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Abstract
In the context of hydrogen for energy storage purposes it has long been debated that
lightweight, compact, affordable and safe hydrogen storage can only be realized within an
absorber. Tremendous efforts have been made to develop novel materials with high hydrogen
densities as well as with rapid, reversible and energetically economical sorption properties.
However, even 149 years after the discovery of the first metal hydride (PdH) currently no
material satisfies all requirements. Hydrogen forms compounds with nearly every other
element on the periodic table and generally has a dramatic impact on the chemical and
physical properties of the host. Consequently, the number of possible combinations that can
be investigated is extensive. In this thesis, novel, nanoscale, carbon-based materials have
been investigated for their structure and energy storage related properties. Three different
types of materials have been synthesized and were characterized by means of a multitude of
experimental techniques, i.e. volumetric gas sorption, Raman-, EEL-, X-ray photoelectronand FT-IR spectroscopy, X-ray and neutron powder diffraction, SQUID magnetometry,
electrochemical cycling tests, electron microscopy and muon spin repolarization. The
impressive impact of the carbon structure and the metal doping on hydrogen storage
capacities reported here for metal decorated thermally exfoliated graphites and metal
intercalated fullerenes clearly motivates future investigations of similar materials. In addition
important preliminary work was done on the storage of Li-Ions on corannulene derivatives. The results indicate that the strategy is working and is worth pursuing further in the future.
Keywords: energy storage, hydrogen storage, Li-Ion, battery, nanoscale carbon, fullerene,
fulleride, graphene, corannulene, metal enhancement, intercalation, metal decoration, doping,
characterization
© Andreas Bliersbach 2015

Kurzfassung
Es ist seit langem bekannt, dass zur kompakten, kostengünstigen und sicheren Speicherung
von Wasserstoff ein Absorber benötigt wird. Der Grund hierfür liegt darin, dass Wasserstoff
in seiner flüssigen und seiner gasförmigen Phase entweder zu geringe Speicherdichten
oder zu hohe Sicherheitsrisiken aufweist. Die Entdeckung des ersten Metallhydrids (PdH)
liegt fast einhundertfünfzig Jahre zurück und seither sind Jahrzehnte intensiver Forschung
an Wasserstoffspeichermaterialien vergangen. Trotz dieser großen wissenschaftlichen
Anstrengungen ist noch kein Speichersystem entwickelt worden, welches allen Anforderungen
nach schnellen, reversiblen und energetisch wirtschaftlichen Sorptionseigenschaften genügt.
Da Wasserstoff mit fast jedem Element des Periodensystems Bindungen eingeht und dabei
oft gleichzeitig die physikalischen sowie chemischen Eigenschaften des Trägers massiv
beeinflusst, existieren unzählige Kombinationen von möglichen Speichersystemen. Viele dieser
Systeme sind weiterhin unbekannt. In dieser Doktorarbeit wurden neuartige, auf Kohlenstoff
basierte Nanomaterialien bezüglich ihrer Struktur- und Energiespeichereigenschaften
untersucht. Drei unterschiedliche Materialien wurden synthetisiert und mittels einer
Vielzahl von experimentellen Methoden charakterisiert. Unter anderem wurden die Proben
mittels volumetrischer Gassorption, Raman-, EEL-, Röntgen-Photoelektronen- und FT-IR
Spektroskopie, Röntgen- und Neutronen-Pulverdiffraktometrie, SQUID Magnetometrie,
Elektronenmikroskopie und Myonen-Spin-Repolarisation untersucht. Anhand von Messungen
an metalldekorierten Graphenen und metallinterkalierten Fullerenen wurde der Einfluss
der Kohlenstoffstruktur sowie der Metalldotierung auf die Interaktion des Absorbers mit
molekularem sowie atomarem Wasserstoff verdeutlicht. Die vorgelegten Resultate sind hoch
motivierend und fordern weitere Untersuchungen an vergleichbaren Materialien. Des Weiteren
wurden wichtige erste Messungen zur Lithiumspeicherung an Corannulene-Derivaten
durchgeführt. Die vorläufigen Ergebnisse bestätigen die Messstrategie und eröffnen
weitreichende Möglichkeiten für zukünftige Messungen.
Schlüsselwörter: Energiespeicherung, Wasserstoff, Wasserstoffspeicherung, Lithium-Ionen,
Batterie, Kohlenstoff Nanopartikel, Fulleren, Fullerit, Graphen, Corannulene, Interkalation,
Dotierung, Charakterisierung
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Introduction

One of the greatest challenges of mankind in the 21st century is to satisfy an
ever growing hunger for energy and materials by sustainable means. Never before in our history have we been able to accommodate a greater number of
people with such an unsurpassed standard of living and at the same time produced labor with higher efficiency. The success of the many, their prosperity
and wealth are closely related to the conversion of resources and the therewith
associated work. It does not seem possible to conserve or increase our standard of living without producing and consuming energy on the way. This correlation goes so far that for the developed world the gross domestic product
grows proportionally to the consumption of energy [23]. While past generations have depleted resources and overburdened our environment on a global
scale to accumulate the wealth we are living in today, the current generation
and the generations to come have to provide solutions to the same problems
but with an added acknowledgment of global warming, limited resources, our
impact on the environment and finally our own health. In addition growing
political unrest and questionable economic dependencies of so-called petrostates demand the reevaluation of the status quo. These ever growing demands of a modern society, propelled by tremendous media coverage, change
our Zeitgeist and cause a paradigm shift towards sustainability. Undoubtedly,
manifold partial solutions need to be found to address such a universal and
faceted problem and cheap, pollution free energy can solve a majority of these.
On the energy production side, the feasibility of renewable energy has
been proven over and over again, and the first countries have set admirable
goals for a 100% renewable electric-energy society [90, 30, 48, 34, 134, 78].
The trend clearly goes toward the utilization of renewable energy sources
and away from fossil energy vectors such as natural gas, coal and crude oil
derivatives. This solves the problems of greenhouse gas emission as well as
political and economical dependencies simultaneously. While the present
global market share of renewables is small, the potential is enormous and
a large fraction of the contemporary energy demand can be quenched
by implementing an already existing portfolio of technologies such as
photovoltaics, photothermics, geothermics, wind- and hydropower. These
technologies do not depend on government subsidies to achieve grid parity,
in stark contrast with some conventional sources such as nuclear power and
in opposition to common misconception [7, 12, 74].

9

One of the roadblocks for most renewable energy sources and the biggest
drawback is that the generated electric power and the power demand rarely coincide. On each particular production site, the solar irradiation, wind speeds,
ocean tides and waves show inconstant intensities and can vary greatly over
time. The power produced thereby varies correspondingly in the same time
intervals. The peaks and gaps in power production need to be bridged and the
generated but unused electric power needs to be stored such that it is readily available at a later point in time when demand surpasses supply [30]. This
demand/supply deficiency can be on the timescale of hours, days or even seasons. The problem of efficiently utilizing renewable energy sources thus condenses to an energy storage problem. The different timescales involved and
the distinct requirements on the storage system make a one-fits-all solution
highly unlikely. Many different energy storage technologies are already available, and on the market. However, there are no market competitive products
for large scale stationary energy storage, to bridge the previously mentioned
gaps between demand and supply, and for energy storage systems applicable
in electric mobility.

1.1 The hydrogen cycle
A pollution free and sustainable solution for many energy storage problems
would be a hydrogen-based energy economy. There are logical reasons why
hydrogen is an appropriate medium to store energy and release it at a later
point in time. Hydrogen is the most abundant chemical element in our universe and 74 mass% of baryonic matter is made up of it. Hydrogen, is furthermore one of the most abundant chemical elements in the Earths lithosphere, with the majority chemically bound as water or in hydrocarbons. The
price of hydrogen will therefore never be determined by scarcity of the chemical element and it is freely available everywhere on the globe. Hydrogen is
not only extremely abundant but also has the highest heating value per mass
of all chemical elements and common fuels (higher heating value (HHV) ≈
142.2 MJ/kg, see table 1.1). Since hydrogen is rarely found in its stable molecular form, H2 , it needs to be liberated from chemical compounds for use as a
fuel. Figure 1.1 shows the most common possible feedstocks and process alternatives for hydrogen production. Which production technology is utilized
is often based on a benefit-cost ratio and necessarily depends on the local
availability of the feedstock, the development state of the technology, properties of the hydrogen-demanding application, political considerations and various other determining issues. However, the end price of produced hydrogen
is mainly determined by the sophistication and state-of-the-art of the production technology, quite the contrary to fossil or nuclear fuels.

10

Figure 1.1: Hydrogen can be produced by various production technologies using corresponding feedstocks. A detailed overview can be found elsewhere [56, 87].

Liberated and stored hydrogen has great advantages over alternative energy
storage solutions; among others, hydrogen can be used for a wide variety of
applications and troublesome end products can be avoided. Hydrogen can be
used to generate pollution free heat by means of catalytic burning with the
final product being pure water. On the other hand, hydrogen can be directly
transformed into electric power by means of a fuel cell. This avoids the production of large amounts of excess heat and thus does not limit efficiency due to
heat management issues, as would be the case for any type of heat engine [73].
A broad scale hydrogen economy could thus close the cycle between sustainable production and pollution free, sophisticated utilization, leaving only end
products that in turn can be used to produce hydrogen again (see figure 1.2).
With appropriate reaction paths hydrogen can be reversibly utilized within
a contained cycle. For this so-called Hydrogen Cycle the main aspects are
the production of hydrogen, hydrogen storage and the later usage of the
thus stored energy. There are many different ways to produce hydrogen (see
figure 1.1); however, perhaps the cheapest way is to use hydrogen as a buffer
to accommodate peaks in the power production of renewables, i.e. when
the oversupply of power needs to be handled to maintain grid-stability. The
main energy sources providing the necessary power for hydrogen production
could be photovoltaics, solar thermal, biomass, wind- and water-power
(all stemming finally from solar energy through nuclear fusion), geothermal
heat (nuclear fission) and tidal range (gravity).
11

Figure 1.2: The Hydrogen Cycle is a closed, sustainable, pollution free life cycle for hydrogen. The key aspects are the production of hydrogen, hydrogen storage and the
later consumption of the stored energy. To liberate hydrogen from a chemical compound, energy is required and the main sources can be temporary overproduction via
renewable energy sources such as: solar energy, tidal range and geothermal heat. Hydrogen can thereafter be stored as gaseous or liquid hydrogen or in a solid medium.
The stored hydrogen can be used to generate heat by catalytic burning, to generate
heat and work by simple combustion in a heat engine, or to generate electric power for
instance in a fuel cell. Within the Hydrogen Cycle, energy is produced and consumed
by forcing hydrogen into different chemical states without the creation of harmful
byproducts or greenhouse gasses. In the presented cycle, hydrogen is liberated from
water by electrolysis (2H2 O → 2H2 + O2 ) and utilized by the reverse reaction within a
fuel cell.

If hydrogen is produced by electrolysis, oxygen is generated as a side product,
which in turn can either be stored and used or safely released into the environment. The gained hydrogen needs to be stored and depending on the later
application, various different viable storage solutions are already on the market such as metal hydride hydrogen storage in MgH2 [82], or gaseous hydrogen
12

storage either in composite tanks for mobile applications or through injection
into the natural gas grid [111, 35, 133]. While currently available storage techniques are already capable of solving this part of the problem, stored hydrogen
has the potential to rival or supercede currently utilized storage solutions such
as Li-ion batteries or, in the near future with rising oil prices and climate levies,
even gasoline for mobile applications [123].

1.2 Carbon-based energy storage
Carbon, no matter if used for the purpose of energy storage or not, is of
great interest for any available and prospective technology since it is first
and foremost a lightweight, highly abundant, conveniently accessible and
thus cheap element. Carbon is, due to its valency, extremely versatile in its
structure and exists in many different allotropes such as graphite, diamond,
amorphous carbon, graphene, nanotubes and fullerenes, among others.
Associated with these structural differences are dramatic differences in
physical properties. While graphite is black, highly electrically conducting and
soft enough to be used for writing on sheets of paper, diamond is transparent,
a poor electric conductor and exhibits the highest hardness of any bulk
material. In addition, carbon does not only form a large number of pure
element allotropes, but also vast numbers of chemical compounds, de facto
more than any other chemical element. The high adaptability of carbon with
its structural versatility and the ability to adjust physical as well as chemical
properties on a broad scale enables the creation of application-specific,
tailored compounds. Carbon is the basis of all known living organisms and
composes most of our comestibles. Hydrocarbons, especially methane,
crude oil and coal, are valuable energy vectors. Carbon-based cellulose
is not only thought to be the most abundant organic polymer on Earth
but also shows great commercial potential starting from wool, over paper
production, linen and hemp to filler materials in drugs [58]. All currently
available plastics are made from carbon polymers, often including oxygen
and nitrogen in the polymeric structure. Carbon steel, diamond-like-carbon
(DLC) coatings, various lubricants and pigments, pencils, neutron moderators
in nuclear reactors, gem quality diamond for jewelry and industrial diamonds
for drilling, cutting or polishing, carbon-fiber-reinforced polymers as
extremely tough but light structural elements, activated carbon as absorber
and adsorber filter materials, carbon-fiber brushes for electric motors
and carbon-based electrode materials for batteries are but a few of many
applications of carbon.
In terms of energy storage, currently the most widely used class of energy
vectors is without a doubt hydrocarbons in the form of fossil fuels. The main
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advantages of hydrocarbons are their natural availability and high volumetric
as well as gravimetric energy density (see table 1.1). The low present-day price
of oil, natural gas and coal, extracted from natural deposits, is surely one of the
main reasons for the success of hydrocarbons, making them the status quo
of today’s energy storage. As such, a new and competing storage technology
has a difficult task since it must rival its predecessor in all regards: energy
density, convenience and price. While hydrogen can be used in fuel cells to
generate electric power or in catalytic burners for heat, both of which produce
only water as the end product, hydrocarbons are burned in conventional heat
engines, oxidizing all constituents, not only hydrogen. Burning hydrocarbons
has therefore the major disadvantage of producing unwanted or even adverse
end products, e.g. gasoline, diesel or LPG usage in commercial combustion
engines produces CO2 in large quantities and due to the high temperatures
in common heat engines, the exhaust-gas needs to be reformed in catalytic
converters to reduce the amount of carbon monoxide and nitrogen oxides,
all of which are highly toxic compounds. Natural coal, burned in coal power
plants for electric power generation, not only causes environmental disasters
and humanitarian misery during mining, but the contained pollutants such
as sulfur, mercury, uranium, thorium, arsenic and other heavy metals are
freed into the environment if not properly filtered. In perspective, European
coal power plants alone are estimated to cause more than 18200 premature
deaths, 8500 cases of chronic bronchitis and account for over 4 million lost
working days every year [52]. The attributed economic costs of the health
impacts are estimated to be 42.8 billion A
C per year [52]. Similar analysis can
be conducted on all kinds of products and fuels to estimate the overall impact
and the attributed costs. Although it is difficult to verify the accuracy of these
kind of studies, it becomes evident that an honest and real-world benefit-cost
analysis and comparison between hydrocarbons and hydrogen needs to
include these adverse effects, and the corresponding cost of handling them, in
their calculations. This is commonly not done, causing a tremendous market
distortion where the burdens are imposed on society instead of the polluter.
While this reflects poorly on carbon-based energy storage technologies,
there are many reasons why carbon persists to be of great interest in specific
therms. Carbon-based compounds do not necessarily need to be fully
oxidized and hydrogen, although energetically less favorable, can be liberated
and used separately.
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In general there are certain factors determining the success of any energy storage solution:
1. Volumetric energy density
2. Gravimetric energy density
3. Abundance/availability of the storage material
4. Appropriate working conditions
5. If reversible: capacity retention and cyclability
6. Safety aspects of the technology
Depending on the application, some of these points are more important than
others and any of the above can be a key factor in making a technology unfeasible. There is no doubt that for instance the use of heavy metal hydrides
for mobile hydrogen applications is unreasonable while they find use in stationary applications. In the same way it is clear that it would be pointless to
exchange modern Li-ion batteries in smartphones with little combustion engines running on gasoline. Applications clearly determine which storage solution is suitable. Methane (CH4 ), for example, consists of about 25.1 mass% hydrogen, which is an amount well above typical demands on a viable hydrogen
storage solution, if gravimetric as well as volumetric storage densities would
be the only important parameters (The US DoE target for mobile storage is
7.5 mass% H2 [87]). Unfortunately, hydrogen is strongly, covalently bound to
the carbon and the average bond-dissociation energies of C-H in CH4 is very
high (E dis. = 414 kJ mol−1 ) [65]. Non-catalytic thermal cracking to liberate hydrogen requires temperatures above 1400 K to achieve a reasonable turnover
rate, making it highly impractical [1]. The development of appropriate energy
storage technologies is clearly a complex problem with many determining parameters; but, owing to their previously mentioned adaptability, carbon-based
compounds are sufficiently flexible to satisfy all these demands.
Undoubtedly the energy necessary to liberate hydrogen depends on the nature of the chemical bond and can thus vary drastically. With the reasonable
assumption that there is no activation barrier for H2 adsorption, the enthalpy
of formation, in equilibrium, is determined by ∆H ≈ T ∆S, where T is the temperature and S the entropy. Considering typical entropy values for H2 one can
estimate the ideal range of H2 binding energies [65, 70]. Below a binding energy of 20 kJ mol−1 , H2 complexes are not bound strong enough to achieve
substantial capacities under ambient conditions. For physisorption on carbon
materials for instance, the binding energy is approximately 3–10 kJ mol−1 H2
and cryogenic temperatures are required to store considerable amounts of hydrogen at near atmospheric pressures [101, 64].
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Physisorption of hydrogen under cryogenic temperatures is, however, energetically demanding. While this rules out physisorption for significant hydrogen storage in general, high specific surface area carbon materials, with more
than 3000 m2 g−1 , can be used as an additive in pressurized gas tanks, leading
to higher overall volumetric storage densities while still being relatively light
weight [77, 136].

Figure 1.3: (left) A molecular model of hydrogen physisorbed on a graphene sheet. Physisorbed hydrogen is weakly bound by van der Waals forces, leaving the dihydrogen
molecules intact. The weak binding energy (≈ 5 kJ mol−1 H2 ) results in very low storage capacities at ambient pressures and room temperature. (right) The same is not the
case for covalently bound hydrogen, as found in hydrocarbons, where the typical C-H
bond energies are in the order of > 400 kJ mol−1 [65]. Molecular models of four common fuels are depicted, namely methane (CH4 ), propane (C3 H8 ) and a typical gasoline
(C8 H18 ) and diesel molecule (C16 H34 ).

With binding energies above 40 kJ mol−1 H2 , hydrogen is likely bound too
strongly, such that elevated temperatures or pressures are required for adsorption and desorption. Chemical bonds between carbon and atomic hydrogen
are often too strong, as shown for methane with an average bond-dissociation
energy of 414 kJ mol−1 . In hydrogenated fullerenes (e.g. C60 Hx ), hydrogen is
covalently bound to carbon, as in hydrocarbons. Theoretical calculations for
C60 H36 , however, predict an average C-H bond energy of 295 kJ mol−1 , which
is significantly lower than the typical C-H bond energies of hydrocarbons and a
demonstration of the impressive impact of structure. Unfortunately this bond
energy is still an order of magnitude too high [96, 65].
Binding energies of H2 -complexes in the range of 20–40 kJ mol−1 H2 as well
as a dramatic reduction of the enthalpy of reaction and the activation energies
for H-complexes as compared to common hydrocarbons would both be ideal
for practical applications [70]. Naturally occurring complexes with such energies are, however, uncommon and need to be specifically synthesized. Starting
with the lower end of the range, the binding energy of H2 needs to be enhanced
which can be achieved by the introduction of additional attractive forces between the hydrogen molecule and the material. One way of achieving this is
by introducing the Kubas interaction in which H2 acts as a neutral two electron σ donor to a transition metal center with the back-donation of electrons
from a filled metal d-orbital to the anti-bonding σ∗ orbital of the hydrogen
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molecule [59]. If σ donation and simultaneous back-donation into σ∗ are in
the right balance, i.e. there is no hydride¡ formation
through heterolytic cleav¢
,
the
hydrogen–hydrogen
bond
age ([M–H]− + H+ ) or oxidative addition M <H
H
is stretched but the molecule essentially persists. A diagram of the orbitals involved in the bond is depicted in figure 1.4. For hydrogen bound via Kubas
interactions, H2 is not bound to the carbon atoms in the structures but to transition metal centers strategically incorporated into the material. The carbon
matrix acts as the host material, preventing the metal from aggregating. Theoretical calculations of metal doped carbon materials predict Kubas interactions with bond energies in the desired range [59, 138, 18, 113, 63, 68]. Another
possibility for increasing the bond energy is the addition of attractive electrostatic interactions by the introduction of charge on the host material (see figure 1.4). Analogously it was predicted that excess charge on differently sized
fullerenes leads to a dramatic increase in binding energy to about 17–31 kJ
mol−1 H2 [141].

Figure 1.4: (left) Charged fullerenes are predicted to show enhanced electrostatic interaction and bind large quantities of H2 with comparatively high binding energies. This
enhanced interaction is attributed to the high electric field, caused near the surface by
the added charge, polarizing the hydrogen molecules. The curve shows a schematic of
the H2 binding energy versus the charge state of C60 ; corresponding literature values
can be found elsewhere [141, 148]. (right) A molecular orbital diagram of H2 bound via
Kubas interaction to a transition metal atom. For reasons of simplicity only the metal
d-orbitals that take part in the H2 bonding are indicated for the metal center, M.

A different potential pathway for hydrogen storage is via hydrogen spillover
where a dispersed active catalytic site, for instance a metal center, supported
by a host material (often simply called the support), can facilitate the dissociation of hydrogen under conditions that are thermodynamically unfavorable
for the pristine host. Subsequent to the dissociation of H2 and adsorption of
atomic hydrogen on the metal, H atoms migrate from the metal onto the sup-
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port and diffuse away, the so-called spiltover hydrogen. The presence of the
catalytic center decreases the activation energy needed for the molecule to
dissociate and adsorb on the support, an effect that is well known in the field
of catalysis. If this works in both sorption directions, the mechanism can enable hydrogenation as well as dehydrogenation under preferable conditions
[93, 94]. While theory endorses hydrogen spillover the topic is still heavily debated. In figure 1.5 a comparison between hydrogen spillover on a carbon nanotube and a typical metal hydride is depicted.

Figure 1.5: The different steps in hydrogen absorption for metal hydrides are: H2 adsorption on the metal, dissociation of H2 , absorption of H and subsequent diffusion
into the metal host lattice. The same steps occur for hydrogen spillover, followed by
the transition from the metal onto the underlying support, a carbon nanotube in this
case, and further diffusion on the support. The main difference between metal hydrides and hydrogen spillover is that the majority of hydrogen is bound to the support
in the case of spillover, and not to the metal. The metal dramatically reduces the effective activation energy for absorption and thus hydrogen can bind to the support under
conditions energetically not feasible in its absence.

By sophisticated tailoring of carbon materials it is thus possible to attain hydrogen storage materials satisfying the demands on a modern storage technology.
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Table 1.1: Common fuels and their corresponding gravimetric and volumetric higher
and lower heating values (HHV and LHV) [88].

Gasousa

Fuel

Higher Heating Value
MJ/kg

MJ/l

MJ/kg

MJ/l

Hydrogen (101 kPa)

142.2

0.013

120.2

0.011

Hydrogen (70 MPa)

142.2

5.6

120.2

4.7

52.2

0.041

47.1

0.037

141.8

10.0

120.1

8.5

Crude oil

45.5

38.6

42.7

36.1

Gasoline

46.5

34.7

43.4

32.4

Diesel

45.8

38.3

42.8

35.8

Methanol

22.9

18.2

20.1

16.0

Ethanol

29.8

23.6

27.0

21.3

Acetone

31.9

24.9

29.6

23.2

Liq. petroleum gas

50.2

25.5

46.6

23.7

Liq. natural gas

55.2

23.6

48.6

20.8

Dimethyl ether

31.7

21.1

28.9

19.2

Methyl ester

40.2

35.7

37.5

33.3

Propane

50.2

25.5

46.3

23.5

Natural Gas (101 kPa)

Liquid

Liquid Hydrogen

Solid

Coalb
Coking coal

b

Farmed trees

c

Herbaceous matter
a

Lower Heating Value

c

24.0

22.7

29.9

28.6

20.6

19.6

18.1

17.2

: At 273 K, b : Wet basis, c : Dry basis
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1.3 This thesis
In the previous introductory sections, the driving forces for a change towards
renewable energy sources and away from fossil fuels for heat and electric
power generation have been described. Energy storage was identified as one
of the major roadblocks; caused by the irregularity of energy production,
based on fluctuating sources. Hydrogen was proposed as an ideal energy
storage medium with appealing properties such as abundance, the existence
of closed life cycles, the highest heating value of all chemical compounds
and the possibility of its use without causing pollution. The disadvantage
of hydrogen as a storage medium is the fact that it is highly combustible
in gaseous form and has a very low boiling point at ambient pressures
(≈ 21 K) leading to low volumetric densities at ambient conditions. Storing
hydrogen in compounds such as metal hydrides dramatically increases the
volumetric density but at the cost of gravimetric density. Finding a suitable
compromise between these two along with suitable thermodynamics, i.e.
practical sorption temperatures and kinetics leading to fast and reversible
cycling, is an ongoing scientific and engineering endeavor. The ideal binding
energy for H2 is thought to be between 20–40 kJ mol−1 H2 , which requires
careful attention to the nature of the bond [70]. A second viable approach is to
reduce possible energy barriers for absorbed atomic hydrogen, such as large
bond dissociation energies. Modified carbon structures were commended in
these terms and the low weight, abundance and variability of carbon were
highlighted. On this basis, the research performed in the course of this thesis
has focused on novel nano-structured carbon materials with prospectively
high energy storage capacities.
The research described herein was conducted on three different classes of
carbon materials. Owing to their differences and different possible applications, this thesis is structured such that it is not intended to be read cover to
cover but rather chapter by chapter. A comprehensive overview of theory and
experimental methods relevant to this thesis as a whole is given in chapters 2.1
and 2.2, respectively. Each following chapter is a treatise of a particular class
of materials. The materials include metal decorated graphenes (chapter 3),
metal intercalated fullerenes (chapter 4) and corannulene derivates (chapter
5). The first two materials are of interest as potential, lightweight and cheap
hydrogen storage materials while the latter are found to exhibit large lithium
capacities and are thus potential candidates for Li-ion battery anode materials.
In chapter 3 investigations on thermally exfoliated graphite oxide (TEGO)
and lithium and nickel decorated derivatives of TEGO (Li- and Ni-TEGO) are
presented. The preparatory introduction elucidates why this novel class of
materials deserves special attention followed by a description of the synthesis
of the different samples. The focus of the conducted research rests on their
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structural identification and evaluation of a possible hydrogen storage
utilization. Nickel decorated graphene was studied in particular depth and
besides a thorough characterization, muon spin relaxation and volumetric
hydrogen gas sorption measurements are presented. Both techniques give
insight into the hydrogen storage capacity of Ni-TEGO which is dramatically
increased as compared to the undecorated TEGO. Li-TEGO was found to
be unstable and was only present with oxidized lithium species; hence, no
hydrogenation experiments were conducted on these samples.
The investigations of assorted metal intercalated fullerenes are reported in
chapter 4. Similar to metal decorated graphenes, theory predicts significant
interaction of the material with hydrogen, which is the focus of the
corresponding introductory section. The main focus of this chapter lies on
the investigations of pure, sodium and lithium intercalated fullerenes in
view of their potential as lightweight hydrogen storage materials. Hydrogen
and deuterium sorption measurements show a dramatic capacity increase of
the fullerides compared to pristine C60 and significantly reduced absorption
and desorption temperatures. X-ray and neutron powder diffraction on the
hydrogenated and dehydrogenated samples show the appearance of minor
NaH (NaD) and LiH (LiD) reflections. The hydrogenation/dehydrogenation
is thus accompanied by a deintercalation and corresponding reintercalation
of minor quantities of sodium and lithium, all well below the common
decomposition temperatures of the separate species.
Besides investigations on novel hydrogen storage materials,
corannulene, a small, corrugated fraction of C60 , and the derivative
decakis(phenylthio)corannulene was investigated by means of galvanostatic
lithium cycling measurements. Both materials have been shown to exhibit
significant lithium intercalation capacities and are thus believed to be
promising candidates for future Li-ion battery anode materials. However,
the preliminary results presented in chapter 5 call these assumptions into
question.
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2

Methods

The materials used in the here reported work are either novel materials, in
every respect, or novel with respect to hydrogen storage. To be able to draw
unambiguous conclusions it is therefore crucial to study the materials characteristics thoroughly, prior and post hydrogen sorption. Consequently a large
part of the here reported work was conducted in the area of materials characterization. To gain a holistic view of the structure, hydrogen mediated structural changes and physical as well as chemical properties of any given material, the application of a variety of complementary measurement techniques is
required.
The majority of the here utilized experimental setups and techniques belong
to the standard toolbox of modern science and only a brief description is given
rather than a detailed analysis of the underlying method. Two experiments are,
however, more unusual, namely SQUID magnetometry on superparamagnetic
nanoparticles as well as muon spin repolarization. Hence, a more comprehensive overview is given below.

2.1 Theory
2.1.1 Superparamagnetism in nanoparticles
If ferromagnetic particles are sufficiently small, the energy cost of forming or
maintaining domain walls is higher than the resulting savings in demagnetization energy. In such a case the particles are in a single-domain, also called
monodomain, state. All magnetic moments within a single-domain particle
point in the same direction and the particle is therefore magnetically saturated
in the absence of an external field. The magnitude of this moment can be written as µ = V M s , where V is the volume of the particle and M s the saturation
magnetization. Multi-domain particles of soft magnetic material can adjust
easily to external magnetic fields, by moving the domain walls with relative
ease and thus showing a low coercivity. Contrary single-domain particles respond to external magnetic fields by simultaneous rotation of all internal magnetic moments as one and thus, show a much larger coercivity. A phenomenon
that strongly increased the interest in the study of magnetic nanoparticles. As
one delves deeper into the theoretical description of an ensemble of magnetic
nanoparticles two major difficulties become apparent. Firstly the magnetic
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dipole-dipole interaction between the particles and secondly the intricate nature of the characteristic anisotropy of each particle.
The dipolar coupling between two nanoparticles with magnetic moments
~1 and µ
~2 is dependent on the mean distance r between them and the mutual
µ
alignment. The potential energy can be written as [10]:
·
¸
¢¡
¢
µ0
3 ¡
~1 · µ
~2 − 2 µ
~1 ·~
~2 ·~
E=
µ
r µ
r
(2.1)
4πr 3
r
with µ0 the vacuum permeability. Since the magnetic moments are dependent
on the volume of the particles one finds that the dipolar coupling is proportional to E ∝ V /r 3 . Thus, in a sufficiently dilute system the influence of dipolar
interactions are small compared to typical anisotropy energies.
Amongst others the spin-orbit coupling of electrons is influenced by the
crystal lattice, thus, it is clear that the crystal can induce directionality in the
spins. This leads to preferred directions in which it is particularly easy to magnetize the crystal, the so-called easy axes. To magnetize the crystal into a less
preferred direction a certain energy barrier must be overcome, the anisotropy
energy barrier. The effective anisotropy K eff of individual particles is a more
complex matter and usually several, very different, contributions need to be
considered. For nanoparticles in particular, in contrast to bulk crystals, the
crystal structure plays a much less dominant role in defining the preferential
direction of magnetization such that amongst others shape, stress and surface
effects have non negligible contributions to the anisotropy.
• Magnetocrystalline anisotropy: To magnetize a crystal along certain
crystallographic directions can be easy or hard (easy axis / hard axes).
Nickel, as an example, shows cubic magnetocrystalline anisotropy
with a negative anisotropy constant and eight equivalent 〈111〉 easy
magnetization directions along the diagonals of the unit cell.
• Magnetostriction - stress anisotropy: Stress can alter the lattice and
lead to changes of the hybridized orbitals or overlap of orbitals of
neighboring atoms. Since the exchange interaction strongly depends on
these, induced strain can alter the overall magnetic energy density and
thus the anisotropy.
• Surface effects: While surface effects do not play a fundamental role for
large crystals, the small size of nanoparticles leads to a large fraction of
the crystals atoms being at the surface. The distinction between surface
and core atoms is due to the different environment caused for instance
by the lower amount of nearest neighbors, atomic vacancies, changes
in atomic coordination, dangling bonds and lattice disorder. In certain
cases surface defects can be so dominant as to cause ferromagnetic behavior in nanoparticles that are otherwise diamagnetic [114], e.g.cerium
oxide [69, 36] or niobium nitride [108].
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• Magnetostatic - shape anisotropy: To counteract the magnetization of
a particle and reduce the corresponding dipolar energy, demagnetizing
fields arise that in sufficiently large particles force the formation of domain walls. While dipolar energy is saved, the formation of domain walls
requires energy such that at some point an equilibrium is reached. For
single domain particles this mechanism of domain wall creation versus
dipolar energy stops to work since no further domains can be created
due to the high cost in energy. However, the shape of the particle itself can lead to large dipolar energy along certain directions and lower
energy in others. In thin films for example the magnetization favors an
in-plane preferential orientation while in prolate ellipsoids the magnetization will be along the polar axis. The later is the case for the nickel
nanoparticles present on one of the investigated samples.

The description of an ensemble of differently sized magnetic nanoparticles
with slight alternations in shape is exceedingly difficult. In the course of this
thesis the magnetic properties of single-domain nickel nanoparticles have
been investigated and the focus of this theoretical discussion is thus on cubic,
single-domain, particles. These simplifications narrow down the complex
description significantly. Previous studies on the influence of size distribution
but also shape distribution have concluded that for assemblies of cubic
magnetic nanoparticles the total energy is easily dominated by the shape
and surface anisotropy [125]. In an easy approximation alternations in shape
of generally spherical particles are of ellipsoidal nature and the combined
anisotropy can thereafter be well described by an uniaxial anisotropy with the
polar axis (see figure 2.1 (a)) of the ellipsoid being the easy magnetization axis.
So even though the nanoparticles show cubic magnetocrystalline anisotropy,
the overall effective anisotropy of a randomly oriented dilute assembly of
nanoparticles is comparable to that of pure uniaxial magnetic anisotropy.
This is an assumption often found in literature, however, while vital to the
further description of a magnetic system a justification for this assumption
can be rarely found.
Let us now consider a dilute assembly of ferromagnetic, single-domain
nanoparticles with prolate spheroidal shape that, as described above, show
uniaxial anisotropy. Figure 2.1 (a) shows a schematic image of such a particle.
The equatorial axis is a, the polar axis is denoted c and assumed to be the
easy axis for magnetization. The anisotropy energy density of such particles
follows E a /V = K eff sin2 α, where V is the volume of the particle and α is the
angle between the magnetization M and the easy axis (see figure 2.1 (b) and
(c)). The energy has two minima at 0 and at π which correspond to the two
directions along the easy axis. A magnetic moment of a particle will hence
experience an energy barrier ∆E B = K effV between the two minima that
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needs to be overcome for the particle to flip its magnetization state from one
direction of c to the other.

Figure 2.1: (a) Prolate spheroid with the polar and easy axis c and the equatorial axis
a. (b) Two dimensional representation of the prolate spheroid in (a)in an external field
H . Θ is the angle between H and c, angle α is the angle between M and c and φ is
the angle between M and H . (c) Schematic representation of the energy density of an
uniaxial crystal with its two minima at 0 and π. The dashed line shows the same energy
density but while an external field is applied along the direction of the second minima.

For very small particles K effV becomes small enough, so that thermal energy
of the form E T = k B T , with k B the Boltzmann constant and T the temperature, suffices to overcome the barrier and the magnetization reverses spontaneously. When K effV ¿ k B T the assembly will, hence, behave like a paramagnet, however, instead of atomic spins, readily alignable with a sufficiently large
external field, the whole ensemble of spins within each particle will align. Since
nanoparticles have already hundreds if not thousands of atoms this state was
aptly named superparamagnetic. Superparamagnetism (SPM) should not be
wrongly regarded as a special case of the paramagnetism that ferro- and ferrimagnetic materials show above the Curie temperature. SPM is exclusively observed below the Curie temperature of ferromagnetic material and thus needs
its own theoretical background.
The field activated alignment of the the magnetic moments is countered by
thermally induced fluctuations causing misalignment (see dashed line in figure 2.1 (c)). As a thermally activated process the characteristic relaxation time
τ follows an Arrhenius law. The theory describing this time and temperature
dependence is often called the Néel-Brown or Néel-Arrhenius theory motivating the well known equation [86, 15, 5]:
µ
¶
∆E
τ = τ0 exp
(2.2)
kB T
with τ0 the fluctuation time or inverse fluctuation frequency and typically
around 10−9 s. Solving equation 2.2 for K eff one gets:
µ ¶
τ kB T
K eff = ln
.
(2.3)
τ0 V
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Equation 2.2 clearly demonstrates the dependency on temperature and the energy barrier but does not directly show the dependency on the experimental
measurement time t . t is different for the various existing techniques and for
DC-SQUID, as used in this thesis, a typical value is around t = 100 s.

Figure 2.2: Schematic illustration of nanoparticles in a small external field H . (a) shows
the blocked state where τ À t and H is to small to force the magnetic moments into
alignment. (b) depicts the particles freely fluctuating in the superparamagnetic state
τ ¿ t . The thermal energy is much larger than H and the net magnetization is zero.
(c) shows how the particles align with the applied external field within the observation
period t . The easy axes of the particles are indicated by dashed lines, their magnetic
moments by arrows.

Through experimental measurements t and τ are coupled and the outcome of
each measurement can be divided into different scenarios as follows:
• τ À t : If the relaxation time is much larger than the observation period
the particles will not have had the time to flip before the measurement
is concluded. The particles can be thought of as in a blocked state (see
figure 2.2 (a)).
• τ ¿ t : If the time a particle resides in a certain magnetic state is short
compared to the measurement time, it is in a superparamagnetic state.
The particle will be easily aligned with a sufficiently large field, and in the
absence of such a field they will thermally fluctuate such that the average
magnetization of the ensemble equals zero (see figure 2.2 (b)).
• τ ≈ t : The probably most interesting case is when the measurement time
is roughly as long as it takes for the magnetic moments to relax. The magnetic moments will have a certain probability to align with an applied
field in time while not yet enough time has passed to flip out of the induced state again (see figure 2.2 (c)).
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N.B. due to the logarithmic dependency of τ/τ0 even large variations of the
time scales involved, for instance if measuring with different instruments, will
only lead to fractional changes in the results. Instead of differentiating the scenarios by their time one can without loss of generality divide them by their
respective temperatures. A visualization of the different regimes is purposed
in figure 2.2.
Stoner and Wohlfarth established their theory on magnetic hysteresis in heterogeneous alloys in 1948, where they describe their calculations on particles
similar to ours. In contrast to the Néel-Brown theory the Stoner-Wohlfarth
model can be used to calculate the magnetization curve for single-domain particles. With the two equatorial axes equal, the sum over all spheroid axes gives
2N a + Nc = 4π. The energy induced by the applied magnetic field can be written as:
¡ ¢
E H = −H M cos φ

(2.4)

The energy associated with the demagnetization field is [112]:
¡
¢
1
E D = M 2 Nc cos2 (α) + N a sin2 (α)
2

(2.5)

with N a,c the demagnetization coefficients along the corresponding axes. Substituting cos2 (α) with 1 − sin2 (α) and plugging this into equation 2.5 one gets:
1
1
E D = M 2 Nc + M 2 (N a − Nc ) sin2 (α)
2
2

(2.6)

The second part of this equation can be identified as the angle-dependent part
of the anisotropy energy for uniaxial systems and thus the shape-anisotropy
constant K s is given by:
1
K s = M 2 (N a − Nc )
2

and for SI units:

1
K s = µ0 M 2 (N a − Nc )
2

(2.7)

When the particle becomes spherical (N a = Nc ) the shape anisotropy vanishes
as expected and with the previously chosen assumptions the relevant total energy E tot of a dilute assembly of prolate spheroid particles in an external field
can be described by the sum of the equations 2.5 and 2.4:
¡ ¢
1
E tot = E D + E H = M 2 Nc + K s sin2 (α) − H M cos φ
2
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(2.8)

2.1.2 Muons, unstable elementary particles
Muons are elementary particles, very similar to electrons. Like electrons they
belong to the class of leptons, further including the tauon and a corresponding
neutrino for each of the three heavy leptons.
¡ ¢ anti-leptons
¡ ¢For every lepton exist
and the basic properties for the muon µ− and anti-muon µ+ are listed in
table 2.1 below.
Table 2.1: Basic properties of muons and anti-muons.

Symbol

µ±

El. Charge

±1 e

Mass

105.7 MeV/c2 , 0.112 m p , 207 m e

Spin S µ

1/2

Gyeomagnetic factor

−2

Mean lifetime

2.2 µs

Muons are created during the interaction of cosmic radiation with matter in
the outer shells of the earths atmosphere. However, to produce muons in a
controlled way a high energy proton beam and thus a particle accelerator is
necessary. When a high energy proton beam is channeled on a target (usually
graphite) pions are created via:
p + p → p + n + π+

(2.9)

+

(2.10)

p +n → n +n +π

Pions have a mean lifetime of only 26 ns and will subsequently decay via a
two body process mediated by weak interaction:
π+ → µ+ + νµ

(2.11)

The weak interaction is the only fundamental interaction that breaks paritysymmetry. Parity violation implies that only left-handed neutrinos exist. Their
spins are always antiparallel to their linear momentum. In a likewise manner
only right-handed anti-neutrinos are found in nature. Taking a closer look at
equation 2.11 one discerns that while the pion is spinless both products have
spin 1/2 which must therefore be directed antiparallel for reasons of conservation. Considering that the pion is at rest prior to decay, which is the case at the
research facility of concern in this thesis, momentum conservation dictates
that the muon and the neutrino must have equal and opposite momentum. As
a result all emitted muons are 100 % spin polarized with a spin antiparallel to
their direction of motion.
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Figure 2.3: Angular distribution of the positrons emitted in the decay of µ+ as determined by equation 2.14. The angular distribution varies depending on the energy of
the positron. In general positrons are preferentially emitted parallel to the spin of the
muon.

With a mean lifetime of 2.2 µs muons have one of the longest lifetimes of all
unstable subatomic particles. The subsequent decay of the muon is a three
particle process and as well mediated exclusively by weak interaction. For every muon decay an electron is produced, of the same electrical charge as the
muon, and two neutrinos. Equation 2.12 and 2.13 describe the decay processes
for muon and anti-muon respectively.
µ− → e − + νe + νµ
+

+

µ → e + νe + νµ

(2.12)
(2.13)

Parity is violated again, as was the case for the pion decay. However, this time
it is a tree instead of a two body process and the resulting e ± are emitted
anisotropic. The probability of measure a positron at an angle Θ towards
the direction of the muon spin can be expressed by an angular distribution
function following:
W (Θ) = 1 + α cos (Θ),

(2.14)

where 0 ≤ α ≤ 1 monotonically increases with the energy of e ± . The preferential direction of emission of electron or positron is therefore parallel to the spin
of the muon. This preferential emission can be used to track any changes towards the muons spin before the decay, however, requires large quantities of
positrons for satisfying statistics.
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As reported in table 2.1 muons have a mass of about 105.7 MeV/c2 or approximately a ninth of a proton and 200 times that of the electron. As a result
of their higher mass and the lower amount of emitted bremsstrahlung upon
injection, muons penetrate matter much deeper than electrons of the same
velocity. Within condensed matter the implanted muon interacts with its host
in a variety of ways that can be used to deduce information of the host. One
particular measurement technique, µSR, is reported in section 2.2.4.

2.2 Experimental
This section presents a brief description on the experimental methods and setups used to gather the data that is analyzed and discussed in this thesis. The
focus does not rest on reevaluating established measurement techniques and
the discussion is limited to a clarification of the use setups rather than on an
explanation of the underlying principles.

2.2.1 Powder diffraction
Powder diffraction techniques are commonly used for the detection of crystalline structures within samples. While diffraction occurs when ever a propagating wave encounters an object or a slit the method used here takes place
on periodic structures. These periodic structures cause the incident beam to
diffract into specific directions. Unlike in single crystal diffraction, where the
incident beam is diffracted on only one crystallographic direction, ideally all
possible crystalline orientations are present equally in a powder sample and
will contribute to the diffracted beam. To attain true randomness and counter
possible texturing the orientation of the powder samples are generally rotated.
As a result the three dimensional reciprocal space of a corresponding single
crystal is projected onto a single dimension for a powder sample. This becomes
especially apparent when the diffraction patterns on a two dimensional detector plate are compared. While for single crystal well defined Laue spots are
observed, powder samples generate rings caused by the average orientation
of the crystallites. The angle, commonly called scattering angle, between the
→
−
−
→
incident k i and the diffracted beam k o is denoted as 2Θ (see figure 2.4). Following the Laue condition constructive interference only occurs if the vector
−
→ →
−
→
−
→
−
→
−
k o − k i = ∆ K equals a reciprocal lattice vector G ; in which case ∆ K is called
scattering vector. Therefore each ring detected in a powder diffraction experiment corresponds to a family of reciprocal lattice vectors of the same length.
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Figure 2.4: Representation of Bragg’s law in real space. The spheres represent atoms on
→
−
periodic lattice positions. An incident beam k i of wavelength λ is scattered on the lattice planes of distance d . Constructive interference occurs under the Bragg condition
→
−
nλ = 2d sin (Θ). The scattering angle 2Θ is the angle between incident k i and diffracted
−
→
beam k o .

Powder diffraction experiments are generally presented in so-called diffractograms where the recorded intensity of the diffracted beam is depicted as a
function of either the scattering angle 2Θ or the length of the scattering vec→
−
tor ∆ K . The latter has the advantage that it is independent of the wavelength
of the used radiation. This can be of particular usefulness since different radiation sources, for instance neutrons or various kinds of x-rays, have different
wavelength. Within this thesis X-ray and neutron powder diffractograms are
presented and so the different used setups are explained below.

2.2.1.1 X-ray powder diffraction
The interaction of X-rays with condensed matter is based on the scattering of
X-ray photons with the electron cloud of the sample under investigation. The
scattering amplitude therefore increases proportional to the atomic number
Z. Heavy, electron rich, elements are easier to detect than light elements which
can cause problems when investigating samples made up by weak scatterers.
Powder X-ray diffraction (XRD) was performed on a laboratory Bruker D8
Advanced diffractometer operating in parallel beam geometry. The Bruker D8
was equipped with a copper target (λCuK α = 0.1541 nm) and Göbel X-ray mirror, to parallelize the incident beam. The diffracted beam was detected by a
one-dimensional position sensitive VÅNTEC-1 gas detector.
Sample preparation was conducted under inert atmosphere within argon
filled glove boxes. Generally the powder samples where filled into 0.5 mm
quartz capillaries, with a wall thickness of 0.01 mm, sealed by melt off.
This allowed contamination free handling and measurements, which were
performed at room temperature. Capillaries were subsequently mounted via
a goniometer head to a rotation stage at the center of the circle described by
X-ray tube and detector.
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For Rietveld refinement a software called TOPAS from Bruker was used. The
origin of the refined crystal structures is always mentioned.

2.2.1.2 In situ neutron powder diffraction
One of the most fundamental results of quantum physics is the wave-particle
duality. Neutrons can behave like waves and scatter and diffract akin with Xrays. The wavelength of thermal neutrons is in fact similar to that of X-rays
resulting in very similar scattering angles. However, the main difference between XRD and neutron diffraction is that unlike X-rays, neutrons are scattered by nuclei (strong nuclear force) instead of electrons (electromagnetic
force). Since neutrons interact by strong interaction with the potential of the
nucleus the scattering cross sections vary for different elements and even for
different isotopes of the same element. While hydrogen and deuterium is basically transparent for X-ray radiation neutrons are heavily scattered. At the
same time the cross section for hydrogen is over 10 times higher than that for
deuterium but mostly due to incoherent scattering, which is why commonly
deuterium is used for neutron diffraction.
All in situ neutron powder diffraction measurements were conducted at the
high resolution powder diffractometer (HRPT) of the Swiss Spallation Neutron
Source (SINQ) at the Paul Scherrer Institute (PSI) in Villingen, Switzerland. The
facility provides a continuous beam of thermal neutrons created in a spallation
source. The moderated neutrons passed a collimator after which they were filtered by a silicon crystal and subsequently passed through a monochromator before entering the sample. The neutron flux was constantly recorded and
possible fluctuations have been accounted for in the analyzed data. Neutron
detection was performed with a large position sensitive 3 He detector with a
high resolution of (δd /d < 0.001). For the conducted experiments a radiation
type furnace was installed which permitted heating of the sample in a range
of 300–700 K. A gas-handling system, similar to the setup discussed in section
2.2.3.2, was used for the in situ neutron scattering experiments. This enabled
measurements at different gas pressures and, combined with the furnace, variable temperature.

2.2.2 X-ray photoelectron spectroscopy
The surface properties of a material can dramatically influence catalytic
activity, adhesion, corrosion rates, the contact potential, wettability,
chemisorption kinetics and many more factors. Since all condensed
matter interact with their surroundings by means of their surfaces, surface
characterization is paramount for a full understanding of these processes.
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy
for chemical analysis (ESCA), is one of the most commonly used experimental
techniques for the determination of specific surface characteristics. As
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a quantitative, surface sensitive spectroscopic technique XPS is able to
accurately measure the elemental composition and the chemical and
electronic state of the first few nanometers of the sample under investigation.
XPS is rooted in the photoelectric effect. When photons of sufficiently high
energy E = hν hit a material the electrons within can interact with the photon
and absorb the energy carried by the wave package. Is this energy larger than
the work function W of the material the electron has sufficient energy to eject
from its bond partner into a state at rest in the vacuum. The experimental
quantity measured is the kinetic energy of the electrons detected in the
spectrometer. Since this is dependent on the frequency of the X-rays it is not
an intrinsic material property. The quantity of real interest is the binding
energy (B.E.) of the electron, which can be determined by:
E B.E. = hν − E K.E. − W

(2.15)

where hν is the photon energy, E K.E. is the kinetic energy measured with the
spectrometer and W is the analyzer work function, i.e. the minimum energy
required to remove an electron from the solid and into the analyzer.
The XPS measurements presented in this thesis were performed on a modified VG EscaLab spectrometer. Photoelectrons were detected using a Specs
PHOIBOS 100 hemispherical energy analyzer. The X-ray source was operated
with an aluminum target. Since the so generated X-ray light is polychromatic
the outlet of the X-ray gun was spanned by a sub-µm, high purity, aluminum
foil. This foil dramatically reduces the Bremsstrahlungs quantity of the X-ray
spectrum, blocks ejected electrons from entering the XPS chamber and additionally feeds low energy photoelectrons to the sample surface. The latter is
of particular use since long periods of photoelectron generation will leave a
samples surface slightly electron depleted, even a well grounded one, which is
compensated in this way. As a result the X-ray light that illuminated the sample
consisted mainly of the well defined, characteristic Kα lines of aluminum. The
base pressure of the UHV system was below < 10−7 Pa. A particularity of the
instrument is the directly connected Ar filled glove box. This way the samples
could be prepared within the confines of inert atmosphere and subsequently
transferred via the connected XPS load lock without exposure of contaminants.
All prepared powder samples were pelletized in a hand worked pettel press.
The resulting pellets were securely placed onto copper sample holders of a diameter slightly smaller than the sample pallet to prevent any photoelectron
creation from the sample holder.
Data analysis was performed using CasaXPS and specifics of the curve fits
are explained in the corresponding section.
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2.2.3 Gas sorption measurements
2.2.3.1 pcT measurements
Most hydrogen and deuterium sorption measurements were conducted
on in-house build dynamic pcT (pressure-composition Temperature)
instruments. The main difference of this type of instruments to the more
commonly used ones, employing the Sieverts method, is that the latter work
at near-equilibrium conditions while the dynamic pcT does not. The dynamic
pcT instrument measures the supplied amount of hydrogen by means of
thermal mass flow controllers (MFC) instead of calculating it via pressure
changes. Hydrogen MFCs measure the amount of H2 by means of the specific
heat capacity of the gas. This is done in a simple procedure. First the gas
temperature is measured at the inlet of the device. The gas will subsequently
pass a heating stage before exiting at the outlet where the temperature is
measured again. The difference in ∆T can be used to calculate the amount of
passed through gas; which is directly proportional. A review of the dynamic
pcT instrument and the underlying method can be found elsewhere [8].
Sample handling prior to mounting to the dynamic pcT instrument was conducted in the inert atmosphere of an argon filled glove box. The sample holders
consist of elongated stainless steel cylinders that can be sealed by means of gas
tight valves. After transfer from the glove box and subsequent mounting to the
dynamic pcT instrument the gas line between the dynamic pcT and the valve
was evacuated. The external piping and the sample holder were outgassed at
around 523 K for typically 16 h after which a base pressure of < 0.08 Pa was
reached. During this whole procedure the temperature was monitored in situ
and controlled by a JUMO Imago 500 multichannel process controller.

2.2.3.2 BET measurements
Various sorption measurements have been conducted on a BELSORP-max by
BEL JAPAN INC.. Three types of measurements have been performed with
this system that can be separated into adsorption measurements with helium,
hydrogen and nitrogen gas. The instrument is fully automatic and works by
the Sievert’s method. In short, the sample, at known pressure and volume, is
connected to a reservoir of well known volume and pressure. An automatic
valve isolates the reservoir from the sample volume and by opening this
isolation valve a new equilibrium is established. The amount of sorbed gas is
thereafter determined via the equation of state for gas and the gas pressure
change of the old and new equilibrium.
Sample preparation was conducted within an argon filled glove box. A cylindrical glass sample vial was filled with a precise amount of sample. A glass rod
was subsequently inserted to reduce the dead volume of the vial after which
a closing valve was inserted. This valve functioned as both a filter, preventing
powder to enter the BET instrument in case of rapid pressure changes and tur35

bulences, as well as a closing valve which only opened upon insertion into the
instrument and closed upon extraction. This way the samples never needed to
be exposed to contaminants.
Nitrogen adsorption was used to determine the Brunauer–Emmett–Teller
(BET) specific surface area of thermally exfoliated graphite oxide. Measuring
BET specific surface areas is the main purpose of the instrument, which is why
it is often simply called BET instrument. The underlying theory of Brunauer,
Emmett, and Teller aims to explain physisorption of gas molecules on solid
surfaces and in particular addresses multilayer adsorption [16]. The main assumptions made during the derivation of the theory are:
• Adsorption takes place on well-defined adsorption sites
• Each adsorbed molecule provides a new adsorption site for another
molecule
• E 1 is the unique energy of adsorption of the first monomolecular layer
• Every additional layer has the same constant energy equaling the heat of
condensation E L
• Each individual layer does not interact with any other layer
• The uppermost molecular layer is in equilibrium with the gas phase
• At the saturation pressure the number of adsorbed layers is infinite
These assumptions can restrict the use of the BET theory and careful examination is necessary to determine if it is a viable approach. The thus derived
BET isotherm equation can be written as
µ ¶
C −1 p
1
p
¡
¢=
+
,
(2.16)
VmonC VmonC p 0
V p0 − p
where p and p 0 are the pressure and the vapor pressure of the adsorbate at
the measurement temperature, V is the volume of adsorbed adsorbate, Vmon
is the volume corresponding to the amount of adsorbate required to form a
monolayer and C is the BET constant. It is important to note that the volume
is not a temperature and pressure independent value and hence has to be defined at special conditions. The standard state, defined by BEL JAPAN INC., is
T = 273.15 K and p = 101.3 kPa, and the same standard state was used for all
BET analysis. The BET constant C is defined as
µ
¶
E1 − EL
,
(2.17)
C = exp
RT
with E 1 the heat of adsorption of the first layer, E L = E 2 = E 3 = ...... the heat of
adsorption for all subsequent layers, R the gas constant and T the temperature.
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With a y-axis of

p
¡
¢
V p0 − p

and an x-axis depicting p/p 0 the BET adsorption isotherm described in equation 2.16 resembles a straight line in the range of 0.05 ≤ p/p 0 ≤ 0.35. Plotting
the data in this way enables an easy linear fit yielding the slope s and the y-axis
intercept i . Both can be used to calculate Vmon and the BET constant C via
Vmon =
C=

1
s +i

s
+1
i

(2.18)
(2.19)

In a final step the BET specific surface area a B E T can be calculated by
aB E T =

Vmon N A σ
,
Vmol m s

(2.20)

with NA = 6.022 · 1023 mol−1 the Avogadro constant, Vmol =
22.414 · 10−3 m3 mol−1 the molar volume of the adsorbate at standard conditions, m s the specific mass of the measured sample and σ the
cross-sectional area of an adsorbate molecule. As a particularity of the
measurement
setup the BELSORP-max already normalizes the y-axis data
¡ £ ¡
¢¤¢
p/ V p 0 − p
with m s and gives it in units of g cm−3 . It is therefore not
necessary to divide equation 2.20 by m s again and it was just mentioned here
for completeness.

2.2.4 Muon spin repolarization
Muon spin spectroscopy is an experimental technique based on the injection
of 100 % spin polarized muons into matter. For an introduction on the elementary particle see section 2.1.2. Subsequent to the implantation the muon spin
will be influenced by the materials properties, i.e. local magnetism, superconductivity and molecular dynamics. In analogy to other resonance techniques
such as electron spin resonance (ESR) or nuclear magnetic resonance (NMR)
a common abbreviation is µSR; standing for muon spin rotation, relaxation,
repolarization or resonance depending on the conducted experiment.
Subsequent to the implantation of µ+ into condensed matter they will lose
their remaining kinetic energy by means of Coulombic interactions in a fraction of nanoseconds (≈ 0.1 − 1 ns). The influence of thermalization on the
muons spin is very limited and no significant loss of polarization takes place.
Although strictly speaking leptons, thermalized µ+ behave like light protons
and will generally occupy interstitial sites within the host. For metallic samples the positive charge is immediately screened by the free electrons in the
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conduction band. The muon is essentially free in a so called diamagnetic state.
For semiconductors or insulators no rapid screening is possible due to the lack
of free, delocalized electrons. After deposition of the kinetic energy the positive muon will usually capture an electron to form a neutral hydrogen-like
state called muonium (Mu= µ+ + e − ). The analogy goes so far that besides a
very similar Bohr radius the electronic structure nearly equals that of equivalent hydrogen centers, except effects caused by the reduced mass of the muon.
As a consequence of local magnetic interactions the polarized spins will evolve
and precess. For this muons have only a limited amount of time.
This time window is the muons lifetime after which they decay in a three
body process (see equation 2.13). To date the only particle, of the three resulting, that is sensible to detect is the positron (for instance by means of a scintillation counters and photomultipliers). Since also the decay of the muon is mediated by weak interaction the decay violates parity and the positron is more
likely to be emitted parallel to the muons spin than in any other direction (see
figure 2.3). If the muon decays immediately its spin will have had no time to
interact and a positron will be emitted preferentially into a backward detector where it will be counted. If the muon decays later and its spin does half a
precession due to interactions, the emitted positron will be registered in a forward directed detector. The time evolution of registered positrons in forward
and backward direction are expressed by the functions NF (t ) and NB (t ) respectively. The normalized difference of the muons spin polarization can thus be
expressed by the asymmetry A(t ) given by:
A(t ) =

NB (t ) − αNF (t )
,
NB (t ) + αNF (t )

(2.21)

where α is a calibration factor determined prior to the actual experiment. A(t )
is characteristic for all influences the spin was exposed to prior to the muons
decay. A schematic illustration of the instrumental setup for zero field (ZF) and
longitudinal field (LF) µSR is shown in figure 2.5. The former is basically a measurement proportional to A(t ) and very sensitive to weak internal magnetic
fields. For the latter an external magnetic field is applied; parallel to the direction of the initial muon spin polarization. This way one can decouple the
spin from any sample internal field and by knowing the applied field deduce
information on the internal magnetism.
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Figure 2.5: Schematic of the instrumental setup used for ZF and LF µSR experiments.
A pulsed 100 % spin polarized µ+ beam is directed onto the sample. Before implantation the beam penetrates a trigger detector which activates all other detectors. This
dramatically reduces the background and noice from caused by accidental counts. By
means of ¡forward
and backward positron detectors the time evolution of the decay
¢
products e + are mapped. For a LF-µSR experiment a static magnetic field is applied
parallel to the initial spin of the muons.

In summary muons are used in a technique called µSR by implanting a fully
spin polarized beam of muons into the sample of interest. Within the sample
the spins of the muons will react to any internal or externally applied magnetic
field, be it constant or fluctuating. As a result of these interactions the spins are
redirected from their original direction and upon decay positrons are emitted
preferentially parallel to the redirected spins. Forward and backward detectors
count the emitted positrons and the time it took from implantation to detection. Resulting data will therefore include the asymmetry A(t ), the corresponding time and the measures of any applied external magnetic field. A more thorough collection of information on spin polarized muons in condensed matter
can be found elsewhere ([9, 26, 97]).

2.2.5 DC-SQUID magnetometry
A superconducting quantum interference device (SQUID) is a highly sensitive
magnetometer based on the quantum mechanical tunneling effect within a superconducting Josephson junction. Owed to their stunning sensitivity SQUID
magnetometers have become one of the most widely used types of instru39

ments in current magnetometry. The DC-SQUID has two parallel Josephson
junctions in a superconducting ring.
A single Josephson junction can be explained as two separate superconducting regions isolated from each other by a thin non-superconducting slab.
Cooper pairs can tunnel through the junction resistance free and without any
voltage difference over the junction. If the superconducting regions are totally
isolated the wavefunctions of the Cooper pairs within each region will have
unrelated phases; while the phases are coherent for each region. If φ1 is the
phase of the Cooper pairs in one region and φ2 the phase of the other region
than the current over the junction is:
¢
¡
I = I max sin φ2 − φ1
¡ ¢
= I max sin ∆φ ,

(2.22)

where I max is the maximal, Cooper pair based, current or critical current and
dependent on the thickness of the junction. Equation 2.22 is also called DC
Josephson current. The maximum current flows across the junction when the
phase difference is a multiple of π/2 and I = I max .
For a typical DC-SQUID two such junctions are placed in a superconducting
ring and the critical current of the junctions is much lower than the critical
current of the rest superconducting ring. A schematic of this can be seen in in
figure 2.6.

Figure 2.6: Left: Simplified illustration of a superconducting DC-SQUID ring with two
Josephson junctions (dark grey). An applied external magnetic field B ext (grey round
arrow) induces a circular screening current I S . Right: The voltage measured between
the two electrodes of the SQUID ring versus the normalized flux ΦB /Φ0 at constant
bias current I Total .

In the absence of magnetic fields or currents the phase of all Cooper pairs
takes the same value φ throughout the superconducting ring. If the Joseph-
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son junctions equal each other precisely an applied input current I Total will
split equally over both branches. If now an external magnetic field B ext is applied perpendicular to the ring, for instance by magnetic moments of a sample
place in the ring, the phenomenon of flux quantization takes place. A flux contained in a closed loop is quantized in units of single magnetic flux quanta
h
Φ0 = 2e
≈ 2.07×10−15 Wb; where h is Planck’s constant and e is the elementary
electronic charge. The phase around the closed ring is now not equal for all
Cooper pairs any longer and due to flux quantization it changes over a closed
loop by 2πn, where n is the number of the enclosed flux quanta [25]. The phase
change can thus be expressed by:
∆φB ext = 2π

ΦB
,
Φ0

(2.23)

where ΦB is the flux produced by the applied magnetic field. Since ΦB does not
necessarily equal an integer number of flux quanta a small current is generated
to produce a final phase change of 2πn. This generated current is often called
screening current I S . The phase change created by the screening current can
either add or subtract to the phase change of the magnetic flux to give a final
integer value and thus is modulated periodically with the period of one flux
quantum. The separate currents over each branch become:
1
I a = I Total ± I S
2
1
I b = I Total ∓ I S
2

(2.24)
(2.25)

with the signs alternating with the same periodicity as the modulated current.
This is the origin of the working principle behind DC-Squids.
If the applied current I Total to the DC-SQUID is slightly larger than the critical current across the junctions the excess current generates a voltage U that
can be read out between the electrodes of the ring. While an internal current
is modulated by any applied magnetic flux the voltage will be modulated correspondingly and is therefore a direct function of the flux ΦB . The voltage U
is in a minimum state when the current has its maximum and vice versa. In
this mode the superconducting ring of the DC-SQUID acts as a magnetic flux
to electric voltage transducer. Due to the periodicity of the voltage SQUIDs
measure fluctuations of fluxes rather than absolute values of magnetic field
strength.
In an actual SQUID the superconducting ring is isolated from all external
fields and the sample. This way possible disturbances from strong magnetic
fields are countered in addition to a much easier thermal management. The
SQUID is coupled via an input coil to a pick-up coil which in turn is exposed
to the sample and possible external magnetic fields. A change in the magnetic
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field at the pick-up coil induces a field in the input coil. The SQUID, inductively coupled to the input coil, can thereafter detect a change in the relative
magnetic flux. While the periodicity of a current biased SUID, as has been explained before, is one flux quantum this is not necessarily the limiting resolution. In analogy to a phase-locked-loop (PLL) a flux-locked-loop (FLL) can be
used to operate the DC-SQUID.
The FLL operates by using the measured periodic voltage to drive a coil close
to the superconducting ring. The coil is placed in such a way that it will generate a magnetic flux of equal strength and opposite polarity to the unknown
flux one wants to measure. This will effectively cancel out the flux within the
SQUID, such that it operates in a locked zero magnetic flux condition. By measuring the necessary current to drive the opposing coil one has a measure of
the magnitude of the unknown flux; matched by the opposing flux within a
fraction of the flax quantum.

2.2.6 Raman and infrared spectroscopy
When photons impinge on a molecule they can elastically or inelastically scatter. The latter is called Raman scattering and in the process the frequency of the
incident photons can either red or blue shift, i.e. decrease or increase respectively. Is part of the photon energy deposited onto the target by addition to the
internal energy, the resulting photon appears red shifted. One speaks of Stokes
scattering. In the reverse process, the photon increases its energy by absorption of internal energy of the target, the process is called Anti-Stokes scattering.
With the photon energies used in common Raman and Fourier transform infrared spectroscopy (FT-IR) the internal energy is related to vibrational energy
of the target. In this context Raman and FT-IR spectroscopy are very similar
but yield complementary information.
In Raman spectroscopy the detected photons correspond to the scattered
and thus shifted photons. Usually monochromatic laser light is used for illumination. The measurement requires the determination of the energy of the
scattered photons rather than the intensity. The recorded photons appear at
energies shifted from that of the incident light and directly corresponding to
the excitation energy. FT-IR commonly works in transmission and thus the
photons that have not interacted with the sample are collected. The used radiation is polycromatic infrared light and the whole wavelength spectrum is
measured simultaneously. The recorded transmittence or absorbance is subsequently plotted versus the wavelength or wavenumber. The latter is the result of a Fourier transform.
The main difference between Raman and FT-IR spectroscopy is based on the
different nature of the transitions taking place. In general, molecular vibrations
symmetric with regard to the center of symmetry of the molecule are forbidden for in the FT-IR spectrum. On the other hand antisymmetric vibrations,
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again with regard to the center of symmetry of the molecule, are forbidden
in the Raman spectrum. This particularity of Raman and IR spectroscopy is
called rule of mutual exclusion. Raman and FT-IR give therefore complementary information on the possible vibrational transitions. The selection rules are
a more precise formulation of the previously mentioned symmetry considerations. For an infrared detectable transition the dipole moment in a molecule
must undergo a change during vibration. For a transition to be Raman active,
the polarizability in a molecule must change during vibration. As a result of this
infrared spectroscopy provides information about functional groups whereas
Raman spectroscopy is used to study the carbon backbone of the sample investigated in this thesis.
The here presented Raman measurements were conducted on a Bruker Senterra Raman spectrometer equiped with a 532 nm laser. Infrared measurements were conducted on a Bruker Alpha FT-IR spectrometer with an Attenuated Total Reflectance (ATR) module and equipped with a diamond crystal
suitable for powder samples.
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3

Metal decorated graphene

3.1 Introduction
The possibility of scalable production of graphene and functionalized
graphene generated an incredible surge in interest in this class of materials
[24]. Pristine graphene has the largest specific surface area of all graphitic
materials (2630 m2 g−1 [92]) making it attractive for gas adsorption. Fully
hydrogenated graphene, called graphane, has a hydrogen content of
7.7 mass% [89]. As hydrogen is covalently bound to graphene the absorption
and desorption of H requires elevated temperatures making a commercial
use of graphane as a hydrogen storage material technically unfeasible. In
section 1.2 several ways to improve the interaction between carbon and
hydrogen were mentioned. Amongst others enhanced electrostatic binding
of H2 on C, Kubas interaction on metal doped carbon and hetero-catalytic
dissociation of hydrogen and subsequent spillover from the catalytic site to
the carbon support. In addition that lattice defects can play a fundamental
role in the dissociation of H2 and act as trapping centers [97]. The latter
can be of importance since the applied synthesis method for graphene,
thermal exfoliation of graphite oxide, produces a material with properties of
graphene but also very different from it, particularly a high defect density
and markedly less surface area. First principle calculations of lithium,
calcium and titanium decorated graphene propose hydrogen adsorption via
Kubas interaction and hydrogen storage capacities between 9.5–15.4 mass%
with a binding energy of approximately 20 kJ mol−1 H2 [53, 54, 63, 68, 144].
Other works, both experimental as well as theoretical, present evidence for
hydrogen spillover on calcium and platinum decorated graphene with the
possibility of full hydrogenation under preferable conditions and thus an
accessible hydrogen content of 7.7 mass% [91, 66, 31, 41]. From a technical
point of view working with metal and alkali-metal functionalized graphene
proves challenging. The main difficulty in studying this kind of material
lies in the need for an appropriate synthesis approach, performed in the
absence of oxidizing agents, and the subsequent handling under inert
conditions, all of which is necessary to prevent unwanted reactions and
oxidation of the material. This is critical since dealing with novel materials
and interpreting evidence can only be achieved if the experiments are repeatable and the materials properties remain equivalent for all measurements.
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In the following chapter novel materials, functionalized thermally exfoliated
graphite oxide, are discussed. Nickel and lithium decorated TEGO derivatives
have been produced by a two-step, oxygen and water free, synthesis approach.
The crystallinity of the samples have been investigated by means of X-ray powder diffraction (XRD), Raman spectroscopy, high resolution and high-angle
annular dark-field scanning transmission electron microscopy (HRTEM and
HAADF-STEM), electron energy loss spectroscopy (EELS) and selected area
electron diffraction (SAED). Information on the chemical composition and the
magnetic properties were gathered using X-ray photoelectron spectroscopy
(XPS) and a superconducting quantum interference device (SQUID) respectively. Helium and nitrogen adsorption experiments were conducted to measure the skeletal density and the Brunauer-Emmet-Teller specific surface area
(BET-SSA) of the samples. For the determination of the interaction with atomic
as well as molecular hydrogen muon spin repolarization (µSR) and volumetric
H2 gas adsorption measurements have been performed respectively.

3.2 Experimental
3.2.1 Sample synthesis
The basis for the investigations on metal decorated graphenes was thermally
exfoliated graphite oxide, which is also called graphene in this context. There
are various different methods to synthesize graphene on a gram scale and the
following is an explanation of the procedure used to produce the TEGO that
was studied in the cause of this thesis. Prior to exfoliation pure graphite powder (SGL Carbon, RW-A grade) was oxidized using Brodie’s method [14]. The
oxidation of graphite leads to an out of plain expansion of the graphite lattice.
This expansion is caused by the addition of functionalized groups between the
plains. The resulting graphite oxide (GO) is, unlike its hydrophobic parent material, hydrophilic. This property was utilized and GO was diluted and washed
in distilled water whereby residual traces of the solvents, used during oxidation, were removed. A subsequent drying at 333 K under air for about 24 h produced a green graphite oxide powder. The out of plain expanded lattice and the
many introduced functional groups in between the plains facilitate thermal
exfoliation of the lattice. To achieve this a propellant gas between the layers
needs to be formed, leading to an overpressure and thus forcing the interplanar bonds to break. This can be achieved by sudden heating of GO causing the
detachment of the functional groups from the plains.
To increase the efficiency of exfoliation a thorough oxidation is necessary.
Furthermore a large difference between the build up pressure of the propellent
gas and the external pressure is needed.
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Figure 3.1: Schematic visualization of the steps involved to synthesize TEGO from
graphite. (Graphite) Pristine graphite with an interplanar distance of 0.34 nm prior to
oxidation. (GO) Graphite oxide with increased interplanar distance due to the formation of various different functional groups (e.g. hydroxide, peroxide, epoxy, carboxyl
etc.). The exact distance is dependent on the oxidation state. (TEGO) Highly defective thermally exfoliated graphite oxide flakes are produced. The freed groups often
remove their respective carbon atoms from the lattice and leave lattice defects behind.
The amount of defects can be reduced by thermal annealing.

This was realized by placing GO at the end of a long quartz vial (see figure
3.2(a)). The vial was evacuated to high vacuum 10−3 Pa and subsequently
flash heated up to a temperature of 1423 K under dynamic high vacuum. At
this temperature the sample was kept for 30 minutes. By quickly placing the
quartz vial into the hot furnace, instead of heating it up conjointly, a heating
rate of À 500 K/min can be reached. The dynamic high vacuum ensured
that the freed propellent gas was quickly removed, preserving the needed
large pressure difference for exfoliation. Under these conditions thermal
exfoliation takes place in the first few seconds after the sample is placed in the
furnace. For further annealing and healing of defects the sample was kept at
at a high temperature for an extended period of time. The quartz tube was
afterward quickly cooled down to room temperature. Pictures of the dramatic
sample volume difference prior and post thermal treatment can be seen in
figure 3.2. As-synthesized TEGO was removed from the quartz tube under
inert conditions in a Ar-glove box (H2 O and O2 < 0.5 ppm). A more detailed
description on the synthesis of TEGO can be found elsewhere [81].
Different nominal stoichiometries of lithium and nickel decorated TEGOs
were synthesized by means of wet chemical methods. TEGO was mixed with
either lithium azide (LiN3 ) or nickel(II) acetylacetonate (Ni(acac)2 ) and subsequently the sample containing vial was evacuated below 10−3 Pa. The vial
was slowly submerged in liquid nitrogen and previously degassed anhydrous
tetrahydrofuran (THF, Alfa Aesar) was introduced. Due to the cryogenic temperatures the THF condensed and completely soaked the reagents.
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(a) Quartz vial prior to thermal exfoliation. The GO can be seen to the right where it appears as
dark flakes. The pump line is situated to the left.

(b) After thermal exfoliation the resulting TEGO shows a dramatic volume increase compared
to GO.

Figure 3.2: Pictures taken from the quartz vial used for thermal exfoliation 3.2(a) prior
and 3.2(b) post thermal treatment. The pictures were taken by Dr. Marcello Mazzani
and are adapted with kind permission.

To ensure absolute impregnation of TEGO with the precursor (LiN3 or
Ni(acac)2 ) the vial was removed from the liquid nitrogen bath and kept at
323 K for 12 h under constant stirring with a teflon coated magnetic stirrer.
The solvent was removed and a uniform black powder remained in the vial.
The
¡ −4product was slowly heated¢ up to 573 K under high dynamic vacuum
10 Pa, heating ramp of 60 K/h upon which the precursors thermally
decomposed. The Li- and Ni-TEGO show up as uniform black powder with
a higher volumetric mass density than TEGO. The samples described in this
chapter were synthesized by Dr. Mattia Gaboardi at the University of Parma.

3.2.2 Experimental procedure and setups
All samples were exclusively kept under vacuum or anaerobic conditions and
in between measurements they were only handled in argon filled glove boxes
(H2 O and O2 levels < 0.5 ppm). This preserved unsaturated defects and dangling bonds for as long as possible and at the same time prevented moisture
build up, oxidation and other contamination.
In case of high resolution transmission electron microscopy (HRTEM),
high angle annual dark field scanning transmission electron microscopy
(HAADF-STEM), selective area electron diffraction (SAED) and electron
energy loss spectroscopy (EELS) small amounts of Ni-TEGO were exposed to
air and quickly dispersed in isopropanol. These samples have been discarded
after the measurements due to very probable contamination. Small droplets
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of this suspension were deposited onto carbon coated copper grids and
then loaded into the respective instrument. Two differently equipped JEOL
JEM-2200FS microscopes were used. One was stationed at IIT (Istituto Italiano
di Tecnologia) in Genova and the other at IMEM-CNR (Istituto Materiali per
Elettronica e Magnetismo - Consiglio Nazionale delle Ricerche) in Parma,
Italy. The microscope of the Parma facility was equipped with with a Schottky
gun working at 80 and 200 kV (resolution of 0.3–0.19 nm respectively), an
in-column energy filter (JOEL, Ω-type), a high resolution CCD camera, an
EDS and STEM detectors. HAADF-STEM (200 kV) and HRTEM (80 kV) images
were acquired on this instrument. The microscope stationed at the IIT in
Genova was used to record SAED patterns and HRTEM images of deposited
nickel nanoparticles; fitted with a Schottky gun working at 200 kV and a CEOS
3rd order aberration corrector in the objective lens, capable of a resolution
of 0.1 nm. The EEL spectra were measured on a FEI Tecnai G2 microscope
equipped with a Gatan Enfinium SE spectrometer (model 976) at IIT in
Genova, Italy.
For Raman spectroscopy and X-ray diffraction the samples were filled into
∅ = 0.7 and 0.5 mm quartz capillaries with a wall thickness of 0.01 mm respectively. The capillaries were sealed by melt off. Raman spectroscopy was
measured with a 532 nm laser and an output power of 10 and 20 mW at a
magnification of 10x and a resulting spectral resolution of 3.5 cm−1 . The X-ray
diffractometer and the Raman spectrometer are explained in sections 2.2.1.1
and 2.2.6 respectively.
DC-SQUID magnetometry was carried out on a MPMSXL-5 SQUID magnetometer at the university of Parma, Italy. About 12 mg of sample was sealed
in 5 cm long quartz tubes under a helium pressure of 10 Pa. Hysteresis loops
were measured at 2 and 300 K temperature with an applied field range of ±5 T.
For the zero-field-cooled (ZFC) and field-cooled (FC) SQUID measurements
a magnetic field of µ0 H = 3 · 10−3 T was applied in the temperature range of
2–400 K.
Zero field and longitudinal field muon spin repolarization (ZF and LF
µSR) measurements were carried out on the EMU spectrometer at the
ISIS-Rutherford Appleton Laboratory, England. The detectors of this facility
have the longest data accumulation time of all muon spin facilities (about
15–20 µs) and are therefore superior in terms of recording the evolution of
the muon spin at long timescales. The muon beams are pulsed and 100 %
spin-polarized. For the measurement about 350 mg of Ni-TEGO was pressed
in an airtight silver coated aluminum cell and sealed with kapton windows.
A transversal field (TF) measurement was performed at 300 K on a pure
silver plate to estimate the full asymmetry of 21.7(1) %. In order to obtain
the baseline of 9.25(6) % a second measurement was performed on a quartz
sample for which 100 % of the muons form muonium.
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Hydrogen sorption was measured volumetrically with a pcT instrument at
77, 93 and 103 K and in a pressure range of 0–4 MPa H2 . Due to the exceptionally low bulk density of the synthesized samples only about 100–200 mg could
be compressed inside the airtight stainless steel sample holders. After transfer
from the glove box, where the sample holder was filled, to the pcT instrument
the gas line and subsequently the sample holder was outgassed at 523 K for
about 16 h after which a base pressure of < 0.08 Pa was reached; the temperature was monitored in situ and controlled by a JUMO Imago 500 multichannel
process controller. Subsequently the sample was submerged in a bath of liquid
nitrogen (LN2 ) where it cooled down to 77 K. Particular care was given to the
filling level of LN2 , which was kept constant over the entire measurement time.
To enable temperature control the sample holder was embedded in an oven,
capable of heating the sample while submerged in LN2 . High purity hydrogen gas (99.999 % H2 ) was introduced to the system upon reaching of thermal
equilibrium. The effective adsorbed and subsequently desorbed amount of hydrogen was determined via the mass flow method were the hydrogen mass,
supplied to or from the sample, is measured with a thermal mass flow controller [8]. As a reference sample a commercial, non-absorbing, silicon (SigmaAldrich) was used. Desorption was performed under vacuum (< 0.1 Pa). Additionally measurements at 77 K and up to 0.1 MPa of hydrogen were performed
on a Sieverts-type apparatus (BET) from BELSORP-max (BEL, Japan). Compared to the pcT the BET instrument has the advantage of a higher sensitivity at very low pressure but has the drawback of a small pressure range. The
BET was furthermore used to measure the BET specific surface area via nitrogen adsorption at 77 K and the skeletal density via the expansion of helium at
room temperature from a known volume into the sample volume, once with
and once without the sample. A description on the instrumentation can be
found in section 2.2.3.
X-ray photoelectron spectroscopy (XPS) was measured on a modified VG
EscaLab spectrometer. The XPS had a base pressure of < 1 · 10−7 Pa and a
specially designed load lock connected to an argon filled glove box. The
load lock enabled the sample transfer from inert conditions directly into
the instrument and vice versa, effectively preventing contamination of the
sample. The used X-ray source provided radiation of the Kα1 line of aluminum
which was recorded by means of a Specs PHOIBOS 100 analyzer.
The µSR experiment and subsequent data analysis was carried out by Dr.
Mattia Gaboardi and Prof. Dr. Mauro Riccó. Raw data acquisition of HRTEM,
SAED, HAADF-STEM and EELS was carried out by Dr. Giovanni Bertoni. Data
acquisition of SQUID magnetometry was performed by Dr. Mattia Gaboardi.
All pcT, BET, XRD, Raman and XPS measurements presented in this chapter
were conducted in the course of this thesis. All data analysis and discussion
presented in this chapter was conducted in the course of this thesis if not otherwise stated.
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3.3 Structural investigation
3.3.1 Crystallinity
X-ray powder diffraction measurements were conducted to determine to
which degree the different samples show signs of crystallinity, possibly
originating from layers of unexfoliated graphite oxide or metal crystallites
larger than the detection limit. The XRD data of as-synthesized TEGO is
presented in figure 3.3.

Figure 3.3: Normalized and y-axis shifted X-ray powder diffraction data of two separate
batches of as-synthesized thermally exfoliated graphite oxide and a reference measurement of an empty 0.5 mm quartz capillary. Reflections of graphite are indicated by
red bars [51]; The main peak of the quartz capillary is indicated by a green star.

The broad peak around 2Θ = 21◦ originates for the most part from the quartz
capillary and naturally shows up in all recorded patterns. For remaining
multilayers of unreacted graphite oxide (GO) or graphite (G) reflections from
the out-of-plane stacking of planes in the [002] direction are expected. These
phases are known to be around 2ΘGO ≈ 10 − 15◦ and 2ΘG ≈ 26◦ respectively
[50, 49]. While no graphite oxide phase is detectable, a minute shoulder on
the broad 2Θ = 21◦ quartz peak can be identified. Decomposition of this peak,
by fitting a reference measurement of an empty capillary and using the same
center and FWHM, unravels a broad, low intensity, reflection at 26◦ . An initial
attempt was made to fit a Voigt profile, however, the Lorentzian contribution
was negligible and for reasons of simplicity it was decided to solely fit the
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XRD data with Gaussian functions. Besides the most prominent reflection in
the graphite spectrum, from the out-of-plane periodicity, graphite patterns
show reflections for the in-plane periodicity, two of which can be seen
around 42.3◦ and 44.4◦ in figure 3.3. While the out-of-plane distance fits
well to literature values, the in-plane distances are altered and thus the
corresponding reflections are shifted. The shifts result from the high density
of defects of the synthesized TEGO and naturally hamper the quality of any
single curve fit. The overall intensity of the measured data is limited by the
small scattering volume, the low degree of order and the weak X-ray reflection
of the light carbon atoms. However, the (002) reflection are dominant enough
to not only take it as proof of the existence of graphite but also to do a rough
estimation of the mean size of the ordered domains, i.e. the average number
of layer repetitions. An important equation in crystallography is the Scherrer
equation which can be used to determine the size of particles, crystallites and
ordered domains. The equation can be written as:
L=

Kλ
,
β cos Θ

(3.1)

where L is the mean size of the ordered domain, K is a dimensionless
shape factor called Scherrer constant, λ is the wavelength of the incident
radiation, β is the FWHM measured in radians (after subtracting instrumental
broadening) and Θ is half the scattering angle of the investigated reflection.
Applying equation 3.1 to the results for sample #1 and #2, with a fitted
F W H M #1 (002) = 5.82◦ and F W H M #2 (002) = 6.76◦ , a Scherrer constant
for graphite of K out-of-plane = 0.9 and the Cu Kα radiation of wavelength
λ = 0.1541 nm, an estimate for the thickness of L ≈ 1.59 and 1.37 nm
can be calculated respectively [105]. This corresponds to regions of
roughly 4 − 5 layers thickness on average. The (100) and (101) planes
share the same F W H M and have been determined for both samples to
F W H M #1 (100)(101) = 3.21◦ and F W H M #2 (100)(101) = 2.56◦ . The Scherrer
constant for these planes is K in-plane = 1.84 with which the in-plane domain
size can be estimated accordingly [105]. For the results of sample #1 and #2
the Scherrer equation yields average in-plane domain sizes of 5.2 and 6.5 nm
respectively. The in-plane values,however, should be considered with care
and it is important to note that a relatively large error for them is expected; not
least due to the very low signal to noise ratio of the (100) and (101) reflections,
large overlap and thus poor decomposition.
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Figure 3.4: Normalized Raman spectrum of as-synthesised TEGO and a laser excitation
wavelength of 532 nm. Fits of pseudo Voigt profiles for both D- and G-band are shown
in green and orange dashed lines with the composed peak depicted as a solid blue line.
Fit results are presented in a table in the top right corner. The figure is representative
for all measured TEGO and metal decorated TEGO samples and only minor variations
have been recorded.

Raman spectroscopy is a widely used technique to study the crystallinity
of carbonaceous materials and can in addition be used to quantify the average sp2 domain size. In the case of graphene and graphite the sp2 domains
correspond to the in-plain domains which have been previously estimated
by means of XRD. The Raman spectrum of as-synthesized TEGO is shown in
figure 3.4. The spectrum displays several notable features denoted as the D(1350 cm−1 ), G- (1580 cm−1 ), D’- (1620 cm−1 ) and 2D-band (2690 cm−1 ) [21].
The G- and 2D-band, are both caused by induced in-plane vibrations, the latter as a second-order overtone of the D-Band. D- and D’-band are associated
with structural defects and disorder and will be weak or vacant in spectra of
highly crystalline graphite. Cançado et al. showed empirically that the inverse
ratio of the integrated peak area of the D- and G-band, (I D /I G )−1 , is proportional to the crystallite size L a of nanographite materials. The relation can be
written as [17]:
L a (nm) = 2.4 · 10−10 λ4laser

µ

ID
IG

¶−1
,

(3.2)
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With an average ratio of I D /I G = 2.1 ± 0.2 the calculated average sp2 domains
have a size of L a = 9.1 ± 0.8 nm. This is slightly larger than the domain sizes
calculated by means of the Scherrer equation but still in excellent agreement
considering the previously mentioned uncertainties of the XRD analysis.
Both X-ray powder diffraction as well as Raman spectroscopy are measurement techniques helpful in understanding bulk properties of the investigated
materials. To solidify the morphological picture of a given sample it is oftentimes beneficial to study a small part of it with imaging techniques and compare the so gained local information with the bulk data to get a more comprehensive picture of the whole. Utilizing high resolution transmission electron
microscopy very thin regions of relative order surrounded by a thicker interconnected network of disorder can be identify. The corresponding images can
be seen in figure 3.5 (a). FFT of the central domain in figure 3.5 (c) shows sharp
spots from a hexagonal ordered structure corresponding to the sp2 graphene
structure. The morphology and size of these graphene like ordered domains,
highlighted in yellow in fig. 3.5 (b), varies significantly. However, the average diameter can be estimated and is roughly 6.5±3.5 nm. This is in good agreement
with the data collected by both Raman and XRD measurements. The out-ofplane periodicity of the entire region in figure 3.5 (a) can be probed using EEL
spectrometry. Comparing the EEL spectrum in figure 3.6 with the profiles and
plasmon positions published in literature a good agreement can be found with
the results for 1−5 layers of graphene. This stands again in excellent agreement
with the results of the X-ray powder diffraction data. Like the XRD data these
values are only an average measure of the thin/ordered and thick/disordered
regions. Electron diffraction on selected areas (SAED) of the sample was performed to clarify if the ordered regions are indeed single layers of graphene.
By analyzing the intensity ratio of a set of reflections as a function of incidence
angle it is possible to estimate the thickness of the selected area under investigation. At a tilt of 0◦ and 20◦ between incident beam and normal a reflection
intensity ratio of ≈ 1.5 and ≈ 1.4 was measured respectively. A ratio > 1 is believed to be a clear indication for single layer graphene and the fact that the
intensity ratio does not strongly vary with the tilt angle is further proof that the
ordered domains are indeed monolayers [47, 83].
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Figure 3.5: (a) HRTEM image, recorded with an 80 kV electron beam, of the flat region indicated in the inset. (b) Magnified image of the region indicated in (a). The
ordered regions are highlighted in yellow and consist of sp2 domains. (c) FFT of the
centered domain in (b). The sharp spots originate from the hexagonal crystal structure of graphene.

Figure 3.6: Average EEL spectrum of the whole region in figure 3.5 (a) after background
subtraction. Literature values for the π and σ + π plasmon locations are indicated
by dashed lines [72, 33]. The superposition of signal from single layer areas and the
thicker unordered network gives an average spectrum comparable to the results for 1-,
2- and 5-layers of graphene as published by Eberlein et al. [33].
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Metal decoration of TEGO samples leads to the formation of very different
metal phases depending on the synthesis parameters while no evidence for
an altered TEGO structure was found. Three different types of lithium decorated and equally many nickel decorated graphene samples were synthesized
as described in section 3.2.1. The corresponding X-ray data is shown in figure 3.7 (Li-TEGO) and 3.8 (Ni-TEGO). The decoration with lithium and subsequent sample handling proved challenging and all samples that have been investigated showed traces of oxidation and the formation of different undesired
phases. Depicted in figure 3.7 Li2 O (S.G.: (Fm3̄m)), Li2 (CO3 ) (S.G.: (C2/c)), Li
(S.G.: (Im3̄m)) and LiOH (S.G.: (P4/nmm)) reflections are marked for the different Li-TEGO samples. As a result of the strong signals for oxide phases it was
decided against further investigation of the interaction with hydrogen of these
samples.

Figure 3.7: Normalized and y-axis shifted X-ray powder diffraction data of three different batches of Li-TEGO. Very strong and defined reflections can be assigned to various
oxide phases. Reflections of Li2 O (light green x, [147]), Li2 (CO3 ) (dark blue circles, [55]),
Li (violet triangles, [84]), LiOH (orange rectangles, [76]) and graphite (red bars, [51]) are
indicated by their respective symbols; The main peak of the quartz capillary, as determined in figure 3.3, is indicated by a green star.
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Figure 3.8: Normalized and y-axis shifted X-ray powder diffraction data of three different batches of Ni-TEGO. While for the batches depicted in black and blue crystalline
phases can be assigned, the orange Ni-TEGO does not show any sharp reflections. The
latter was later used for the investigation of hydrogen interaction. Reflections of Ni3 C
(violet diamonds, [85]), Ni (dark blue pluses, [115]) and graphite (red bars, [51]) are
indicated by their respective symbols; The main peak of the quartz capillary, as determined in figure 3.3, is indicated by a green star.

For the Ni-TEGO samples two separate phases could be identified, a cubic
fcc nickel phase with the space group Fm3̄m and, in a different sample, a
nickel carbide phase of the space group R3̄c. No mixed phases or traces
of strong oxidation could be detected and the last batch, drawn in orange
in figure 3.8, shows no evidence of large periodic structures. The absence
of impurity phases was a strong reason to select this sample for further
investigation and later on for the study of the interaction with hydrogen. In the
cause of studying the metal decoration HAADF-STEM images were recorded.
HAADF-STEM has the advantage of a large contrast between elements of
varying atomic number Z due to a proportionality of the signal to ≈ Z 2 . The
HAADF-STEM image in figure 3.9 (a) clearly indicates metal decoration in
the form of particles in the nanometer regime. Bright field HRTEM images of
single nanoparticles can be seen in figure 3.9 (c) and (d). Subsequently FFT
was performed on selected regions of these NPs which uncovered reflections
compatible with cubic fcc structure and S.G.:Fm3̄m. It should be noted that
the particles did not show up in the XRD pattern of the same sample shown
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in orange in figure 3.8. The absence of signal in XRD is most likely caused by
the very low nickel concentration in the sample, such that broad reflections
caused by nanoparticles will not be visible over the superimposed data of the
capillary and TEGO. The statistical analysis of the particle diameter shown
in figure 3.9 (b) was performed on about 350 particles recorded in different
regions with HAADF-STEM. The average diameter is d¯ = 17 nm and has a
standard deviation of σ = 4 nm. Figure 3.9 (e) and (f) depict EEL spectra of
a nickel nanoparticle of 20 nm diameter. The C-K and Ni-L2,3 ionization
edges, originating from the underlying TEGO and the particle itself, are
clearly visible. No traces of possible nickel oxidation can be detected. The fine
structure of the Ni-L2,3 ionization edge (Fig. 3.9 (f)) equals that of metalic fcc
nickel and compares through all collected spectra of different Ni NPs [11, 37].
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Figure 3.9: (a) HAADF-STEM image of Ni-TEGO. The Ni-NPs (Z = 28) show up bright
before dark TEGO background of carbon (Z = 6). The inset shows an image of a single
layer graphene region. (b) Particle size distribution of about 350 Ni NP that have been
measured in several STEM images. (c) and (d) show representative HRTEM images of
nickel NPs. The insets show FFTs of the marked regions with fcc reflections. (e) EEL
spectrum of a Ni NP on TEGO with the C-K and Ni-L2,3 ionization edges of the TEGO
and nickel respectively. Note the absence of a O-K ionization edge. (f ) Background
subtracted EEL spectrum of the Ni-L2,3 ionization edge. The profile is compatible with
metallic fcc nickel reported in literature [11, 37].
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3.3.2 Chemical composition
Naturally not all types of chemical impurities show up in X-ray diffraction patterns for reasons of quantity, lack of order or simply because the signal is to
weak. The conducted Raman spectroscopy shows only Raman active species
and the utilized microscopic techniques are local measurements that lack universality. X-ray photoelectron spectroscopy on the other hand is a well suited
method to detect possible surface impurities and can furthermore be applied
to study the composition of the first few nanometers of irradiated materials, in
particular metal decorated graphenes with their few nanometer thin surface
like structure. XPS, the sample preparation and the experimental conditions
are described in section 2.2.2.
Data analysis was done using CasaXPS, a standard software and commonly
used for XPS analysis. A Shirley algorithm background was subtracted. This
type of background shows a dependent intensity that is, at any given binding energy, proportional to the intensity of the total area under the peak from
the current binding energy to lower binding energies and is one of the most
generally used backgrounds for XPS data analysis. All peaks, besides the main
feature in the carbon 1s peak (description below), were fitted by a symmetric 70 % Gaussian and 30 % Lorentzian product function (GL(30)). In principle
the Gaussian contribution accounts for the measurement process (i.e. instrumental response, x-ray line-shape, Doppler and thermal broadening) while the
Lorentzian contribution accounts for the natural broadening due to the variation in lifetime of the different ejected electrons [129].
An as-synthesized TEGO sample served as the basis for the investigation
of the metal decorated samples and a full survey scan can be seen in figure
3.10. The relative atomic concentrations (%At Conc.) have been calculated
with CasaXPS and are a measure of the integrated area under the peaks (C 1s,
O1s etc.) weighted by their corresponding relative sensitivity factors (R.S.F.).
A carbon content of 97 %At Conc. and only about 3 %At Conc. of oxygen
are excellent values for thermally exfoliated graphite oxide and indicate the
good deoxygenation of the synthesis. When taking a closer look at the carbon
1s peak an asymmetry towards higher binding energies can be seen. This is
typical for samples with a high sp2 content and has a strictly physical origin. In
short, when an x-ray photon is absorbed in a material it will not only be able
to excite the electronic but also the atomic structure, for instance by means
of induced vibrations. This is the basis of many spectroscopic techniques
such as Raman and IR-spectroscopy. In x-ray photoelectron spectroscopy this
induced vibrations will alter the line shape of the photoelectron peak. The
kinetic energy of an ejected photoelectron is therefore not only determined
by the energy lost by exciting the electron out of its initial core level state
but can also be influenced by the energy loss of the photon caused by
induced atomic or molecular oscillations and vibrations. Consequently, the
ejected photoelectron will have less kinetic energy and thus be registered at
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higher binding energies. One finds, that while sp2 carbon will cause a broad,
asymmetric tail towards higher binding energies sp3 and functionalized
carbon will show a more symmetric line-shape [4]. This asymmetry was
addressed by adding a tail modification to the GL(30) line-shape of the main
feature of the C1s peak, denoted CC peak in the corresponding figures. A
detailed description of the Gaussian and Lorentzian product function and the
tail modifier function (T) can be found elsewhere [129]. The tail modification
for all CC peaks was modest and of the form GL(30)T(1.6).

Figure 3.10: Full survey spectrum of as-synthesized TEGO with indicated peak positions of the different detected elements. In the top left corner a quantification table
is depicted, indicating the binding energies of the main peaks and the relative atomic
concentration of the corresponding elements. Minute peaks from the copper sample
holder can be seen but account for far less than 1 %At Conc. and have therefore been
neglected.

The combined fit of the carbon 1s spectrum of TEGO is presented in figure
3.11. Three components are necessary to model the peak and the largest,
slightly asymmetric, is the above mentioned CC peak. CC consists mainly of
contributions from sp2 bound carbon with a weak contribution, at slightly
higher binding energies, from sp3 carbon (lattice defects). Due to the
broadness of the peak and the small contribution of sp3 a deconvolution is
not feasible.
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Figure 3.11: Fitted XPS of the C 1s peak of as-synthesized TEGO. In the top left corner a
table denotes the proposed peak origin and the center and FWHM of the corresponding fits. The fitted components are depicted in dashed lines, the colors correspond to
the labels in the table, centers are marked by arrows.

The survey spectrum was calibrated such that this peak centers at 284.5 eV, a
typical literature value for the carbon-carbon bond in graphite and graphene
systems [135, 102, 19]. The peak centered at 288.2 eV, denoted as CO, is
shifted from CC to higher binding energies. The intensity ratio between CC
at 284.5 and CO at 288.2 eV is as large as the relative atomic concentration
between carbon and oxygen and CO can therefore be safely assigned to
carbon bound to oxygen atoms. The generally higher FWHM of CO is an
indication that the peak is a convolution of multiple smaller peaks since
different contributions from different types of carbon-oxygen bonds, with
slightly different chemical shifts, are to be expected. Literature draws a rather
controversial picture on specific peak assignments but it is generally agreed
that for higher temperatures during exfoliation and annealing, comparable
to temperatures used to synthesize the here discussed samples, certain
impurities and defects heal out. A. Ganguly et al. for example interpret their
high resolution XPS data on the thermal deoxygenation of graphene oxide by a
generally healed graphene sheet with evidence for oxygen bound to aromatic
carbon by phenol groups (C-OH) around 286 eV and carbonyl groups (>C=O)
at ≈ 288 eV [40]. The last fitted peak in the C 1s spectrum centers around
290.7 eV and can be identified as the π → π∗ transition (shake-up).
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The signal is a result of the change in kinetic energy of the C 1s photoelectrons
after inelastic scattering. Subsequent to a
loss in kinetic energy the photoelectron will
be registered at seemingly higher binding
energies. As the name suggests the scattering excites an electron from the bonding π orbital to the antibonding π∗ orbital
Figure 3.12: Schematic example of
and is hence only of relevance in systems
the hybridization of 6 p orbitals,in
with overlapping sp2 orbitals. The intensity
a benzene ring, forming a delocalized π conjugation. The delocalized of the shake-up peak is naturally related to
π electrons cause a shake-up signal the amount of scattering centers, i.e. the
amount of π orbitals, and particularly proin XPS spectra at B.E..
nounced for delocalized π conjugated systems with their connected p-orbitals and delocalized electrons. Figure 3.12
shows a model of the hybridized p-orbitals of benzene and a visualization
of their overlap, causing the electrons to become delocalized in a conjugated
state. A well detectable shake-up signal in thermally exfoliated graphite oxide
is hence a qualitative measure for the quality and crystallinity of the sheets.

Figure 3.13: Fitted XPS of the O 1s peak of as-synthesized TEGO. Three peaks are
needed to fit the data satisfactory. The centers, marked by arrows, and FWHM of the
GL(30) line-shapes are located in a table in the top left corner.
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Figure 3.13 shows the oxygen 1s spectrum of TEGO. O 1s can be modeled
by three distinct features denoted OX1, OX2 and OX3 which are centered at
531.6, 533.4 and 537.2 eV respectively. According to the previously mentioned
carbonyl and phenol groups, located in the O 1s spectrum at 531.1 eV and
533.4 eV [40], one can assign OX1 and OX2 to oxygen bound in carbonyl and
phenol groups respectively [4]. While the CO peak, around 288 eV, indicates a
larger fraction of carbon doubly bond to oxygen in carbonyl groups the main
feature in the O 1s peak is OX2, so the oxygen bound in phenol groups. The
origin of this divergence between the two spectra is currently not known but
a high resolution XP spectrum is most likely able to resolve this question.
The third feature in the O 1s spectrum, OX3, is centered at an unexpectedly
large chemical shift of about 6 eV above OX1. Such a high chemical shift is
puzzling in particular since no other elements than carbon and oxygen have
been registered in the survey spectrum. However, the 6 eV shift correspond
precisely to the 6 eV shift recorded for the π → π∗ transition in carbon and
hence it is possible, that the photoelectrons, modeled by OX3, originate from
inelastic scattering on the bonding π orbital of carbon, analogous to the
shake-up peak seen in the C 1s spectrum. All modeled species in the TEGO O
1s peak appear with a broader FWHM than the ones reported for the carbon
peak. This is a physical response since as the binding energy gets higher
there are more available states, with lower binding energies, that the ejected
photoelectron can scatter on, thus, broadening the peaks.

Besides the as-synthesized TEGO a lithium and a nickel decorated graphene
sample was selected for further investigation. The chosen samples correspond
to the top most lines depicted in orange in the figures 3.7 and 3.8. In the survey spectrum, shown in the top of figure 3.14, the elemental concentrations for
lithium, carbon, nitrogen and oxygen of Li-TEGO are depicted. While a small
Cu 2p peak can be seen at a binding energy of 932 eV, caused by a minute part
of the copper sample holder not covered by the sample pallet, much less than
1 %At Conc. are observed. This is below the expected error and not further
relevant for the analysis. The detection of nitrogen in the spectrum is a clear
indicator that the annealing of lithium azide (Li-N3 ), used during metal decoration, was not fully successful. Moreover an oxygen content of about 9 %At
Conc. is another obvious indication for an unsatisfying synthesis and, in addition to the evidence gathered with XRD, this lead to the disregarding of this
sample in context of the investigation with hydrogen.
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Figure 3.14: (top) Full survey spectrum of lithium decorated graphene with indicated
peak positions of the different detected elements. In the lower left corner a quantification table is depicted, indicating the average binding energies of the peaks and the
relative atomic concentration of the corresponding elements. (bottom) Fitted XPS of
the corresponding C 1s peak. The centers, marked by arrows, and FWHM of the fitted
line-shapes are located in a table in the top left corner. The fitted features are depicted
in dashed lines, the colors correspond to the labels in the table.
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Figure 3.14 (bottom) shows the C 1s, figure 3.15 the O 1s XPS spectrum of LiTEGO and their corresponding proposed fits. The modeling was done in analogy to the above described spectra of TEGO and for the C 1s peak the same
three component model fits very well. In contrast to the previously discussed
O 1s peak of TEGO, the O 1s peak of Li-TEGO appears as one broad feature
without the distinguished shoulder at higher binding energies that can be seen
for TEGO. Applying the same 3 component fit will not model the peak and
a large additional feature was needed to appropriately characterize the peak.
The peak is denoted OLi in reference to its possible origin from oxygen bound
to lithium. As has been seen in the XRD pattern of this sample oxidized lithium
was detected in different species and thus OLi is most likely a superposition of
the different contributions. The relative intensity of OLi compared to the other
components of O 1s indicates that most oxygen is bound to lithium and not
to the TEGO backbone. Nitrogen and lithium have been fitted with a single
Gaussian-Lorentzian product function GL(30) and the graphs can be found in
figure 3.16(a) and 3.16(b).

Figure 3.15: Fitted XPS of the O 1s peak of Li-TEGO. The center, marked by an arrow,
and FWHM of the GL(30) line-shape is denoted in a table in the top left corner.The
fitted features are depicted in dashed lines, the colors correspond to the labels in the
table.

66

(a)

(b)

Figure 3.16: Fitted XPS of the Li 1s peak (a) and the N 1s peak (b) of Li-TEGO. The
centers, marked by arrows, and FWHM of the GL(30) fits are denoted in corresponding
tables.

Nickel decorated graphene can be studied accordingly and a survey scan is depicted in the top of figure 3.17. Neither a signal for the copper sample holder,
nor for nitrogen can be detected. The latter is not surprising since no nitrogen was used during synthesis, but Ni(acac)2 , and the lack of copper in the
spectrum is evidence for the full coverage of the sample holder by the pelleted
Ni-TEGO. The calculated relative abundance of oxygen is with 5 %At Conc. low
compared to metal decorated TEGOs commonly reported in literature [61, 40,
75]. Unlike the Li-TEGO O 1s peak the oxygen signal of Ni-TEGO can again be
modeled by the same three components that were used for TEGO. However,
the C 1s peak can not be fitted by the previously discussed three components
and at least one additional line-shape is necessary as can be seen in the bottom
of figure 3.17. The origin of this component, defined as CX, becomes apparent
when investigating the nickel signal in the Ni 2p peak (see bottom figure 3.18).
Ni 2p is a doublet peak and shows up as Ni 2p 1/2 and 2p 3/2 due to spin-orbit
splitting. The center of the nickel 2p doublet is shifted to higher binding energies and a two component fit for the 2p 3/2 peak is presented in the bottom of
figure 3.18, with one component centered at the expected position for nickel
and the other one shifted to higher binding energies, related to Ni(acac)2 [29].
This explains not only the shift to higher B.E., compared to pure nickel, but
additionally accounts for the CX feature in the C 1s spectrum. Thus, residual
nickel acetylacetonate could be responsible for the differences measured between the TEGO and Ni-TEGO sample and consequently it appears, that there
are small amounts of residual, unreacted, Ni(acac)2 present in the sample. For
hydrogen sorption measurements the samples were baked out under vacuum,
above 425 K for more than 12 h. It is thus feasible to believe that after the bakeout the measured traces of Ni(acac)2 decomposed.
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Figure 3.17: (top) A full survey spectrum of nickel decorated graphene with indicated
peak positions of the different detected elements. In the lower left corner a quantification table is depicted, indicating the average binding energies of the peaks and the
relative atomic concentration of the corresponding elements. (bottom) Fitted XPS of
the C 1s peak of Ni-TEGO. In contrast to the C 1s peak of TEGO and Li-TEGO four
components are necessary to model the peak. In the top left corner a table denotes the
proposed peak origin and the center and FWHM of the corresponding line-shapes. The
fitted components are depicted in dashed lines, the colors correspond to the labels in
the table, centers are marked by arrows.
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Figure 3.18: Fitted XPS of the O 1s (top) and the Ni 2p 3/2 (bottom) peaks of Ni-TEGO.
The fitted components are depicted in dashed lines, the colors correspond to the labels
in the tables where the centers, marked by arrows, and FWHM of the fitted line-shapes
are denoted. (top) In contrast to the O 1s peak of Li-TEGO, and in accordance with
the TEGO sample, three components are needed to fit the data satisfactory. (bottom)
Ni 2p 3/2 component of Ni-TEGO. The fitted components for nickel and Ni(acac)2 are
depicted in dashed blue and green lines respectively. For their satellite peaks dasheddotted lines in different blue and green shades are used.
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Table 3.1: Summary of the XPS C 1s peaks of TEGO, Li-TEGO and Ni-TEGO. All fitted
features are denoted with their binding energies (B.E.), the line-shapes used in CasaXPS,
the FWHM of the line-shapes and their relative concentration (Rel.Conc.).

Carbon 1s peak
CCa

COc

π → π∗

284.5

288.2

291.0

GL(30)T(1.6)

GL(30)

GL(30)

FWHM

2.4

2.2

4.0

Rel. Conc. (%)

89

3

8

284.5

288.0

290.8

GL(30)T(1.6)

GL(30)

GL(30)

FWHM

2.3

2.5

3.9

Rel. Conc. (%)

88

4

8

Ni-TEGO

Li-TEGO

TEGO

B.E. (eV)

a

Line-shape

B.E. (eV)
Line-shape

B.E. (eV)

CXb

284.5

287.3

289.4

291.4

GL(30)T(1.6)

GL(30)

GL(30)

GL(30)

FWHM

2.2

2.1

2.6

4.0

Rel. Conc. (%)

85

5

4

6

Line-shape

: CC can be assigned to carbon in sp2 and sp3 configuration. The sp2 fraction
clearly dominates, as has been indicated by EELS and Raman, leading to an
asymmetric tail towards higher binding energies. This has been accounted for
by a tail modifier of the form GL(30)T(1.6). When used to quantify chemical
states, the need to calibrate the intensity of asymmetric line-shapes becomes
important. TEGO was used as a calibration for the other samples.
b
: CX most likely models carbon bound in residual Ni(acac)2 as it has not been
observed in any other sample and a corresponding feature can be seen in the
nickel peaks [29].
c
: CO can be assigned to carbon bound to oxygen in carbonyl and phenol
groups. Due to the low oxygen content the peak appears weak and constitutes
generally for only about 4% of the C 1s intensity. It is not feasible to model the
different oxygen species separately in the C 1s peak.
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Table 3.2: Summary of the XPS O 1s peaks of TEGO, Li-TEGO and Ni-TEGO. The nomenclature is analogous to that used in table 3.1.

Oxygen 1s peak
OX1a
TEGO

B.E. (eV)
Line-shape
FWHM

Li-TEGO

Rel. Conc. (%)
B.E. (eV)

OX2c

OX3d

531.1

533.4

537.2

GL(30)

GL(30)

GL(30)

3

2.9

3

16

73

11

531.3

532.2

533.6

537.3

GL(30)

GL(30)

GL(30)

GL(30)

2.9

3.3

2.7

2.9

5

73

20

2

530.6

533.

536.8

GL(30)

GL(30)

GL(30)

FWHM

2.9

3

3.2

Rel. Conc. (%)

19

71

10

Line-shape
FWHM
Rel. Conc. (%)

Ni-TEGO

OLib

B.E. (eV)
Line-shape

a

: OX1 most likely models oxygen attached to carbon by a double bond as is
the case for carbonyl groups (>C=O).
b
: Based on the XRD data shown in figure 3.7 and the exclusive appearance in
the Li-TEGO XP spectrum, OLi is believed to model oxygen bound to lithium.
It can be assumed that OLi is a superposition for the different lithium-oxygen
species, seen in XRD, with a majority of the signal originating from Li2 O.
c
: OX2 is the main feature in the O 1s spectrum for TEGO and Ni-TEGO. It is
believed to originate from oxygen bound to carbon in phenol groups (C-OH)
[40, 4].
d
: OX3 has a chemical shift of about 6 eV from the lowest bound feature (OX1)
in the O 1s spectrum. This corresponds well to the 6 eV shift recorded for the
π → π∗ transition seen in C 1s and has probably the same origin.
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3.3.3 Magnetic properties
Evidence for the presence of metallic fcc nickel nanoparticles, with an averaging diameter of 17 nm, on the Ni-TEGO sample was detected by means of
HAADF-STEM and HRTEM investigations. As mentioned above, both measurement techniques are local measurements of a small part of the investigated sample while the bulk data of XRD shows no signal of nickel crystallites
at all. To verify the absence of larger grains or NP agglomerates and to get information on the magnetic properties of the whole Ni-TEGO system zero-fieldcooled (ZFC) and field-cooled (FC) SQUID measurements were performed and
the results are presented in figure 3.19. Additionally hysteresis was measured
at 2 K between [−5, 5] T and parts of the corresponding data can be seen in
the inset in figure 3.19. The measured coercive field at low temperatures is
about 120 Oe and can be attributed to randomly distributed nanoparticles of
soft magnetic material. The absence of a measurable exchange bias shift suspends the existence of a thick nickel oxide layer around the NP, however, it
is not possible to fully exclude the presence of very thin layers below a few
nanometers from this, as has been shown by Seto et al.[106]. For the ZFC measurement the sample was cooled down to 2 K in the absence of an applied external magnetic field. The total magnetization of the system equals zero since
the magnetic moments of the particles are randomly oriented. A probing field
of µ0 H = 3 · 10−3 T was subsequently applied and the magnetization was measured versus temperature during heating from T = 2 → 400 K. The applied field
induces reorientation of the magnetic moments parallel to the field and results
in a net magnetic moment increasing with temperature as a growing number
of particles have enough thermal energy to overcome the energy barrier E B
pinning the magnetic moments along the easy axis. The magnetic moments of
particles with a thermal energy above E B will be enabled to randomly fluctuate. This type of magnetic behavior is described in detail in section 2.1.1 and a
schematic of the particles can be seen in figure 2.1 and 2.2. The measurement
points of a ZFC measurement represent, for a certain temperature, the magnetization of particles with a certain volume for which their relaxation time
τ is equal to the experimental time window t . Particles with τ À t , at fixed
T , will continue to be blocked during the observation period. Particles with
τ ¿ t , at fixed T , behave superparamagnetic and particles with τ in the range
of the measurement period will have a certain probability that the magnetic
moment is still directed along the applied field and has not yet changed. The
mathematical expression for this is the Néel-Brown equation 2.2. The temperature at which most particles align with the probing field is called the blocking
temperature TB . Even though the Ni-NPs show cubic fcc structure and should
show cubic anisotropy, nanoparticles have typically uniaxial anisotropy which
can be attributed to the large surface to volume ratio and the thus large influence of surface, strain/stress and shape effects on the effective anisotropy
constant. Surface anisotropy is explicitly mentioned here since in general the
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surface anisotropy, normal to the surface, would average to zero for spheres
but nanoparticles behave differently and this no longer holds true such that
even small changes of shape can lead to relatively large changes in the effective anisotropy [3].

Figure 3.19: ZFC and FC SQUID data of Ni-TEGO is depicted in blue and orange respectively. The average blocking temperature is marked with an arrow at T¯B = 137 K.
The Inset shows a hysteresis loop and a coercivity of about 120 Oe. The hysteresis loop
was recorded range between [−5, 5] T at 2 K while only the relevant parts are shown.

As seen in figure 3.19 there is a single susceptibility peak in the ZFC measurement of Ni-TEGO at TB = 137(±2) K, above which the magnetization decreases with increasing temperature, a clear display of superparamagnetic behavior. The absence of additional peaks in the ZFC measurement is proof for
monodispersity, or in other words proof for a single particle size distribution.
The weak Curie like trend at very low temperatures, i.e. the reduced incline in
the ZFC curve, is believed to be caused by S = 1/2 paramagnetic defects found
in pure TEGO, that are usually in the order of approximately 1018 g−1 .
The FC measurement followed the ZFC process. The magnetization was
measured versus temperature during cool down from 400 → 2 K with the field
of µ0 H = 3 · 10−3 T still applied. The non equal behavior of the system of ZFC
and FC measurements is typical for superparamagnetic nanoparticles. The
absence of a plateau, in particular below TB , and the overall negative slope is
a clear indicator for the absence of strong particle-particle interactions [5].
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Taking the average diameter d¯ = 17 nm from the HRTEM measurements, the
measured blocking temperature of TB = 137 K and plugging this into equation
2.3 one gets an effective anisotropy of K eff = 18.6(±4) · 103 Jm−3 . To see if the
initial assumptions were correct this value was compared to literature. The K 1
component of the magnetocrystalline anisotropy constant of bulk Ni exhibits
a strong temperature dependence. This dependence is depicted in figure 3.20
and can be expressed as [132]:
K 1 = K 0 e −aT

2

K 1 = 42.3 · 103 J m−3
with K 0 = 8 · 105 , a = −3.4 · 10−5 and T = TB = 137 K. K 1 and the effective
anisotropy for cubic crystals can be compared by [42]:
K eff =

|K 1 |
= 3.5 · 103 J m−3
12

(3.3)

The large difference between the literature value for ¡the cubic magnetocrys-¢
talline anisotropy and the measured anisotropy (3.5 vs. 18.6) · 103 Jm−3
comes as no surprise and is proof of the large influence of shape anisotropy.
In section 2.1.1 the Stoner-Wohlfarth model
and its applicability for particles similar to
the Ni-NPs present on Ni-TEGO has been
discussed. However, equation 2.7 has the
drawback, that an accurate measurement of
the anisotropy constants N a and Nc proves
cumbersome and is for a system composed
of particles of various sizes and shapes
unpractical. Rearranging equation 2.7 and
solving for (N a − Nc ) gives:
(N a − Nc ) = 2
Figure 3.20: Strong temperature dependence of the K 1 component of
bulk nickel [132]. At TB = 137 K
the anisotropy constant K 1 = 3.5 ·
103 J m3 .

Ks
.
M2

(3.4)

With the effective anisotropy value calculated by means of the Néel-Brown expression one can calculate (N a − Nc ) by means
of equation 3.4. Included in Stoner and
Wohlfarth paper they have given a list of values for (N a − Nc ) that can be directly compared to the axes ratio m = c/a
of the corresponding prolate spheroid [112]. A graphical illustration can be
seen in figure 2.1. Taking the literature
value of the¢ saturation magnetiza¡
tion M s for bulk nickel at 139 K M s = 57.8 emu g−1 [28] and a nickel density of ρ Ni = 8.908 g cm3 one gets M s = 514.9 emu cm−3 . Plugging this and the
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measured K eff = 186 · 103 erg cm−3 for K s into equation 3.4 gives a value for
(N a − Nc ) of 1.403. This corresponds to an axis ratio of m ≈ 1.3 − 1.4 which is in
excellent agreement with the slight elongation seen with HRTEM.

3.3.4 Specific surface area and skeletal density
In this section measurements of the BET specific surface area (SSA) and
skeletal density of Ni-TEGO are presented. While the latter is of use in
hydrogen adsorption measurements the SSA of Ni-TEGO will be important
for the comparison of the over all hydrogen adsorption of Ni-TEGO with
different carbon-based systems since the hydrogen uptake is in good
approximation
correlated ¢with the specific surface area of the adsorber
¡
∼ 1.5 mass% / 1000 m2 g−1 [149]. Measurements were conducted on a
BELSORP-max, a Sievert-type apparatus, commercially available from BEL
JAPAN INC.. The sample handling and basics in BET theory are discussed in
section 2.2.3.2. Figure 3.21 shows the N2 adsorption data on Ni-TEGO at 77 K.
A linear fit was performed in the interval p/p 0 ≈ [0.05, 0.35] and from the slope
and intercept the BET specific surface area can be calculated according to
equation 2.20 with a BET = 515 ± 3 m2 g−1 . The theoretical surface area of pure
graphene lies with 2630 m2 g−1 considerably higher but is seldomly achieved
by graphene produced on a gram scale.

Figure 3.21: BET adsorption isotherm of N2 on Ni-TEGO at 77 K. The blue line
depicts
a linear fit¢ of the data within the range spanned by the two blue arrows
¡
p/p 0 ≈ [0.05, 0.35] . For values below and above this interval the data starts to deviate in a type II isotherm fashion, typical for N2 adsorption. The table in the top left
corner indicates the slope, intercept and standard error of the linear fit.
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Helium adsorption was performed to determine the skeletal density of nickel
decorated TEGO. The skeletal density is, in distinction from other density definitions, the weight of the material divided by the sum of the volumes of the
solid material including all closed and blind pores within the pieces but without all accessible pores. It is assumed that helium does not physisorb on NiTEGO at room temperature and due to its size even small pores and folds are
penetrated and thus accounted for. The volume of the sample holder and the
inner volumes of the instrument were carefully measured as well as the corresponding temperatures to be able account for thermal gas expansion. By measuring the pressure difference after helium expansion from a known volume
(inner volume of the instrument) into the sample holder, once empty and once
filled with the sample, the volume difference can be calculated and thus the
volume of the sample accessible by helium. This volume divided by the sample weight gives a skeletal density of 2.1 ± 0.1 g/cm3 , which is comparable to
the density of bulk graphite with a calculated density of 2.26 g/cm3 .

3.4 Interaction with hydrogen
As described in the introduction of this chapter it is believed that metal decorated TEGO readily stores large quantities of hydrogen under favorable conditions. After the extensive structural investigations presented in section 3.3 NiTEGO is well characterized. The unknowns of the system have been reduced to
a level enabling investigations of the interaction with hydrogen. In a first step
the adsorption experiments of molecular hydrogen at cryogenic temperatures
(77 K) will be presented. In a second step the findings from Longitudinal Field
Muon Spin Repolarization (LF-µ-SR) will be discussed, which in turn is an indication for the interaction of atomic hydrogen with Ni-TEGO.

3.4.1 Hydrogen at cryogenic temperatures
Sorption experiments of gaseous molecular hydrogen were conducted on
two different instruments with different underlying measurement principles
(see section 2.2.3). Due to the higher accuracy of the Sieverts-type BET
instrument at low pressures, sorption data up to 0.1 MPa of hydrogen pressure
was only taken from this instrument while the data from the dynamic pcT
apparatus was omitted for this region. Figure 3.22 shows the concentrated
hydrogen sorption data at 77 K. A solid red line depicts the corresponding
Langmuir-Freundlich isotherm fit of the form:
N=
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Nt K p m
.
1 + K pm

(3.5)

Equation 3.5, also known as generalized Sips, Bradley’s or generalized Freundlich isotherm, describes a combination of the Freundlich and Langmuir
isotherms. The expression has a finite limit at high pressures and all coefficients have physical meaning. N is the amount of hydrogen adsorbed on a
gramm of sample at a certain pressure p, N t is the adsorbed amount at saturation and thus related to the total amount of binding sites, K and m are constants. m is called the heterogeneity index and can vary between 0 and 1. At
m = 1 equation 3.5 reduces to the Langmuir equation. K is related to the binding affinity. It is believed, that the Langmuir-Freundlich isotherm is a more accurate description of hydrogen sorption and in particular, that it is likely giving
a more accurate value for N t than the Langmuir or Freundlich equation correspondingly [120, 32].

Figure 3.22: Hydrogen adsorption of Ni-TEGO at 77 K. The blue triangles are data
recorded with the BELSORP-max BET, the black squares are measured with the inhouse build dynamic pcT instrument. Due to the high density of measurement points
recorded with the dynamic pcT instrument only about 4 % of the them are shown for
better visibility. The red line is a Langmuir-Freundlich isotherm fit which starts to deviate from the data at a hydrogen pressure of about 1.8 MPa.

The curve fit results in a value of N t = 1.14 mass% H2 , while the error is estimated to be not more than 0.1 mass%. At a hydrogen pressure of about 1.8 MPa
the fit diverges from the data and while the fit shows asymptotic behavior and
reaches a plateau at high pressures, the recorded adsorbed hydrogen seems to
decrease.
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Figure 3.23: Schematic representation of the relation between excess and absolute adsorption. The dark gray region to the left of p1 −p3 symbolizes the surface, the circles
represent gas molecules and the different colors distinguish them from each other. All
blue rings, filled black or white, are constituting to the absolute amount of adsorbed
gas molecules. The black circles filled in white illustrate free gas molecules and with
rising pressure from p1 −p3 their numbers increases proportionally. The blue circles
filled with black are the difference between absolute absorbed gas molecules and free
gas molecules in the region before the surface where gas adsorption takes place. With
increasing gas pressure the probability to find gas molecules in the region of adsorption increases until at high enough pressure the density of molecules in the free gas
phase is non negligible compared to the density of molecules adsorbed on the surface.
At that point the two different phases of molecules become indistinguishable for many
instruments and a decrease in the recorded adsorption takes place. This can be seen in
the graph in the top right corner where the excess adsorption shows a maximum unto
which it starts to decrease with increasing pressure.

The decrease is not a physical property as the system is not desorbing hydrogen, rather, the dynamic pcT measures excess adsorption while the fit model
describes absolute adsorption. As indicated in figure 3.23 the trend of excess
and absolute adsorption diverges at higher pressures (or concentrations). In
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addition the hydrogen uptake at higher temperatures, i.e. 93 K and 103 K, was
measured and while the overall hydrogen adsorption clearly decreases as expected, the data quality is not satisfactory enough to draw unambiguous conclusions. The over all hydrogen adsorption of carbon-based systems is in good
approximation correlated with the specific surface area of the adsorber. The
relation holds that per 1000 m2 /g−1 about 1.5 mass% H2 can be stored at 77 K
[149]. With a BET specific surface area of 515 m2 g−1 Ni-TEGO should therefor store only about 0.77 mass% H2 . The measured value of 1.14 mass% H2 for
Ni-TEGO indicates a dramatic increase of almost 50 %. The hydrogen adsorption and desorption cycles for all tested temperatures and loading pressures
where fully reversible and hydrogen desorbed under medium vacuum conditions (0.1 Pa).

3.4.2 Longitudinal field muon spin repolarization
For the investigation of the interaction of a material with atomic hydrogen, the
source of hydrogen is always molecular hydrogen. Prior to chemisorption the
molecule has to dissociate and consequently there are several processes involved, i.e. dissociation, thermalization, adsorption and subsequent absorption. By using muons, and regarding them as light isotopes of hydrogen, one
can decouple the dissociation from chemisorption and gain inside in atomichydrogen-like processes at conditions that are not accessible with H2 as hydrogen source. To do this zero field and longitudinal field muon spin repolarization (ZF-µSR and LF-µSR) was performed on Ni-TEGO at the EMU spectrometer at the ISIS pulsed muon source, Rutherford Appleton Laboratory in
England. The basic theory behind the particle and how it is produced was reported in 2.1.2; for a description on the experimental realization see section
2.2.4.
Previous ZF-µSR studies on TEGO show a strong influence of lattice defects
on the asymmetry signal [97]. The results indicate that dipolar interaction between a single proton and the muon spin causes the precession of the muons
spin rather than being induced by long-range magnetic order. In other words,
the more defects a TEGO sample shows, the higher the amount of trapped
muons that subsequently are subject to local dipolar interaction. These dipolar
interactions force the precession of the muons spins and thus causes a larger
amplitude in the asymmetry measurement. A similar ZF-µSR measurement
was conducted with nickel decorated TEGO and both can be seen in the inset
in figure 3.24. The TEGO and Ni-TEGO measurement data has been normalized to the corresponding maximum value A max which depends on the intrinsic asymmetry of the weak decay (see 2.3), the initial polarization of the muon
pulse and the positron detectors and is typically around A max ≈ 0.21−0.25. For
the muons implanted in Ni-TEGO two components for the repolarization of
the muon spin polarization can be identified. A slowly decreasing fraction, fit-
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ted with a Lorentzian, comprises about 52 % of the signal and a Gaussian component, making up about 10 %. The Lorentzian decrease is a typical signal for
µ+ diffusing on a carbon surface [124] while the Gaussian component can be
explained by local dipolar interaction of the same kind as reported for TEGO.
The most notable feature becomes apparent when comparing the measurements of pure TEGO to Ni-TEGO. While for the pure TEGO a full initial polarization is observed the Ni-TEGO measurement shows a large missing fraction
of about 38 % in zero applied field. This missing fraction is indicative of strong
interactions of the implanted µ+ with electrons through hyperfine coupling
and can occur either by the creation of isotropic muonium or after the formation of a radical by external addition [9]. In case of a radical formation the electrons wavefunction is not localized on the muon, as is the case for muonium,
and thus the hyperfine coupling is measurably reduced. By applying a longitudinal magnetic field, parallel to the muons initial spin, one can decouple the
muon spins from the electron spins and thus, through unraveling the hyperfine interaction, gradually repolarize the muon spins. For isotropic muonium
the repolarization has the form
µ
¶
x2
1
1+ 2
,
P=
2
x +1

(3.6)

where x = B /B hyp , B is the applied field and B hyp = 158 mT is the characteristic hyperfine field for free isotropic muonium [126]. If the hyperfine interaction is anisotropic the zero field polarization is¡quenched
from 50 % to 0 % and
¢
equation 3.6 reduces to approximately P = x 2 / x 2 + 1 . The LF-µSR repolarization experiment is plotted in figure 3.24 with the measured polarized fraction
against the externally applied magnetic field. Already a comparably low field
is sufficient to fully repolarize the muon spins, hence ruling out the hyperfine
interaction of free muonium where B hyp is expected to be 158 mT. Reacquiring
the 100 % spin polarization with a longitudinal field additionally proves that
other thermalization processes than the discussed one do not contribute to
the observed missing fraction. With P diam the diamagnetic fraction of muons
and A rad the amplitude of the missing fraction, observed in the ZF-µSR experiment, one can fit the data by [100]:
µ
P exp = P diam + A rad

¶
x2
.
x2 + 1

¯ ¯
B hyp = A µ (¯γe ¯ + γµ )

(3.7)
(3.8)

The resulting hyperfine field has a value of B hyp = 7.1 ± 0.7 · 10−3 T and with
equation 3.8 the field corresponds to a hyperfine frequency of approximately
200 MHz. It is important to note, that due to the low amount of data points and
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the probability of anisotropy in the hyperfine coupling this evaluation is only
an estimation and a more precise determination is denied.

Figure 3.24: Muon spin repolarization experiment in Ni-TEGO at 300 K. The repolarization asymmetries have been fitted by equation 3.7 and the fit is shown as a solid
red line. The inset shows zero field muon spin relaxation of TEGO (grey circles) and
Ni-TEGO (black triangles) at 300 K. The latter was fitted by a Gaussian (green solid
line) and a Lorentzian (red solid line). For TEGO the combined fit of Gaussian and
Lorentzian is shown as a dark red solid line as described in [97].

Such a low value for the hyperfine field can only be explained by the formation
of adduct radicals which, however, have not been observed on pure TEGO. The
small amount of nickel in the sample can not account for the large radical fraction of 38 %, moreover a muonium radical formation is not expected on metal
nanoparticles [6, 27]. The radicals must thus form on carbon which again is not
expected. The reason why in-plane bonding on pure graphene is questionable
is that the unpaired electron of muonium, subsequent to the sp2 to sp3 hybridization of carbon, delocalizes and becomes part of the π-derived conduction band of graphene. The stronger localization of the paramagnetic electron
in case of Ni-TEGO can be ascribed to local perturbations of the graphene πorbitals caused by the nickel nanoparticles and a subsequently allowed radical formation. As for atomic hydrogen the results indicate a strong increase in
bonding of hydrogen in case of Ni-TEGO, compared to pure TEGO, with hydrogen favorably bonded in vicinity to the nickel nanoparticles.
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3.5 Summary and conclusion
Throughout this chapter extensive investigations have been presented, conducted on a novel class of materials, i.e. lithium and nickel decorated thermally exfoliated graphite oxide (Li-/Ni-TEGO). The backbone of all synthesized samples is TEGO which can be viewed as a defective graphitic matrix with
monolayer-graphene like areas of on average 9 nm diameter surrounded by a
slim network of graphite multilayers. This was confirmed by HRTEM imaging,
SAED, XRD and Raman measurements as reported in section 3.3.1. The majority of carbon is bound as sp2 carbon, with a small fraction of sp3 which was
additionally underpinned by the asymmetric peak shape seen in XPS and the
large fraction of π → π∗ transition in the C 1s peak (see 3.3.2). A low oxygen
content of only about 3 %At Conc. and marginally more for the metal decorated samples shows the thorough deoxygination by thermal exfoliation and
the subsequent appropriate conditions for sample handling and analysis. The
skeletal density of TEGO is, within the instrumental sensitivity, equivalent to
that of other graphite like materials ρ skeletal ≈ 2.1 g/cm3 and the samples have
a BET specific surface area of a BET ≈ 515 m2 g−1 (see 3.3.4).
In the case of lithium decoration the resulting samples are extremely sensitive to oxidation and even common
¡ techniques such as handling¢ under inert
conditions in Ar-filled gloveboxes O2 < 0.5 ppm, H2 O < 0.5 ppm , sealed airtight containers and under vacuum did not prevent the formation of oxidized
lithium species. It is thus highly questionable if a future thorough investigation
of this type of material is feasible. The samples decorated with nickel proved
less reactive towards oxygen and their structure and interaction with hydrogen
were subsequently studied.
The synthesis conditions lead to the formation of dilute, monodisperse
nickel nanoparticles, of slightly prolonged prolate spheroid shape and an
approximate diameter of 17 nm. The nickel remains metallic and due to the
nanometer size the particles display superparamagnetic behaviour above
their average blocking temperature of TB = 137 K (see sections 3.3.3 and 3.3.1).
The overall nickel content of the sample is relatively low and XPS gives only
a value of less than 1 mass%. The fact that the ejected photoelectrons can
only be recovered from the first few nanometers of the nickel nanoparticles
will lead to a somewhat higher actual stoichiometry. The investigation of
hydrogen sorption at cryogenic temperatures shows that the presence of
Ni-NPs significantly enhance the physisorption of hydrogen and an increased
hydrogen capacity of almost 50 %, compared to carbon with the same
specific surface area, was reported in section 3.4.1. Additionally muon spin
repolarization measurements, reported in section 3.4.2, show the formation
of a large fraction of radicals. About 38 % of the implanted muon spins can
be recovered with a longitudinal field of a dimension easily explainable with
muonium-adduct radical formation. This is a clear fingerprint of a strong
interaction with atomic hydrogen and can not be seen for undecorated TEGO.
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While these findings demonstrate the dramatic enhancement of the carbon
hydrogen interaction for both molecular as well as atomic hydrogen, no
evidence for Kubas interaction or hydrogen spillover, as has been predicted by
theory, was found.
Decorated graphenes demonstrate the high versatility of carbon materials.
Their chemical and physical properties can be altered on demand according
to the decorated atoms. Even the very low amount of nickel deposited onto the
TEGO support changed the interaction towards hydrogen dramatically. The
advantage of the chosen synthesis path opens up the possibility to additionally
alter characteristic parameters like the nanoparticle size and distribution, the
structure of TEGO as well as the deposition material. This enables the investigation of the influence of each of the named parameters separately and might
elucidate the origin of the discovered metal mediated hydrogen-carbon interaction enhancement. Furthermore sorption measurements at higher temperatures might enable the dissociation of hydrogen and therewith increase the
overall capacity through a different type of hydrogen bond.
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4

Metal intercalated fullerene

4.1 Introduction
The common hydrogenation of pristine C60 , forming so-called hydrofullerenes
C60 Hx , is an energy demanding process and can only be achieved via high hydrogen pressures and elevated temperatures (5–12 MPa and 573–673 K). During hydrogenation H2 is added at a C=C double bond resulting in the formation of two C−H bonds, a transformation of sp2 → sp3 and a corresponding
severe distortion of the carbon cage. For neutral hydrofullerenes (C60 Hx ) only
even numbers for x are expected and typically between 2 < x < 44; with the
two most abundant stoichiometries C60 H18 and C60 H36 [116]. This type of hydrogenation of fullerenes is non-reversible and prolonged hydrogenation and
dehydrogenation results in the collapse into polycyclic aromatic hydrocarbons
but also in a fragmentation of the C60 cage structure [118, 117].
The strong influence of metal decoration on the hydrogen-graphene
interaction was discussed above in chapter 3. Comparably metal intercalated
fullerenes show great potential as solid hydrogen storage materials. Of all
fullerenes C60 is of distinct interest, owing to its high electron affinity (2.65 eV)
and the easiness of reversible addition of up to 6 electrons on its triply
degenerate t 1u -LUMO [131, 44]. This is widely exploited in the synthesis
of charge transfer salts (fullerides) were alkali, alkaline earth and transition
metals donate electrons in an ionic bond to the fullerene. The next higher
molecular orbital of C60 is t 1g ; also triply degenerate and energetically
close to t 1u . Based on this it is widely suggested that C60 can accept even
higher charges, up to 12 electrons, however, even for heavy doping no
metal-intercalated compounds have been reported that would exhibit a
12 e − saturated state. At higher intercalation the charge transfer is not fully
provided to C60 any more. One explanation indicates that, subsequent to an
intercalation leading to a charge transfer of 6 e − , interstitial electron states are
induced; probably originating at the centers of metal aggregates around the
interstitial octahedral site (see figure 4.1) [2]. This filling of interstitial electron
states limits the charge transfer to C60 . Nevertheless, a high loading of 6, with
an estimation as high as 8 e − , is reported for different intercalated fullerene
compounds [79, 2].
Enhanced electrostatic interactions between H2 and C60 , depending on the
amount of additional charge transferred to the fullerene cage, is proposed
by first principle DFT calculations [141]. The binding energy increase
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for physisorbed H2 , typically around 5 kJ mol−1 , is expected to be up to
17–31 kJ mol−1 , with a hydrogen storage capacity of up to 8 mass% [141].
Analogous to the Kubas interactions predicted for metal decorated graphene,
first principle calculations indicate possible Kubas interactions for metal
intercalated fullerenes. The increased binding energy of the H2 molecule
leads to a calculated hydrogen storage capacity increase of up to 6.8, 7.5,
8.4, 9.5 and 13.5 mass% for Ni3 C60 , Ti12 C60 , Ca32 C60 , Na8 C60 and Li12 C60
respectively [107, 138, 140, 18, 113]. Both mentioned approaches leave the
dihydrogen molecule intact and facilitate hydrogenation under moderate
conditions, due to binding energies in the desired range of 20–40 kJ mol−1 H2 ;
conditions under which the fullerene molecules stay intact. During their
research on hydrogen sorption of alanates Teprovich et al. found that when
they used C60 as a catalyst they formed metal fullerenes during desorption
and simultaneously facilitated desorption at reduced temperatures [122].
Subsequently they reported that Lix C60 reversibly stores up to 5 mass% of
hydrogen [121].
The following chapter reports on the hydrogen and deuterium absorption
and desorption properties of Na10 C60 and Li12 C60 . In the course of the
underlying scientific project (SNSF - Smart carbon-based materials for
hydrogen storage) various different samples have been investigated and the
here discussed selection are the most promising of a wide range of synthesized
materials. As part of a bigger project most of the conducted experiments
have been performed by various different laboratories. The fullerides were
investigated by means of X-ray powder diffraction and in situ neutron
powder diffraction, Fourier transformed infrared (FT-IR) spectroscopy,
Raman spectroscopy and volumetric gas absorption measurements (pcT,
pressure-composition-temperature).

4.2 Experimental
4.2.1 Sample synthesis
For the synthesis of metal intercalated fullerenes high purity (> 99.9 %), polycrystalline C60 was purchased from MER Corporation. Prior to further use the
powder was degassed in dynamic high vacuum (10−3 Pa) at 523 K for 12 h.
To synthesize Nax C60 the degassed C60 was mixed with anhydrous sodium
azide (NaN3 , Sigma-Aldrich) in stoichiometric amounts within the inert atmosphere of an Ar-glove box. The material was subsequently hand-ground with
agate mortar and pestle, for thorough homogenization and the resulting fine
powder was pelletized (80–120 mg per pellet). The pellets were placed in tantalum foil bags and then sealed in Pyrex vials. The solid state reaction was performed under dynamic high vacuum and slow heating (≈ 10 K h−1 ) up to 723 K
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at which the sample was held for 5 h. The decomposition of NaN3 and the
subsequent diffusion of Na onto the fullerene cages started around 638 K and
followed the formula:
3
C60 + x · NaN3 =⇒ Nax C60 + x · N2
2
While from pure stoichiometric considerations the resulting compound
should have been Na10 C60 further investigations, which are reported below,
evidence a slightly lower sodium amount. The final compound is nevertheless
simply called Na10 C60 . Analogously, the synthesis of Li12 C60 was performed by
mixing stoichiometric amounts of previously degassed C60 with flakes of high
purity granular lithium (99 %, Sigma-Aldrich). Approximately 500–600 mg of
the mixture was transferred to a 3 sphere agate ball mill and milled at 30 Hz
for 1 h. The resulting material appeard as a uniform black powder which was
pelletized (≈ 100 mg per pellet) and placed in tantalum foil bags; sealed in
Pyrex vials in high vacuum. The vials were slowly heated up to 543 K and kept
at this point for 36 h to facilitate the diffusion of lithium onto C60 .
To avoid contamination and oxidation the synthesized samples were exclusively handled in the inert atmosphere of argon filled glove boxes (H2 O and
O2 < 1 ppm). Sample synthesis was performed by Dr. Mattia Gaboardi at the
University of Parma, Italy.

Figure 4.1: Schematic visualization of metal intercalated C60 on the basis of undoped
fcc, F m 3̄m (255), C60 . Colored spheres indicate possible interstitial sites, octahedral
(blue) and tetrahedral (yellow), where the intercalated metal atoms can reside. The
lower row shows tetragonal cuts of the cubic structures above and serve as a different
field of vision with visible tetrahedral sites. A n stands for the dopand and the respective stoichiometry n, e.g. Li12 or Na10 . Depending on the size of the doped element it
is possible that multiple atoms occupy one classical interstitial site [38]. Metal intercalated C60 can furthermore crystallize in different structures, e.g. cubic bcc or polymeric
sheets [95].
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4.2.2 Experimental procedure and setups
Sample synthesis and subsequent handling was conducted exclusively
under inert atmosphere to prevent oxidation and contamination. Hydrogen
(99.999 % H2 ) and deuterium (99.8 % D2 ) sorption was measured
volumetrically with a pcT instrument (see experimental paragraph 2.2.3.1).
For Na10 C60 approximately 100–200 mg of sample were introduced to about
20 MPa H2 and a subsequent temperature ramp increased the sample
temperature at 0.5 K min−1 up to 473 and 673 K depending on the experiment.
At the final temperature the samples were kept between 1 and 67 h. The
amount of absorbed hydrogen was determined by the changes in pressure at
known volumes and temperatures and corrected with a non absorbing silicon
sample occupying the same volume as the active material. Dehydrogenation
was measured either in an applied vacuum (< 0.1 Pa) or at a back pressure of
0.1 MPa H2 and with a temperature ramp of 1 K min−1 .
In case of Li12 C60 375 mg of sample was used and in a first absorption step
19 MPa D2 were applied to the sample. The sample temperature was ramped
at 0.5 K min−1 up to 498 K were it was kept for 45 h. In a second step only
10 MPa D2 were applied but the temperature was ramped up to 623 K for 24 h.
The amount of absorbed deuterium was again determined by the changes in
pressure at known volumes and defined temperatures.
For Raman spectroscopy and X-ray diffraction the samples were filled into
∅ = 0.5 mm quartz capillaries with a wall thickness of 0.01 mm. The capillaries
were sealed by melt off. The X-ray diffractometer and the Raman spectrometer
are explained in sections 2.2.1.1 and 2.2.6 respectively.
Fourier transform infrared spectroscopy (FT-IR) (see section 2.2.6) was performed within an argon glove box to prevent contamination. Depending on
the sample FT-IR grade potassium bromide (KBr) was used to decrease the attenuation of the sample and improve the spectra.
In situ neutron powder diffraction measurements were carried out at the
HRPT beamline of the Swiss Spallation Neutron Source (SINQ) at the Paul
Scherrer Institute (PSI) in Villingen, Switzerland. The available neutrons in
high-intensity mode had a wavelength of λn = 0.18857 nm. The Na10 C60 was
measured in a ∅ = 6 mm steel sample holder with a wall thickness of 1 mm.
This resulted in strong reflections of the steel sample holder and subsequently
Li12 C60 was measured in sample holders made of vanadium (∅ = 6.3 mm and
a wall thickness of 0.25 mm). Diffraction patterns were recorded between
2θ = 5–165◦ and acquisition times of 3 h and 4.25 min for Na10 C60 and Li12 C60
respectively. In case of lithium fulleride typically 10 individual patterns were
summed to enhance the statistics. The sample temperature was controlled by
a radiation-type furnace.
The majority of pcT, XRD, Raman and FT-IR measurements were conducted
with or by Dr. Philippe Mauron at Empa in Dübendorf, Switzerland. The FT-IR
spectrum of Li12 C60 was measured by Dr. Pietro Galinetto at the Dipartimento
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di Fisica “A. Volta” in Pavia, Italy. In situ neutron powder diffraction measurements were carried out by a varying group of scientists that, apart from myself,
included Dr. Philippe Mauron, Dr. Mattia Gaboardi, Dr. Denis Sheptyakov, Dr.
Mohammad Choucair and Fabio Giglio. The data discussion and analysis presented in this chapter was conducted in the course of this thesis if not otherwise stated.

4.3 Results and discussion
Prior to any sorption experiments the amount of transferred charge to the
fullerene was investigated by means of Raman spectroscopy. As reported in
literature there is a close empirical relation between the Ag (2) Raman mode
of C60 and the amount of charge transferred to the fullerene. While for pristine C60 Ag (2) = 1469 cm−1 the mode is shifted to lower wavenumbers by 6–
7 cm−1 per transferred electron [62, 45, 128]. Correspoding Raman spectra of
Na10 C60 and Li12 C60 are depicted in figure 4.2.

Figure 4.2: Normalized and y-axis shifted Raman spectra of as-synthesized Na10 C60 ,
Na10 C60 after the first hydrogen sorption cycle and Li12 C60 . All spectra were recorded at
room temperature; the sodium samples with a 532 nm laser at a power of 0.2 mW; the
lithium sample with a He-Ne laser at 632.8 nm, 1 mW power and a 0.6 optical density
filter to prevent polymerization. The red bars indicate Raman modes of pristine C60
[62]. The peaks have been fitted by Gaussian functions and the shift of their respective
centers from 1469 cm−1 is indicated in the top left corner.
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The sodium intercalated fullerene has initially a shift of about 35 cm−1 which
shifts lower after the first hydrogen sorption cycle to about 36 cm−1 . With approximated 6 cm−1 per transferred electron this corresponds to a charge transfer of 6 electrons. For Li12 C60 a shift of about 40 cm−1 was measured, corresponding to a charge transfer of 6.7 electrons. These charge transfers are lower
than expected for such doping levels and might be an indication of a lower
stoichiometry than the synthesis predicts. In particular the downshift after hydrogen sorption seen for Na10 C60 indicates a change in structure. X-ray powder diffraction conducted on these samples will solidify these results and is
discussed below.
Hydrogen and deuterium sorption experiments build the basis of the
here reported investigations on Na10 C60 and Li12 C60 . While the sodium
intercalated sample was investigated both with hydrogen as well as deuterium
gas the lithium fulleride was only investigated with deuterium due to an
upcoming neutron diffraction experiment at that point in time.
An initial hydrogen absorption experiment of the as-synthesized sodium intercalated fullerene was conducted at 20 MPa H2 and with a temperature ramp
of 0.5 K per minute up to 673 K (see figure 4.3(a)). Absorption started around
423 K; which is about 200 K below pristine C60 [104]. A maximum of 2.2 mass%
H2 was reached at 573 K after which the sample started to desorb hydrogen
with increasing temperature. As a result only 1.1 mass% of stored H2 was retained after the measurement ended. The subsequent desorption experiment
is shown in figure 4.3(b). Two distinct desorption peaks can be seen; the first
one starting around 423 K and a second peak, sharper and larger than the first,
with an onset temperature of about 523 K. The full 1.1 mass% H2 were recovered via thermal desorption at a temperature of 673 K with the majority already
released 100 K below the final temperature. Multiple absorption and desorption experiments on Na10 C60 followed and all proved fully reversible. A typical
absorption can be seen in figure 4.4 and in figure 4.3(c) the fifth desorption of
Na10 C60 is presented. The sample was hydrogenated at 623 K and 25 MPa for
an extended period of time during which the maximum of 3.5 mass% hydrogen was stored. The desorption reveals a single sharp desorption peak with an
onset temperature of 450 K.
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(a)

(b)

(c)

(d)

Figure 4.3: (a) First hydrogenation of Na10 C60 with an applied H2 pressure of 20 MPa
and a heating ramp of 0.5 K min−1 . The absorption onset temperature is reached at
about 423 K and desorption begins at 573 K. (b) Desorption rate and desorbed hydrogen in mass% as a function of temperature for the first desorption of Na10 C60 with a
hydrogen back pressure of 0.1 MPa (corresponding absorption depicted to the left).
Two distinct peaks during desorption can be seen at 423 K and 523 K; the temperature
is ramped at 1 K min−1 . (c) Isochoric hydrogen desorption after the 5th absorption
(623 K and 25 MPa) with a temperature ramp of 1 K min−1 . The pressure increased
from vacuum to about 0.18 MPa and the full 3.5 mass% H2 are recovered. The desorption onset temperature lies around 450 K. (d) First dehydrogenation of ball milled
C60 H y as a function of temperature (heating ramp of 2 K min−1 ). The sample was hydrogenated at 673 K and 12 MPa for 50 h. The desorption was not complete even at
973 K when the experiment was stopped and only 3.8 of 7.2 mass% H2 are recovered.

In case of Li12 C60 an isochoric deuterium absorption measurement was conducted prior to a scheduled neutron diffraction experiment. In a first step the
temperature was ramped up at 0.5 K min−1 to 498 K at 19 MPa H2 pressure,
followed by a 45 h lasting isothermal absorption process which is presented in
figure 4.4. The absorption onset temperature was below 373 K, even lower than
for the sodium intercalated fullerene and more than 200 K below pristine C60 .
At the end of this first step about 4.5 mass% H2 were stored and upon cooling
retained within the sample. A second absorption with a hydrogen pressure of
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10 MPa at 623 K for 24 h resulted in an additional absorption of 0.5 mass% H2
giving a total equivalent of 5 mass% H2 . Very similar to what Teprovich et al.
reported for their mixed lithium intercalated fullerene [121]. At this elevated
temperature the sodium sample already started to decompose and desorb hydrogen, indicating a higher stability of the lithium intercalated derivative.
In comparison to the two fullerides desorption data of ball milled and
hydrogenated C60 is presented in figure 4.3(d). The fullerene sample was
hydrogenated at 673 K and 12 MPa H2 pressure and kept there for 50 h after
which the sample had absorbed about 7.2 mass% H2 . Already upon hydrogen
absorption the sample showed signs of degrading and X-ray diffraction
revealed a strong amorphization (see figure 4.5). After the corresponding
desorption, which started above 673 K and continued up to 973 K, when
the experiment was stopped, no signs of crystallinity remained in the
XRD pattern. Furthermore only around 3.8 mass% H2 were released. The
C60 sample turned from deep black to red, post-hydrogen absorption and
showed up as an inhomogeneous powder suspended in liquid after the final
desorption step. While no further analysis of the liquid was conducted it is
reasonable to assume that via fragmentation of C60 not only gaseous but also
liquid hydrocarbons are formed. A schematic illustration of the proposed
mechanism for the irreversible hydrogenation and dehydrogenation of C60
can be seen in figure 4.10.

Figure 4.4: Isothermal hydrogen uptake of ball milled C60 (623 K and 18.5 MPa H2 ) and
Na10 C60 (473 K at 20 MPa H2 ); deuterium uptake of Li12 C60 (498 K at 19 MPa D2 )

92

Figure 4.5: Normalized and y-axis shifted X-ray diffraction patterns of ball milled C60
(blue); after absorption C60 Hx (green) and after desorption (grey). Hydrogenation took
place at a temperature of 673 K and 12 MPa H2 pressure where the sample was kept
for 50 h. About 7.2 mass% of H2 were absorbed. The reflection intensity and sharpness
dramatically decreased upon hydrogenation indicating the destruction of the fullerene
crystallites. Hydrogen desorption started around 673 K and continued up to 973 K
when the experiment was stopped. During desorption only 3.8 mass% H2 were recovered and no x-ray reflections remained.

Analogous to the hydrogenation and dehydrogenation of C60 the sorption processes for sodium and lithium fullerides have been followed via x-ray diffraction. Corresponding patterns are presented in figure 4.6.
As-synthesized Na10 C60 exhibit multiple phases when compared to similar
structures published in literature. Two phases in particular seem to make up
most of the measured diffraction pattern. The main phase is in good agreement to an fcc phase of Na9.28 C60 with space group Fm3̄ (202) as published by
Yilderim et al. [139]. The second and minor phase coincides well with the basecentered monoclinic phase of Na3.82 C60 , with space group C 1 2/m 1 (12), that
Kubozono et al. found for their single phase sample [60]. Rietveld refinement
of as-synthesized Na10 C60 with the structural data for the main phase gives a
lattice parameter of a = 1.449 nm [79]. This does not fit to either of the lattice
parameters found in literature. By linear interpolation of the data for Na3 C60
(1.4191 nm [98]), Na6 C60 (1.4359 nm [98]) and Na9.28 C60 (1.459 nm [139]) the
Rietveld refined lattice parameter of 1.449 nm corresponds to an intercalation
quantity of approximately Na7.8 C60 . After the first hydrogen sorption cycle the
93

XRD patterns of before and after do not coincide any longer. An irreversible
process occurred and most of the reflections, corresponding to the monoclinic
phase, vanished. This can be explained by a hydrogen assisted annealing process. This structural reformation and the lower than expected stoichiometry
are in good agreement with the measured charge transfer by means of Raman spectroscopy. Upon hydrogenation the fcc lattice structure measurably
expands, reflections move to smaller angles, and desorption causes the lattice
to contract again. A strong indication of hydrogen absorption by the fulleride
structure [103]. A remarkable feature is seen around 32◦ , 37◦ and 53◦ for the
pattern recorded after the second hydrogenation. Strong reflections emerged
that can be assigned to NaH, probably originating from sodium deintercalated
from the Na10 C60 [145]. Upon dehydrogenation the NaH reflections disappear
completely and the XRD pattern equals the one before hydrogenation. A possibility for the hydrogen uptake could thus have been the formation of NaH but
even if all sodium would deintercalate during hydrogenation to form
Na10 C60 + 5 H2 ⇒ 10 NaH + C60

(4.1)

only about 1 mass% hydrogen could be absorbed. Furthermore the lattice expansion upon hydrogenation and subsequent contraction after desorption as
well as that the strong reflection at ≈ 11◦ shows shoulders on both sides, are
strong reasons against this explanation. While for pristine C60 a sharp reflection at a similar position is typical the shoulders around ≈ 11◦ indicate additional phases besides C60 . It is thus likely that just parts of the sodium deintercalates from the fulleride structure with the remaining sodium assisting hydrogenation of the carbon matrix. A possible hydrogenation can follow a process
like
Na10 C60 + x H2 ⇒ a NaH + Na10−a C60 H2x−a
(4.2)
The fact that the NaH reflections disappear during dehydrogenation is particularly interesting since the process occurs at a temperature were NaH is generally stable (decomposition temperature of NaH = 698 K [43]). The lack of other
sodium reflections after desorption and the resemblance of the patterns before
and after the hydrogenation cycle can be explained by a subsequent reintercalation of Na into the fulleride structure.
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(a)

(b)

Figure 4.6: Normalized and y-axis shifted X-ray powder diffraction patterns measured
at room temperature. (a) Na10 C60 before and after the first and second hydrogenation and subsequent dehydrogenation. A reference ball milled C60 sample is depicted
at the bottom. Furthermore the reflections of NaH (yellow triangles, [145]), Na3.82 C60
(black plus, [60]) and Na9.28 C60 (black bar, [139]) are indicated by their respective symbols. (b) Li12 C60 as-synthesized and after the first (498 K, 19 MPa) and second (623 K,
10 MPa) deuteration step. A commercially available reference sample of C60 H41 from
MER Corporation is depicted at the bottom. Reflections of LiD (red bars, [146]) and the
fcc structure of C60 (black pluses, [13]) are indicated by their respective symbols.

The XRD patterns of Li12 C60 , presented in figure 4.6(b), show a similar feature. The dominant reflections of Li12 C60 can be ascribed to the fcc structure
of C60 . Upon the first deuteration step (498 K and 19 MPa D2 ) these reflections
broaden and shift towards smaller angles indicating a deuterium induced expansion of the lattice. After the second step of deuteration (623 K and 10 MPa
D2 ) the fcc structure disappeared and the reflections resemble a bcc type structure, very similar to commercially available C60 H41 (MER Corporation). Since
no structural data is available at this time Rietveld refinement was not performed. In addition to this bcc structure a second phase is visible with reflections around 38.4◦ and 44.6◦ which completely vanish after desorption (see
figure 4.9). Analogous to NaH this phase can be ascribed to deintercalated LiD
[146]. Would the entire lithium content deintercalate to form LiH, during hydrogenation instead of deuteration, only about 1.5 mass% H2 would be stored
(see equation 4.3). If additionally the fullerene structure would hydrogenate
and form C60 H36 the summed up capacity would be around 5.6 mass% H2
(see equation 4.4). In comparison C60 H36 has a hydrogen content of around
4.8 mass%.
Li12 C60 + 6 H2 ⇒ 12 LiH + C60
Li12 C60 + 24 H2 ⇒ 12 LiH + C60 H36

(4.3)
(4.4)

The reintercalation of LiD during desorption is remarkable since pristine LiD
has a melting point close to 1000 K, almost 400 K higher than the temperature
at which reintercalation takes place.
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XRD indicates that a fraction of the absorbed hydrogen, equivalently
deuterium, is bound by deintercalated Na and Li. It was shown that the
intercalated amount of alkali metals does not account for the large quantity
of stored hydrogen as seen by volumetric absorption measurements. In this
respect infrared spectroscopy is used to verify the existence of hydrogen
covalently bound to carbon which can account for the additional hydrogen
absorbed by the samples. In figure 4.7 infrared spectra of C60 , Na10 C60 and
Li12 C60 are depicted. The hydrogenated sodium samples show clear bands
around 2800–3000 cm−1 . This corresponds to typical C–H stretching bands of
hydrofullerenes and as a reference pristine C60 and C60 H41 are shown [103].
Since Li12 C60 was deuterated rather than hydrogenated the corresponding
C–D vibrations are at lower wavenumbers [103, 119]. After desorption the
C–H and C–D bands disappeared entirely. In addition to the previously
conducted analysis the infrared spectra are a clear indication that the majority
of hydrogen is bound covalently to the carbon scaffold rather than to the
dopand alkali metal.

Figure 4.7: Normalized and y-axis shifted fourier transform infrared spectra of C60 ,
C60 H41 (MER Corporation), Na10 C60 (as-synthesized and after the first and fifth hydrogenation) and Li12 C60 (after the first and second step of deuteration). C60 , assynthesized Na10 C60 , and Na10 C60 after the first absorption have been diluted in KBr
to increase transmission and thus improve the spectra. Typical C–H and C–D stretch
vibration bands, as published in literature have been indicated by dashed lines [103]
C–D [103, 119].
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To further support the proposed sorption processes for sodium and lithium
intercalated fullerenes new batches of Na10 C60 , without traces of Na3.82 C60 ,
and of Li12 C60 were synthesized. Subsequently deuterium absorption and desorption was followed by means of in situ neutron powder diffraction respectively. The recorded diffraction patterns of sodium fulleride are presented in
figure 4.8. The sample was initially kept at room temperature and 0.1 MPa helium pressure. The reflections coincide well with the previously discussed fcc
(Fm3̄ (202)) structure of Na9.28 C60 and Rietveld refinement yields a lattice parameter of 1.454 nm [79]. This corresponds to Na8.6 C60 , in analogy to the linear
interpolation conducted for the XRD data. The most intense reflections around
53.8◦ and 63.1◦ originate from the steel of the sample holder and have not been
included in the further discussion. The application of 10 MPa D2 has no visible
impact on the pattern. The temperature was stepwise increased and patterns
at 423, 523 and 623 K are plotted in figure 4.8. The temperature increase leads
to a linear thermal expansion, however, at 523 K an abrupt increase of the lattice parameter a was recorded and is depicted in the inset of figure 4.8). The
lattice expansion is coincidental with the emergence of a new phase that was
identified as NaD. Further heating to 623 K results in the disappearance of the
NaD phase and the dramatic decrease of the lattice parameter. The patterns
before deuteration and at 623 K overlap very well, indicating that a majority
of deuterium desorbed at this temperature. The intercalation of C60 does not
only lead to Pauli repulsion, ultimately leading to a lattice expansion, but the
+
ionic interaction between the anion Cn−
60 and the A cations can lead to a lattice contraction. Upon deintercalation this ionic interaction decrease and can
lead to an effective expansion of the lattice. At the same time Somenkov et al.
have measured a for different stoichiometries of C60 Dx and a linear fit on their
published data gives a relation between a and x following [110]:
a = 0.0024 nm · x + 1.4098 nm

(4.5)

With a measured deviation from the thermal lattice expansion at 523 K of ∆a ≈
0.03 nm equation 4.5 yields a deuteration corresponding to C60 D17 . With a full
deintercalation of Na and subsequent deuteration to form 10 NaD + C60 D17
an equivalent of 2.8 mass% H2 can be stored. However, the measured XRD
data indicates that a fraction of sodium remains within the lattice. This excess
sodium will give an additional lattice contraction and higher loadings could
thus be possible without such a dramatic expansion as seen for pure C60 . While
it was not possible to undoubtedly determine the precise sorption mechanism
of Na10 C60 a tentative proposition of the process can be seen in figure 4.10.
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Figure 4.8: Neutron powder diffraction patterns of Na10 C60 at different temperatures.
The blue line represents data for an applied 0.1 MPa helium; all other data corresponds
to an applied pressure of 10 MPa deuterium. Reflections of Na9.28 C60 are plotted at the
bottom as black bar [139]; NaD reflections are marked with red triangles and appear at
523 K [109]. The strong reflections at 53.8◦ and 63.1◦ originate from the steel-sample
holder and have not been included in the further discussion. The inset shows the results of the refined lattice constant a as a function of temperature [79]. A linear fit (red
line) was performed for the points at 300, 423 and 623 K and the results are presented
in the table.
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Figure 4.9: Neutron powder diffraction patterns of deuterated Li12 C60 at different temperatures. The sample was deuterated beforehand at 623 K and 10 MPa D2 , corresponding to the second step in figure 4.6(b). Reflections of LiD are indicated with red
bars and start to vanish with increasing temperature with the onset at 598 K [146].
Coincident with the apparent reintercalation of LiD and the desorption of deuterium,
the bcc type structure reforms and starts to resemble that of fcc C60 again (black plus
sings, [13]); analogously to the XRD data. The sharp reflection at 62.9◦ does not change
position with temperature and shows irregular variation in intensity marking it as a
possible artifact.

In case of in situ neutron powder diffraction of Li12 C60 a vanadium sample
holder was used instead of the one made of steel. This dramatically reduced
the influence of the sample holder on the measurement. The deuterated
sample shows strong reflections for LiD [146] and the bcc type structure that
was discussed for the XRD experiment. Following the temperature ramp
the recorded patterns equal one another apart from the typical thermal
expansion. At a temperature of 598 K, however, the intensities of the LiD
reflections start to decrease and vanish for the pattern at 623 K. While for
the deuteration recorded with XRD the sample underwent a structural
reformation from an fcc to a bcc type structure the reverse process is seen for
the desorption and the patterns at 623, 648 and 723 K show reflections that
can be ascribed to the fcc structure of C60 [13]. A reaction pathway similar to
that one of Na10 C60 can be proposed:
Li12 C60 + x H2 ⇒ a LiH + Li12−a C60 H2x−a

(4.6)
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Due to the current lack of knowledge concerning the structural changes between hydrogenated and unhydrogenated Li12 C60 no illustration of the reaction pathway is proposed. However, the above discussed results indicate that it
is probable that the reaction is closely resembling that of Na10 C60 with the difference of an intermediate reformation to a bcc structure during hydrogenation.

Figure 4.10: (Top) The irreversible hydrogen sorption cylce of C60 . After absorption
with an onset temperature 573 K already a small fragmentation of the fullerene cages
is visible. Prolonged hydrogenation at elevated temperatures further reduces crystallinity of the fullerene structure. Desorption starts above 673 K and only parts of the
hydrogen is released from the fullerenes. A larger part fragments further to form various hydrocarbons releasing the hydrogen at much higher temperatures. (Bottom) The
reversible hydrogen sorption cycle of Na10 C60 . Hydrogen sorption starts at an onset
temperature of 473 K. During hydrogenation parts of the intercalated sodium deintercalates from the fulleride structure to form NaH. The majority of hydrogen is, however, covalently bound to the fulleride. At a temperature above 523 K hydrogen desorps
again and sodium reintercalates into the fulleride structure. This sorption cylce is fully
reversible and can store up to 3.5 mass% H2 .
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5

Corannulene as anode
material for Li-ion batteries

5.1 Introduction
Lithium-ion batteries have become one of the most important energy
storage technologies on today’s market. Their market penetration
reaches from small portable devices such as smartphones, tablets
and portable PC’s to larger stationary solutions like short term
storage of renewables and uninterruptible power supplies (UPS)
and are even up to the most challenging task of electric mobility.
The huge success of past R&D endeavors have
lead to the presently most common form
of Li-ion batteries with an anode based on
carbonaceous materials. The positive electrode
is commonly based on a transition metal oxide
such as LiCoO2 or LiMn2 O4 . Both are connected
via an electrolyte, typically a lithium containing
salt (e.g. lithium hexafluorophosphate LiPF6 )
dissolved in a carbonate-based organic,
non-aqueous liquid solvent absorbed in a
porous plastic separator. During discharging
and charging Li+ -ions are intercalated and
deintercalated into the active materials of
anode and cathode respectively. Throughout
Figure 5.1: Schematic of a typ- the existence of commercial Li-ion batteries,
ical coin-type half cell setup
carbonaceous materials have been studied and
made of stainless steel (SS)
used as anode materials. In particular the low
with integrated polypropylen
cost, high abundance and low mass of carbon
(PP) sealing O-ring. (I) SS-can.
(II) Coated Cu foil. (III) Cell- as well as the potential safety and reliability of
guard seperator (PP). (IV) SS- carbon-based materials are advantages of these
Spacer with Li foil. (V) SS- systems. Most commercially available products
Cone spring. (VI) SS-Lid with utilize naturally or industrially available carbon
materials such as natural graphite, cokes,
gasket (PP).
carbon fibers, non-graphitizable carbon, and
pyrolitic carbon. These, however, are by origin not specially tailored as
Li-ion storage materials and in recent years tremendous efforts have been
undertaken to enhance critical properties, such as specific surface area,
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porosity and monodispersity, amongst others, to achieve higher capacities, a
longer cycle life and overall stability.

Figure 5.2: (a) Schematic top view of corannulene. (b) Schematic of a C60 buckminsterfullerene. (C) Schematic top view of decakis(phenylthio)corannulene.

In capter 4 the hydrogen sorption of Li12 C60 fullerides was addressed. It was
shown that, even under conditions for hydrogen sorption, lithium partly intercalated and deintercalated into the fulleride crystals. It naturally follows
to address the Li-ion sorption characteristics of this class of materials. Depending on the hydrogenation state, C60 Hx -based anodes can achieve stunning capacities as high as 1100 Ah/kg (Li y≤x C60 Hx ) [71] and it was proposed
that the curvature of the aromatic carbon system can have a strong influence
on the lithium storage capacity [99]. A recent paper elucidated the lithiumcoordination in lithiated corannulene (Li4 C20 H10 ), which can be thought of as
the smallest subunit of C60 still retaining such a curvature that none of the
five benzene rings are coplanar [142]. In contrast to C60 , corannulene can accept one electron per five carbon atoms (C60 6− accepts one electron per 10
carbon atoms) and is thus more electron rich in its highest reduction state.
The mentioned paper presents single-crystal x-ray diffraction evidence for five
Li+ ions, sandwiched between two anionic corannulene decks, two more Li+
ions externally bound to the top and bottom of the sandwich and a remaining Li+ cation solvent-separated [142]. It remains to be proven if the, in this
way stored, lithium is accessible and can easily intercalate and deintercalate
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from corannulene-based anode systems. While some results on corannulene
half cells have been published some time ago, with reversible capacities of
464 Ah/kg and 602 Ah/kg for at least 5 cycles, research indicates that the full
storage potential of the material has not been reached [99, 57]. Here we want
to present preliminary results of the investigation of this promising carbonaceous material for Li-ion battery anodes.

5.2 Experimental
Prior to the electrode fabrication corannulene (C20 H10 ) and decakis(phenylthio)corannulene (D-corannulene, C80 S10 H50 ) was hand-ground
with agate mortar and pestle to homogenize the active material (structure
models in figure 5.2). Subsequently a mixture of 63.75 mass% corannulene,
21.25 mass% carbon black (Super C65, TIMCAL) and 15 mass% carboxymethyl
cellulose binder (CMC, grade:2200, Daicel Fine Chem Ltd.) was suspended in
purified water (91 mass% liquid to 9 mass% solid) and ball milled for 1 h at
600 rpm. CMC binder was used as a chemical adhesive and since it is well
known to effectively enhance capacity retention and is commonly used for
carbon-based systems [143, 67, 20]. In this context it is important to note
that, since the choice of binder has a critical impact on the performance
of the electrode performance, the CMC binder was chosen purely on the
basis of previous research on other active materials and may not represent
the optimum for corannulene and decakis(phenylthio)corannulene. One
batch of corannulene current collectors was thus prepared with a different
binder, polyvinylidene fluoride (PVDF), which, however, yielded very similar
results to CMC. Well dispersed carbon black ensured good and homogenous
electrical conductivity over the entire electrode. The resulting aqueous
slurry was evenly cast onto, previously weighed, copper foils. The foils
were dried under air at room temperature for 3 h, to remove the solvent,
and subsequently placed in a vacuum oven where they continued to dry
under moderate vacuum conditions and 345 K for an additional 12 h. For
a consecutive measurement of the mass of the active electrode material
the dried current collectors were
they were
¡ weighed again whereafter
¢
transferred in a Ar-filled glovebox O2 < 1 ppm, H2 O < 1 ppm at which point
standard 2025-sized coin-type cells were assembled (see figure 5.1). A Li
metal foil served as both reference and counter electrode. The electrodes
were separated by Celgard separators (Celgard 2400, 25 µm microporous
monolayer polypropylene membrane, Celgard Inc. USA). The electrolyte was
1 M LiPF6 in ethylene carbonate:diethylcarbonate (EC:DEC 1:1 by weight,
Novolyte) with an additional 3 mass% fluoroethylene carbonate (FEC).
LiPF6 and EC:DEC is often regarded as the standard, first choice solution
for Li-ion battery systems [143]. Non-aqueous, polar aprotic electrolyte
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systems can be used in moisture-sensitive materials and have the advantage
of high ionic conductivity, anodic stability and that EC and DEC form
dense solid-electrolyte-interface layers (SEI). FEC was added to additionally
enhance and stabilize the SEI formation to increase cyclic stability and
capacity retention [46, 22].
Electrochemical cycling tests were conducted using a multichannel
workstation from Astrol between (0.02–2 V) versus the Li metal foil and
a maximum current density of 50 A/kg. Capacities were normalized to
the mass of corannulene/D-corranulene while possible contributions
from the amorphous carbon were neglected. A total of two sets of 4
corannulene-based cells (one with CMC and one with PVDF binder) and one
set of 3 D-corannulene (with CMC) based cells were measured.

5.3 Results and discussion
All assembled half-cells were measured versus metallic lithium at room temperature, as described above in section 5.2. As expected a slight distribution
in the measured capacities for the different assembled cells was observed and
is caused by variations in the relative ratios of electrolyte, electrode material,
thicknesses et cetera. Representative profiles of discharge and charge curves
for corannulene and D-corannulene are presented in the figures 5.4 and 5.6 respectively. For the corannulene cell an initial discharge capacity of 407 Ah/kg
was observed with a following second discharge capacity of only 144 Ah/kg. An
irreversible fraction of the total capacity is common and stems from the formation of a solid-electrolyte interface layer, a lower value is favored [130]. The
measured initial discharge capacity of corannulene is surprisingly low compared to 802 Ah/kg as previously published in literature [99]. Further cycling
of the cell slowly recovered part of the initial capacity with a maximum of
208 Ah/kg to 197 Ah/kg for discharge and charge profiles after the 18th cycle
(fully lithiated graphite LiC6 shows ≈ 372 Ah/kg [137, 127]). The similarity in
charge and discharge capacity corresponds to a good coulombic efficiency of
about 95 % that even increased for higher cycling numbers. Reversible Li+ capacities of corannulene of 464 Ah/kg and 602 Ah/kg can be found in literature
[99, 57] and are substantially higher than the measured 208 Ah/kg. The comparison shows that not only the initial capacity but also the reversible capacity
are much lower than expected. However, none of the cited capacity values are
underpinned by presented measurement data and might thus be taken with
a grain of salt. A final conclusion about what caused the large difference between literature and the gathered experimental data can not be drawn as of
yet. Probable but not exclusive reasons for the poor cell performance include
non optimal choice of binder, electrolyte, addition of FEC and unfavorable cycling conditions.
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Figure 5.3: Galvanostatic charge-discharge cycling potential versus capacity for the
coin-type cell based on 63.75 mass% corannulene. The first discharge cycle shows two
plateaus with the first originating from the formation of the SEI. The second plateau is
also present in discharge cycle 18 and corresponds to an intercalation of Li ions into
the active material. Equivalently the small plateaus present in the charge cycles originate from deintercalation of lithium from the corranulene electrode.

Figure 5.4: Discharge and charge capacities for an anode containing 63.75 mass%
corannulene. The cycles were run between 0.02–2 V and with a current density of
50 A/kg. The capacities are normalized to the corannulene content. After the sixth cycle an average coulombic efficiency of 98 % was reached.
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For the coin-type cell based on D-corannulene a high initial capacity of
741 Ah/kg was observed. After the formation of the typical solid-electrolyteinterface layer during the first cycle the measured capacity for the subsequent
cycles is even lower than for the corannulene cell. Only an average of about
≈ 60 Ah/kg was reached. At such poor capacities it might not longer be
feasible to neglect the influence of carbon black on the overall capacity of
the cell. It is thus possible that carbon black is, at least partly, responsible
for the measured capacity while D-corannulene does not contribute. Figure
5.5 shows the cell potential versus the measured capacity. Contrary to the
equivalent measurement for corannulene (see figure 5.3) no plateau is
observed during charging. With this and the poor capacity in mind it is
conceivable that the required cell potential, necessary to deintercalate
the Li-ions, was not reached during the experiment. At higher voltages a
charging might takes place which in turn could recover capacity. However,
this is speculative and has to be investigated in further measurements with
particular attention placed on the stability of all cell components at such high
proposed potentials. After these preliminary tests it is nevertheless evident
that a more careful selection of every single element in the battery has to be
made to succeed in the approach of the theoretically high lithium storage
capacity of corannulene and D-corannulene.

Figure 5.5: Galvanostatic charge-discharge cycling potential versus capacity for the
coin-type cell based on 63.75 mass% decakis(phenylthio)corannulene. The broad
plateau in the discharge cycle is caused by the formation of a solid-electrolyte interface
layer.
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Figure 5.6: Discharge and charge capacities for an anode containing 63.75 mass%
decakis(phenylthio)corannulene. The cycles were run between 0.02–2 V and
with a current density of 50 A/kg. The capacities are normalized to the decakis(phenylthio)corannulene content. After the sixth cycle an average coulombic efficiency of 98 % and a capacity of ≈ 60 Ah/kg was reached.
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6

Summary of results

The studies reported on in this thesis were aimed for a better understanding
of novel, nanoscale, carbon-based materials with respect to their structure
and the resulting effects on energy storage related properties. The driving
force behind carbon as a basis for energy storage materials is the low atomic
weight, high abundance and accessibility in addition to carbons valency,
making it extremely versatile with respect to structural modification. In
this context three different classes of materials were selected for further
investigation; namely metal decorated thermally exfoliated graphites, metal
intercalated fullerenes and corannulene derivatives.
Metal decorated graphenes, in particular lithium and nickel decorated TEGO,
were produced in a two step synthesis and under inert conditions. The
resulting carbon backbone was identified as a defective graphitic matrix with
monolayer-graphene like areas surrounded by a slim network of graphite
multilayers. The majority of carbon is bound as sp2 carbon, with only
fractional quantities of sp3 . The meticulous care that was taken ensured a
low oxygen content of only about 3 %At Conc. and marginally more for the
metal decorated samples. While the skeletal density of TEGO was measured
to be close to that of graphite the BET specific surface area proved larger
than 500 m2 g−1 with the possibility of significant increase. Results on the
lithium decorated samples and their extreme sensitivity towards oxidation
call a possible applicability as a storage material into question. On the
other hand the samples decorated with nickel proved less reactive towards
contamination, conserving the possibility of a whole zoo of materials that can
be deposited onto TEGO and subsequently be tested in a likewise manner. The
chosen synthesis conditions produced monodispersed nickel nanoparticles
of slightly prolonged prolate spheroid shape and an approximate diameter
of 17 nm. The nickel remains metallic and due to the nanometer size the
particles display superparamagnetic behaviour above their average blocking
temperature. While the main motivation of this thesis lies in the sector of
energy storage it is important to note that especially nickel nanoparticles
are proposed to find use in many other areas; amongst others for catalysis,
medical applications, as electrochemical capacitors or as sensor materials.
A viable synthesis approach is therefor appreciated in a broad context.
Concerning energy storage the presence of nickel nanoparticles significantly
enhances the physisorption of hydrogen and an increase in hydrogen storage
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capacity of almost 50 % (at 77 K), compared to carbon with the same specific
surface area, can be reported. For muon spin repolarization measurements a
large missing fraction of close to 40 % is seen. The signal was recovered with
a longitudinal field easily assignable to muonium-adduct radical formation;
a clear fingerprint of a strong interaction with atomic hydrogen that has not
been seen for undecorated TEGO. While these findings demonstrate the
dramatic enhancement of the carbon hydrogen interaction for both molecular
as well as atomic hydrogen, no evidence for Kubas interaction or hydrogen
spillover, as has been predicted by theory, was found. The characteristics
of the chosen synthesis path opens up the possibility to additionally alter
determining parameters like the nanoparticle size and distribution, the
structure of TEGO as well as the deposition material. This implements the
possibility to investigate the influence of each of the named parameters
separately and might elucidate the origin of the discovered hydrogen-carbon
interaction enhancement. Furthermore sorption measurements at higher
temperatures might enable the dissociation of hydrogen and therewith
increase the overall capacity through a different type of hydrogen bond.
Hydrogen and deuterium sorption measurements were conducted on
Na10 C60 and Li12 C60 . At a hydrogen pressure of 20 MPa and a temperature
of 473 K a hydrogen content of 3.5 mass% is reversibly stored. Desorption
starts at an onset temperature of 523 K with a back pressure of 0.1 MPa H2 .
In case of Li12 C60 deuteration starts already below 373 K, while desorption
takes place at around 573 K with an equal back pressure. At the optimal
conditions Li12 C60 stores an equivalent of 5.5 mass% H2 , fully reversible.
Both absorption and desorption for the sodium as well as lithium fulleride
take place at significantly lower temperatures than for pure C60 and have
dramatically increased kinetics; indicative of a lower stability of the fullerides.
The appearance of NaD and LiD, upon deuteration of Na10 C60 and Li12 C60
respectively, was observed by means of powder X-ray diffraction and in
situ neutron powder diffraction. Reflections of both compounds disappear
entirely during desorption. This has been explained by the deintercalation
and subsequent reintercalation of sodium and lithium during sorption of
the fullerides. While both alkali metal hydrides are known to store hydrogen
readily the stoichiometry of the intercalated metal is to low to accommodate
the measured amounts of absorbed D2 . Additionally FT-IR measurements
show C–D stretching vibration bands of covalently bound deuterium revealing
that a majority is stored on the fullerene rather than the deintercalated metal
clusters. What is remarkable in this context is that the reintercalation takes
place at temperatures several hundred Kelvin below the melting points of
both NaD and LiD. Future investigations will need to address the influence
of the intercalation induced charge of the fullerenes and if it remains upon
deintercalation of the metal atoms. The sorption mechanism, tentatively
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explained in this thesis, is furthermore not undoubtedly determined and
needs clarification to fully understand this apparent interplay of mutual
destabilization of all involved compounds.
Besides work on hydrogen as an ideal intermediate energy storage medium
the investigations conducted during this thesis work delved into a more
conventional field of energy storage, that of Li-ion battery storage systems.
The research on Li12 C60 demonstrated the reduced stability of LiD in the
presence of fullerenes, where the intercalation and deintercalation of
lithium took place at temperatures well below that typically necessary
to decompose the compound. The desire for a thorough investigation of
the Li-ion sorption characteristics of this class of materials was clearly
propelled by these findings. However, while C60 accepts one electron per
10 carbon atoms corannulene can accept one electron per five carbon
atoms and thus demonstrates a much higher electron affinity than even
C60 . Since lithium is ionically bound to the carbon scaffold a higher number
of accepted electrons should enable a higher lithium doping level. In
this context corannulene and decakis(phenylthio)corannulene have been
investigated for their reversible lithium storage capacity by means of room
temperature electrochemical cycling tests. Preliminary tests revealed poor
storage capacities for both derivatives. While these results are by no means
conclusive they give strong impulses for future measurements and in
particular call for a careful selection of every single element in the assembled
electrochemical cells. This is paramount if one wishes to succeed in the
approach of the theoretically high lithium storage capacity of corannulene
and decakis(phenylthio)corannulene.
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by a partial de/reintercalation of sodium. A minor part of the hydrogen is ionically bonded

300  C (heating rate 1  C min1). This absorption and desorption temperatures are signif-

in NaH and the major part is covalently bonded in C60Hx. The sample can be fully dehydrogenated and no NaH is left after desorption. In contrast to C60, where the fullerene cages
for high hydrogen loadings are destroyed during the sorption process, the NaxC60 sample
stays intact. The samples were investigated by X-ray, in-situ neutron powder diffraction
and infrared spectroscopy. NaxC60 was synthesized by reacting sodium azide (NaN3) with
C60 (molar ratio of Na:C60 is 10:1).
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1.

Introduction

Due to its low atomic weight carbon exhibits a high gravimetric hydrogen storage capacity of up to 25.1 mass% in the
form of methane (CH4) and >14.4 mass% in alkanes (CnH2nþ2).
In hydrocarbons hydrogen is covalently bonded to carbon.
The standard enthalpy of formation of methane is
DfH0(CH4) ¼ 37.3 kJ mol1 H2 [1] but due to the high

dissociation energy of the CeH bonds (Edis. ¼ 439 kJ mol1 [1])
non-catalytic thermal cracking requires temperatures higher
than 1200  C to dissociate CH4 at a reasonable rate [2]. By using
appropriate catalysts the temperature can be signiﬁcantly
reduced to 850e900  C [3], which is still too high for mobile
hydrogen storage applications.
The heat of adsorption of molecular hydrogen on high
surface area carbon materials is in the range of 4e6 kJ mol1

* Corresponding author. Tel.: þ41 58 765 4099.
E-mail address: philippe.mauron@empa.ch (P. Mauron).
0360-3199/$ e see front matter Copyright ª 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.
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H2 [4]. Liquid nitrogen temperatures are thus required for the
adsorption of hydrogen. The hydrogen storage capacity
depends on the speciﬁc surface area of the carbon sorbent and
approximately 1.5 mass% of hydrogen is absorbed
per 1000 m2 g1 of speciﬁc surface area at a temperature of
77 K [5].
Hydrogen absorption in C60 has been extensively investigated [6e10]. As in the case of hydrocarbons, hydrogen
in hydrofullerenes (C60Hx) is covalently bonded to carbon.
Based on theoretical calculations and literature values,
Karpushenkava et al. [11] determined the standard
enthalpy and entropy for the hydrogenation of fullerenes
(C60(s) þ 18H2(g) / C60H36(s)) to DrH0 ¼ 74.1 kJ mol1 H2 and
DrS0 ¼ 126.2 J mol1 H2 K1) (isomer mixture) leading to
a decomposition temperature of 314  C at a pressure of 1 bar
hydrogen. This enthalpy is comparable to hydrides such as
MgH2 [12] and LiBH4 [13]. The CeH bond energies in C60H36 were
calculated to be 295.8 and 293.7 kJ mol1 [14] for the isomer with
T and Th symmetry, respectively, which would be signiﬁcantly
lower than typical CeH bond energies [1].
An intermediate binding energy of 20e40 kJ mol1 H2 [15]
would be an ideal value for practical applications. Additional
attracting forces between the hydrogen molecule and the host
materials, originating from a quantum-mechanical orbital
interaction (e.g. Kubas interaction [16]) or by electrostatic
interaction (dipolar or quadrupolar) could realize the desired
intermediate binding energy [15]. Theoretical studies predict
that some metal-decorated C60 can absorb up to 8.4, 9.5 and
13.5 mass% of hydrogen in Ca32C60 [17], Na8C60 [18] and Li12C60
[19] respectively, due to Kubas interaction with a binding
energy in the appropriate range (20e40 kJ mol1 H2 [15]). For
the electrostatic interaction, Yoon et al. [20] have calculated
that the binding energy of molecular hydrogen on either
positively or negatively charged fullerenes Cn of different size
(20  n  82) is substantially increased to 17e31 kJ mol1 H2
with a hydrogen storage capacity of up to 8 mass%.
Charged fullerenes can be realized by alkali or alkali earth
metal intercalation, due to a charge transfer from the metal to
the fullerenes, forming charge transfer salts, so called fullerides. As the electronic structure of the C60 is changed by the
electron transfer a catalytic effect on the covalent hydrogenation of the charged C60 is expected. Stable NaxC60 exist with
continuous stoichiometries. For x > 4 NaxC60 has a facecentered cubic ( fcc) structure [21,22] as pristine C60 [23] and
Na clusterizes inside the unit cell, whereas for x ¼ 4 a bodycentered cubic (bcc) structure is present and forms a 2D polymer [24].
In particular, arguments based on the ﬁlling of oneelectron orbitals suggest that a C60 can accept up to 12 electrons. For high level (x > 6) doped NaxC60 the charge transfer is
not fully provided to the C60 and a maximal charge transfer to
the C60 of 8 e is estimated for Na10C60 [25]. The formation of
new interstitial states accommodate a part of the additionally
donated charge (6 < x  8) [25]. Na10C60 is therefore a promising system in which hydrogen interacts with C60 through Na
atoms that partially donate their charge to C60.
NaxC60 can be synthesized basically by three methods. In
the ﬁrst method stoichiometric quantities of C60 and NaN3 are
mixed, placed in a quartz tube and heated between 370 and
390  C for 20 min to decompose the NaN3, while keeping the

pressure below 1$103 mbar. Subsequently, the temperature is
raised to 410  C to complete the reaction [26]. In the second
method C60 is reacted with the appropriate quantity of sodium
dissolved in liquid ammonia. The ammonia is distilled, the
sample treated in vacuum and annealed at 300  C for several
days [27]. In the third synthesis method NaH is reacted with
C60 at 350  C for nine days with two intermediate regrindings
[28,29]. If the sample is only heated to 280  C for 1 h NaH
intercalates into C60 [30].
Previous work on hydrogen absorption in metal intercalated C60 has been performed by Wang et al. [31] who investigated the hydrogen absorption in a PtC60 compound. The
hydrogen amount absorbed up to 200  C under a hydrogen
pressure of 20 bar was 1.6 mass% and at 1 bar hydrogen pressure only 0.3 mass% were released. The authors estimated the
reversible hydrogen absorption between 0.5 and 0.6 mass%.
Goldshleger et al. [32] investigated the interaction of PtC60
with deuterium (D2). For samples treated at a temperature of
100  C and 10e20 bar D2 they observed C-D absorption bands in
the infrared spectra. PtC60 deuterated at 100e275  C released
D2 at w427  C whereas samples deuterated at 350e450  C
released D2 at 510e530  C. By mass spectroscopy, C60Dx
(x ¼ 2e26) was identiﬁed to be the high-temperature product.
Teprovich et al. [33] reported on the reversible hydrogen
uptake of alkali metal fullerides (Na6C60, LixC60) synthesized
by dehydrogenation of a C60 plus NaAlH4 and LiAlH4 mixture
of (1:6), respectively. C60 was also used as a catalyst for the
hydrogen desorption of NaAlH4 [34], LiAlH4 [33] and LiBH4 [35].
The authors found that NaH, formed during desorption of
NaAlH4, was reacting with C60 to form sodium fulleride
Na6C60. For hydrogen absorption the sample (Na6C60 þ 6Al)
was held under 120 bar hydrogen at 250  C for 12 h. A subsequent desorption showed a single desorption event with onset
temperature w150  C and a 1.5 mass% reduction. The observation of CeH stretching vibrations at w3000 cm1 by Fourier
Transform Infrared (FT-IR) spectroscopy is consistent with
hydrofullerene formation.
Teprovich et al. [36] also investigated lithium doped
fullerenes (Lix-C60-Hy). For a 6:1 M ratio of Li:C60 they could
reversibly store up to 5 mass% of hydrogen with a desorption
onset temperature of w270  C. By mass spectroscopy they
could identify hydrofullerenes up to C60H48.
In this paper we investigate the hydrogen absorption and
desorption properties of pure NaxC60 without any byproducts.
The sodium fulleride was synthesized with sodium azide. This
method has the advantage that the hydrogenation can be
performed on a pure and NaxC60 compound without possible
educt residues as e.g. NaH used in the reaction of C60 with NaH
or unwanted reaction products such as Al, obtained in the
reaction of C60 with NaAlH4. Sodium azide completely reacts
with C60 under evolution of volatile nitrogen gas.
The hydrogen amount was determined volumetrically and
the samples were investigated by x-ray, in-situ neutron
powder diffraction, Raman and FT-IR spectroscopy.

2.

Experimental

To produce Na10C60, a stoichiometric amount of sodium azide
(NaN3, SigmaeAldrich) was homogenously mixed with C60
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(MER Corp., 99.9%) in a mortar inside a glove box. This material
was pelletized (80e120 mg pellets) and placed in tantalum foil
bags. The bags were then transferred to a Pyrex vial and
placed continuously pumped at a pressure below 1$103 mbar.
The vial was heated to 250  C at 50  C h1 then to 450  C at
10  C h1 at which point the sample was held for 5 h. Subsequently the sample was cooled down to 20  C at 250  C h1.
Hydrogen absorption of the samples was measured volumetrically in a pcT (pressure, composition, temperature)
instrument [37]. Approximately 200 bar of hydrogen was
applied on the sample (100e200 mg) and subsequently
a heating ramp of 0.5  C min1 was applied up to a temperature between 200 and 400  C, depending on the experiment.
The sample was kept at the ﬁnal temperature between 1 and
67 h. The amount of hydrogen absorbed was determined by
the pressure change at known volumes and deﬁned temperatures. In order to correct for the pressure increase in the
heated sample holder a measurement consisting of a nonabsorbing silicon sample, occupying the same volume as the
sample, was subtracted. After each hydrogenation experiment the hydrogen pressure was released from the samples.
Hydrogen desorption was carried out either in vacuum
(<1$103 mbar) or at 1 bar of hydrogen by applying a heating
ramp of 1  C min1 and by measuring the amount of desorbed
hydrogen with a ﬂow meter. Alternatively the pressure
increase in a known volume was used to determine the
amount of hydrogen.
The samples were solely handled in an argon glove box
(H2O and O2 levels < 1 ppm) to avoid contamination. For the
subsequent x-ray diffraction (XRD) and Raman measurements, the samples were ﬁlled in to quartz capillaries with
a diameter of 0.5 mm and a wall thickness of 0.01 mm.
The XRD measurements were performed with a Bruker D8
Advanced diffractometer equipped with a Cu target and Göbel
x-ray mirror, preparing a parallel incident beam. The patterns
were recorded with a one-dimensional position sensitive
detector (VÅNTEC).
Raman spectra at room temperature were measured with
a Bruker Senterra instrument with 3.5 cm1 spectral resolution in combination with a 10 objective using a 532 nm laser.
The laser power was limited to 0.2 mW in order to avoid
polymerization of the C60 samples [38]. The same quartz
capillaries as for the XRD measurements were used.
Infrared measurements were made with a Bruker Alpha
FT-IR spectrometer with an ATR (Attenuated Total Reﬂectance) module equipped with a diamond crystal suitable for
powder samples. The measurements were performed in an
Argon glove box to protect the sample from air. Some samples
were diluted with KBr in order to improve the spectra.
In-situ neutron powder diffraction measurements of
Na10C60 were performed under 100 bar of deuterium (D2) at the
HRPT beam line at the Swiss Spallation Neutron Source (SINQ)
at the Paul Scherrer Institute (PSI) in Villigen, Switzerland. The
samples were measured in a 6 mm diameter steel sample
holder with a wall thickness of 1 mm with neutron wavelength l ¼ 1.8857 Å in a high intensity mode. Diffraction
patterns were collected in the angular range 2q ¼ 5e165 with
a typical acquisition time of w3 h. During D2 treatment the
temperature was increased up to 350  C using a radiation-type
furnace.

3.

Results and discussion

3.1.

Hydrogen absorption and desorption
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To determine suitable working conditions, the synthesized
NaxC60 was exposed to a hydrogen pressure of 200 bar, the
temperature was increased up to 400  C by a temperature
ramp of 0.5  C min1 and kept at this temperature for 80 min.
The absorbed amount of hydrogen is plotted as a function of
temperature in Fig. 1. The absorption starts at a temperature
of approximately 150  C which is signiﬁcantly lower than for
pure C60 [8,10]. A maximum of 2 mass% hydrogen is reached at
a temperature of 300  C. At temperatures above 300  C
hydrogen desorbs again. As the experiment was stopped the
sample still contained 1.1 mass%. The hydrogen desorption of
this sample at 1 bar of hydrogen is shown in Fig. 2a. Two
desorption processes can be identiﬁed, the ﬁrst starting
around 150  C and a second, with a relatively sharp peak,
starting at 250  C. Up to a temperature of 400  C the total
amount of desorbed hydrogen reaches 1.1 mass%, indicating
that the entire hydrogen content was desorbed at a relatively
low temperature. In comparison hydrogenated C60 (400  C,
120 bar, 50 h) desorbs hydrogen in vacuum above 400  C
(Fig. 2c). XRD showed some amorphization of the C60 sample
after hydrogenation and after desorption only an amorphous
phase was present, indicating the destruction of the C60 cages.
A second absorption performed on the sodium fulleride was
done by heating the sample up to 200  C (0.5  C min1) and
holding this temperature for 67 h at a hydrogen pressure of
200 bar. As shown in Fig. 3, 3.2 mass% were absorbed, with
half of the amount already absorbed during the temperature
ramp.

3.2.

X-ray diffraction

In Fig. 4 the XRD patterns of the synthesized NaxC60 and the
sample after the ﬁrst and second hydrogenation/dehydrogenation cycles are shown. The starting NaxC60 shows diffraction peaks correspondingto a major phase of face-centered
cubic( fcc) NaxC60 [22] and body-centered cubic (bcc) Na4C60
[24,39]. The peak at 2q < 10 indicate a minor phase of

Fig. 1 e Absorbed hydrogen amount in NaxC60Hx as
a function of the temperature (heating rate 0.5  C minL1)
during ﬁrst absorption at 200 bar hydrogen.
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reﬂections at 2q between 10 and 11 correspond to the (111)
reﬂection of the fcc and the (110) reﬂection of the bcc structure.
After the ﬁrst absorption (1.1 mass% hydrogen) this reﬂections
are shifted to lower angles due to the expansion of the crystal
lattice. After the ﬁrst dehydrogenation the Na4C60 peaks
almost completely disappeared and the main phase corresponds to an fcc phase (a ¼ 14.49 Å, Na7.7C60). After the second
hydrogenation (3.2 mass%) an intense reﬂection at w11 is
seen with shoulders on the right and left side, indicating
various phases. Additionally NaH is present which probably
originates from deintercalation of sodium from the sodium
fulleride (Na8C60(s) / Na(8y)C60(s) þ yNa(l)) reacting with
hydrogen to form NaH. The XRD pattern of the sample dehydrogenated for the second time looks very similar to the one
after the ﬁrst dehydrogenation and no NaH is visible.
Although NaH is very stable (DfH0(NaH) ¼ 112.6 kJ mol1 H2
[1]) it seems to decompose during desorption. The NaH
decomposition could be favored by reintercalation of the
sodium into the fulleride (Na(8y)C60(s) þ yNaH(s) /
Na8C60(s) þ y/2H2(g)) as suggested by previous works on
sodium fulleride synthesis [28]. This interpretation is supported by in-situ neutron powder diffraction investigations.

3.3.

Fig. 2 e a) Desorbed hydrogen amount (right) and
desorption rate (left) during ﬁrst dehydrogenation of
NaxC60Hx at 1 bar hydrogen as a function of temperature up
to 400  C (heating rate 1  C minL1), b) 5th desorption of
NaxC60Hx up to a temperature of 600  C in a constant
volume from vacuum to 1.8 bar (heating rate 1  C minL1), c)
First dehydrogenation of C60Hx in vacuum as a function of
temperature (heating rate 2  C minL1).

a hexagonal distortion of NaxC60 (x > 4) [40]. By Rietveld
reﬁnement of the data with the Na9.3C60 structure model [22]
a lattice parameter of a ¼ 14.49 Å was found. This corresponds to Na7.7C60 when linearly interpolated [25] with lattice
parameter values of Na6C60 [21] and Na9.3C60 [22]. The two

Fig. 3 e Absorbed hydrogen amount in NaxC60Hx as
a function of time during the second hydrogen absorption
(heating rate 0.5  C minL1).

Neutron powder diffraction

Patterns of Na10C60 heated from 25 to 350  C at 100 bar
deuterium are shown in Fig. 5. This sample does not contain
Na4C60 (another batch). At room temperature the structure of
the sample, in presence of 100 bar of deuterium, appears
unchanged if compared to the pattern of the same sample
under 1 bar He atmosphere. All the peaks can be indexed with
an fcc structure (space group Fm-3) and LeBail analysis at 25  C
gives a lattice constant of a ¼ 14.542(2) Å with an agreement
factor of Rwp ¼ 5.18%. The strongest peaks in the diffraction
pattern are due to contribution of the steel sample holder and
were not taken into account during the analysis. The pattern
recorded at T ¼ 250  C shows an abrupt change in the lattice
constant of the cubic structure and contemporaneously new
reﬂections in the diffraction proﬁle appeared. These new
peaks could be ascribed to a minor fraction of sodium deuteride (NaD). The formation of the deuteride is accompanied
by a leakage of sodium from the cubic structure of fullerene,
as can be observed by the decrease of the relative intensities of
the families of planes {311} and {222}. The changing in relative
intensities could also be explained by the introduction of
deuterium inside the cell. However, the decrease of the metal
inside the crystal coincides with a sharp increase in the unit
cell parameter of NaxC60. This phenomenon was tentatively
explained as due to the decrease of the mutual ionic interaction between the anion Cn
60 and the Na-cluster cation, arising
from Na migration out of the fullerides. However, a comparably large expansion of the unit cell suggests that a part of the
deuterium reacts with C60 as in hydrogenated phases like
C60Hy [41]. The NaD reﬂections disappear again at 350  C,
although the melting point of NaH is at 425  C [1]. The inset in
Fig. 5 shows the lattice parameter a as a function of temperature, derived by Rietveld reﬁnement of the data with fcc
Na9.3C60 [22]. The lattice parameter increases with temperature, reaches a maximum at 250  C, where the NaD is also
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Fig. 4 e XRD patterns of C60, NaxC60 before and after ﬁrst and second hydrogen ab/desorption measured at room temperature
(the patterns are normalized and shifted in y-axis).

observed, and decreases again at higher temperatures. The
lattice parameter increases by Da z 0.4 Å, which is in the same
order of magnitude as the increase observed for the hydrogenation of C60 to C60H36 (Da z 0.5 Å) determined by a linear
extrapolation of data from Schur et al. [9]. They found a linear
dependence between the lattice parameter and the hydrogen
content in C60Hx measured up to x ¼ 24. At 100 bar deuterium
and 350  C, deuterium is desorbed, as indicated by the
decrease of the reﬁned unit cell parameter and the disappearance of the diffraction lines of NaD. This is consistent
with the performed absorption measurements (see Fig. 1). Fast
cooling of the sample at 100 bar deuterium (avoiding reabsorption of deuterium) results in a phase that is very similar to
the initial one. This conﬁrms the reversible behavior of the
hydrogenation/dehydrogenation process. In summary the
mechanism of the NaxC60 hydrogenation compared with pure
C60 is illustrated in Fig. 6.

3.4.

Raman and FT-IR spectroscopy

The Raman spectrum of NaxC60 is shown in Fig. 7. In the
literature it is reported that the Ag(2) Raman mode of C60 is
very sensitive to polymerization and charge transfer [42]. It is
shifted to lower wavenumbers by 6e7 cm1 per electron
transferred to the C60 [42e44] due to the softening of the bond
stretching modes as the electrons enter the antibonding
molecular orbitals. In polymerized C60, synthesized by

pressure- or photo-polymerization, the Ag(2) mode is shifted
by 5 cm1 per polymer bond [45,46]. In our sample the Ag(2)
mode is shifted from 1468 cm1 for pure C60 to 1436 cm1
which corresponds to a charge transfer of 5.3 e with an
assumed downshift of 6 cm1 per charge. The sample was
measured with a low laser intensity (0.2 mW) in order to
prevent polymerization. After the ﬁrst dehydrogenation the
Ag(2) mode is shifted down to 1433 cm1 which corresponds to
a charge transfer of 5.8 e. Barbedette et al. [47] measured
modes of 1417 and 1415 cm1 for the Raman spectra of NaxC60
with x ¼ 9.2 and 9.8 respectively, indicating that our sample
does not reach a doping level of x ¼ 10. This is also supported
by the presence of Na4C60 and the smaller lattice parameter
a in the XRD pattern (Fig. 4).
The infrared spectra of the starting sodium fulleride
material and the hydrogenated samples after the ﬁrst, second
and ﬁfth hydrogenation are shown in Fig. 8. All hydrogenated
samples show typical CeH stretching bands around
2800e3000 cm1 which are also present in hydrofullerenes
[9,41]. After desorption the CeH stretching bands always disappeared entirely.
The 3rd and 4th cycle were performed at 100 bar hydrogen
where 1.8 mass% and 0.4 mass% were absorbed at 200  C (18 h)
and 400  C (12 h) respectively. The 5th absorption was performed at 200  C and 190 bar hydrogen for 40 h. In order to
ascertain that all hydrogen is desorbed up to a temperature of
400  C, knowing that pure C60 desorbs hydrogen only above
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Fig. 5 e Neutron powder diffraction patterns of Na10C60 for different temperatures (the patterns are normalized and shifted
in y-axis), inset: Lattice parameter a as a function of temperature for the data ﬁtted with the fcc Na9.3C60 structure model
(dashed lines are guides for the eyes).

400  C (Fig. 2c), desorption in a constant volume was performed up to 600  C (Fig. 2b). An amount of 3.5 mass% of
hydrogen could be desorbed, whereby the pressure increased
from vacuum to 1.8 bar at 600  C. Only one desorption peak

can be seen, which is broader than in the ﬁrst desorption but
mainly due to the fact that the measurement was not done at
constant pressure. Despite the sample being heated to 600  C,
a subsequent 6th hydrogen cycle was reversible with 3.4 mass

Fig. 6 e a) Illustration of the mechanism of the reversible hydrogenation of Na10C60. Deintercalation of Na out of the Na10C60
during hydrogenation leads to the formation of NaH. During hydrogen desorption of Na(10-y)C60H36 the Na from the
decomposing NaH reintercalates into the Na(10-y)C60. b) Hydrogenation mechanism of pure C60. For high hydrogen contents
the fullerenes decompose during hydrogenation and dehydrogenation.
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supported by the fact that for conditions where pure C60
absorb hydrogen (400  C, 120 bar) the NaxC60Hx decomposes
(>300  C, 200 bar).

4.

Fig. 7 e Raman spectrum of NaxC60 (532 nm, 0.2 mW, 103
Objective, baseline corrected by concave rubberband
correction). The Ag(2) mode shifted from 1468 to 1436 cmL1
corresponds to a charge transfer of 5.3 eL.

% hydrogen (185 bar H2, 200  C, 40 h). Our investigations show
that up to 3.5 mass% of hydrogen is reversibly absorbed and at
least 6 cycles are reversible.
If in the NaxC60 compound only the sodium reacted
with hydrogen (Na10C60(s) þ 5H2(g) / 10NaH(s) þ C60(s))
then the hydrogen capacity would only be w1.0 mass%.
C60H6, C60H18 and C60H36 are known to be stable hydrofullerenes [10]. So the measured hydrogen quantities of up to
3.5 mass% hydrogen correspond to the following reaction:
Na10C60(s) þ 18H2(g) / Na10C60H36(s) corresponding to
3.7 mass%. Supposing there is some deintercalation of
sodium: Na10C60(s) þ 20H2(g) / Na6C60H36(s) þ 4NaH(s) corresponding to 4.1 mass%, the extra weight of the sodium
would be partly compensated. In comparison C60H36 has
a hydrogen storage capacity of 4.8 mass%.
In all our dehydrogenation experiments of hydrogenated
sodium fullerides desorption was completed below 300  C and
desorption at 1 bar hydrogen started at 250  C, indicating that
the stability is lower than for pure C60H36 (Tdec ¼ 314  C). This is

Fig. 8 e FT-IR spectra of C60 (KBr), C60H41 (MER Corp.),
NaxC60 (KBr) and NaxC60 after the ﬁrst (KBr), second and ﬁfth
hydrogenation. The CeH stretching modes are around
2800e3000 cmL1 (for clarity the spectra are shifted in
y-axis).

Conclusion

The hydrogenation and dehydrogenation properties of NaxC60
were investigated volumetrically. At 200 bar hydrogen and
a temperature of 200  C up to 3.5 mass% hydrogen is reversibly
absorbed. At 1 bar hydrogen the main desorption shows a sharp
peak starting at 250  C (heating rate 1  C min1). FT-IR transmission measurements have shown absorption bands at
positions typical for CeH stretching vibrations of covalent
hydrogen-carbon bonds. This suggests the formation of
hydrofullerenes as e.g. C60H36. Therefore neither the Kubas, nor
the electrostatic interaction plays the crucial role for the
binding of the hydrogen in the ﬁnal NaxC60Hx. The absorption
and desorption occurs at signiﬁcantly lower temperatures than
for pure C60, indicating some catalytic effect of the sodium or
the charged C60. Furthermore the stability of NaxC60Hx seems to
be lower than for hydrofullerenes. The occurrence of NaH
during hydrogen absorption has been explained by partial
sodium deintercalation of the NaxC60 compound and reintercalation during dehydrogenation. An interesting question is
how the charge on the C60 is changing as a function of the
hydrogen and sodium content during hydrogenation.
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ABSTRACT: The lithium-intercalated fulleride Li12C60 was investigated in view of a
lightweight hydrogen storage material due to the low molecular weight of its
constituents. Deuterium (D2) absorption in Li12C60 shows an uptake of up to 9.5 mass %
D2 (equivalent to ∼5 mass % H2 for the same stoichiometry). Under a pressure of 190
bar the onset of absorption was observed at a temperature below 100 °C, which is 200
°C lower than that for pure C60. Deuterium desorption was investigated by in-situ
neutron powder diﬀraction, and at a pressure of 1 bar desorption was observed above
300 °C. The ab/desorption is accompanied by a partial de/reintercalation of lithium,
observed by the appearance and disappearance of LiD reﬂections after absorption and during desorption, respectively. A minor
part of deuterium is present in ionic form in LiD, and the major part is covalently bound in a Li-depleted compound
Li12−xC60D36+y.

1. INTRODUCTION
C60, theoretically, has the potential to be a carbonaceous
hydrogen storage material. A typical stable molecule is C60H36,1
which has a capacity of 4.8 mass % H2. In C60H60 a capacity of
7.7 mass % H2 is reached at temperatures up to 600 °C and 130
bar,2 but it also has been observed that prolonged hydrogenation (T = 400 °C, p = 120 bar, up to 3000 min) can lead to
fragmentation of C60.3,4 Even higher hydrogen absorption
amounts have been proposed by theoretical calculations, e.g.,
Li12C60 as an isolated cluster has been studied by Sun et al.,5
and up to ∼13 mass % H2 storage capacity was calculated from
ab initio simulation.
Yoshida et al.6 measured the hydrogen absorption of Li9C60
and established that up to ∼2.6 mass % H2 can be stored at 250
°C and 30 bar H2. Reversible hydrogen uptake of alkali metal
fullerides (NaxC60, LixC60) synthesized by dehydrogenation of
C60 mixed with NaAlH4 or C60 mixed with LiAlH4 each in a
molar ratio of 1:6 has been shown by Teprovich et al.7 For
lithium-doped fullerenes (Lix-C60-Hy) a reversible uptake of 5
mass % H2 (350 °C, 105 bar H2) and desorption onset
temperature of ∼270 °C was observed when the molar ratio
between Li and C60 is 6.8 Hydrogen uptake for Li12-C60-Hy was
determined to be 3.5 mass % H2 at 250 °C and 105 bar H2. By
anelastic spectroscopy measurements Paolone et al.9 suggested
that Li6C60Hx and Na6C60Hx are homogeneous materials and
cannot be considered as constituted by bulk C60Hn and
Li(Na)Hx.
In pure sodium-intercalated fulleride Na10C60 3.5 mass % H2
can reversibly be absorbed at a temperature as low as 200 °C
and 200 bar.10 The ab/desorption kinetics can be signiﬁcantly
improved compared to pure C60, and the stability for
© 2013 American Chemical Society

dehydrogenation has been lowered. During hydrogenation
NaH is formed, leading to partial sodium deintercalation in the
compound. It was found that part of hydrogen is ionically
bound to NaH and part covalently bond to C60. During
dehydrogenation sodium reintercalates into the compound,
promoting reformation of Na10C60.
In this paper we investigate the deuterium absorption and
desorption properties of pure Li12C60 without any byproducts
by making use of pcT (pressure, composition, and temperature), XRD (X-ray diﬀraction), FT-IR (Fourier transformed
infrared) spectroscopy, and in-situ neutron powder diﬀraction.
Lithium-doped fullerides have a polymeric11 or monomeric
structure12 depending on the amount of lithium intercalated.
Li12C60 is a highly doped phase of LixC60 in which it is
established that Li atoms form an incompletely ionized cluster
in the central octahedral void of the fcc fullerite structure,12,13
similarly to Na10C60.14 Lithium atoms are, in principle, able to
donate up to 6 electrons to the 3-fold degenerate t1u LUMO of
C60, and the remainder are expected to delocalize their charge
onto the Li cluster. The high negative charge onto C60 and the
presence of the alkaline cluster in the fulleride has proved to be
of fundamental importance in decreasing the energy barrier
required for dissociation of hydrogen molecules and formation
of C60Hy.15
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2. EXPERIMENTAL SECTION
Lithium fulleride was synthesized by mixing pure C60 (MER
Corp., 99.9%) with granular lithium (Sigma-Aldrich 99%) cut
in very small ﬂakes. About 500−600 mg of the reagents was
ground in 3 spheres agatha ball mill at 30 Hz for 60 min. When
the sample became a black and uniform powder it was then
pelletized (∼100 mg per pellet), placed in tantalum foil bags,
sealed in high vacuum (<1 × 10−5 mbar) in a Pyrex vial, and
treated in an oven at 270 °C for 36 h. Subsequently, the sample
was cooled to 20 °C and recovered in the Ar glovebox. The
weight of the sample before and after annealing was unchanged.
Samples were synthesized and solely handled in an argon
glovebox (H2O and O2 levels < 1 ppm) to avoid contamination.
Deuterium absorption of the sample was measured volumetrically in a pcT instrument.16 In a ﬁrst step, approximately
190 bar of deuterium (99.8% D2) was applied on the sample
(375 mg) and subsequently heated with a ramp of 0.5 °C min−1
up to a temperature of 225 °C. Sample was kept at the ﬁnal
temperature for 45 h in order to achieve a high deuterium
absorption. The amount of absorbed deuterium was
determined by the pressure change at known volumes and
temperatures. In a second step the sample was heated up at 350
°C (in 100 bar D2) for 24 h. After each absorption step the
pressure was released from the sample and the material was
investigated by XRD and FT-IR.
XRD measurements were performed with a Bruker D8
Advanced diﬀractometer equipped with a Cu target and Göbel
X-ray mirror, preparing a parallel incident beam. Patterns were
recorded with a one-dimensional position-sensitive detector
(VÅNTEC). Samples were measured in quartz capillaries with a
diameter of 0.5 mm and a wall thickness of 0.01 mm.
Infrared measurements were carried out with a Bruker Alpha
FT-IR spectrometer with an ATR (attenuated total reﬂectance)
module equipped with a diamond crystal suitable for powder
samples. Measurements were carried out in an argon glovebox
to protect the sample from air.
In-situ neutron powder diﬀraction measurements were
performed at the HRPT beamline at the Swiss Spallation
Neutron Source (SINQ) at the Paul Scherrer Institute (PSI) in
Villigen, Switzerland.17 Samples were measured in a 6.3 mm
diameter vanadium sample holder with a wall thickness of 0.25
mm with neutron wavelength λ = 1.8857 Å in the high-intensity
mode. Individual diﬀraction patterns were collected in the
angular range 2θ = 5−165° with an acquisition time of 4.25
min. Typically 10 patterns were summed up to get better
statistics. Desorption of deuterated Li12C60 was carried out
under a pressure of 1 bar of deuterium. From 250 to 450 °C the
temperature was increased in steps of 25 °C using a radiationtype furnace. The heating rate was 10 °C min−1, and the sample
was stabilized until the normalized total counts of neutrons
became constant before measurements were started.

Figure 1. Pressure (black) and temperature (gray) of isochoric
deuterium absorption (ﬁrst step) in Li12C60 as a function of time
(heating/cooling rate 0.5 °C min−1).

Figure 2. (a) Amount of deuterium (in mass % H2) absorbed (ﬁrst
step) in Li12C60 as a function of temperature (gray) determined from
the data of Figure 1 and for comparison hydrogen absorbed in pure
C60 (black) (heating/cooling rate 0.5 °C min−1). (b) Deuterium (in
mass % H2) uptake for Li12C60 (225 °C) and hydrogen uptake for C60
(350 °C) as a function of time for the isothermal part.

(gray). Cooling the sample to room temperature does not
change the amount of deuterium absorbed. At the end of the
absorption cycle the pressure decreased to 173 bar. In a second
step the sample was heated up to 350 °C for 24 h at 100 bar
deuterium, leading to an additional absorption of 0.5 mass %
H2. At this temperature and 200 bar, hydrogenated Na10C60 is
not stable,10 indicating that the deuterated Li12C60 is more
stable. The total amount of absorbed deuterium ﬁnally sums up
to the equivalent of 5 mass % H2. During the ﬁrst step in
absorption the color of the sample changed from black to bright
gray and in the second step to white. For comparison, hydrogen
absorption of pure C60 (MER Corp.) was also measured at 185
bar and up to a temperature of 350 °C; absorption starts at
around 300 °C as shown in Figure 2 (black). A ﬁnal hydrogen
absorption of 2.4 mass % H2 was reached, and the color of the

3. RESULTS AND DISCUSSION
The pressure and temperature of the isochoric deuteration
during the ﬁrst step (225 °C, 190 bar) of Li12C60 as a function
of time is shown in Figure 1. The corresponding deuterium
amount is shown in Figure 2a as a function of temperature
(gray). During heating up the absorption already starts below
100 °C, which is 200 °C lower than for pure C60.2,18 At the ﬁnal
temperature of 225 °C, around 3 mass % H2 is absorbed. An
additional 1.5 mass % H2 is absorbed during the isotherm (45
h), leading to a total of 4.5 mass % H2 as shown in Figure 2b
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sample was red. Determination of the fcc lattice parameter of
hydrogenated C60 yields a = 14.394(2) Å, and by comparing
with the linear dependence as a function of the hydrogen
content given by Shur et al.19 the absorption was determined to
2.1 mass % H2 by XRD. The absorption kinetic of Li12C60 is
much faster compared to pure C60, even at a lower temperature.
In Figure 3 the XRD pattern of the starting material is
plotted: LeBail reﬁnement with the fcc structure of C60 gives a

C−D stretching modes similar to C60D36 which are reported to
be at 2157 and 2092 cm−1,23 leading to the conclusion that at
least part of the deuterium is covalently bound to C60 as also
seen before for the case of hydrogenated Na10C60.10
Deuterium desorption of the sample deuterated at 350 °C
(second step, other batch) was investigated by in-situ neutron
powder diﬀraction. In Figure 5 the neutron patterns are shown
for diﬀerent temperatures during the temperature ramp. At
room temperature two phases can be identiﬁed: the LiD phase
and a bcc phase similar to C60D3621,22 as already seen by XRD.
There is a linear relationship between the lattice parameter and
the amount of hydrogen absorbed in C60Hx for the fcc and bcc
phases.24 The lattice parameter of a = 11.848(1) Å determined
at RT is similar to 11.8(1) Å given by Hall et al.21,22 for C60D36.
Up to a temperature of 325 °C the patterns are similar. At 350
°C all LiD reﬂections disappear, although the melting point and
desorption temperature of LiH are at 68025 and 943 °C
(calculated from thermodynamic values25), respectively. Up to
a temperature of 450 °C there are no signiﬁcant further changes
in the spectra. The pattern at 450 °C evolves to a new structure,
which is still under investigation. In Figure 6 the lattice
parameters of LiD and Li12−xC60D36+y, ﬁtted with the LeBail
method from the cubic structures, are plotted as a function of
temperature. Due to thermal expansion the lattice parameters
increase for LiD and Li12−xC60D36+y by heating up from RT to
325 °C. For Li12−xC60D36+y the lattice expansion deviates from a
linear behavior at 325 °C as desorption occurs at this
temperature and the lattice parameter decreases again. In the
patterns of Figure 5 for one temperature several single patterns
are summed up; consequently; part of the kinetic information
got lost; therefore, the normalized total counts (Stot) for each
pattern as a function of time are plotted in Figure 7. The
change of Stot is proportional to the deuterium desorbed from
the sample because deuterium is contributing essentially to the
total scattering cross section. It can be seen that desorption
starts at 300 °C and that it is essentially terminated at 350 °C at
a value of Stot = 70%. A calculated value of Stot, considering the
sample geometry (cylindrical sample, annular vanadium sample
holder) with constant packing and mass densities of the
sample,26 for the formal reaction C60D36 + 12 LiD → Li12C60
gives Stot = 71% after desorption, which is very close to the
measured one.
Since the neutron diﬀraction of deuterated Li12C60 exhibits 2
distinct phases (LiD and a bcc phase consistent with C60D36)
and the FT-IR experiment indicates C−D stretching modes
(analogous to C60D36), the following reaction mechanism (eq
1) is proposed for absorption

Figure 3. XRD patterns of the as-synthesized Li12C60 after the ﬁrst
(225 °C, 190 bar) and second (350 °C, 100 bar) steps of deuterium
absorption. For comparison, C60H41 from MER Corp. is shown
(patterns are normalized and shifted in y axis).

lattice parameter a = 13.880(9) Å. The structure is contracted
with respect to the pure fullerite (a = 14.16(1) Å20) due to the
high Coulomb interaction arising from lithium atoms inside the
lattice, between the charged C60n− and Li+ ions/cluster. No
reﬂections from metallic Li can be identiﬁed. After the ﬁrst
deuteration step, two phases can be distinguished: lithium
deuteride (LiD) and a less crystallized phase with broad peaks.
The shape of the proﬁle of this second phase follows the
contour of the fcc phase of C60 but with a more expanded
lattice. At the end of the second absorption step, the LiD phase
is still present and a novel bcc phase with a lattice parameter of
a = 11.79(2) Å can be identiﬁed, which is close to the value of a
= 11.7(1) Å for C60D3621,22 and similar to a = 11.924(2) Å
determined for C60H41 (MER Corp.). Given the presence of
LiD in the patterns, the deuterated Li12C60 phases are partially
depleted of Li and can be described as Li12−xC60D36+y.
FT-IR spectra of the Li12−xC60D36+y sample after the ﬁrst and
second steps are shown in Figure 4. Peaks around 2100 cm−1
(2158 and 2105 cm−1 in the second step) can be identiﬁed as

Li12C60 + ((36 + x + y)/2)D2
↔ Li12 − xC60D36 + y + x LiD

(1)

This indicates that during deuteration lithium atoms deintercalate from the Li12C60 phase and form LiD in which
deuterium is ionically bound to Li and at the same time in the
remaining Li-depleted phase Li12−xC60 deuterium covalently
binds to C60. Due to the fact that the LiD peaks disappear
during desorption, it is supposed that the reverse process takes
place. LiD reacts with the Li12−xC60D36+y phase by reintercalating Li released from LiD and forming Li12C60 again. The exact
number of x and y could not be determined by the present
experiments and would need further investigations. This
reaction pathway is similar to that observed for Na10C60.10 If
in the Li12C60 compound only the lithium reacted with

Figure 4. FT-IR spectra of deuterated Li12C60 after the ﬁrst (gray)
(225 °C, 180 bar) and second (black) (350 °C, 100 bar) steps. C−D
stretching modes appear at 2158 and 2105 cm−1 (second step).
22600
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Figure 5. In-situ neutron powder diﬀraction patterns during desorption of deuterated Li12C60 (deuterated at 350 °C, 100 bar D2, second step)
measured at diﬀerent temperatures (patterns are normalized and shifted in y axis).

The Li12C60 system (after the second step of absorption)
desorbs deuterium above 300 °C compared to 250 °C for
Na10C60,10 which is an additional point to the one discussed in
the paragraph describing the absorption, indicating that the Li
system is more stable than the Na system.

4. CONCLUSION
Deuteration of Li12C60 was volumetrically determined, and up
to 9.5 mass % D2 (equivalent to ∼5 mass % H2 for same
stoichiometry) was absorbed. Absorption starts below 100 °C,
and under a pressure of 1 bar of deuterium desorption starts
above 300 °C. During absorption Li deintercalates from the
compound to form LiD and a deuterated Li12−xC60D36+y phase
with covalent D−C bonds. During desorption LiD reacts with
Li12−xC60D36+y under release of deuterium and reintercalation of
Li. It has been shown that the absorption and desorption
temperature is 200 °C lower than for pure C60 and that the
amount of deuterium absorbed is higher than that for Na10C60
(3.5 mass % H2).10 The experimental ab- and desorption
conditions (pressure, temperature) indicate that the Li12C60
compound is more stable than Na10C60.10

Figure 6. Lattice parameters of LiD (gray) and Li12−xC60D36+y (black)
as a function of temperature (values indicated in graph correspond to
room-temperature measurements).
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deuterium (Li12C60 + 6D2 → 12LiD + C60) then the deuterium
capacity would be only 1.5 mass % H2. Assuming that there is a
complete lithium deintercalation (x = 12) and formation of
C60D36 (y = 0), which is a form of a stable hydrofullerene,18
then the material would have a total deuterium capacity of 5.6
mass % H2 (12LiD + C60D36). In comparison, C60H36 has a
hydrogen storage capacity of 4.8 mass % H2. Interaction of Li
improves the sorption properties and at the same time also
increases the hydrogen storage capacity.
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Cavallari, C.; Milanese, C.; Riccò, M. Muon spin relaxation reveals the
hydrogen storage mechanism in light alkali metal fullerides. Carbon
2013, DOI: 10.1016/j.carbon.2013.09.063.
(16) Bielmann, M.; Kato, S.; Mauron, Ph; Borgschulte, A.; Züttel, A.
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Graphene obtained from thermal exfoliation of graphite oxide was chemically functionalized with nickel
nanoparticles (NPs) without exposing the system to oxidizing agents. Its structural, physical and chemical
properties have been studied by means of TEM, X-ray photoelectron and Raman spectroscopies, and
SQuID magnetometry. The formation of 17 nm super-paramagnetic (SPM) monodispersed Ni NPs was
observed. Nitrogen sorption experiments at 77 K yield a Brunauer–Emmet–Teller speciﬁc surface area
(BET-SSA) of 505 m2 g1 and helium adsorption at room temperature gives a skeletal density of 2.1 g
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cm3. The interaction with atomic hydrogen was investigated by means of Muon Spin Relaxation (mSR)
showing a considerable fraction of captured muonium (38%), indicative of strong hydrogen–graphene
interactions. Hydrogen adsorption has been measured via pressure concentration isotherms
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demonstrating a maximum of 1.1 mass% of adsorbed hydrogen at 77 K and thus a 51% increased

www.rsc.org/MaterialsA

hydrogen adsorption compared to other common carbon based materials.

Introduction
The study of carbon-based materials for hydrogen storage
experienced a surge in interest aer the possibility of gram scale
production of graphene and functionalized graphene became
possible.1 Due to the low atomic mass of carbon and the large
specic surface area of graphene, with up to 2630 m2 g1,2 the
largest known for graphitic materials, graphene is ideal for gas
adsorption and thus attractive in the eld of energy storage and
in particular for mobile applications.3 Pure graphene, however,
proves diﬃcult to hydrogenate and only at elevated temperatures the fully hydrogenated graphene (graphane), with a highly
desirable hydrogen content of 7.7 mass%, can be obtained. This
is indicative of large thermodynamic barriers probably originating from the high activation energy for H2 dissociation on
graphene. Yet, there are several ways to enhance hydrogen
sorption which can be utilized. It is well known that defects play
a fundamental role in the dissociation of hydrogen molecules
and act as trapping centres.4 Furthermore, metal atoms can
support hydrogen dissociation and therewith increase adsorption kinetics dramatically. Experimental studies conrmed that
a
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the presence of a metal can additionally increase hydrogen
storage properties5 and CO reduction.6 In this context, it was
suggested by theoretical work that both spillover eﬀects7 and
quantum orbital interactions, like Kubas binding,8 can occur,
e.g. curved carbon sheets decorated with single (alkali, alkaliearth, transition metal) atoms, in nanotubes,9 fullerenes10–12
and graphene complexes,13 and enable hydrogenation under
preferable conditions. In the case of Kubas interaction the
binding energy is thought to fall in the range of 15–30 kJ mol1,
required for room temperature hydrogen storage. It has been
previously shown experimentally that alkali–metal intercalation
of fullerenes (Li6C60, Li12C60 and Na10C60) increases their
respective hydrogen storage capacities up to about 5, 4.5 and 3.5
mass% H2 and lowers the desorption temperature signicantly.14–17 However, nding a suitable synthetic approach,
which can be performed in the absence of solvents and without
exposing the material to oxidizing agents, is fundamental to
prevent undesired reactions like the oxidation of the material or
the metal particles. In this manuscript we discuss a novel
material, functionalized graphene decorated with Ni nanoparticles (NPs). We present a two-step oxygen and water free
chemical methodology for the production of nickel decorated
thermally exfoliated graphene oxide (Ni–TEGO) and the characterization of its structural and chemical properties. The
sample was investigated by means of transmission electron
microscopy (TEM), Raman spectroscopy and X-ray diﬀraction
(XRD) for structural properties, SQuID magnetometry for
magnetic information, X-ray photoelectron spectroscopy (XPS)
for their chemical composition, and muon spin relaxation (mSR)
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to determine the interaction of Ni–TEGO with atomic hydrogen.
Adsorption experiments with He, N2 and H2 were conducted to
measure the skeletal density, Brunauer–Emmet–Teller specic
surface area (BET-SSA) and the hydrogen physisorption
properties.

Experimental
Materials
RW-A grade graphite was purchased from SGL Carbon group.
Anhydrous Ni(acac)2 95% was purchased from Sigma Aldrich.
Anhydrous tetrahydrofuran (THF 99.9% inhibitor free, SigmaAldrich) was degassed before use. As a reference for a multilayer graphene sample (about 6 layers thick) we used a
commercial graphene on a copper grid purchased from Graphene Supermarket.
Methods
For TEM analysis, a small amount of Ni–TEGO was exposed to
air, quickly dispersed in isopropanol and a droplet was deposited onto carbon coated copper grids. The morphology and
structure were determined by High Resolution Transmission
Electron Microscopy (HRTEM) and by High Angle Annular Dark
Field (HAADF) Scanning Transmission Electron Microscopy
(STEM). The latter was used to reveal the possible diﬀerent
species of the particles, due to the high contrast (proportional to
Za, with a  2, Z being the atomic number of the element in the
sample) of this technique. Selective area electron diﬀraction
(SAED) patterns were acquired on the lms to verify the presence of single layers of graphene. STEM observations were
carried out on a JEOL JEM-2200FS microscope with a Schottky
gun working at 200 kV (point resolution 0.19 nm) at IMEM-CNR
in Parma, equipped with an in-column energy lter (U-type), a
CCD high resolution camera, STEM detectors, and an EDS
detector. HRTEM images were acquired on a similar machine at
IIT in Genova, equipped with a CEOS 3rd order aberration
corrector in the objective lens, capable of 0.10 nm resolution.
EEL spectra were acquired using a STEM at IIT in Genova on a
FEI Tecnai G2 microscope equipped with a Gatan Ennium SE
spectrometer (model 976). Raman measurements were conducted on a Bruker Senterra Raman spectrometer with a 532 nm
laser and an output power of 10 and 20 mW. The spectral
resolution was 3.5 cm1 measured using a 10 objective and
the samples were lled into quartz capillaries with a 0.7 mm
diameter and a wall thickness of 0.01 mm. DC SQuID magnetometry was carried out on about 12 mg of powder sample,
sealed in a 5 cm long quartz tube under a 1 mbar He atmosphere without exposing it to air. The experiment was performed on a MPMSXL-5 SQUID magnetometer, in the
temperature range of 2–400 K and eld range of 0–5 T. The Zero
Field Cooling (ZFC) and Field Cooling (FC) measurements were
made with a magnetic eld of m0H ¼ 3  103 T. Hysteresis
loops were measured at 2 and 300 K between a eld range of 5
T. The Muon Spin Rotation (mSR) experiment was carried out on
the EMU spectrometer at the ISIS-Rutherford Appleton Laboratory, UK. The 100% spin-polarized pulsed beam of this setup
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is optimized for the study of the muon spin evolution at long
timescales (about 15 ms); about 350 mg of Ni–TEGO was pressed
and sealed in an air tight silver coated aluminium cell closed
with kapton windows. The Transversal Field (TF) measurement
was performed at 300 K on a pure silver plate and the full
asymmetry was estimated to be 21.7(1)%. A similar measurement was performed on a quartz sample (in which 100% of the
muons form muonium) in order to obtain the value of the
baseline: 9.25(6)%. To investigate the hydrogen sorption characteristics of the sample we used an in-house build dynamic
pcT (pressure-composition Temperature) instrument at 77 and
103 K from 0–40 bar.18 Due to the exceedingly low bulk density
of Ni–TEGO the sample was carefully compressed inside an
airtight, stainless steel, sample holder to achieve higher loading
weights of up to 100–200 mg. Aer outgassing for 16 h at 523 K a
base pressure of 7.3  104 mbar was reached. The sample was
subsequently cooled down to 77 K in a bath of liquid nitrogen
(LN2) while constantly pumping vacuum. To be able to control
the temperature the sample holder was imbedded in an oven,
capable of heating the sample while submerged in LN2. The
temperature was monitored in situ and hydrogen was only
introduced to the system upon reaching thermal equilibrium.
The lling level of LN2 was kept constant over the entire
measurement time. The eﬀective adsorbed and subsequently
desorbed amount of hydrogen was determined via the mass
ow method18 where the hydrogen mass, supplied to or from
the sample, is measured with a thermal mass ow controller. As
a reference sample a commercial, non-absorbing, silicon
(Sigma-Aldrich) was used. Desorption was performed under
vacuum (<1  103 mbar). In addition measurements at 77 K,
up to 1 bar of hydrogen, were performed using a Sieverts
apparatus (BET), BELSORP-max (BEL, Japan). The BET has the
advantage of being able to measure very accurately even under
low pressure. The same apparatus was used to extract the BET
surface area from nitrogen adsorption at 77 K and the skeletal
density via expansion of helium from a known volume into the
sample volume, once with and once without the sample, at
room temperature. X-ray diﬀraction (XRD) was performed with
a Bruker D8 Advanced diﬀractometer. The Bruker D8 is equipped with a Cu target and Göbel X-ray mirror, to parallelize the
incident beam, and a one-dimensional position sensitive
detector (VÅNTEC) to record the diﬀracted photons. XRD
samples were lled in 0.5 mm quartz capillaries, with a wall
thickness of 0.01 mm. However, even for measurement times
exceeding 12 h for D2q ¼ 105 no diﬀraction peak could be
assigned. XPS was performed on a modied VG EscaLab spectrometer with a base pressure of <1  109 mbar. The load lock
of the XPS system is connected to an Ar lled glove box, such
that samples can be transferred directly from inert conditions to
vacuum and vice versa. Samples were pelletized and rmly
placed on Cu sample holders with a diameter smaller or equal
to the pellet size in order to reduce the signal of the sample
holder. As an X-ray light source the 1486.7 eV Al Ka1 was used
and recorded using a Specs PHOIBOS 100 analyser. The spectra
were tted with Gaussian–Lorentzian product functions with
xed (70/30) components aer subtraction of a Shirley background and using a Marquardt–Levenberg optimization
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algorithm. The main C1s peak shows at a binding energy of
284.06 eV and all spectra were calibrated to this peak position.
The peak positions have been restrained to maximum and
minimum values found in the literature for similar materials
and only small deviations from these values were allowed. The
main source for peak positions was the NIST XPS database and
other experimental and theoretical studies.19,20 Relative surface
compositions were calculated from the spectral peaks of C(1s),
O(1s) and Ni(2p) using the CasaXPS soware.
Synthesis
Graphene was synthesized via thermal exfoliation of graphite
oxide (GO) which in turn was produced using Brodie's
method.21 Subsequently, the GO was dried in air at 60  C for
1 day. In order to exfoliate GO it is necessary to form a propellant gas between neighbouring layers (generated by functional
groups detached from the GO). This can be done by increasing
the heating rate or increasing the temperature. Reducing the
heating rate or lowering the temperature would increase the
number of multilayers thus decreasing the specic surface
area.22 Moreover, the eﬃciency of the exfoliation is amplied if
the diﬀerence between the pressure of propellant gas and the
external pressure is higher. Taking into account these considerations, the GO was placed at the end of a long quartz tube,
abruptly heated to 1150  C under dynamic high vacuum
conditions (105 mbar) and kept for 30 minutes before quickly
cooling down to room temperature. The as-prepared Thermally
Exfoliated Graphite Oxide (TEGO) was then removed from the
quartz tube under anaerobic conditions in an Ar glove box with
<0.5 ppm of O2 and H2O. The synthesis of Ni decorated TEGO
was performed as follows: TEGO was mixed with Ni(acac)2 on
the bottom of a 2 way pyrex Rotao vial together with a Teon
magnetic stirrer. The vial was closed, brought out of the glove
box and connected, by making use of a T-tube, with another vial
containing previously degassed anhydrous tetrahydrofuran
(THF, Alfa Aesar). The T-tube and the sample containing vial
were evacuated until the pressure was lower than 105 mbar.
The synthesis vial was then slowly immersed in liquid nitrogen
and THF was condensed in it. Aer the THF completely soaks
the reagents, the vial was removed from liquid nitrogen and the
mixture was kept for 12 hours at 50  C under continuous stirring to ensure the impregnation of TEGO with the metal–
organic precursor. The solvent was then removed and the
uniform black product was heated up to 300  C in a high
dynamic vacuum (106 mbar, ramp rate of 60  C h1), in order
to thermally decompose Ni(acac)2, and rapidly quenched at
room temperature. The as-prepared Ni–TEGO composite shows
up as a uniform black powder.

Results and discussion
Microscopy and Raman spectroscopy
To verify the presence of few layer graphene (FLG) and even
single layers aer exfoliation, we performed SAED on diﬀerent
regions of the as-prepared TEGO, and took diﬀerent diﬀraction
patterns at various tilt angles. We measured the ratio of the
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{1100} and {2110} spot intensities of 1.5(1) at 0 tilt with respect
to the basal plane and almost constant (d < 12%) by changing
the tilting angle (20 range), while a thin AB stacked multilayer
should have a ratio lower than one at 0 tilt, and showing
oscillations by varying the angle.23 The results are in good
agreement with literature values for single layer graphene.24 A
cross-check with the reference sample gave a ratio of {1100} and
{2110} spots of 0.5(1) as expected from a multilayer. HRTEM,
performed at 80 kV to assure no beam damage or modication
to the sample, reveals very thin at domains surrounded by a
thicker defective network (Fig. 1(a–c)). The Electron Energy Loss
(EEL) spectrum of the whole area is compatible with FLG with n
# 5 indicating that the at domains are indeed single layers
with the thicker parts resulting from residual defective GO few
layers thick (see Fig. 1(d)).25
For bulk information on the crystallinity and the average sp2
domain size we performed Raman spectroscopy on the TEGO
samples. Raman spectra of carbon based materials, recorded
with a laser excitation wavelength of 532 nm, show several
remarkable features denoted the D band, at about 1350 cm1,
the G band at around 1582 cm1, the D0 band at about
1620 cm1 and the 2D band at around 2700 cm1. The D and D0
bands are associated with structural defects and disorder and
will thus not be recorded for highly crystalline graphite. The G

Fig. 1 (a) 80 kV HRTEM image from a ﬂat TEGO region (as indicated in
the inset). Small very thin domains are visible, which are surrounded by
a thicker network due to residual GO after exfoliation. (b) Zoom of a
portion of the ﬁlm, in which the thin domains (mostly single layers) are
highlighted in yellow. (c) FFT from the central domain, with sharp
{1100} spots from an ordered hexagonal graphene pattern. (d) Average
EEL spectrum from the whole region in (a). The position of the s
plasmon is in agreement with the results from FLG (1–5 layers)
resulting from the superposition of the thin TEGO domains and the
thicker GO residual. (e) Raman spectrum of as-synthesised TEGO.
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band originates from the E2g phonon mode of sp2 domains at
the centre of the Brillouin zone and is a measure of the degree of
graphitization. Together with the intensity ratio, the integrated
peak area of D and G bands is used to determine the defectiveness of graphitic materials and it was shown that the inverse
ratio of ID/IG is proportional to the crystallite size for nanographite materials. The relationship can be written as:26
 1

ID
La ðnmÞ ¼ 2:4$1010 llaser 4
(1)
IG
The spectrum of the as-synthesized TEGO can be seen in
Fig. 1(e). Integrating the area under the D and G band peaks
yields ID/IG ¼ 1.56 and thus average sp2 domains of La ¼ 12.3
nm. This stands in excellent agreement with the measured size
of the ordered domains, imaged by HRTEM of 10–15 nm
(Fig. 1(a) and (b)).
TEM images from Ni–TEGO are shown in Fig. 2: HAADFSTEM images (Fig. 2(a) and (c)) reveal that the graphene lms
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are indeed decorated by nanometer sized particles. The average
diameter of the particles is 17(4) nm as obtained from statistical
analysis of about 350 particles (Fig. 2(b)). The HRTEM images
have atomic columns at positions (see the fast Fourier transforms (FFT) in the insets of Fig. 2(c) and (d)) compatible with
m) with the (200)
the cubic structure of Ni (space group Fm3
reection corresponding to the 0.18 nm plane distance in the
real space. FFT analysis and geometrical phase analysis (GPA) of
HRTEM images of single NPs do not show the presence of
Ni-oxide.27 Fig. 2(e) and (f) show the EEL spectrum from a Ni
particle of about 20 nm diameter. The C–K signal originates
from the graphene substrate (TEGO). A signal of the O–K ionization edge is hardly detectable, conrming that the oxidation
of the particles, if present, is conned to a very thin layer
(<1 nm) at the surface and can derive from exposure to air
during the TEM sample preparation. Moreover, the ne structure of the Ni-L2,3 edge (Fig. 2(f)) resembles the one from
metallic fcc Ni.28 Other spectra collected from diﬀerent particles
show the same features.
Magnetometry
Although electron imaging supports the formation of nickel
nanoparticles, TEM is not a bulk measure and cannot be
representative of the whole investigated sample. In fact, aggregates of nanoparticles or microscopic grains of Ni could be
present which are not seen in the little amount of sample
investigated by means of TEM. In this case, the well known
magnetic properties of nickel can be exploited in a SQuID
measurement in order to have statistics on the entire material.
The ZFC and FC measurements of Ni–TEGO are shown in Fig. 3.
The behaviour is typical of a system composed of super-paramagnetic (SPM) NPs. The peak in susceptibility in the ZFC
measurement corresponds to an average blocking temperature
of hTBi ¼ 137(2) K. The total magnetization of the NPs is under
thermally induced rotation at 400 K and starts to freeze beneath
300 K. The cubic magnetocrystalline anisotropy constant of

Fig. 2 (a) HAADF-STEM image of the Ni decorated TEGO. The Ni
particles show up very bright in the image (dark ﬁeld) due to the higher
atomic number of Ni (Z ¼ 28) with respect to carbon atoms (Z ¼ 6). Inset:
HAADF-STEM image of a single layer graphene region of the sample. (b)
Histogram of size distribution from about 350 Ni particles as measured
from the STEM images. (c and d) Representative HRTEM (bright ﬁeld)
images of the Ni particles, with the FFTs in the insets showing reﬂections
compatible with cubic fcc Ni. (e) EEL spectrum (in log-scale) from a Ni
particle on TEGO, showing the C-K ionization edge of TEGO, a low O-K
ionization edge, and the Ni-L2,3 ionization edge from the particle. (f)
Ni-L2,3 edge similar to the one from metallic fcc Ni.28
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Fig. 3 (a) ZFC (blue) and FC (red) of Ni–TEGO. Inset: hysteresis loop at
2 K shows a coercivity of about 100 Oe.
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bulk Ni at low temperature is K1 ¼ 8  104 J m3.29 Since K1 is
negative, the eﬀective uniaxial anisotropy is Keﬀ ¼ |K1|/12 and
corresponds to a value of 6.67  103 J m3.30 TEM experiment
shows the presence of monodispersed 17(4) nm diameter Ni
NPs. If we consider a population of spherical and non-interacting cubic Ni nanoparticles with TB ¼ 137(2) K and a diameter
of 17 nm, the anisotropy constant could be expressed as Keﬀ ¼
ln(s/s0)kBTB/bV, where b ¼ 1 when the diameter distribution
function is g(D) ¼ d(D  D0); s is related to the measurement
technique (for DC SQuID in the order of 102 s); s0 is the timescale of magnetic relaxation (in the order of 109 to 1012 s) and kB
is the Boltzmann factor. Taking D ¼ 17 nm, b ¼ 1 and TB ¼
137 K, the corresponding value of Keﬀ is about 18.6(4)  103 J m3.
An increase in anisotropy can be originating from the presence of
shape and surface eﬀects but neither are expected from TEM
analysis. In contrast, using Keﬀ ¼ 6.67  103 J m3 and TB ¼ 137(2)
K, the estimated size of NPs is hDi ¼ 24(6) nm which is however
still compatible with the NP size observed with TEM.
This is a rough estimate of hDi, but since SQuID magnetometry is a bulk measurement, it indicates that Ni is only present in
the form of nanoparticles. Moreover, the overall negative slope in
the FC susceptibility below hTBi suggests that the NPs responsible
for the signal are magnetically non-interacting.31 This is indicative of a diluted regime of non-aggregated NPs. The weak Curielike trend detectable at very low temperature is partially attributed to the sum of the S ¼ 1/2 paramagnetic defects of pure
graphene (in our TEGO usually in order of 1018 g1) and to
the smaller SPM NPs. The hysteresis loop at 2 K (see the inset of
Fig. 3) shows a coercitive eld of about 100 Oe, typical of
so magnetic materials and easily attributed to randomly
oriented magnetic NPs. The absence of a measurable exchange
bias shi in the hysteresis loop excludes the formation of a thick
shell of Ni oxide on Ni NPs when the sample is never exposed to
air.32 The formation of a thin oxide shell, however, cannot be
excluded. For example, Seto et al. found a shi of 30 Oe for core–
shell Ni–NiO NPs with a core diameter similar to our case (17.4
nm) and 2.1 nm shell.33

X-ray photoelectron spectroscopy
As a quantitative spectroscopic technique, able to measure
electrons which have escaped from the rst few nanometers of
the investigated material, XPS is a well suited method to study
the composition of a material like Ni–TEGO, with its structure
closely resembling a 2D surface. The XPS spectra and the
respective ts are depicted in Fig. 4. The relative abundance of
chemical elements and the chemical shis for the tted peaks
can be found in Table 1.
The limited resolution of the XPS spectrometer does not
allow a separate analysis of the carbon–carbon single and
double bonded peaks and a one peak t was performed. This
main C1s peak shows at a binding energy of 284.06 eV and all
spectra were calibrated to this peak position. Ni constitutes to
about 0.14% relative abundance. A minor contribution of NiO
can be seen for the Ni 2p3/2 peak. This can be interpreted by a
core–shell structure with a thin layer of NiO encapsulating a Ni
core. TEM measurements, not showing signicant NiO,
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Fig. 4 XPS spectra of Ni–TEGO. The insets show the spectra of the Ni

2p3/2 including the corresponding satellite peaks, O 1s and C 1s peaks
(from left to right).

Results of the peak analysis of the Ni–TEGO XPS data and
relative abundance of carbon, oxygen and nickel calculated from the
total area under the respective peaks

Table 1

Binding energies and chemical shis
(eV)

Functional group

C–/]C
(284.06)

C]O
(532)

Ni 2p3/2
(853.95)

C–OH
C]O
C]OOH
NiO 2p3/2
Relative abundance (%)

1.65
5.06
7.77
—
C – 94.66

1.42
0
4.2
2.45
O – 5.2

—
—
—
2.16
Ni – 0.14

underpin this interpretation of merely a thin layer of oxidized
Ni. Another reason for this chemical shi could be the presence of unreacted Ni(acac)2, which is known to have a very
similar chemical peak shi as NiO and was used as a
precursor.34,35 Oxygen constitutes to about 5.2%. With roughly
3% O measured for the pure TEGO and only 0.14% Ni, the
additional oxygen can originate from either partly unnished
annealing of the TEGO or precursor, e.g. non-decomposed
Ni(acac)2.36 The low oxygen content, particularly for TEGO,
and the absence of signicant impurities are evidential for a
high quality synthesis.
Muon spin rotation
Positive muons (m+) are spin 1/2 particles with about one ninth
of the mass of the proton. By implanting m+ into insulating
samples and observing the formation of muonium (Mu ¼ m+e),
a light isotope of hydrogen, one can probe the interaction of
hydrogen with its host system, thus studying the two steps of
the H2 absorption process separately, in order to discern the
dissociation of the molecule from the binding of atomic
hydrogen.37 Zero Field (ZF) relaxation of the muon polarization
(see the inset of Fig. 5) highlighted two diﬀerent components: a
slowly decaying fraction tted with a Lorentzian relaxation
J. Mater. Chem. A, 2014, 2, 1039–1046 | 1043
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fraction. As shown in Fig. 5, the ex of the tting function is
localized at the eld of 77(1) G, corresponding to a hyperne
frequency of 212(4) MHz. Such a low value clearly demonstrates
the formation of a radical complex which was not detected in
bare graphene.4 The radical site must be on the graphene plane
as no radical formation is expected from the interaction of
muonium with metal nanoparticles40 and moreover, the small
volume fraction of metal in our sample could hardly account for
such a large fraction of radical signal observed. Therefore, the
large amplitude of the observed radical signal witnesses the
large reactivity of the Ni decorated graphene with atomic
hydrogen.

Muon spin repolarization experiment of Ni–TEGO at 300 K
ﬁtted with the simple model for muonium radical (eqn (1)). Inset: zero
ﬁeld muon spin relaxation (at 300 K) of Ni-graphene (black dots) ﬁtted
(red line) with the sum of Gaussian (green line) and Lorentzian (blue
line) decays. A constant contribution is added to Lorentzian decay, due
to diamagnetic muons. As comparison, pure TEGO is reported (grey
dots) and ﬁtted (orange line) as described in M. Riccò et al.4

Fig. 5

(52%) and a small Gaussian component (10%). The Lorentzian decay is typical for m+ diﬀusing through a carbon
surface. The Gaussian component can be assigned to the small
fraction of m+ attached to edges and undergoing local dipolar
interaction with nearby protons. However, if we compare the
observed signal with that obtained from pure graphene (TEGO),
where the full initial asymmetry is observed,4 an evident
missing fraction appears, which signicantly lowers the signal
amplitude. In metal decorated graphene 38% of the implanted muons were not revealed by the detector which indicates
that the frequency of the precession signal exceeds the instrument cut-oﬀ of 13 MHz. Such a phenomenon can occur when
the positive muon strongly interacts with an electron (hyperne
interaction) either due to the formation of muonium or aer the
adduction reaction of muonium to form a radical.38 In the latter
case the electron wavefunction is no longer localized on the
muon and the hyperne interaction is thus sensibly reduced.
The application of longitudinal elds, which decouple the
muon spin from the electron spin, allows discrimination
between these two cases and estimation of the intensity of the
hyperne interaction. It is well known that the free muonium
signal is recovered by the application of a longitudinal eld of
1580 G while a much lower value is generally required to recover
a muonium-adduct radical signal.39 The muon spin repolarized
fraction of the sample, as a function of longitudinal eld, has
the functional behavior of the simple model for isotropic
muonium: P ¼ 1/2[1 + x2/(x2 + 1)], where x ¼ B/BHyp and Bhyp is
the hyperne eld for free muonium.37 Assuming an isotropic
interaction, our repolarization curves have been tted with the
function
 2 
x
Pexp ¼ Pdiam þ Arad 2
;
(2)
x þ1
where Pdiam is the diamagnetic fraction of muons observed in
the ZF experiment and Arad is the amplitude of the radical
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Hydrogen sorption
Hydrogen sorption was measured both with a Sieverts type
apparatus up to 1 bar H2 pressure and on an in-house build
dynamic pcT apparatus. Due to the higher accuracy of the Sieverts measurements at low pressure the pcT data were omitted
in this region and only the BET data were taken into account.
The experimental data can be seen in Fig. 6. The solid, red line
depicts an isotherm, tted to the data, with the following form:
n¼

Nt ðK0 pÞm
;
1 þ ðK0 pÞm

(3)

where n is the relative amount of hydrogen adsorbed on a gram
of sample, Nt the adsorption capacity of the system and related
to the total number of binding sites, p the hydrogen pressure
and thus related to the concentration under equilibrium
conditions, K0 is the binding aﬃnity parameter and m is the
heterogeneity index.41 It is noteworthy that at hydrogen pressures above 20 bar the data start to deviate from the isotherm
model. This can be explained by the diﬀerence between absolute adsorption, as calculated by the t model in eqn (3), and
excess adsorption, which is measured with the pcT apparatus.
While the t model shows an asymptotic behavior the measured
excess adsorption reaches a maximum value and decreases
subsequently, due to the non-negligible bulk density of the high
pressure gas. The isotherm t indicates that at 77 K a maximum
of about 1.15 mass% of hydrogen can be adsorbed on Ni–TEGO.

Fig. 6 Hydrogen adsorption measured with the BET (black triangles)
and the dynamic pcT setups (blue squares).
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As expected, higher temperatures during adsorption resulted in
lower hydrogen uptake. With a BET specic surface area of
505 m2 g1 Ni–TEGO adsorbs and desorbs about 51% additional hydrogen as compared to previous results on hydrogen
physisorption with roughly 1.5 mass%/1000 m2 g1 at 77 K.42
Hydrogen adsorption proved fully reversible during numerous
cycles.
Discussion
As previously discussed, hydrogen is not chemisorbed on pure
graphene under desirable conditions (only at elevated temperatures around 800  C or under high pressure). Recent
measurements of Inelastic Neutron Scattering (INS) and 1H
Nuclear Magnetic Resonance (1H-NMR) demonstrated the
diﬀusion of chemisorbed hydrogen on graphene planes, with
an activation energy barrier of about 30 meV.43 This led us to
decorate graphene with a catalyst known to be eﬃcient in
dissociating H2, e.g. nickel. The mSR experiment clearly shows
the formation of a radical on the graphene plane. The production of a radical proves the chemisorption of hydrogen which is
however still perturbed by an unpaired electron. This is not
expected for an isolated “in plane” chemisorbed hydrogen for
which the unpaired p electron, following the sp2 to sp3
hybridization of carbon, gets diluted in the graphene p-derived
conduction band. The localization of the paramagnetic electron
can be, in our case, attributed to the local perturbation of the
nickel NP on the p-orbitals. The locally modied graphene
around the Ni NP shows thus a larger aﬃnity to hydrogen
(muonium) with respect to the unperturbed plane which
enhances its chemisorption. The BET and pcT measurements,
on the other hand, do not show evidence of the Ni catalyzed
dissociation of hydrogen at 77 K. The measured adsorbed–
desorbed hydrogen is however about 51% above expectation
and this is probably due to Ni activated physisorption, in the
proximity of graphene planes facing a Ni NP. These results
suggest that a further improvement of the system is required to
achieve the hydrogen dissociation: either by reducing the size of
the nanoparticles or by decorating TEGO with atomic nickel.

Conclusions
Ni decorated graphene has been synthesized following a two
step process under oxygen/water free conditions. The TEM
analysis demonstrates the formation of monodispersed nickel
nanoparticles, of 17 nm diameter, decorating the single layer
graphene sheets. SQuID magnetometry conrms the production of diluted superparamagnetic nickel with an average
blocking temperature of 173 K, consistent with the estimated
average dimension of the NPs. The presence of oxidized species
of Ni on the surface is detected by XPS. We attribute this to a
non-reacted fraction of Ni(acac)2 or to the existence of a thin
layer of Ni oxide, present on the surface of nanoparticles. The
appearance of a radical state in the mSR experiment can be
considered a clear ngerprint of atomic hydrogen capture, not
seen in bare graphene. Moreover, the presence of Ni on graphene seems to signicantly increase the amount of molecular

This journal is © The Royal Society of Chemistry 2014
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hydrogen adsorbed at 77 K as seen in dynamic pcT and BET
isotherm measurements.
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