature dependence is considered. 7Li resonance possess

a lorentzian line whose width exponentially increases upon temperature reduction, in
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agreement with a motional narrowed environment which determines a dynamical aver-

aging of the dipolar interaction sensed by Li ions. 1H signal has a gaussian lineshape and

is slightly linearly reduced decreasing T. This states that H atoms are bound in a static

condition, and therefore they are not providing the dynamical behaviour involving 7Li.

The picture that is depicted by NMR experiments can be described with static hydro-

fullerene molecules intercalated with Li ions which travel between different positions in

unoccupied internal voids. This motion, which causes a dynamical homonuclear (with

other Li atoms) and etheronuclear (with H atoms) dipolar interaction, is promoted by

temperature. The presence of unbound Li is a clear indication of LiH absence in lithium

fullerides after hydrogenation. When NMR study is extended to Li6Pt0.11C60 it shows

that lithium hydride is absent in transition metal doped compounds also. 7Li NMR

(right panel) room temperature signal reveals lithium is in a diamagnetic environment,

motivated by few herz of chemical shift with respect to LiCl-solution reference signal.

This resonance is clearly the convolution of a lorentzian sharp peak and a gaussian

broader decay and can therefore be attributed to the contemporary presence of lithium

subject to a dynamic motion and to a static one. FWHM is around 20 kHz, resulting

from the sum of the two features. This signal is clearly sharper than the lithium reso-

nance line in pure Lithium hydride (30 kHz broad, results not shown) thus excluding

the presence of LiH in Li6Pt0.11C60 after the hydrogenation step.

Scanning electron microscopy was applied in order to provide investigation of the

samples under the morphological point of view. Figures 4.7 report the secondary elec-

trons SEM pictures of the samples both as prepared and after hydrogenation at different

magnifications.

As-prepared Li6Pt0.11C60 and Li6Pd0.07C60 (a,c) powders are composed by aggre-

gates of very different size distribution, in the range 560 µm, made in turn of particles

even smaller than 1 µm. After hydrogenation (b,d), the size of the aggregates decreases

considerably, and the powder is more fragile and fine-grained. The crystallite size re-

mains the same as in the pristine powders. The same has been observed happening

in Li6C60 (results not shown). Panels a and c of Figure 4.8 report the backscattered

electron images which show that the platinum and palladium metals are present as

1µm or submicron granules homogenously dispersed inside the Li-C matrix in pristine

samples. The dispersion is retained also after hydrogenation (panels b,d in Figure 4.8).
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4.2 H2 storage in platinum and palladium decorated Li6C60

Figure 4.7: SEM secondary electrons images of pristine and hydrogenated Li6Pt0.11C60

(a,b) and Li6Pd0.07C60 (c,d).

Figure 4.8: SEM backscattered electron images of Li6Pt0.11C60 and Li6Pd0.07C60 in
pristine conditions (a,c respectively) and after hydrogenation (b,d).
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[h]

Figure 4.9: HAADF-STEM images collection at various magnifications on different
Li6Pt0.11C60 positions. Pt clusters and particles appear bright in these images (dark field)
due to sensitivity of the technique to the atomic number the component.

In order to study the presence of particles with dimensionalities lower than the

scanning electron microscopy resolution, scanning transmission electron microscopy

(STEM) was applied on the Li6Pt0.11C60 sample. Due to its contrast proportionality

to the atomic number of the element in the sample Zα (where α ∼ 2) STEM provides

information on the presence of nanosized structures, thanks to its sub-nanometer res-

olution. Figure 4.9 reports selected images at various magnifications of the platinum

decorated sample powder: they reveal that the fulleride matrix is indeed decorated by

nanometer sized particles.

Fragments appear to be distributed over the range from 2 nm up to hundreds of

nanometers, therefore the ball milling condition produces a platinum segregation on

a broad size distribution of particles which range from the nanometer scale up to the

micron-sized aggregates.
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4.2 H2 storage in platinum and palladium decorated Li6C60

Figure 4.10: Kinetic absorption curves for the Li6C60 sample (black line), for the Pt
decorated sample (red line) and for the Pd containing one (blue line). The temperature
ramp profile is also reported (green thin line).

4.2.2 Hydrogen storage properties

Figure 4.10 reports the kinetic curves of the pure Li6C60 compound (black line) com-

pared with the best results among Pt and Pd doped samples (red and blue line, respec-

tively).

As evident, both transition metal decorated samples absorb more than 5 wt% of

hydrogen in the selected experimental conditions. The doped samples however reach a

hydrogen charge value of 3 wt% and 4 wt% at 295 ◦C and 345 ◦C respectively, while for

the pure sample the same hydrogen content is reached at 350 ◦C, during the isothermal

stage. Moreover, the final gravimetric capacity is higher for the transition metal-doped

samples with respect to the pure one (about 5.9 wt% vs 5.1 wt%). Such an increase

in the final uptake values with respect to Li6C60 reflects an average stoichiometric

hydrogen values Li6Pt0.11C60-H47 and Li6Pd0.07C60-H46 while in the pristine sample

Li6C60-H40 is achieved. The kinetic properties of lithium intercalated fullerides are

modified as well. During the heating ramp the sorption rate is approximately 4.30·10−2

wt%/min for the pure Li6C60 compound, 5.55·10−2 wt%/min for the Pt sample and

up to 6.77·10−2 wt%/min for the Pd containing one. By the coupled manometricDSC
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measurements (see Fig. 4.11), it is possible to conclude that the onset temperature

for dehydrogenation decreases from 306 ◦C for the pure compound to 301 ◦C for the

Pd containing sample down to 292 ◦C for the Pt one. On the contrary, the related

dehydrogenation enthalpy values seems to increase a little, from 63 kJ/mol H2 for the

pure sample to 66 kJ/mol for the Pd one.

Figure 4.11: Coupled manometric-calorimetric desorption profiles for the bare Li6C60 (a)
and the doped samples Li6Pt0.11C60 (b) and Li6Pd0.07C60 (c).

When this analysis is extended to the different transition metal stoichiometries

results shown in Fig. 4.12 are obtained.

In the platinum decorated system it is clearly possible to notice the existence of a

stoichiometry range in which final uptake absorption values are enhanced with respect

to pure Li6C60 (5.0 wt%, (57, 121)). As a matter of fact, for Ptx stoichiometries exceed-

ing x=0.11 the amount of absorbed hydrogen is lowered and sets below the undoped
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4.2 H2 storage in platinum and palladium decorated Li6C60

Figure 4.12: Final uptake (upper graph) and absorption kinetic values (lower graph)
against stoichiometry of the transition metal.

sample. In palladium case, an improvement with respect to Li6C60 is effective for the

low transition metal stoichiometry values: when x is lower than 0.21 in Li6PdxC60 a

final uptake amount of 5.8 wt% H2 is obtained and, as happens in platinum case, this

value falls below pure lithium intercalated fulleride for higher x values (x up to 0.8). It

is worth noting that the maximum uptake decreases with the increase of the transition

metal content for the stoichiometric values exceeding 0.11 and 0.21 respectively. Con-

cerning the absorption rate during the heating step (see Fig. 4.12, lower panel), in the Pt

series it increases with the transition metal stoichiometry (from 5.9·10−2 wt%/min up

to 6.6·10−2 wt%/min) up to Pt content x=0.11, and then decreases (down to 4.2·10−2

wt%/min for the Pt richest sample). The first three samples reach 5 wt% H2 content

after 200 min and their highest maximum content after about 400 min. The kinetic of

the samples is better than for the pristine Li6C60 powders with the exception of the Pt

richest one. In the Pd series the best performance during heating are for the sample

with the lowest transition metal content (7.3·10−2 wt%/min), followed by the ones with

Pd stoichiometry y=0.21 (6.8·10−2 wt%/min) and y=0.13 (5.8·10−2 wt%/min). The

measured rates are all higher than the bare Li6C60 compound (4.3·10−2 wt%/min). On

the contrary, for the samples with higher Pd content, the rate is lower and decreases by

increasing the metal content (from 3.8·10−2 wt%/min for y=0.32 to 2.3·10−2 wt%/min
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for y=0.8), testifying that also for the kinetics too high transition metal contents worst

the performance. Interestingly, the sample with y=0.21 shows the best kinetics dur-

ing the isothermal stage, reaching a H2 content of 5.5 wt% after 140 min at 350 ◦C

and 5.9 wt% (its maximum gravimetric capacity) after 240 min. The other samples

with lower Pd contents reach 5.5 wt% after 205 (y=0.069) and 250 min (y=0.013) and

their maximum hydrogen content after 400 and 560 min respectively. The best kinetic

results are found on the samples with the highest gravimetric capacities, as for the

Pt family. By comparing the performance of the two families of compound, it can be

noticed that the Pd containing samples are a little bit faster in absorbing hydrogen

than the Pt ones. For all the samples, the absorption of small amount of H2 starts

already at temperatures as low as 70 ◦C, with the kinetics improving with the increase

of temperature.

Concerning desorption, a systematic calorimetric exploration of these compounds

reveals similarities in the desorption onset temperature for both series of samples (A

selection of calorimetric profiles is shown in figure 4.13). With the addition of different

platinum amounts the desorption onset is localized at 298 (Pt0.26), 309 (Pt0.07 and

Pt0.42), 300 (Pt0.03) and 292 ◦C (Pt0.11). In palladium compounds the absorption

onset is detected at 301 ◦C (in Pd0.07, Pd0.13 and Pd0.8) or at 294 ◦C (Pd0.21).

Desorption thermal exchanges in calorimetric measurements are found as single

peaks around 325 ◦C (Pt0.03 and Pt0.11), around 334 ◦C (Pt0.26) or as double features

around 327 and 337 ◦C (in Pt0.07 and Pt0.42). In case of palladium addition a double

shaped calorimetric profile is more common with peaks localized around 325 and 335
◦C, as found in Pd0.07, Pd0.13, Pd0.21 and Pd0.8 (even if some smaller features can

be seen in the last two compounds at 345 ◦C). De-hydrogenation enthalpies set in the

range 55-66 kJ/mol. In the platinum family 55 kJ/mol are obtained for Pt = 0.03; 54.67

kJ/mol for Pt = 0.07; 62.96 kJ/mol, 61.10 kJ/mol and 60.37 kJ/mol for Pt = 0.11, 0.26

and 0.42, respectively. Although a general trend may be detected since lower enthalpies

are found with the addition of the lowest Pt stoichiometries, this causes a very limited

variation in the process energy and is moreover not confirmed by the palladium series.

In Li6PdyC60 a rather different phenomenology is found; the de-hydrogenation enthalpy

is 66 kJ/mol for y = 0.07; 64.59 kJ/mol for y = 0.13 while it is 57.19 kJ/mol for y = 0.8.

Intermediate palladium amount (y = 0.21) yield an enthalpy of 51.54 kJ/mol but the

absorption process is still in progress at the upper investigated temperatures (380 ◦C).
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4.2 H2 storage in platinum and palladium decorated Li6C60

Figure 4.13: Selected images of coupled manometric-calorimetric desorption profiles rep-
resenting Pt and Pd stoichiometric extremes.

Some small differences are found in sorption onsets and calorimetric maxima. However

absorption temperatures are localized in a range of 20 ◦C and the appearance of two

calorimetric peaks can be attributed to sample inhomogeneities (122). Furthermore

reaction enthalpies are localized between 55 and 66 kJ/mol. Considering pure Li6C60

de-hydrogenation enthalpy is 63 kJ/mol, we can conclude the same process drives H2

desorption in pure and doped sanples. This single mechanism is to be attributed to

the breaking of C-H bond in hydrofullerene molecules whose presence had previously

been shown by XRD measurements for both lithium intercalated (57) and for transi-

tion metal-lithium fullerides (123). The insertion of Pt/Pd particles introduces a slight

reduction of the reaction enthalpy in some stoichiometries only: a minor effect may be

present in these compounds but the overall phenomenology seems to be a contribution

in the absorption process only. In the TM intercalated systems we think that both

alkali mediated and TM mediated dissociation mechanisms are effective, thus higher fi-

nal uptake and faster kinetics are recorded; during the desorption step transition metal

particles are instead not active in the destabilization of C-H bonding and therefore

the reaction enthalpies result similar. Intercalated alkali clusters only, are effective

in promoting C60Hn molecule collapse: this explains why hydrogenation enthalpies of

transition-metal lithium fullerides resemble the values known for intermetallic com-
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pound Mg2NiH4 (124) and pure LiBH4 (125) rather than the higher values which are

expected for hydrogenated carbon species (126).

4.2.3 Comprehension and Interpretation of Absorption properties

Carbon is particularly suitable as can be easily hydrogenated but nonetheless the C-H

binding energy is quite larger than what is required for practical applications. The

C60 molecule can be hydrogenated to more than C60H40 (127) without displaying col-

lapsing or fragmentation (128). Moreover ab initio calculations suggest C60-Hx (x=36,

48) as the most stable structures (129) among highly symmetric C60H12∗n. Such high

values are probably met both in lithium intercalated and in transition metal deco-

rated fullerides. On the other side the high binding energy issue has been partially

reduced (57, 58) by the intercalation of light, partially ionized, alkali clusters (Li, Na)

in the fullerene lattice which dramatically decreases the C-H binding energy, probably

thanks to the highly charged state of C60. Although the synthesis of Li6TMxC60 (TM=

Pt, Pd) started from a homogeneous Li-TM alloy, the high cohesion energy of TM in-

duced its segregation into dispersed particles which are indeed still active in enhancing

the dissociation process. In order to demonstrate that this enhancement is ascribed to

the TM catalytic activity and not to the simple hydrogenation of the TM we should ex-

clude the formation of TM hydride in our hydrogenated samples. The platinum hydride

to be formed needs much higher pressure (27 GPa) than the one applied during mano-

metric measurements (130). Also the presence of a ternary hydrides may be ruled out in

Li6Pt0.11C60 since no diffraction peaks which belongs to any of their hexagonal phases

may be detected in patterns presented in Figure 4.4 (131, 132, 133, 134). A different

situation is met in case of palladium. The formation of palladium hydride (135) which

do not need extreme pressure conditions like Pt, may be as well obtained upon hydro-

genation (different hydrogen concentrations x=0.65 (136), x=0.74 (137) are reported

in the literature). However no signature from x-ray is given confirming the presence

of such a phase (see Figure 4.5). Furthermore no diffraction due to palladium related

compounds can be found in the hydrogen treated Li6Pd0.07C60-H40. On the other hand

we recently demonstrated (58) that the hydrogenation of these fullerides takes place

through the formation of an intermediate alkali metal hydride phase which is shown

by X-ray diffraction in the hydrogen loaded material, when the alkali stoichiometry is

larger than 8-10. Probably, in these cases the high internal chemical pressure developed
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4.2 H2 storage in platinum and palladium decorated Li6C60

Figure 4.14: Absorption values obtained from manometric measurements (blue asterisks),
final uptake values normalized on the absorbent Li6C60 fraction (red squares) and calcu-
lated absorption values of the fulleride component only, after exclusion of the transition
metal fraction (green line).

during hydrogenation induces the segregation of alkali hydrides particles in the lattice.

This effect is absent at lower stoichiometries (like in our case) in which no segregation

is observed. In order to summarize we believe in the TM intercalated systems two

mechanisms are effective: alkali mediated and TM mediated dissociation. Since the

reversible hydrogenation of the Cn−
60 results to be much more favored with respect to

the neutral molecule, we think that a further improvement in the H2 dissociation rate

would result in a further overall increase of the reversible storage capabilities of these

systems.

4.2.4 Understanding the stoichiometry-dependent Efficiency

The reduction of the final hydrogen uptake amount upon increasing of the platinum or

palladium stoichiometry may be a consequence of the increase in the quantity of the

transition metal. This can be ruled out considering data reported in Figure 4.14, which

shows the measured final uptake absorption (blue asterisks), the absorption normalized

over the fraction of Li6C60 (red squares) and the absorption forecast (green line) for

the fulleride amount in the corresponding stoichiometry.

These last values report calculations of the absorption of the fraction of pure Li6C60

and were obtained through the subtraction of the transition metal weight and the ex-

clusion of its catalysis. The pure lithium intercalated fulleride absorption was assumed
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5 wt% H2, as shown in literature and in Figure 4.12, and this was reduced by the

relative percentage of the fulleride in the material. This calculation allows to com-

pare the dependence of the absorption on the fulleride fraction only, thus excluding

its reduction upon increasing platinum stoichiometry and account the decrease of the

final hydrogen uptake amount in terms of lithium fulleride absorption efficiency. Even

if a small decrease of storage property can be detected upon increasing the transition

metal amount for both platinum and palladium, this is clearly not on the same order

of magnitude of the measured absorption lowering. When the final uptake amount is

normalized over the absorbent material a net increase with respect to the measured

values may be detected. This increase, recorded on the enhancement of the platinum

stoichiometry, shows that the absorption efficiency of these materials falls below 5 wt%

H2 measured in pure Li6C60 in a too pronounced way to be explained by the abolition

of Pt catalysis only. Considering the difference between normalized values at high Pt

stoichiometries, the lower amount of absorbing fraction is therefore surely limiting the

storage on the higher Pt and Pd stoichiometries, but a detrimental activity worsen-

ing the active absorbing fraction efficiency and based on the transition metal presence

has to be introduced to properly describe differences in the experimental and expected

absorbed H2 weight.

The considerable difference in the absorption values upon increasing Pt and Pd

stoichiometries may be motivated by differences in the size of transition metal par-

ticles. The formation of particles with bigger dimensionalities is indeed expected to

lower the surface/volume ratio thus hindering the hydrogen dissociation accomplished

on the particle surfaces. In order to investigate such a phenomenon we investigated

Li6Pt0.42C60 with High-Angle Annular Dark Field (HAADF) Scanning Transmission

Electron Microscopy (STEM) and High Resolution Transmission Electron Microscopy

(HRTEM): the former provided an overview of particle distribution in the samples,

since its contrast is sensitive to the atomic number, the latter investigated morphology

and structure of transition metal particles. It is worth mentioning here that this study

and the one presented in the next paragraph focused on platinum samples because of

their higher final uptake values. A collection of STEM images from various sample

positions and at different magnifications is shown in Figure 4.15.

STEM show that in this sample a broad distribution of particle size is present:

smallest clusters have 2 nm diameter while the biggest that were detected are local-
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4.2 H2 storage in platinum and palladium decorated Li6C60

Figure 4.15: HAADF-STEM images at various magnification of Li6Pt0.42C60. The Pt
particles show up very bright in the image (dark field) due to the higher atomic number.
Lower left panel include HRTEM image and FFT analysis from the square domain on a
25 nm particle, with sharp spots from an ordered cubic platinum structure.

ized around hundreds of nanometers as similarly shown for Li6Pt0.11C60 in Figure 4.9.

Micrometer sized particles, which are present in SEM study (see previous paragraph

or (123)) are not observed in TEM but we suppose this is a consequence of powder

dispersion in the solvent. HRTEM picture in Figure 4.15 and its fast Fourier transform

(FFT) in the inset have atomic columns at positions compatible with cubic structure

of Pt (space group 225, symmetry Fm3m) with the (200) reflection corresponding to

0.20 nm, (111) corresponding to 0.22 nm and (220) reflection corresponding to 1.38

nm plane distance in the real space. TEM description of Li6Pt0.11C60 and Li6Pt0.42C60

clearly shows that the distribution of particles which is obtained in these hybrid mate-

rials is the same and covers up three order of magnitude (from 2 nm to micron sized).

The number of particles results increased in the compound with higher stoichiometry,

this may therefore suggest an enhancement in the platinum surface available for H2

dissociation catalysis; these results can therefore not motivate the massive difference in

absorption results.

In order to understand if the addition of transition metal nanoparticles has influ-
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ence on Cn−
60 , Raman spectroscopy was applied on the Li6PtxC60 (x=0.11, 0.42). In

the literature it is reported that the Ag(2) Raman mode of C60 is very sensitive to

polymerization and charge transfer (138). An empirical rule states it is shifted to lower

wavenumbers by 6-7 cm−1 for every electron transferred to C60 (139, 140) and 5 cm−1

per polymer bond (141) due to the softening of the bond stretching modes as the elec-

trons occupy the antibonding molecular orbitals. Figure 4.16 reports the position of

Ag(2) for the low and high Pt and Pd doping.

Figure 4.16: Raman spectra centered around the Ag(2) mode for Li6Pt0.11C60 and
Li6Pt0.4C60 (left side) and Raman peak energy measured on different positions of cap-
illaries containing the same samples (right side). Peaks around 1380 cm−1 show fullerene
molecule Hg(7) vibrational mode.

Ag(2) Raman mode is localized at 1438(1) cm−1 in Li6Pt0.11C60 and at 1434(1) cm−1

in Li6Pt0.4C60, corresponding to a charge transfer of 4.7 and 5.3 electrons for Pt0.11

and Pt0.4 respectively. A charge transfer of 5.2 electrons is detected in pure Li6C60

(shown with green dashed line), in agreement with the value reported in literature (57).

Raman spectra were collected in various positions (around 15 for each sample, each

distant 120 µm) for each capillary containing the two compounds to exclude possible

sample inhomogeneities. The right panel of Figure 4.16 describes the position of Ag(2)

peak over the sample and confirms the peaks shown in the left part reflect the overall

behaviour of the compounds, even if small intrinsic differences, ascribable to samples

inhomogeneities, are present.

Pt0.11 stoichiometry triggers a reduction of half an electron (average value) of C60

charge with respect to the pure lithium fulleride, and the corresponding sample shows
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4.3 Exploration of transition metal addition to Li6C60

a net increase of H2 absorption and kinetic. When increasing the amount of platinum

to Pt0.4 stoichiometry a charge similar to Li6C60 is obtained and both uptake and

kinetic result lower than the previous stoichiometry. Even if the net charge seems not

to be correlated with the absorption (i.e. the same charge is found on Li6C60 and

Na10C60 while these two samples present rather different absorption properties), and it

is not completely understood how the addition of transition metal particles may alter

a bulk property of the material, we suggest this feature contribute to the worsening of

absorption properties which we showed in figure 4.12, in a qualitatively similar way to

the expected modification of the binding energy occurring on the charged molecule (33).

Indeed, the lithium stoichiometry study on pure fullerides (57) highlighted a linear

relationship exists between the mole ratio C60:Li and the number of hydrogen atoms

per Li atom which determines a trend in the absorption efficiency. This behaviour has

been attributed to the lithium effect in the formation of the active hydrogen storage

material, but it has not been investigated whether this is due to lower element presence

in intercalated clusters or to a different charge transfer on fullerenes.

It is possible to raise the hypothesis that the addition of a relatively small amount of

transition metal provides a small charge variation which does not preclude the chemical

absorption, further enhanced by the platinum driven catalysis, thus realizing the most

suitable condition for uptake and kinetics. When the amount of metal is enriched the

charge on the fullerene is increased, therefore probably lowering the system efficiency

in a complex and not completely understood way.

Both the reduction of the active absorbing fraction 4.14 and the fullerene charge

alteration 4.16 therefore contribute to and describe the hydrogen absorption decrease

upon transition metal increase.

4.3 Exploration of transition metal addition to Li6C60

Transition metals different from either platinum or palladium may be used to prepare

hybrid lithium intercalated fullerides, but often alloys can not be applied since many

transition metals do not have solubility with lithium. This section details the structural

results and the H2 storage properties of TMs added fullerides using halogenides as

described in the synthesis involving chlorides presented in Chapter 3.
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4. RESULTS & DISCUSSION

Figure 4.17: SEM secondary electrons (a, c) and backscattering images (b, d) of pristine
(a, b) and hydrogenated (c, d) Li6Ni0.11C60 at various magnifications.

4.3.1 Nickel addition from NiCl2: structural results

Scanning electron microscopy and energy dispersive X-ray spectroscopy was applied on

Li6Ni0.11C60 to investigate powder composition and detect the presence or the decom-

position of the small amounts of metal chloride. Figure 4.17, panels b, d and Table

4.2 show sample zones where the elemental analysis of pristine and hydrogen treated

compounds was done.

Pristine Hydrogenated
Element Weight % Atomic % Weight % Atomic %

C 70.6 86.68 93.53 95.79
O 5.68 5.24 4.87 3.75
Ni 12.89 5.36 0.91 0.32
Cl 10.83 2.72 0.69 0.14

Table 4.2: Li6Ni0.11C60 sample composition estimated with SEM energy dispersive X-ray
spectroscopy.
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4.3 Exploration of transition metal addition to Li6C60

Figure 4.18: HAADF-STEM images of hydrogenated Li6Ni0.11C60.

Brighter particles with grain-size lower than 4 µm are clearly detectable in Fig-

ure 4.17 (panel (b)). Energy dispersive spectroscopy detects these particles on both

pristine and hydrogenated conditions, and the atomic concentration ratio of Ni and Cl

is moreover identical to the precursor. It is unfortunately not possible to obtain reliable

data on either carbon or oxygen relative concentration because of the glued-graphite

support used during sample handling in SEM investigations. As-prepared Li6Ni0.11C60

powders are composed by aggregates of different size distribution, up to around 50

µm, with lower particle size smaller than 1 µm. After hydrogenation (panels c,d in

Figure 4.17), the size of the aggregates decreases to a finer grain size with the biggest

particles approximatively 10 µm.

HAADF-STEM was applied to gather images concerning nano grain-sized objects

and energy despersive study was repeated with the advantage of a smaller nominal

probe size than in SEM. STEM pictures, reported in figure 4.18, describe the formation

of particles approximatively localized between 3 and 30 nm, whose chemical composition

shows a strong predominance of nickel with respect to Cl. When the intercalated

fulleride matrix is analyzed the amount of chlorine strongly exceeds the nickel one,

suggesting that Cl is engaged in LiCl formation. Clearly carbon signal is much stronger

than the Ni and Cl ones due to the C60 compound, oxygen is instead present as a

consequence of exposure to O2 and moisture during sample preparation for STEM

study.

After the hydrogenation nanoparticles are curiously often found in isolated regions,
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where they are found in groups. It might be suggested that the distribution which

is shown in pictures 4.18 is achieved because NiCl2, crystals, whose size is driven by

high energy ball milling, are releasing Ni atoms during their thermal docomposition

and provide limited areas where the development of the nucleation process proceeds.

Although a small amount of transition metal chloride may not undergo decomposition

during hydrogenation treatment the scenario which is suggested by energy dispersive

micro analysis is the nickel release and Cl capture by lithium belonging to the fulleride

matrix. Particles can be approximately detected in the range 3 to 50 nm.

Figure 4.19: Energy dispersive X-rays spectroscopy elemental analysis of bulk material
and particles and STEM images of investigated areas of hydrogenated Li6Ni0.11C60. Light
blue mark identifies EDX single particle detection.

On the bulk material the atomic percentage of Ni and Cl is 80.7 and 19.3, respec-

tively. The single particle, instead, is mostly composed by nickel and only a small

Cl fraction can be detected (Ni: 99.5, Cl: 0.5 atomic %). Stronger peaks belonging

to carbon, oxygen and copper were detected also with energy dispersive spectroscopy

(red colored in figure 4.19): the first is naturally present since the main component of

our samples, the others belong to the copper grid which was used and to the oxidized
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4.3 Exploration of transition metal addition to Li6C60

Figure 4.20: Kinetic absorption curves for Li6NixC60 (x=0.11 in blue, 0.25 in red, 0.5 in
green color.)

fulleride matrix which is achieved during air exposure of the samples (unavoidable to

achieve the suspension). Such a topography can be motivated only with the decomposi-

tion of NiCl2 precursor, which is introduced in the system with ball milling driven size.

These crystals decompose at high temperatures during the H2 treatment, providing a

transition metal reservoir for Ni nucleation which is not distributing itself on the whole

fulleride matrix but forming nanoparticles in the limited region previously occupied by

the metal chloride only, and detected by HAADF-STEM 4.18.

4.3.2 H2 storage in nickel decorated Li6C60

As in the case of platinum and palladium, nickel stoichiometry was explored in order to

understand its contribution to the interaction with hydrogen and Li6NixC60 (x=0.11,

0.25, 0.5) were obtained through the addition of nickel chloride to lithium intercalated

fullerides. Manometric kinetic experiments were used to characterize these materials

and are reported in Figure 4.20.

It is clearly evident from final absorption values that the addition of small amounts

of transition metal (corresponding to its stoichiometry x=0.11) enhances the chemisorbed
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hydrogen amount to 5.5 wt% H2 from 5 wt% which is found in bare Li6C60. A fur-

ther increase of nickel quantity (stoichiometry x=0.25) lowers final absorption to 4.4

wt% while its doubling (x=0.5) reaches 5.1 wt% H2. Concerning the absorption kinet-

ics the three stoichiometries report similar values: 5.27·10−2 wt%/min for Li6Ni0.11C60,

5.11·10−2 wt%/min for Li6Ni0.25C60 and 5.54·10−2 wt%/min for Li6Ni0.5C60. DSC mea-

surements, performed on the same samples, are reported in Figure 4.21. Li6Ni0.11C60

presents the onset of an endothermal absorption at 304 ◦C and its profile is composed

by two peaks at 326 and 338 ◦C. Li6Ni0.25C60 has its onset at 301 ◦C and the same

doubly shaped profile whose peaks are at 320 e 330 ◦C, as is shown in Li6Ni0.5C60 also,

where peaks are located at 318 e 331 ◦C, with the onset of the absorption at 298 ◦C.

Li6Ni0.11C60 only presents a relatively large peak where the absorption is completed

after 375 ◦C and the integration of the calorimetric profile allows determination of 62.39

kJ/mol binding energy. Higher Ni amounts seem to trigger the appearance of processes

at higher temperatures which appear in DSC profiles (a raising heat absorption in

Li6Ni0.25C60 and a further feature around 365 ◦C Li6Ni0.5C60 4.21). Calorimetric mea-

surements are broadened over a wider temperature range, probably extending over 400
◦C, thus reflecting a slower process kinetic in the case of Ni0.25 and Ni0.5 stoichiome-

tries. The desorption temperature seem to be stoichiometry dependent: on increasing

Nix stoichiometry from x = 0.11 to x = 0.25, 0.5 the two absorption peaks are reduced

from 326 to 320 ◦C and from 338 to 330 ◦C.

Even if a H2 molecule spillover may be also introduced by transition metal chlo-

rides (142), in our systems the salt is decomposed at surprisingly low temperatures.

After metal release, chlorine is sequestered by lithium fulleride matrix as expected in

the reaction 3.1, thus reducing the amount of intercalated lithium and explaining the

loss of efficiency which is met upon increasing the nickel chloride amount. As in the

case of platinum and palladium, manometric measurements seem to suggest the exis-

tence of a stoichiometry range which is introducing an effective surface catalysis. A

nickel surface catalysis for H2 dissociation has been intensively studied both theoreti-

cally (143, 144, 145) and experimentally (146, 147).

Calorimetric studies reveal a de-hydrogenation enthalpy of 62.39 kJ/mol for the

lowest explored stoichiometry. Since no differences from pure Li6C60 were seen in

terms of enthalpies, the same desorption process is expected in the two compounds

and nickel particles do not interefere with hydrofullerene collapse. When higher nickel
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4.3 Exploration of transition metal addition to Li6C60

Figure 4.21: Differential scanning calorimetry analysis of Li6NixC60 (x=0.11, 0.25, 0.5).
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amounts are introduced in the system the amount of intercalated lithium is changed

(and probably the charge beared by Cn−
60 molecules also) and, thus, the efficiency of

the absorbing fraction is modified and slower process kinetics, on both absorption and

desorption events, are found. Since the addition of nickel chloride to lithium fullerides

improved hydrogen absorption properties, some different transition metal chlorides were

explored as described in the third chapter to extend this strategy (possibly) to the

complete periodic table.

4.3.3 Absorption properties with Pd, Ti, Ce from chlorides

Palladium was first selected in order to compare results of the two synthetic strategies

based on lithium alloys and metal chlorides. Titanium selection is motivated by its

known catalytic effects towards hydrogen dissociation (43) and cerium was considered

to extend this synthesis to rare earth elements. Manometric and calorimetric measure-

ments of the decorated lithium fullerides are reported in Figures 4.22 4.23 4.24 for Pd,

Ti, Ce decoration, respectively.

Figure 4.22: Absorption kinetic measurement of Li6Pd0.11C60 obtained from metal chlo-
ride precursor. Inset: Calorimetric desorption profile. For undoped Li6C60 measurement
the reader should see Figure 4.10.
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Figure 4.23: Absorption kinetic measurement of Li6Ti0.11C60 obtained from metal chlo-
ride precursor. Inset: Calorimetric desorption profile.

Figure 4.24: Absorption kinetic measurement of Li6Ce0.11C60 obtained from metal chlo-
ride precursor. Inset: Calorimetric desorption profile.
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Every sample absorbs more than 5 wt% of hydrogen in the selected experimental

conditions. Palladium sample reaches a charge value of 5 wt% at 280 ◦C (it is useful to

remind that undoped sample reaches this amount at 350 ◦C during the isothermal stage)

and final gravimetric capacity of 5.6 wt%. In titanium decorated sample the threshold

value of 5 wt% absorption is obtained at the end of the initial ramp at 288 ◦C and

the final uptake amount is 5.5 wt%; after cerium decoration 5 wt% value is reached

at 280 ◦C and a final uptake of 5.6 wt% is found. The kinetics of these samples are

5.85·10−2 wt%/min for Li6Pd0.11C60, 5.73·10−2 wt%/min for Li6Ti0.11C60 and 6.66·10−2

wt%/min in case of cerium chloride addition. Calorimetric measurements are shown

in Figures 4.22 4.23 4.24. Palladium sample presents the onset of absorption process

at 304 ◦C and two clearly separated peaks at 329 and 337 ◦C. Concerning titanium

sample the hydrogenation starts at 308 ◦C and two peaks can be recognized at 330 and

338.5 ◦C while Cerium containing sample possesses onset of hydrogenation at 308 ◦C

and a clear double shaped absorption with maxima at 328 and 336 ◦C.

4.3.4 Transition Metals from chlorides: Discussion

The addition to lithium fulleride of metal chloride different from the nickel one, is able

to provide as well a net increase in the final uptake value which is found in manometric

measurements. Surprisingly, the absorption in these compounds sets on a 5.6 wt% H2

average value, thus suggesting the similarity of different transition metals with respect

to the interaction with hydrogen. Since ball milling reaction drives particles’ size and

the hydrogenation tests have been carried under the same conditions, different metal

chloride particles are expected to be inserted in the system with similar grain size.

Even if we operated at temperatures which do not trigger the transition metal

salt decomposition (as suggested by the literature on nickel (148) and SEM energy

dispersive X-ray spectroscopy guaranteed the conservation of Ni/Cl atomic ratio, it

has been demonstrated by STEM that chloride decomposition is achieved during the

sample hydrogenation and therefore particles of transition metals are present during

the heat treatment.

We can conclude that nanometer sized particles of different TMs (TM = Ni, Ti,

Pd) trigger an increase in H2 absorption beyond the properties of pure Li6C60, to be

attributed to the catalysis towards H2 dissociation driven by metal particles. A similar

behaviour is reported upon the addition of a rare earth chloride (Ce).
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4.3 Exploration of transition metal addition to Li6C60

On the stoichiometry Li6Me0.11C60, every reported metal compound presents similar

features in its calorimetric desorption profile. Their onset temperatures are 304 (Ni,

Pd) and 308 ◦C (Ti, Ce). Differences in the activation energy for H2 dissociation on

different pure metal surfaces are predicted in theoretical publications (the dissociation

energy is estimated 0.06 eV on Ni, 0.39 eV on Pd while negligible on Ti (101)). A minor

effect due to metal insertion in fullerides may be therefore introduced to detail changes

in the beginning of absorption but it is not possible to find a dramatic improvement

since the onset of pure Li6C60 is at 306 ◦C.

If we compare the results of palladium containing samples produced either with Li-

Pd alloy or PdCl2 addition we obtain a direct evaluation of the two different synthesis

on the same metal ion in the same stoichiometry. This comparison shows a lower

efficiency for the material prepared from chloride addition: this one achieves a final

uptake result which is lower by 0.3 wt% H2. Although the difference is very limited

we suggest that it is motivated by slightly different amount of intercalated lithium or

by variation in the charge beared by Cn−
60 molecules, in agreement with the case of

platinum and palladium decoration.

From the DSC study reported in Figures 4.21, 4.22, 4.23 and 4.24 it is evindent that

two desorption processes are met when increasing temperature. These two calorimetric

peaks are present in all samples prepared from metal chlorides and, as in the case of

Pt/Pd their similarities (few degrees separates them in different compounds) can be

attributed to sample inhomogeneities (122).

The related dehydrogenation enthalpy values are 62.80 kJ/mol for Li6Pd0.11C60,

62.07 kJ/mol for Li6Ti0.11C60 and 60.64 kJ/mol in the case of Li6Ce0.11C60. If we com-

pare these values with the enthalpy measured on Li6Ni0.11C60, which is 62.39 kJ/mol

and with 63 kJ/mol that are found for pure Li6C60 it is possible to conclude that

the catalysis which enhances absorption properties is not found during hydrogen des-

orption. This is probably happening as a consequence of the lack of a local presence

of the transition metal nanostructures. The intercalated lithium clusters only are ac-

tive during hydrofullerene dissociation and therefore dehydrogenation enthalpies result

similar in pure and hybrid fulleride materials. In order to provide a more efficient

de-hydrogenation catalysis a further improvement can be identified in the reduction

of the nanoparticles volume distribution. Is such a development possible within the

framework of solid state, solvent-free synthesis of lithium fulleride ionic compounds? A
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Figure 4.25: X-rays diffraction of hydrogenated Li6Ni0.11C60 obtained from
(NBu4)[Ni6(CO)12] clusters

suitable pathway involving metal clusters was developed in order to gain control over

particle size.

4.4 Metal decoration from clusters: structural results

When nickel insertion is realized with metal carbonyl clusters a dispersion of Ni particles

similar to the one found in case of chlorides is predicted since metal-carbonyl clusters

are expected to release nickel over the lithium fulleride matrix during the hydrogenation

thermal treatment upon heating up to 350 ◦C, as a consequence of their relatively low

decomposition temperatures (around 150 ◦C (102)). X-rays diffraction and transmission

electron microscopy indeed confirm this mechanism. XRD was performed on the sample

enriched with (NBu4)[Ni6(CO)12] after its hydrogenation and is reported in Figure 4.25.

The main phase is constituted by a bcc crystalline structure (space group 204,

a=11.80(4) Ȧ) which is the arrangement that is commonly observed in the hydro-

fullerene C60H36 (116) and that has been detected after hydrogen loading of the plat-

inum and palladium decorated compounds. Peaks of the fcc nickel metal (space group
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4.4 Metal decoration from clusters: structural results

225, simmetry Fm3̄m, a = 3.52Ȧ) can be observed in the higher 2Θ region (10x mag-

nification) and confirm the presence of nickel phase in the hydrogenated samples. This

result has been confirmed by high angle anular dark field - scanning transmission elec-

tron microscopy study, which is reported in Figures 4.26 and 4.27 for both hydrogenated

samples.

Figure 4.26: HAADF-STEM images of Li6Ni0.11C60 obtained from (N-Bu4)[Ni6(CO)12]
clusters.

These images clearly show the presence of nanosized nickel particles since the con-

trast of this technique is sensitive to the atomic number of investigated sample. The

hystograms in both Figures 4.26, 4.27 were obtained from the study of around 210

and 75 particles, for sample from Ni6 and Ni12, respectively. In both compounds par-

ticles sizes are mainly distributed in the relatively limited range 2-40 nm, apparently

according to a logarithmic-normal distribution (149) which is commonly used to de-

scribe the formation of objects produced through fragmentation (150) and here show
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Figure 4.27: HAADF-STEM images of Li6Ni0.11C60 obtained from
(NEt4)3[HNi12(CO)21] clusters.

mean values of 2.07 nm in Ni6 and 1.79 nm in Ni12 sample. According to these results,

thermal decomposition of carbonyl clusters releases nickel metal clusters which aggre-

gate as a consequence of their relatively high reactivity thus creating, therefore, larger

sized objects. The inhomogeneous size distribution is supposed to be dependent on the

size of (NBu4)[Ni6(CO)12] and (NEt4)3[HNi12(CO)21] powders which are obtained after

grinding: these crystal are expected to act as Ni reservoir during their decomposition,

providing the amount of metal available for Ni crystal growth dependent on the size of

its precursor. The metal carbonyl cluster-based synthesis can therefore guarantee the

production of nanometer sized particles with a relatively sharp distribution exploiting

the application of a relatively clean, solid state technique.

4.4.1 Absorption properties with Ni clusters

Figure 4.28 reports both the kinetic curve and the calorimetric desorption profile of

fullerides where nickel addition is obtained from transition metal-carbonyl clusters dec-

oration with (NEt4)3[HNi12(CO)21]. Even if these must be considered preliminary

results they provide a useful information on the future development of hybrid lithium

fullerides.

Final absorption value, describing the chemisorbed hydrogen amount, results en-

hanced from pure Li6C60 value to 5.5 wt% H2, while its kinetic rate is similar to
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4.4 Metal decoration from clusters: structural results

Figure 4.28: Kinetic absorption curves for Li6Ni0.11C60 with nickel addition from
(NEt4)3[HNi12(CO)21] complex

platinum and nickel-doped lithium fullerides. It is reasonable to conclude, as shown in

the previous cases, that nickel metal nanoparticles catalyze the molecular H2 dissocia-

tion, thus enhancing the amount and the kinetic of absorption. During the desorption

process the calorimetric profile reveals an onset around 306 ◦C and the superposition

of two peaks at 328 and 337 ◦C, in good agreement with the sample where the tran-

sition metal addition is obtained from nickel chloride in the same stoichiometry. The

related de-hydrogenation enthalpy is 57.3 kJ/mol, to be compared with 63 kJ/mol pro-

cess in pure compound and 62.39 kJ/mol in Li6Ni0.11C60 from NiCl2. Even if this is

a preliminary result, further studies are in progress and we do not detect a dramatic

improvement with respect to pure and transition metal doped samples, this value may

be considered a decrement of the process enthalpy which is achieved after particle size

reduction. In this case the catalysis of nanometer sized particles would provide evidence

on the destabilization of the desorption process therefore reducing the energy required

for H2 release from lithium intercalated fullerides. If this result will be confirmed, sim-

ilar enthalpy values which were found in the lowest platinum stoichiometries might be

explained as a consequence of transition metal particle size. Furthermore the route to
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possible future improvements of these materials could be easily identified in the pursuit

of subnanometer sized transition metal decoration.
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Conclusions

This thesis work moved from the many theoretical results which identified intercalated

fullerides as suitable systems for hydrogen storage in mobile applications and its result

meet many of the goals of the Swiss National Science Foundation HyCarbo project

which constitutes the framework of the present research, addressed to the development

of carbon-based materials for hydrogen storage applications.

As it was described in the previous sections, our efforts were devoted to the un-

derstanding of the mechanism of H2 absorption and to the improvement of storage

properties of these novel materials with the development of new strategies for the ad-

dition of transition metals to lithium intercalated fullerides. Some major results may

be therefore summarized in:

� First observation of muon adduct radical within ionic systems, which we hope

will stimulate some theoretical efforts devoted to understand its rather misterious

formation.

� Understanding of fullerides hydrogenation mechanism: since this is a two step pro-

cess composed by H2 dissociation over intercalated clusters and H addition over

charged fullerene, µSR allowed a separate study of atomic hydrogen chemisorption

over Cn−
60 , which was identified as a process independent from any temperature

activation.

� H2 molecule dissociation has been identified as the bottleneck that required im-

provement for an overall increase of lithium-fullerides performances, i.e through

the addition of transition metal ions or particles.
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� An innovative synthesis has been developed involving lithium-”d” block metal al-

loys for the addition of transition metal nanoparticles to Li intercalated fullerides

and was applied to platinum and palladium.

� H2 absorption properties (final uptake, kinetic properties) were clearly improved

by Pt and Pd addition.

� The exploration of Pt, Pd stoichiometries suggested the transition metal sub-

unit stoichiometry introduces a surface catalytic pathway in the H2 dissociation

maximizing materials’ properties.

� Too high TM stoichiometries resulted detrimental for absorption purposes as a

result of the contemporary charge modification on Cn−
60 and reduction of active,

absorbing fraction.

� A solid state methathesis has been developed as suitable chemical reaction for

the addition of other transition metals and rare-earths from their chloride salts

(i.e Ni, Ti, Ce).

� Improvement of absorption properties is even met in case of nickel, titanium

or cerium addition, surprisingly suggesting the observation of a H2 dissociation

promoted by both transition metals and rare earths.

� De-hydrogenation enthalpy suggests the addition of transition metal act as cat-

alyst but not as a destabilizing agent towards hydrofullerene C60Hx since no

significative changes can be detected in desorption phenomena of pure and doped

samples.

� Reduction of transition metal particle size was identified as possible improvement

in order to lower the de-hydrogenation enthalpy and it was gained with the de-

velopment of a novel transition metal addition strategy based on metal-carbonyl

clusters.

� Preliminary results seem to suggest the relativly sharp particle size distribution

which are triggered by the use of metal clusters resulted in the contemporary

improvement of H2 absorption and destabilization of desorption process.
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This work demonstrated and confirmed that both pure and hybrid alkali and tran-

sition metal intercalated fullerides are promising systems with respect to hydrogen as

a fuel in mobile application. A more immediate summary of our results is pictured in

Table 5.1. It is worth remembering here that US-DoE 2015 targets are 5.5 wt.% and

an upper limit of 50 kJ/mol for the absorption amount and enthalpy, respectively.

Abs. (wt.%) Kinetic (wt.%/min) De-H2 Enthalpy (kJ/mol)

Li6C60 5 4.3·10−2 63
Li6Pt0.1C60 5.9 5.55·10−2 62.9
Li6Pd0.07C60 5.8 6.77·10−2 66

Li6Ni0.1C60 (NiCl2) 5.5 5.27·10−2 62.4
Li6Ni0.1C60 (Clusters) 5.5 5.46·10−2 57.3

Table 5.1: Summary of hydrogen absorption properties in pure and transition metal
doped lithium intercalated fullerides. Green color highlights improvement with respect to
the pure material.

Unfortunately some properties of intercalated fullerides are still detrimental to their

application in the field of hydrogen storage. The high temperatures needed to release

H from fulleride systems, for instance, suggest harsh operative condition. Despite the

improvements still needed, the relatively high absorption values discovered in both

intercalated and hybrid fullerides identifies these systems as very promising.

Within this framework further developments can be easily imagined: 1- chemistry

procedures can be further improved in order to exploit the clean, solid state synthesis

to possibly control and even engineering hybrid carbon nanomaterials, 2- the control

over size of transition metal particles and their reduction up to single atom decoration

or intercalation moves towards hydrofullerene destabilization during desorption process

or 3- different alkali intercalated fullerides may be imagined to overcome lithium too

high stability. This production is therefore only the beginning of a completely new,

fascinating and challenging research field, we strongly believe the best is yet to come!
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Samuele Sanna, Stephane Róls, Pawel Wzietek, Henri Alloul, Stephen Cot-

trell, Giovanni Bertoni, Pietro Galinetto and Sonia Pin for their teaching,

collaboration, help and friendship. I officially ackowledge the ISIS - Ruther-

ford Appleton Laboratory for beamtime provision. Many thanks to the

people who have been my companions during this long trip...



References

[1] L. Schlapbach and A. Züttel,
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