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Introduction générale -Résumé

Une caractéristique intéressante du carbone est sa capacité à former beaucoup d'allotropes grâce à sa valence. Parmi ces allotropes on peut compter les fullerènes, les nanotubes de carbone (CNT), le graphite (et le graphène). Après l'exfoliation du graphite en graphène par Geim et al. en 2004, les nanomatériaux à base de graphène ont suscité un immense intérêt pour la recherche et l'applications industrielles; en attendant, des études exploitent des voies de synthèse et précurseurs de carbone pour produire des matériaux à base de nanocarbone à la fois respectueux de l'environnement et rentable.

La dégradation du biogaz en carbone et en hydrogène en utilisant le procédé plasma hyperfréquence est une technique prometteuse pour produire des grandes quantités de nanomatériaux de graphite durables.

Le Parlement Européen considère que les déchets alimentaires ne peuvent être recyclés ni exploités comme source matérielle. Cependant, les déchets alimentaires peuvent être transformés en produits nanocarbone graphitiques de grande valeur et l'hydrogène renouvelable par la transformation du méthane résultant de la décomposition des déchets alimentaires. 1,2 Dans le cadre du projet européen "PlasCarb", le mélange méthane / dioxyde de carbone a été séparé en nanocarbone et en hydrogène via le processus de plasma hyperfréquence. À cet égard, le nanocarbone graphitique traité, pourrait être présenté comme un candidat valable pour remplacer le carbone provenant du pétrole (noir de carbone).

Cette thèse se concentre sur la caractérisation et la dispersion de ce nanocarbone graphite ainsi que ses applications, telles que la formation de charges dans des composites de caoutchouc naturel ou l'utilisation de nano-graphites comme des centres de photoluminescence. En outre, les dispersions développées dans cette étude ont été utilisés dans notre groupe pour préparer des encres conductrices et des supercondensateurs. En raison de sa forme, le matériau nanocarboné est appelé Nanopalets de Carbone (NPC ou CNP en Anglais) (voir chapitre 2).

La structure de ce manuscrit est la suivante:

Le chapitre 1 est consacré à la bibliographie du carbone. Les états d'hybridation et le contexte historique du carbone sont décrits ainsi que la structure et les propriétés du graphène. Ensuite, les processus de production et les applications d'une forme de carbone industriel, à savoir le noir de carbone sont décrits. Finalement, les CNP sont présentés en tant que matériau intermédiaire entre l'allotrope de carbone le plus prometteur: graphène, et la forme de carbone avec une utilisation industrielle répandue : le noir de carbone, suivie d'une brève description du projet PlasCarb.

Le chapitre 2 est consacré à la caractérisation des CNP. Des CNP de différentes qualités ont été fournis par le projet PlasCarb et la société Cambridge Nanosystems. Leur caractérisation détaillée a été systématiquement réalisée en utilisant plusieurs techniques telles que la spectroscopie Raman, l'analyse thermogravimétrique (TGA), la diffraction de rayons X (XRD) et la spectroscopie photoélectronique de rayons X (XPS).

Le chapitre 3 décrit le processus d'obtention des dispersions aqueuses de CNP bien définies et fortement concentrées. Tout d'abord, différents protocoles d'exfoliation sont présentés. Ensuite, dans la section expérimentale, la purification de, CNP, est initialement introduite. Différents paramètres sont décrits pour obtenir une solution aqueuse optimisée. Les dispersions sont calibrées en taille en utilisant un surfactant. Le chapitre 3 se termine par la caractérisation de ces dispersions.

Le chapitre 4 décrit deux ensembles de composites CNP avec du caoutchouc naturel (NR) qui diffèrent en tensioactif et le précurseur de CNP. Au départ, le contexte du caoutchouc naturel et des composites est donné. Puis, dans la section expérimentale, les dispersions de CNP utilisés, la procédure de préparation des composites CNP / NR et leur techniques de caractérisation sont décrites. Ensuite, la caractérisation des deux ensembles de composites est rapportée en utilisant une variété de techniques telles que la spectroscopie Raman, la microscopie électronique en transmission (TEM) et la microscopie de force atomique (AFM). Finalement, l'accent est mis sur leur propriétés thermiques, mécaniques, électriques et piézorésistives.

Le chapitre 5 présente la photoluminescence des CNP qui ont été dispersés et dissous dans des milieux liquides avec quatre procédures de préparation différentes. Ces procédures impliquent la dissolution de CNP dans un solvant organique par l'intermédiaire d'un composé d'intercalation de graphite (GIC) et ses dispersions dans l'eau via GIC et son transfert ultérieur dans de l'eau dégazée et par des traitements oxydants. Dans un premier temps, un rapport de la documentation de photoluminescence des nanomatériaux de carbone est présenté. La partie expérimentale implique les processus synthétiques des CNP et leur caractérisation préliminaire. 

General Introduction

An interesting feature of carbon is its ability to form many allotropes due to its valence. Fullerenes, carbon nanotubes (CNTs), graphite and graphene are few of them. Especially after the simple and feasible exfoliation of graphite into graphene by Geim et al. in 2004, graphene-based nanomaterials have generated tremendous interest in research and industrial area; meanwhile, studies exploit alternative synthetic routes and carbon precursors to produce nanocarbon materials both environmentally friendly and costeffectively. Splitting of biogas to carbon and hydrogen by using microwave plasma process is a promising technique to produce large quantities of sustainable graphitic nanomaterials.

The European Parliament considers that food waste could not be recycled or harnessed as a material source. However, food waste can be transformed into high value graphitic nanocarbon and renewable hydrogen through the transformation of methane resulting from decomposition of food waste. 1,2 Within the framework of the European project "PlasCarb", methane/carbon dioxide mix is split into nanocarbon and hydrogen via microwave plasma process. In this respect, graphitic nanocarbon after being processed, could be introduced as a valid candidate to substitute petroleum-based carbon materials.

This PhD thesis is focused on the characterization and dispersion of this graphitic nanocarbon and its applications. The uses developed in this study are as fillers in natural rubber composites and as photoluminescence centers. Moreover, the dispersions developed in this study have been used to prepare conductive inks and supercapacitors in our group. Due to its shape, the nanocarbon material is referred to as carbon nanopucks (CNPs) (cf chapter 2). The structure of the manuscript is as follows:

Chapter 1 is dedicated to the bibliographic background of carbon. At first, the hybridization states and historical background of carbon are presented. Afterwards, the structure and properties of graphene are given. Then, the production processes and applications of an industrial carbon form, namely carbon black are described. Ultimately, CNPs, as an intermediate material between the most promising carbon allotrope, graphene, and the carbon form with widespread industrial usage, carbon black is presented followed by a brief description of the PlasCarb project.

Chapter 2 is devoted to the characterization of CNPs. Different CNPs grades have been provided from the PlasCarb project and Cambridge Nanosystems company. Their detailed characterization has been systematically carried out by using several techniques such as Raman spectroscopy, thermogravimetric analysis (TGA), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).

Chapter 3 reports the route that has been followed in order to obtain well-defined, high concentrated aqueous CNP dispersions. Firstly, different liquid exfoliation processes are presented. Afterwards, in the experimental section, the CNP purification is initially introduced. Then, different parameters are determined to obtain optimized aqueous dispersions calibrated in size with the use of surfactant. Chapter 3 ends with the characterization of these dispersions.

Chapter 4 describes two sets of CNP composites with natural rubber (NR) which differ in the surfactant and CNP precursor. Initially, the background of natural rubber and composites is given. Then, in the experimental section, the CNP dispersions that have been used, the CNP/NR composites preparation procedure and their characterization techniques are described. Afterwards, the characterization of the two sets of composites is reported using a variety of techniques such as Raman spectroscopy, transmission electron microscopy (TEM) and atomic force spectroscopy (AFM). Eventually, emphasis is given to their thermal, mechanical, electrical and piezoresistive properties.

Chapter 5 presents the photoluminescence of CNPs that have been dispersed and dissolved in liquid media with four different preparation procedures. These procedures involve the CNP dissolution in organic solvent through graphite intercalation compound (GIC) and its dispersions in water via GIC and subsequent transfer to degassed water, and via oxidative treatments. Initially, a report of relevant literature of the photoluminecence of carbon nanomaterials is given. Afterwards, the experimental part involves the synthetic processes of CNPs and their preliminary characterization.

Ultimately, the emission spectra of CNP dissolution and dispersions are presented. 

Chapter 1

Carbon

Table of contents

Introduction

This chapter comprises the bibliographic background of carbon which is essential to comprehend the study described in this manuscript. In part 1, a very first contact with carbon chemistry is achieved through the presentation of its hybridization states and historical background. Part 2 emphasizes the carbon allotrope with superior properties, graphene. Its structure, mechanical, electronic, optical, thermal and chemical properties are presented while a brief report of its synthesis is also given. Part 3 describes a specific carbon form, known as carbon black (CB). Initially, its proper definition is given.

Then, different production paths are presented which leads to different CB, their commercial designations as well as their applications. Part 4 introduces the carbon material that was utilized in this study, referred to as carbon nanopuck (CNP) due to its shape. Its experimental characterization will be provided in details in the following chapter. Eventually, a summary of what is presented with useful remarks will conclude the background section.

Carbon introduction

The terrestrial occurrence of carbon renders it the seventeenth most abundant element on earth. 3 Carbon with an atomic number of 6, has an electron configuration of 1s 2 , 2s 2 , and 2p 2 atomic orbitals and is able to exist in three hybridization states, sp 3 , sp 2 In sp 3 configuration, carbon atoms are hybridized as in diamond. Diamond is an isotropic, cubic insulator. 5 Its sp 3 carbon atoms in tetrahedral geometry form strong σ bonds which explain the remarkable hardness and insulating properties. 3 Except for its hardness which is designated as 10 on the Mohs scale (it is the hardest material known), diamond also exhibits extraordinary strength (130-140 GPa) 6 and high density (3.514 g.cm -3 ). 5 In the sp 2 conformation, as in graphite, each hybridized carbon atom is covalently bonded to three adjacent carbon atoms located at the edges of a triangle in plane with the central atom, forming σ bonds. The two sp 2 unhybridized p orbitals perpendicular to the plane, with a pz-electron cloud over and under the graphite plane in each sp 2 carbon atom, overlap with each other to form a π bond (weaker than σ bond). In the graphitic phase, the structure is highly anisotropic, since poor electrical conductivity occurs along the c-axis (perpendicular to the carbon sheets) while exceptional electrical properties along its sheets are evident due to the p electrons' delocalization in the plane. 5,7 Other basic characteristics of graphite are its semi-metallic behavior in the basal plane, low hardness (1-2 on the Mohs scale) and low density (2.09-2.23 g.cm -3 ). In the sp hybridization state, two sp hybridized electrons form one σ bond and the two unhybridized p electrons in each atom form two π bonds. Due to the aforementioned hybridized states, a huge variety of carbon materials occur (e.g. carbon black and carbon reduced graphene oxide), with often perplexing definitions. 10,11 Although carbon was first classified as an element by the French chemist A. Lavoisier in his "Traité Elémentaire de Chimie" in the 18th century, 12 it has long been revered for its outstanding properties. Its study has been initially reported in 3750 BC where it was used to reduce copper, zinc and tin ores in the manufacture of bronze. Over the centuries, carbon utilization and study has been continued and documented all over the world. Charcoal was used in medicine in 1500 BC according to Egyptian papyri and during 400 BC from Hippocrates and Pliny. 13 Moreover, at the same period, Phoenician and Hindu cultures were harnessing charcoal as water filter. Further evidence of the scientific exploitation of carbon has been obstructed for over 1000 years due to the command of the Roman Emperor Diocletian of the total destruction of scientific books within the Roman empire during his persecution of other religions about 300 AD. 13 As for the allotropes of carbon, they had a similar historical route with two different kinds of terrestrial pure carbon: the diamond and the graphite both known in the ancient and the Middle Ages. 3 Particularly, the definition of graphite was not used until 1789 and this allotrope was known under different names such as "blacklead" and "plumbago". The word graphite derives from the Greek word "γράφειν" which means "to write" and it was given from the German mineralogist and geologist A. G. Werner in an article in the "Bergmännisches" Journal. 14,15 In 1985, Kroto et al. synthesized the third allotrope. It is a close icosahedral cage molecule called C60 fullerene. It was synthesized in Rice university by vaporizating the graphite by laser irradiation. 16 Subsequently, Curl, Kroto and Smalley received the Nobel prize of chemistry in 1996 for their discovery. 16,17 The representation of C60 fullerene in shape of a soccer ball was, however, first mentioned by Leonardo da Vinci in 1498 (De Divina Proportione, Luca Pacioli), then later in 1970 by Osawa as a chemically stable, hypothetic molecule. 5,[18][19][20] The C60 molecule, also called Buckminsterfullerene, consists of fused pentagons and hexagons. It could be considered as a 0D carbon allotrope placed between graphite and diamond owing to its bond hybridization due to their spherical shape. 5 In less than a decade after the pioneer preparation of C60 fullerenes for researchers discovered the fourth in a row carbon allotrope with a cylindrical structure also known as carbon nanotubes (CNTs). In particular, multi-walled CNTs (MWCNTs) were synthesized in 1991 by Iijima using an arc discharge evaporation method. 21 The first transmission electron microscope (TEM) evidence though of this carbon tubular shape had long been reported from Radushkevich and Lukyanovich in the Journal of Physical Chemistry of Russia in 1952. 22 MWCNTs preparation followed by the synthesis of single-walled carbon nanotubes (SWCNTs) in 1993 from two groups which were working independently and published their discoveries in the same issue of Nature. Iijima and Ichihashi demonstrated the iron catalyzed formation of SWCNTs in a carbon arc chamber under methane and argon.

Bethune et al. from the IBM group synthesized SWCNTs using a cobalt catalyst under helium. 23,24 CNTs have 1D periodic structure and they are of high interest due to their excellent mechanical properties and the dependence of the electronic structure on chirality and diameter. 5 On the trail of the continuous progress in the nano-world of carbon, the isolation of individual graphite layers, known as graphene, in 2004, is considered the apex of nanocarbon research. 25 Graphene, the basal plane of graphite, could be defined as oneatom thick layer of sp 2 carbon atoms arranged in a honeycomb 2D crystal lattice. It can be rolled to form 1D nanotubes, or wrapped up to create 0D fullerene, as shown in fig. However, graphene studies had started as early as the 1940s with Wallace's theoretical analysis. He suggested that the electrical conductivity of graphite is 100 times higher parallel than across to graphene planes. 27 But for many years this graphite monolayer was considered as only a concept since it was thought that it could not exist outside the 3D crystal lattice (the carbon sheets would restack to form graphite since it is thermodynamically the most stable). Nevertheless, the efforts to achieve the "impossible" were not discouraged. Early attempts were conducted by inserting smallmolecule species in between the carbon sheets to reduce the interlayer interactions and increase their distance. In 1859, Brodie attempted to study the atomic weight of graphite by using strong acids and oxidants, (sulfuric and nitric acids and potassium chlorate as an oxidant). 28 He succeeded not only to form intercalation compounds but also to oxidize the surface which constitutes a fundamental step in the preparation of graphite oxide. In 1962, Boehm et al. used graphite oxide as precursor, to study the surface properties of thin graphite lamellae. They produced ultrathin carbon films by heating or reduction of graphite oxide in alkaline suspension. 29,30 A thickness of 0.4-2 nm as indication of the exfoliation of graphene or few layers graphite was verified with TEM images. Even though only the microscopic observation of the defected and oxygen groups graphite is not enough to determine the number of layers, this study significantly has contributed to the research of the chemical preparation of graphene. Almost 20 years later, a precise definition of the term "graphene" was provided by Boehm et al.. 31 The term "graphite" comprises the 3D crystal lattice therefore it is not suitable to describe individual layers. Furthermore, the ending -ene is used for fused polycyclic aromatic hydrocarbons, such as naphthalene and anthracene. It is characteristically referred in the terminology provided from Boehm that "a single carbon layer of the graphitic structure would be the final member of infinite size of this series. The term graphene layer should be used for such a single carbon layer". 31,32 The actual exfoliation of graphene though, was accomplished not before 2004. The pioneering work of Andre Geim and Konstantin Novoselov from the University of Manchester who successfully produced unfolded graphene by mechanical exfoliation, constitutes a revolution in the research of graphene. 25 For their "ground-breaking experiments regarding the twodimensional material graphene", in 2010 they were rewarded with the Nobel Prize in Physics. 33 Their experiment consists of a repeated cleavage of highly oriented pyrolytic graphite (HOPG) with a scotch tape, which eventually produced few layers of graphite and ultimately graphene. This exfoliation path could be considered analogous to writing with a pencil. In this process the delamination of graphite flakes occurs due to the mechanical friction between the paper and the graphite, leaving graphite traces on the paper. Noteworthy that the same year, in 2004, Berger et al. by growing carbon films on the surface of SiC, produced carbon sheets with the electronic properties of graphene. 34 The production of unfolded graphene followed a vast number of studies which demonstrate its exceptional electronic, thermal and mechanical properties. 26,30 

1.3.

Graphene a. Structure

The 2D honeycomb lattice of carbon could be seen as two inequivalent triangular sublattices which have a mirror relation. Each sublattice contains one carbon atom (designated as A and B respectively) that forms a triangular sp 2 network with three neighboring atoms as already mentioned in the previous subchapter on the hybridization states of carbon (fig. 1.4 i)). 35,36 Subsequently, the unit cell of graphene consists of the corresponding carbon atoms A and B with lattice vectors a1 and a2 and a carbon atom's bond length a0 of 0.142 nm. This bond length is the average of the single (C-C) and double (C=C) covalent bonds, as in the case of benzene with a 120° angle between bonds. The unit cell in reciprocal space is shown in fig. 1.4 ii). 37 The reciprocal lattice of graphene with vectors b1 and b2 is also a honeycomb, but rotated by 90° relative to the real-space lattice. The first Brillouin zone has corners which are denoted as K and K' points. These points are inequivalent since no lattice vector connects them.

All the other corners of the Brillouin zone can be mapped to either K or K' points. Graphene, one-atom thick material, attracts the interest of the scientific community due to its unique structure. 38 Its name, as aforementioned, comprises its graphitic nature (graph) and the C-C double bonds (-ene). 31 Three years ago, in 2013, it was identified by Bianco et al. as "a single-atom-thick sheet of hexagonally arranged, sp 2 -bonded carbon atoms that is not an integral part of a carbon material, but is freely suspended or adhered on a foreign substrate". 40 The structure of graphene is affected by several parameters and characteristics, such as edge state, surface state, and in the case of more than one graphene layers, the stacking order plays a critical role. This 2D material of around 0.34 nm thickness, it is not a perfect plane. In contrary, An interesting study on the stability and dynamics of graphene edges was performed by Girit et al.. 43 They recorded movies of the movement of carbon atoms at the edge of a hole in a suspended graphene by using a high-energy electron beam in real time. They demonstrated the long-term stability of the zigzag edges in graphene through a timeaverage observation and modeling analysis. Graphene, as abovementioned, is the basal plane of graphite. Apart from single layer materials, bilayer or few layers graphite may occur. The different stacking order of the layers affects the properties of these materials.

The most common stacking is the AB stacking, also known as Bernal arrangement, since the AA stacking is not thermodynamically favored (fig. 1.7 b) and 1.7 a)). 37 In AB stacking, above the corner atoms in a hexagon layer are the vacant centers of the second layer. The in-plane lattice constant of AB graphite is about 0.246 nm and that for the caxis is 0.67 nm. Rhombohedral graphite with ABC stacking, also exists (fig. 1.7 c)). 44 Unlike these perfectly stacked structures, the layers could be also arranged with no specific symmetry but with a rotational disorder. This atomic structure is known as turbostratic stacking with an interlayer spacing (>0.342 nm) larger than that for crystalline graphite (0.335 nm) (fig. 1.7 d)). 37,44 A technique to distinguish the different structures is the Raman spectroscopy where there are differences like in I2D/IG ratio (intensity of 2D band over intensity of G band) and the shape of 2D band. 37 From all the aforementioned, it is clear that a variety of different materials can exist; graphene with different edge states, bilayer or few layers graphene with different edge arrangement, stacking order and/or a combination of them and so on. Another substantial parameter which will be described in details in chapter 3 is the preparation procedure of graphene-like materials which significantly determines their characteristics and properties. Graphene, graphene quantum dots (GQDs) and graphene oxide (GO) are few of these materials. In order to avoid any confusion, proper definition is mandatory. An order to the chaos in the nomenclature of graphene family has been given in 2013. 40 

b. Properties

Mechanical properties

The formation of strong σ bonds, deriving from this sp 2 orbitals overlapping results in the extraordinary mechanical properties of graphene. Lee et al. via nanoindentation by using an atomic force microscope (AFM) determined the intrinsic strength of graphene.

Schematic representation is depicted in fig. 1.8. 46 For instance, a single-layer, defect-free graphene has a Young's modulus of 1 TPa (while steel has around 0.2 TPa) and an intrinsic fracture strength of 130 GPa, making it the material with the best mechanical properties. Notably, bulk graphite doesn't exhibit the same mechanical performance due to the ease of shearing between layers. 

Electronic properties

As aforementioned, apart from the σ bonds, the carbon atoms have spatially delocalised π bonds owing to the overlap of the unhybridized p orbitals perpendicular to the plane on neighboring atoms. These π bonds form a band structure of π-band which is the valence band and π*-band which is the conduction band as depicted in fig. 1.9. The unique electronic properties of graphene are the result of this particular band structure. 49 The valence and conduction bands intersect in two inequivalent points (K, K'), located at the corners of the first Brillouin zone of the reciprocal lattice, also known as Dirac points. Introduced by Wallace, these crossing points are a consequence of the two triangular sublattices, reflected in the reciprocal lattice. 27 Near the Dirac points, there is a coneformed linear electronic dispersion close to the Fermi level which is generally expressed as the equation 1.1:

[1.1]
where ђ is the Planck constant, k is the wave vector and Fermi velocity ѵғ is about 10 6 m.s -1 .

Based on the Dirac equation for massless fermion, the effective mass of charge carriers is zero since the energy at the Dirac point is zero and they behave like relativistic particles, as massless Dirac fermions. 25 As a direct consequence of the electronic structure and energy dispersion, graphene shows a pseudo spin, chirality and an anomalous Quantum Hall effect (first plateau of Hall conductivity is 2e 2 /ђ corresponding to the half integer N, where e is electron). Also, the charges in graphene exhibit a Klein paradox since the relative nature of Dirac fermions make them penetrate the barriers in a different way. 35 The Klein paradox refers to the unobstructed penetration of a relativistic quantum particle described by the Dirac equation through a sufficiently high potential barrier without exponential damping. Furthermore, owing to the electrons' behavior which acts more like photons rather than conventional massive particles (relativistic particles), it would be expected that they display high mobility. In fact, in 2008, Bolotin et al. reported the highest mobility in suspended and annealed graphene device. They performed transport measurements from which they verified the high mobility of charge carriers, in excess of 200000 cm 2 .V -1 .s -1 . With this high value, the charge transport could be considered as ballistic. 50 However, for graphene on a substrate, its mobility is largely limited due to scattering, and defects. 26,51 The value of charge carriers mobility that was obtained for supported graphene films on multiterminal devices can exceed 15000 cm 2 .V -1 .s -1 . Moreover, the observed mobility is temperature independent between 10 and 100 K. 25 The carriers in graphene (electrons and holes) could also be continuously exchanged by providing the necessary gate bias. This ambipolar electric field effect was proved by Novoselov et al.. 25,52 Particularly, under a positive gate bias, the Fermi level was shifted above the Dirac point, resulting in high concentrations of electrons in the conduction band while under negative bias, the Fermi level is placed below the Dirac point, resulting in a large population of holes in the valence band.

Another characteristic of graphene's electronic behavior, is its high conductivity and optical transparency. In 2009 Kim et al. synthesized multilayer graphene films using chemical vapor deposition (CVD) on thin nickel layers, and then they transferred them to other substrates. The exhibited resistance is of 280 Ω.sq -1 , with 80 % optical transparency. 53 

Optical

The fine structure constant α is defined by the following equation 1.2:

/ђc [1.2] where e is the electron charge, ђ is the Planck's constant and c is the speed of light. The equation describes coupling between light and relativistic electrons. The theoretical optical transmittance, Topt, of a free standing graphene is expressed via α as follows (equation 1.3):

[1.3]
As a result the absorbance is of 0.023 or 2.3 %. 54 In 2008, Nair et al. experimentally determined the transmittance of large graphene crystals on oxidized Si wafer. 55 They revealed that graphene reflectance has a negligible value (< 0.1%) of incident light in the visible region. Also, the transmittance is 97.7 % with an opacity to be 2. 

Thermal

Graphene demonstrates high values of thermal conductivity. 58 Transport properties of phonons (vibrations of the atoms of the lattice) in graphene as energy dispersion and scattering rates, differ significantly from the 3D bulk crystals. 59 Since graphene exhibits relatively low carrier density, thermal conductivity mainly derives from phonons based on the Wiedemann-Franz law which correlates electrical and thermal conductivity. 58,[START_REF] Vlassiouk | Electrical and thermal conductivity of low temperature CVD graphene: the effect of disorder[END_REF] There are two phonon categories: acoustic (phonons in which the atoms in each unit cell move in phase) and optical phonons (phonons in which the atoms in the unit cell move out of phase). Acoustic phonons are the main heat carriers in graphene near room temperature, while optical phonons are involved in the Raman scattering process, harnessed in counting the number of atomic planes in samples with few graphene layers. 59 In 2008, Balandin et al. measured the thermal conductivity of a suspended graphene sheet based on the dependence of the shift of the G band of the Raman spectrum on the power of the excitation laser. 58 As it is illustrated in fig. 1.12, a laser light was focused on a suspended graphene sheet which is on the top of a trench of 3 μm length connected with graphitic species acting as heat sinks. The thermal conductivity at room temperature for graphene was calculated in the ranged of 5000 W.mK -1 which is much higher than the thermal conductivity of the best bulk crystalline thermal conductor, diamond (1000-2200 W.mK -1 ) or from an individual SWCNT (≈ 3500 W.mK -1 ). 

Chemical

Graphene can adsorb atoms or molecules which act as donors or acceptors, monitored by Raman spectroscopy. [START_REF] Rao | Some Novel Attributes of Graphene[END_REF] It can be functionalized by chemical groups, such as -OH, or -F while edges exhibit higher reactivity than surface. [START_REF] Wu | Selective surface functionalization at regions of high local curvature in graphene[END_REF] Graphene's theoretical surface area is 2600 m 2 .g -1 while for multilayer materials the value is significantly lower, in the range of 270 to 1550 m 2 .g -1 . [START_REF] Rao | Some Novel Attributes of Graphene[END_REF] This high value of surface area could be exploited for hydrogen storage through its adsorption on graphene either by physisorption (van der waals interaction), or by chemisorption (formation of a chemical bond with the carbon atoms). [START_REF] Tozzini | Prospects for hydrogen storage in graphene[END_REF] Furthermore, graphene could be decorated with a range of nanoparticles such as Au, Pt, and Pd. This feature is useful for application in areas of energy conversion devices, catalysis and for optoelectronic devices.

c. Synthesis

Due to the exceptional properties of graphene, its use in a variety of applications such as flexible, transparent electronic devices and high performance electronic devices continuously increases. Therefore, the need to optimize the quality of graphene as well as to reach large scale production is an emerging issue. In this section, the major procedures for the synthesis of graphene are briefly presented. The liquid phase exfoliation, such as using intercalation compounds, graphene oxide or dispersive agents will be described in details in chapter 3 where carbon dispersions will be the main focus.

As aforementioned, one of the initial exfoliation efforts of graphite into graphene was via graphite intercalation compounds (GICs). [START_REF] Schafhaeutl | On the combinations of carbon with silicon and iron, and other metals, forming the different species of cast iron, steel, and malleable iron[END_REF] Graphite oxide was introduced by Brodie, while Boehm produced ultrathin films from GO. [28][29][30] However, the first successful exfoliation of graphene was accomplished by Geim and Novoselov in 2004. 25 Their method is known as mechanical exfoliation and by using a scotch tape they were removing layers of graphite from HOPG while peeling. This procedure was repeated several times until the final exfoliation of graphene of lateral size up to 20 μm. Their procedure is not the first to report a HOPG cleavage since in 1999 Lu et al. developed a controlled way to cleave HOPG and produce few layers samples, but it is the first to exfoliate high quality graphene. [START_REF] Lu | Tailoring graphite with the goal of achieving single sheets[END_REF] As mentioned previously, their graphene on bulk graphite surface exhibits charge carriers mobility that can exceed 15000 cm 2 .V -1 .s -1 .

which is temperature independent between 10 and 100 K. 25 Even though the graphene obtained via mechanical exfoliation is of high quality, it suffers from limitations in mass production, a critical feature for industrial applications. Nevertheless, this synthesis procedure is one of the most widely used methods in fundamental studies. Other cleaving attempts used electrostatic forces (ionic conductivity) to bond bulk graphite onto an insulating substrate with subsequent cleavage [START_REF] Shukla | Graphene made easy: high quality, large-area samples[END_REF] or laser assisted photoexfoliation. [START_REF] Lenner | Ultrafast laser ablation of graphite[END_REF] As a result to the limitations of mechanical 56 For graphene to be useful for applications, its transfer onto arbitrary wafers deems necessary.

Another synthesis route of graphene is the thermal decomposition of SiC over 1000 °C.

This epitaxial growth of graphene films depends on the specific polar SiC crystal surface. [START_REF] De Heer | Large area and structured epitaxial graphene produced by confinement controlled sublimation of silicon carbide[END_REF] Graphene grows faster on the C-face than on the Si-face and has higher mobility. An advantage of this technique is that there is no necessity of transferring to another substrate. The graphene is of high quality but the cost of SiC substrate is high and this technique is not applicable in large scale.

Furthermore, graphene production can be achieved by a chemical synthesis from polycyclic aromatic hydrocarbons (PAHs). [START_REF] Dössel | Graphene Nanoribbons by Chemists: Nanometer-Sized, Soluble, and Defect-Free[END_REF] In 2015, Salvatierra et al. produced an insoluble film of graphene at the liquid interface of benzene/water by starting from benzene. [START_REF] Salvatierra | Graphene chemically synthesized from benzene at liquid-liquid interfaces[END_REF] 

Carbon black

Ahead of any attempt to describe CB, due to the plethora of carbon materials with similar characteristics, it is necessary to properly identify it. The first description of CB through X-ray diffraction (XRD) studies were performed in 1934 and 1942 by Warren and Biscoe. [START_REF] Warren | X-Ray Diffraction Study of Carbon Black[END_REF][START_REF] Biscoe | An X-Ray Study of Carbon Black[END_REF] They characterized it as a heterogeneous mixture of particles consisting of single graphene layers and graphite crystals made up of several stacked graphene layers. However, CB is not a finely divided graphite because their studies indicated the existence of clusters a few hundred Ångstrom in size.

In 1995, Fitzer et al. in IUPAC recommendations defined CB as "an industrially manufactured colloidal carbon material (a particulate carbon with particle sizes below ca. 1000 nm in at least one dimension) in the form of spheres and of their fused aggregates with sizes below 1000 nm". 10 They also note that CB is a commercial material that has a well-defined morphology deriving from thermal decomposition (detonation or by incomplete combustion of carbon hydrogen compounds) while contains the lowest amount of tars or other byproducts. On the other hand, soot is defined as "a randomly formed particulate carbon material and may be coarse, fine, and/or colloidal in proportions dependent on its origin. It consists of variable quantities of carbonaceous and inorganic solids together with absorbed and occluded tars and resins". However, it is common to see the misleading use of CB as a form of soot. Their major differences are the manufacture conditions (carbon black is controlled while soot is randomly formed)

and their content of tar, ash and impurities.

a. Atomic structure and morphology

The arrangement of carbon atoms in the CB structure, has been estimated by XRD methods. [START_REF] Warren | X-Ray Diffraction Study of Carbon Black[END_REF][START_REF] Biscoe | An X-Ray Study of Carbon Black[END_REF][77] As aforementioned, CB is a heterogeneous mixture of particles of graphene up to graphite crystals of turbostratically packed sheets. The inter-plane distance is higher compared to that of graphite (0.335 nm). 77 It was calculated in the range of 0.350 to 0.365 nm. [START_REF] Accorsi | Carbon Black[END_REF] Also, from XRD analysis, La, which is the average in plane diameter, and Lc, which is the average crystallite thickness, were found to be 1.7 and 1.5 nm respectively which corresponds to a fundamental particle of three to four hexagonal layers. 77,[START_REF] Accorsi | Carbon Black[END_REF] Moreover, the specific gravities of commercial carbon blacks (ratio of the density of a substance to the density of water) have lower values compare to graphite that has 2.26. Particularly, they range between 1.76 to 1.90 based on the grade. 77 CB building block is a primarily spherical particle. These particles quickly fuse/covalently bonded together in clusters, known as aggregates which can be formed by a few to hundreds of particles depending of the preparation procedure, as depicted in fig. 1.13. 78 A proposed definition for a CB particle and aggregate are: "CB particle is a small spheroidally shaped, paracrystalline (having short and medium range ordering in their lattice but lacking long-range ordering at least in one direction), non-discrete component of an aggregate. It is separable from the aggregate only by fracturing". [START_REF] Donnet | Carbon black : science and technology[END_REF] "CB aggregate is a discrete, rigid colloidal entity that is the smallest dispersible unit; it is composed of extensively coalesced particles". [START_REF] Donnet | Carbon black : science and technology[END_REF] Sometimes, the term agglomerate is used instead of aggregate. An agglomerate consists of many aggregates that are physically held together while an aggregate composed of fused spherical particles with continuous graphitic structure. [START_REF] Donnet | Carbon black : science and technology[END_REF] CB performance is strongly affected by the characteristics of both the particles and the aggregates. 78

b. Parameters influencing properties

The size of the primary particles is defined as its diameter and implies the thickness of the chain. [START_REF] Papirer | XPS Study of the halogenation of carbon black-part 1[END_REF] Typical furnace blacks (the most widely produced type of CB) are composed of spherical particles ranging in diameter from 10 to 100 nm and in surface area from 25 to 1500 m 2 .g -1 . Since the unit of surface area is square meters per unit weight, the smaller the particles are, the larger the surface area is. Other parameters that affect the surface area are structure and porosity. Surface area influences the UV absorption, conductivity and jetness (intensity of the black color) of CB. [START_REF] Accorsi | Carbon Black[END_REF] When the surface area is higher, the jetness and UV resistance are increased, since there is more available surface for the absorption of visible and UV light. Another important property of CB, except from its particle size and surface area, is its structure. CB structure can be defined from the amount of particles per aggregate as well as aggregate's size and shape. For instance, CB that is composed of few primary particles forming a compact unit is considered as of a low structure while CB which has particles that form aggregates with significant branching and chaining is considered as high a structure CB. [START_REF] Accorsi | Carbon Black[END_REF] Furthermore, the properties of CB are highly governed by its surface chemistry. Apart from the carbon element, there are more elements that can be found in CB. For instance, since CB is manufactured from hydrocarbons, hydrogen saturates the dangling bonds at the edges of the carbon sheets. Elements other than hydrogen exist also in CB. Sulfur and nitrogen derive from the oil precursor. However, the most important element that could also come from CB formation or storage is oxygen. [START_REF] Boehm | Some aspects of the surface chemistry of carbon blacks and other carbons[END_REF] All CB have a level of chemisorbed oxygen complexes on their surface such as carboxylic, quinonic (double carbonyl), phenolic (with hydrogen group) or lactonic groups as illustrated in fig. 1.14. [START_REF] Boehm | Some aspects of the surface chemistry of carbon blacks and other carbons[END_REF] The oxygen is chemisorbed on heating CB in air. The surface oxides have a noticeable effect on the surface properties of CB. For instance, the oxygen presence on CB surface is responsible for the pH values. As the volatile content increases, the pH decreases. This feature is exploited for specific applications.

CB could increase the volatile content by oxidation. As the volatile content increases, the aggregates become more and more insulated resulting in an increased difficulty of electron transfer, crucial for applications that require dielectric properties. [START_REF] Accorsi | Carbon Black[END_REF] Furthermore, a reaction with free organic radicals can be used for the grafting of functional molecules or polymers onto the surface. [START_REF] Boehm | Some aspects of the surface chemistry of carbon blacks and other carbons[END_REF] Eventually, in order to choose a CB with specific properties, apart from its surface area, particle size, structure and surface chemistry, its content in ash and byproducts is equally determinant. CB grades with small amounts of ash and other impurities known as "grit" are available for plastics application. This CB with low levels of byproducts is easier to disperse and gives superior mechanical properties. 78

c. Production

CB can be manufactured via incomplete combustion or thermal decomposition of hydrocarbons based on the presence or absence of oxygen. [START_REF] Donnet | Carbon black : science and technology[END_REF] Incomplete combustion, also known as thermal-oxidative decomposition, plays the major role regarding the CB production in terms of quantity. The thermal-oxidative decomposition could be divided in two types: decomposition in a turbulent flow or via diffusion flames. Turbulent flow is a closed system process while diffusion flames procedure is an open system. Closed system process is superior since the components can be introduced in a controlled way and CB loss is minimized avoiding unwelcome pollution to the surroundings. The production processes are further divided into categories as presented in table 1.1.

Moreover, the feedstock for each production method is different resulting in a plethora of CB grades (table 1.1). 

Thermal decomposition

Thermal black process Natural gas

Acetylene black Acetylene

Future technology

External electric energy supply

Plasma process Biogas

From all the aforementioned, the most common procedure belongs to the thermaloxidative decomposition process and it is the furnace black process and more specifically the furnace process that uses aromatic oils as feedstock, through which over 98 % of CB is produced. Via this process, the control of CB chemical and physical properties, such as particle size or structure is feasible. The oil furnace method produces CB in fluffy or low-density powder form. Therefore, the conversion to pellets for easier manipulation is often performed. [START_REF] Accorsi | Carbon Black[END_REF] Moreover, it is the most commonly used method for the production of CB for various applications from rubber reinforcement to coloring.

Regarding the other production processes, the oldest process is lampblack. In this method, CB of particle size of 100 to 200 nm, is produced by collecting soot from fumes of burning oils or pinewood. It is not used for mass production but due to the precise color of the resulting CB, it is proper for ink sticks. [START_REF] Pierson | Handbook of carbon, graphite, diamond, and fullerenes : properties, processing, and applications[END_REF][START_REF]Manufacturing Process of Carbon Black[END_REF] Channel black is another process that belongs to thermal -oxidative decomposition. In this procedure, CB is obtained by contacting, partially combusted natural gas with channel steel (H-shaped steel). Due to the low yield and the environmental issues that arise from this process, it is not suitable for mass production. Nevertheless, some painting applications harness this CB due to the functional groups on its surface result of this process. As for the CB that is produced via thermal decomposition, it consists of thermal black and acetylene processes, as presented in table 1.1. In the thermal black process, CB is obtained from the oxygenfree decomposition of natural gas. The resulting material is of large particle size up to 500 nm and low surface area. [START_REF] Pierson | Handbook of carbon, graphite, diamond, and fullerenes : properties, processing, and applications[END_REF] In acetylene black process, CB is produced by thermal decomposition of acetylene gas. It is similar to lampblack but more advanced regarding purity, liquid-absorption capacity and electrical conductivity. [START_REF] Pierson | Handbook of carbon, graphite, diamond, and fullerenes : properties, processing, and applications[END_REF] Therefore, it is used in applications such as fillers in rubbers, plastics, and for electric conductive agents.

The research that currently evolves regarding alternative synthetic routes in order to produce CB is noteworthy. Since furnace process provides poor carbon yields and is characterized by high levels of atmospheric emission, there is plenty of space for alternative preparation procedures which will eliminate those drawbacks. Plasma technology is a possible future solution (table 1.1). The innovation of this process is based on the total replacement of thermal oxidative decomposition, also known as incomplete combustion from splitting the hydrocarbon into CB and hydrogen by utilizing an external electric energy supply. [START_REF] Fulcheri | Plasma processing: a step towards the production of new grades of carbon black[END_REF] This process has many advantages: total conversion of the precursor, pure hydrogen as a byproduct as well as new CB grades since specific enthalpies and temperatures can be reached which with the conventional procedure were not feasible.

d. Industrial designations

Over the years different commercial designations were used to distinguish the CB grades. The dominating designation system is developed by the American Society for Testing and Materials (ASTM). This system, originally adopted in 1966, is primarily for rubber-grade CB. It consists of a letter followed by a three numbers. Therefore, the letter N signifies normal cure of a rubber compound. The first number stands for the CB group which is defined based on the average primary particle size as measured by electron microscopy. [START_REF]Standard Classification System for Carbon Blacks Used in Rubber Products[END_REF] The particle range size of CB is arbitrarily divided into 10 groups. The third and fourth characters are assigned arbitrarily. [START_REF]Standard Classification System for Carbon Blacks Used in Rubber Products[END_REF] For example, high-abrasion furnace black has ASTM number N330. In rubber industry more than 40 grades of carbon black are currently used. Moreover, CB grades are used in the paint, plastics, ink and other industries.

e. Applications

Carbon black (CB) is considered a vital economical filler in rubber market as a reinforcing agent. 77,[START_REF] Donnet | Carbon black : science and technology[END_REF] By introducing CB in a matrix several features are optimized:

tensile strength, resistance against abrasion and corrosion are some of them. Since 20-40 % of rubber composite is CB, the global use of CB is mostly in the rubber industry.

Special CB grades with specific characteristics are used in other areas apart from the rubber industry such as in plastics, printing inks or in papers. These CB grades are usually more expensive than those used in the rubber market, since certain requirements are needed. 77 These requirements could be color, protection from UV radiation, mechanical reinforcement and conductivity. For instance, CB has lower electrical resistance than plastics. CB structure and the size of its particles and aggregates affect its conductivity.

Highly structured CB, with many primary particles and significant branching and chaining could create more potential electron paths when it is incorporated into a matrix. Moreover, small sized particles and aggregates mean that more aggregates exist per unit of weight in the volume of the composite. As a consequence, the electron transfer is easier since the aggregates are closer. By oxidizing the surface, the resistance increases, therefore for applications where the conductivity is important, low volatile levels are required. Conductive CB can be used in applications like in electronic packaging, hospital equipment that require anti-static properties, semi-conductive shielding for power cable, electromagnetic interference (EMI) shielding where maximum conductivity is important or as sensors. [START_REF] Accorsi | Carbon Black[END_REF] The loading level of CB is also noteworthy. Usually, as the CB amount is higher in a composite, higher conductivity values are reached Furthermore, CB is used in a variety of other materials such as in tubes, wires, belts, coated fabrics, gloves, footwear, tape and toys. 86

Carbon nanopucks

Before graphene, fullerenes and carbon nanotubes have been discovered. However, fullerenes have found barely any practical applications and even though carbon nanotubes had better course, their production is still costly and difficult to be controlled.

On the other hand, graphene is the thinnest, strongest and stiffest material known. The number of publications for research on graphene and investments to commercialize it continuously increases. [START_REF] Van Noorden | Chemistry: The trials of new carbon[END_REF] Moreover, carbon black is a commercial material that has a well-defined morphology. In this study, the graphitic material that is used could be considered intermediate between the most promising carbon allotrope, graphene, and the carbon form with similar morphology, carbon black.

For this graphitic material, due to its disk shape (aspect ratio 17), the nomenclature that was chosen in order to be disclosed the size, shape and nature of the material is carbon nanopuck (CNP), owing to its resemblance with an ice hockey puck, as illustrated in fig.

1.15.

A detailed characterization of CNP will be presented in the following chapter. CNP was provided within the framework of the European program PlasCarb, 1 which aims to transform biogas that derives from food waste into renewable hydrogen and high value graphitic carbon. In the manuscript, this carbon is referred as CNP, however, its PlasCarb name is Renewable PlasCarbon (RPC).

The split of the biogas (methane/carbon dioxide mix) is achieved by using an innovative low energy microwave plasma process. This process comprises microwave induced plasma to cleave methane into CNP and hydrogen with limited carbon dioxide emissions. 1 It is used 'cold' plasma (plasma which is not in a thermodynamic equilibrium) induced by microwave energy from magnetrons (electron tubes that produces coherent microwave radiation). Energy is transferred directly into the electron bonds in gas molecules by the aid of microwaves. The 'cold' plasma is not as sensitive as thermal plasma to thermal processes and its temperature because ionization and chemical processes are directly determined by electron temperatures. Therefore, milder process conditions, reduced process complexity and energy efficiency can be acquired.

The novelty of this process is the generation of large, homogeneous 'cold' plasma zones for methane cracking at atmospheric pressure. The methane/carbon dioxide mix used as feedstock, had varied contents of carbon dioxide. As a reference case, pure methane was used. As it will be demonstrated in chapter 2, the concentration of carbon dioxide in the gas mixture has a direct impact on the quality and yield of the resulting CNP.

Plascarb project

PlasCarb, a three year collaborative project under the Seventh Framework Program (FP7) of the EU, transforms food-waste, from a catchment area of 35 miles, into biogas and upgrades it to bio-methane. From this, an innovative low-energy microwave plasma reactor generates renewable PlasCarbon (RPC) and renewable hydrogen (RH2). The entire process flow is encompassed by life cycle analysis (LCA) which analyses that the approach is sustainable and taken beyond Best Available Technology. The quality and economic value of the RPC and RH2 are currently being optimized using high quality research and industrial process engineering.

PlasCarb has the potential to generate RH2, even though at low mass flow rate and currently at long payback. The ability to sustainably produce this element has added economic value, as nearly 96% of hydrogen is produced from fossil fuels. Predicted global demand in 2020 is 324 million m 3 worth 125 billion €. Hydrogen is used in significant quantities by industry, applications ranging from ammonia production to petroleum refining and electronics. Hydrogen is increasingly recognized as a potential future transport fuel for a low carbon economy, including use in the emerging fuel cell technology.

Renewable PlasCarbon (RPC) is a product generated by the PlasCarb technology which has been proved to be highly promising for industrial applications and as a sustainable alternative to market-available carbon products from fossil origin. Carbon output from the microwave plasma process (RPC or CNP) is analyzed systematically by the CRPP group using a full range of analytical techniques, e.g. thermogravimetric analysis (TGA), scanning and transmission electron microscopy (SEM and TEM) and Raman spectroscopy in order to assess the carbon content, form, sizes and shapes and respective yields. Furthermore, its dispersion and dissolution in liquid media is performed as well as its use in a variety of applications. 

Conclusion

In this chapter the background of carbon was presented. Graphene and carbon black (CB) were the two carbon materials that were further elucidated. Graphene's structure, properties and synthesis routes were described. CB definition, production paths, commercial designations and applications were given. Eventually, the carbon material that was actually utilized in this study, CNP and is preparation procedure are introduced. Graphene attracts the interest of the scientific and industrial community owing to its unique structure and mechanical, electrical, thermal and optical properties. 25 On the other side, CB is a colloidal carbon in the form of particles and aggregates. CB is a low density, heterogeneous mixture of particles of graphene up to graphite crystals of turbostratically packed sheets with an average fundamental particle of three to four hexagonal layers. 77,[START_REF] Accorsi | Carbon Black[END_REF] It is an industrial product, more commonly produced via incomplete combustion of crude oil (petroleum). Both of these carbon forms have certain drawbacks. Regarding graphene, is still has limitations concerning its large scale production while it cost remains relatively high. In contrary, CB is cost-effective and is already an industrial product. However, its synthetic processes are not environmentally friendly while CB cannot compete the high quality, performance and properties of graphene. Therefore, the necessity of a material that will be the right balance between graphene and CB is required. As it will be demonstrated in this manuscript, CNP could be a promising solution. 
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Introduction

Graphene and carbon black (CB) are two carbon forms presented in the previous such that carbon nanopucks (CNPs) can be considered intermediate between them. The interest in graphene has grown in the last years, after its successful exfoliation and the report of its interesting properties. [1][2][3][4] However, graphene's large-scale production is still a costly process. In contrast, CB is a crucial industrial product. Distinct CB grades have specific characteristics for different requirements and applications. [5][6][7][8] Its drawbacks, though, are the feedstock (petroleum) and synthesis route which are not environmentally friendly. Another disadvantage is CB inhomogeneity, not only in the sp 2 to sp 3 ratio but also concerning the heteroatom content. [9][10][11] Therefore, the research of alternative preparation procedures and substitution of petroleum precursors has led to plasma technology as a possible solution. [12][13][14][15] CNP is the material which this study was built on. It is principally generated by mixture of methane/carbon dioxide (CO2) split into hydrogen and graphitic nanocarbon via 'cold' microwave plasma process. The ultimate step of this project is the substitution of the feed gas by biogas actually deriving from food waste. 16 The content of CO2 in the feedstock in CO2 significantly influences the quality and yield of the final product. Hence, its detailed characterization was systematically carried out and is presented in this chapter. Several techniques were utilized, e.g. Raman spectroscopy, thermogravimetric analysis (TGA), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).

Experimental section a. Carbon nanopucks synthesis

CNP samples have been produced via microwave plasma process using a mixture of methane/carbon dioxide as precursor by FGV Cambridge Nanosystems, United Kingdom. 17 In this process the power supply and the flux of the feedstock in the plasma reactor were kept constant, 6 kW and 21.4 L.min -1 respectively. After reaction time of 30 min the carbon powders were collected. The amount of CO2 (from 0.0 vol % to 7.4 vol%)

in the feed gas and the yield of five carbon solid products are illustrated in table 2.1. 

b. Carbon nanopucks purification

The purification of CNP was achieved by heat treatment in a Nabertherm oven. The parameters were adjusted based on the data provided from thermogravimetric analysis (TGA). Particularly, the carbon samples were heated with a heating slope of 5 °C.min -1 until 500 °C. After 6h plateau at 500 °C, the temperature was decreased with the same slope (5 °C.min -1 ) until 30 °C. For simplicity, when the samples are not purified, they will be referred as CNPX and the heat treated corresponding samples with the designations CNPHTX (where x is from 0 to 4 respectively).

c. Characterization of carbon nanopucks

The structural characterization of CNPs and the description of the properties of CNPs were accomplished with a series of techniques described below.

Raman analysis was carried out by Dr Ferdinand Hof to assess the samples' structure.

It was performed in a Horiba JobinYvonXplora microscope equipped with a cooled

Andor CCD detector.

The parameters of the present analysis are an Olympus objective 50x LWD, ∼1 μm laser spot size with excitation wavelength 532 nm, grating 1200 lines per mm and SiO2 calibration. As regards the Raman mappings, a motorized x-y µm scanning table was utilized and around 2000 individual spectra per sample were taken. Thermogravimetric analysis (TGA) was performed to evaluate the thermal properties of CNPs before purification treatment. The measurements were conducted on a Setaram instrument equipped with a 2 balance setup for equilibration under air atmosphere.

X-ray diffractograms (XRD

Samples of around 10 mg were placed on a Pt-crucible.

Atomic force microscope (AFM) imaging was carried out by Dr Kai Huang. It was performed in ambient conditions using a Nanoscope III microscope in tapping mode using 8 nm radius tips MPP-111000.

Scanning tunneling microscopy (STM) images were recorded by Dr Kai Huang. The characterization was performed in ambient atmosphere using a Nanoscope III microscope operated in STM mode using platinum (Pt)/iridium (Ir) wire that was freshly cut (Pt 80% and Ir 20%, 0.25mm wire-tip diameter).

For AFM and STM imaging the samples were placed onto surfaces by drop-casting of the dispersions. For AFM the substrate that was used is freshly cleaved mica and for STM is HOPG. Mica substrate was used because it has a flat surface and HOPG for STM characterization since conductive substrate is required. In detail, 20 L of CNP dispersions were deposited on a substrate area of 1 cm 2 . Both the surfaces with carbon dispersions, were dried under vacuum at room temperature and washed with deionized water. Then, the coated mica substrate was dried at 100 °C and the coated HOPG substrate was dried at 50 °C under vacuum overnight. In the case of the HOPG substrate, high temperatures were not used in order to avoid any influence in the HOPG -CNP interaction. Infrared (IR) spectra were obtained in transmittance on a Thermo Fischer Nicolet 6700 spectrometer. Samples were prepared using the potassium bromide pellet method (grinding 200 mg potassium bromide (KBr) with 1 mg CNP and compressing using standard equipment to a 13 mm platelet).

X-ray photoelectron spectroscopy (XPS

Absorption spectra were recorded using Unicam UV/Vis spectrometer UV4 (filter = 325 nm). All the CNP dispersions after tip sonication treatment and centrifugation times 2 min/4000 rpm (2486 x g) and 20 min/4000 rpm (2486 x g), prior to the absorption measurements, they were diluted. Particularly, all the samples were diluted with a dilution factor (DF) 2000 except of CNP4 which was diluted with a DF 500.

Static Light Scattering (SLS) analysis was carried out using a Mastersizer 2000 -Malvern Instrument. The CNP dispersion was diluted about 5 %. In SLS analysis, the scattered light in different angles is recorded and the final CNP particle size is calculated from the software using the Mie theory.

Transmission electron microcopy (TEM) images were acquired using a TEM-FEG HR (JEOL 2200FS) microscope. 20 L of diluted (DF: 2000) CNP dispersions were drop casted on CF400-CU TEM grids (Electron microscopy science).

Scanning electron microscopy (SEM) measurements were performed on FEI QUANTA 200 scanning electron microscope. The solid samples were place onto an aluminium (Al) holder and attached with a carbon double side rubber.

d. Formulation of the dispersion

To fully characterize the different CNP samples, aqueous dispersions were formulated.

The procedure that was followed to achieve the present optimized dispersions is fully described in chapter 3. Concisely, CNPHT samples were dispersed in aqueous media using surfactant, tip sonication and centrifugation treatment. Typically, 320 mg of CNPHT, 50 mg of bile salt and 9.63 mL of H2O were mixed and tip sonicated for 30 min using a Branson Digital Sonifier tip sonicator. The sonication was performed in interval mode (pulse on: 0.5 sec, pulse off: 0.2 sec) with a total applied energy of 14.4 kJ.

Subsequently, the CNPHT dispersions were centrifuged for 2 and 20 min at 4000 rpm (2486 x g) with a Fisher Bioblock Scientific centrifuge. The final concentration of CNPHT is about 17 mg.mL -1 (1.7 wt%) with 5 mg.mL -1 (0.5 wt%) bile salt verified after weighing the freeze dried powder (yield 53 %). The dispersions were used for AFM, STM characterization, optical measurements and to prepare conductive films.

Results

The CNP raw powders were produced by splitting the mixture of methane and carbon dioxide into carbon and hydrogen using 'cold' microwave plasma process. The amount of added CO2 within the precursor varies from 0.0 vol% to 7.4 vol% of added CO2 as depicted in table 2.1. As it is also illustrated in table 2.1, by increasing the carbon dioxide content in the feedstock, the CNP yield drops from 120 to 26.9 g.h -1 for CNP4.

a. Characterization of carbon nanopucks

Thermogravimetric analysis and purification

TGA analysis was performed to evaluate the mass loss of the CNP powders before heat treatment for temperatures from 20 to 750 °C under air as illustrated in fig. 2.1. Approximately 2 g of each sample was heat treated at 500 °C for 6 h. The weight losses of the purified materials are between 12 to 24 % which are in total agreement with TGA results.

X-ray diffraction

The crystalline structure of all the five CNP samples before and after purification treatment has been determined via XRD analysis. The corresponding spectra are illustrated in fig. 2.2 and 2.3. All the diffractograms show three distinct peaks: at 25.8°, 43° and 52° 2θ degrees. The samples before and after heat treatment (at 500 °C for 6 h) are virtually identical therefore, XRD analysis is described only for the CNP materials after thermal annealing while all the resulting data are presented in table 2.3.

The peak at ca 25.8° corresponds to the (002) peak of graphite. Its full width at the half maximum (FWHM) is rather broad, more than 1.6° and is typical for nanographitic carbons. 18 Furthermore, by applying the Scherrer equation, the mean crystalline size was calculated which varies from 8 to 6 nm as depicted in table 2.3. The interplane distance was found by using Bragg's law and has a value of about 0.345 nm, which is characteristic for turbostratic graphite. 19 From the mean crystalline size and the plane distance of (002) plane, the number of carbon layers was also calculated (table 2.3). All in all, from the (002) peak, crystalline domains of mean size 8 to 10 nm were found which consist of 25 to 29 layers turbostratically packed layers of graphene.

The 2θ peak at around 43° can be assigned to the (100) plane. 18,20 From this peak, the corresponding mean domain size and plane distance was calculated and illustrated in table 2.3. Values between 7 to 11 nm of the mean size of crystalline domains were found.

Raman spectroscopy

Raman spectroscopy has emerged as the most powerful and convenient probe to characterize the graphene samples. 21,22,23 D, G and 2D bands are the significant bands in a Raman spectrum of a carbon material. 24 The ratio of the area of D over G bands (AD/G) can provide information about the amount of sp 3 carbon in graphitic materials.

Moreover, the CNP samples that are studied in these manuscript are inhomogeneous, therefore mapping deemed necessary. 25,26 (cm -1 )

Ferrari et al. studied the disordered graphitic materials and they classified these materials based on the amount of sp 3 carbon with stage I to correspond to the least disordered material and stage III to the most disordered one. 27,28 All the CNP samples can be characterized as stage II due to their G mode position, line width, and A(D/G) values. In stage II the A(D/G) increases. Moreover, an increase of order in the carbon lattice has as a consequence a decrease of the intensity of D band which is not the case for less disordered materials. 29 G band width decreases with the increase of ordering.

From the insets of fig. 2.4 to 2.7 the following conclusions can be extracted: the 2D band which is influenced from the carbon quality, doping and strain/stress is high and very similar for all the samples. CO2 presence is not beneficial to CNP quality since the most ordered material appeared to be the CNPHT0. Also, between the samples of which the feed gasses contained CO2, there is no significant difference in terms of ordering indicating that the exact CO2 concentration doesn't influence distinctively. Another valuable conclusion is that the heat treated samples are of higher crystallinity than the raw materials.

X-ray photoelectron spectroscopy

XPS analysis provides information about element concentrations and chemical binding environments as illustrated in fig. 2.8 to 2.10. Peaks which correspond to carbon and oxygen presence respectively are illustrated in XPS spectra. The carbon spectra show a broad carbon peak accompanied with a broad tail. After heat treatment a decrease of the width of the carbon peak is observed while the tail remains practically the same. The tail can be assigned to a variety of carbon oxygen bonds and groups. Furthermore, from the XPS analysis the carbon and oxygen contents of all the samples were calculated as described in table 2.4. The carbon atomic percentage is more than 97 % and an expected oxygen increase for samples after heat treatment was observed, except for CNP4. and about 3400 cm -1 . Vibrations of COH, CO and COC groups correspond to 3400 cm -1 , 1368 cm -1 , and 1062 cm -1 peaks respectively. Moreover, peaks with low intensities between 2960 cm -1 to 2840 cm -1 were found and can be assigned to alkylic C-H vibration. The most intense peak is at 1574 cm -1 and is attributed to the C=C vibration.

CNP3 CNPHT3 CNP4 CNPHT4

Also, in table 2.5 is shown the elemental analysis of all CNP samples before and after heat treatment which provides an additional evidence of the small concentration of hetero atoms. Further analysis should be performed to identify the elements that correspond to the remaining approximately 7 %. 

b. Dispersion of the purified carbon nanopucks

To further evaluate the properties of these nanographitic carbons the different purified carbon nanopuck samples were dispersed with the aid of surfactant (bile salt) in water.

Adjusting literature procedures, 30,31 optimized surfactant concentration of 0.5 wt% (5 mg.mL -1 ) bile salt have been used. CNP concentration up to 32 mg.mL 

UV/Vis absorption spectroscopy

In order to characterize the aqueous dispersions, absorption spectra were taken in the UV/Vis region using a Unicam UV/Vis spectrometer UV4 (fig. 2.13). All absorption spectra exhibit a peak at 264 nm except of CNPHT4 for which a peak is found at 260 nm. The peak at 264 nm is due to the collective π-π* electronic transition of the condensed aromatic rings in the graphene sheet. 32 There is a tail in the absorption spectra because the graphenic materials absorb all energies.

Atomic force microscopy

The size and height of all different CNPHTX particles in an aqueous dispersion were determined by means of AFM (fig. 

Transmission electron microscopy

Transmission electron microscopy images were recorded for all the purified samples. 

Discussion

Different grades of sustainable carbon nanopucks are produced from the mixture of methane and carbon dioxide (CO2) via microwave plasma process. The content of carbon dioxide to the feed gas affects the yield of the resulting CNP with the later to be inversely dependent on the CO2 concentration. A series of techniques; from thermogravimetric analysis to UV/Vis absorption, has been applied in order to evaluate the quality of the produced carbon materials.

By means of TGA under air, a mass loss of 10 to 25 % is evident between 20 to 500 °C which could be attributed to the amorphous content of the samples. Moreover, the thermal stability of carbon lattice is determined; up to 600 °C the samples are stable and above this temperature their total burning occurs.

CNP lattice stability is further supported by XRD and Raman analysis which is assigned to the graphitic nature of these carbon products. The values of the area of the D mode over G mode (A(D/G)) by statistical analysis in Raman spectra are increased after purification of the samples. This A(D/G) enhancement could be translated to the production of less defective material after heat treatment (500 ⁰C for 6 h) (stage II compounds) which is contrary to the trend of A(D/G) for pristine graphite or graphene. 28 The mean widths of the G band is 40 to 55 cm -1 which corresponds to a mean size of graphitic domains of ca. 5 to 20 nm.

X-ray diffraction analysis indicates a mean size of crystalline domains along the c axis of about 10 nm which resembles to 30 layers of graphene in turbostratic packing extracted from the (002) peak of the diffractogram. The XRD signature of purified and not purified samples is almost the same, prove that the heat treatment has successfully removed the amorphous part of the material since the XRD analysis probes principally the graphitic parts of the carbon samples.

The amorphous carbon has been also detected through X-ray photoelectron spectroscopy. The peak of the carbon spectra show that the samples consist principally of sp 2 carbon. A 40% of sp 3 carbon is however present for the unpurified materials and decreases to 25% for the purified ones (500 ⁰C for 6 h). The fact that the content of oxygen groups in the samples before and after heat treatment remains practically the same, implies that the purification removes amorphous material and do not introduce defects in the graphitic layers.

Static light scattering analysis and UV/Vis absorption were used to determine the size of carbon particles in the aqueous dispersions. Two size populations (yield 79%)

and one size population (yield 53%) could be obtained. Further data from SLS, TEM, AFM and STM analysis provide values of lateral size of the dispersed particles of 30 to 60 nm and height of 0.4 to 3.0 nm.

As aforementioned, the graphitic domains have size about 5 to 20 nm and the domains along the c axis about 10 nm, thus their values are in the same order of magnitude with the dispersed carbon objects. Therefore, it could be suggested that the present plasma process with biogas as a feedstock (mixture of methane and carbon dioxide) provides well defined, crystalline carbon nanopucks (CNP) that could be harnessed in application such as conductive films as it will be presented in the following chapter. 33,34 

Conclusion

Crystalline carbon nanopucks (CNPs) of turbostratically packed layers of graphene can be produced via microwave plasma process from the splitting of the mixture of methane and carbon dioxide. The graphitic products can be further improved by purification.

Amorphous carbon content as low as 12% (for the best sample) could be removed by heat treatment (500 ⁰C for 6 h). Moreover, their dispersion in aqueous media is feasible by using surfactant, sonication and centrifugation process. Monodispersed samples of 50% yield have been produced in this way with size of ca. 30 to 80 nm and 3 nm in thickness. A variety of characterization techniques has verified the high quality of the graphitic nature of these materials. CNPs are comparable or even superior to commercially available carbon black grades since they derive from an environmentally friendly feedstock.

Chapter 3

Carbon nanopuck dispersions Introduction

Harnessing the properties of carbon nanopucks (CNPs) that derive from the "cold" plasma process requires its dispersion into liquid media. In this chapter, well-defined, high concentrated aqueous CNP dispersions calibrated in size are described. The CNP grade that is used for the dispersions is similar regarding its size and shape, but differs from the ones described in chapter 2 regarding its synthetic parameters and the amount of amorphous carbon. The procedure that has been followed to acquire optimized CNP dispersions has been adapted to disperse CNPHTX materials (chapter 2). For simplicity reasons, the nanocarbon sample will be referred as CNP5 and CNPHT5 (after purification treatment) to distinguish it from the other CNP grades that have the designations CNP0 to CNP4 and CNPHT1 to CNPHT4 for the heat treated samples respectively.

Firstly, liquid exfoliation background is given, initially discussing graphite intercalation compounds, dispersion of graphene oxide and reduced graphene oxide and finally dispersion of graphene from pristine graphite with and without stabilizers.

Afterwards, in part 2 the experimental section presents the carbon nanopucks purification, characterization techniques and formulation of CNPHT5 dispersions. In part 3, in "results and discussions" characterization of CNP5 is initially presented. Then, the purification procedure and the characterization of CNP5 before and after heat treatment are described. Following the characterization, several parameters are determined to obtain optimized aqueous CNPHT5 dispersions. Part 3 ends with the characterization of CNPHT5 dispersions.

Liquid phase exfoliation

As witnessed from its name, in liquid phase exfoliation, graphite precursors are dispersed and/or dissolved in liquid media. Typically, the exfoliation occurs with the assistance of external energy. Graphite exfoliation into graphene in liquid media could be further categorized into dissolution and dispersion of graphene. Dissolution occurs through graphite intercalation compounds (GICs) while dispersions of graphene could be divided into categories based on the precursor: dispersion of graphene from pristine graphite or dispersion of graphene oxide (or reduced graphene oxide).

a. Graphite intercalation compounds

GICs are synthesized by injection of intercalant atoms or molecules between graphite layers. They provide a means to dissolve graphite through the reaction of alkali metals with graphite. In these materials, the plane distance is greater and the precursor's properties are altered. 3 Addition of electrons (reduction) to the graphene layers through

GICs formation e.g. KC8, K(THF)xC24 and KC48(NH3)4 without sonication treatment results to the dissolution of graphite in organic solvents and these negatively charged sheets form two dimensional polyelectrolytes. [4][5][6][7] An interesting study by Catheline et al.

reported that the counterions' entropic gain promotes the dissolution of graphene in solution; a spontaneous process without sonication assistance. 8 Other intercalants like oleum have been used to form GICs; upon thermal shock, a violent graphite exfoliation occurred. 9 Shih et al. claimed that a majority of bi-or trilayer graphene solutions can be produced from graphite using iodine chloride (ICl) or iodine bromide (IBr) as intercalants. 10 A recent ground-breaking study of Bepete et al. demonstrates the exfoliation of single layer graphene in organic solvent via GICs with successful ensuing transfer in aqueous media. 11 Particularly, KC8 was initially prepared in inert atmosphere. Then, the graphenide ions are oxidized to graphene due to the contact with air. After air exposure, the solutions were directly transferred to degassed water.

Degassed water was chosen in order to avoid the adsorption of gases dissolved in water on the surface of graphene. Without the presence of gases, water ions are readily adsorbed on the surface resulting to the electrostatic repulsion of the layers of graphene.

b. Dispersion of graphene oxide and reduced graphene oxide

The most common liquid phase exfoliation technique involves the oxidation of graphite followed by exfoliation in water. 12,13 One of the most exploited oxidative treatments was developed by Hummers. 13 In his study, a mixture of sulphuric acid (H2SO4), sodium nitrate (NaNO3) and potassium permanganate (KMnO4) was used, the sp 2 structure of graphene was disrupted inserting oxygen groups on the graphene layers and resulting in the formation of graphene oxide (GO). GO could be defined as an oxidized graphene layer having its basal planes decorated mostly with epoxide and hydroxyl groups and at the edges carboxyl and hydroxyl groups (fig. 3.1). 14 Figure 3.1: Proposed structure of graphene oxide (GO). Adapted from the reference 14 .

The oxygen species allow the GO to be easier dispersed than graphite (make GO flakes However, GO is an insulating material (surface resistivity of 1012 Ω.sq -1 of a thin film from GO has been acquired) 16 , so in order to restore the graphene structure the GO is further reduced to yield reduced GO (rGO). There are several ways to reduce GO, e.g. chemical reduction, like hydrazine 17 and hydride 18 and thermal reduction. 19,20 However, even after reduction treatment, the oxygen groups cannot be completely removed, thus the electronic and thermal properties are not as good as of pristine graphene. The results concerning the rGO dispersibility has been determined by Konios et 

c. Dispersion of graphene from pristine graphite

Due to the defects that are present in rGO, 17 several studies have focused to the dispersion of unfunctionalized graphene commonly with the help of ultrasonication.

i. Sonication

Conventional dispersion methods involve stirring. However, when the dispersed solid particles are of 10 μm size or smaller, then the rate of mixing and mass transfer reach a maximum value that cannot be overcome even if the speed is increased. 22 By applying sonication, shear forces along with cavitations induce exfoliation of the graphite sheets. 22 Cavitation is the phenomenon that occurs when high power ultrasound is introduced in a liquid medium. At this process, the sound waves are transmitted in the liquid, creating alternating high-pressure (compression) and low-pressure (rarefaction) cycles. During the low-pressure cycle, high-intensity ultrasonic waves create small vacuum bubbles in the liquid. When the bubbles have a maximum volume above which they cannot absorb any more energy, they collapse violently during a high-pressure cycle. During the collapse, high temperature and pressure are reached locally. 22,23 In the liquid, the particles vibrate due to cavitation process. These vibrations can break particles apart, and lead to their successful dispersion in a liquid media. 24 Sonicators can produce sound waves into a water bath (bath sonicator) where samples are placed, or can be probes that are put directly into the sample to be sonicated (tip sonicators).

ii.

Dispersion of graphene from pristine graphite without stabilizer

Graphene or few layers of graphene can be dispersed in specific organic solvents without the use of surfactants. 25,26 Carbon precursors are sonicated in organic solvents to yield graphene dispersions. Key parameter for a successful dispersion is the low interfacial tension between the graphite surface and the solvent in order to overcome the van der Waals forces between the graphene layers. If the value of interfacial tension is high, then the dispersion of the solid particles in the liquid medium is not efficient since poor association of the solid surface with the liquid occurs. For better exfoliation of graphene, solvents with surface tensions of ca. 40 mJ.m -2 are preferable, e.g. NMP, DMF and ortho dichlorobenzene (oDCB). 25,27 Hernandez et al. have shown that graphene sheets with a concentration of 0.01 mg.mL -1 can be successfully dispersed in NMP. 25 Since then, many studies have followed so as to increase the graphene concentration by increasing the sonication time. Sonication time as high as 200 h would reach a concentration of 1.5 mg.mL -1 . 28 By applying ultrasound for extended time period, the flake size is reduced and the quality of graphene could be also affected while the process is considered high energy consuming. After sonication treatment, the presence of aggregates is removed by centrifugation. A drawback of stabilizer-free exfoliation is the use of toxic solvents with high boiling points which is not easy to remove. 29 Other studies to disperse graphene without stabilizer have been performed using ionic liquids (ILs), e.g. 1-hexyl-3-methyl-imidazolium hexafluorophosphate (HMIH), 1-alkyl-3methylimmidazolium and other immidazolium based ILs. The dispersion in ILs has been achieved via sonication, ball milling, shear milling, and electrochemical exfoliation techniques. [30][31][32][33] ILs are semi-organic salts with melting point below 100 ⁰C. They differ from organic solvents in characteristics such as good thermal stability and nonflammability. ILs constitute efficient solvents for graphene dispersions because their surface tensions closely match with graphite. 31 Furthermore, they are moderate conductors of electricity, thus electrochemical exfoliation could be performed. In fig. 3.3 graphene sheets start to get dispersed in the ionic liquid from a piece of highly oriented pyrolytic graphite (HOPG) which is used as anode in an ionic liquid/water solution and placed parallel to the Pt wire (counter-electrode) after voltage application. 30 Notable is also that graphene exfoliation progresses with time. However, the drawbacks of the use of ILs are that their removal from the dispersion is difficult while thick graphene flakes are produced (2 to 3 nm). Notable is also the use of superacids such as chlorosulfonic acid. 34 Superacids do not disperse graphene layers but rather dissolve them since they protonate the graphene surface. Behabtu et al. performed a successful exfoliation of graphene at concentration of ca. 2 mg.mL -1 . 34

iii.

Dispersion of graphene from pristine graphite with stabilizer

Stabilizers such as surfactants, polymers and smaller aromatic molecules, e.g. pyrene derivatives have widely been used to aid the dispersion of graphene. The dispersion of graphene in water is particularly intriguing due to the hydrophobic nature of the graphene sheets. Graphite can be sonicated in water as an external mechanical energy that helps the particles to overcome the attractive van der Waals forces at contact in the presence of surfactant. Surfactants, and in general stabilizers, can modify the particles-dispersing medium interface and prevent aggregation. They provide an extra repulsive force (electrostatic and/or steric) and lower the surface energy. 35 Due to cavitations created during sonication, the layers of graphene come apart. At this point, the hydrophobic part (tail) of the surfactant (surface active agent) non-covalently adsorbs on the graphene surface (through van der Waals interaction) leaving the hydrophilic part to interact with the aqueous environment keeping the graphene sheets stable in water. Hence, it does not unduly disturb the electronic properties of graphene and the use of toxic solvents is avoided as well as the aggregation of graphene sheets and the presence of oxygen on graphene surfaces. After sonication treatment, centrifugation follows in order to remove the large aggregates. Green et al. have dispersed graphene in aqueous medium in concentration of 0.09 mg.mL -1 using the surfactant sodium cholate (SC). 36 In particular, graphite flakes were mixed with SC in aqueous solution. After exfoliation of few layer graphene flakes by using horn sonicator, graphene flakes were encapsulated by SC micelles. In fig. 3.4 is depicted the proposed mechanism for the surfactant stabilization of graphene in water. 36 Another study to exfoliate graphene in organic solvent, e.g. N,Ndimethylformamide (DMF) has been performed by Vadukumpully et al. 37 They used cationic cetyltrimethyl ammonium bromide (CTAB) as stabilizer to avoid agglomeration that commonly occurred in dispersions in organic solvents without stabilizer. 25 Several are the surfactants that have been used from research groups so as to exfoliate graphene in aqueous or organic media, e.g. sodium dodecylsulfate (SDS), dodecyl benzene sulfonic acid (SDBS) and CTAB which could yield as high concentrations as 0.3 mg.mL -1 . [38][39][40] Moreover, Guardia et al. by studying a variety of surfactants, have shown that based on the surfactant (ionic and non-ionic), the final concentration of the graphene in aqueous media could vary from <0.1 mg.mL Furthermore, graphene sheets could be stabilized in water or organic solvents through polymer protection (steric stabilization) such as polyvinylpyrrolidone (PVP) and ethyl cellulose. 42,43 Another category of stabilizers that have been used by various groups are polycyclic aromatic hydrocarbons (PAHs). [44][45][46][47] Pyrene is a prominent example of PAHs. These molecules have a pyrene aromatic core with functional groups attached to the core.

Adsorption of these stabilizers on the graphene surface occurs through π-π interactions between their planar surfaces and graphene (both aromatic planar surfaces share noncovalently the electrons of π-orbitals) reducing the surface free energy of the dispersion.

Several are the solvents and stabilizers that have been used and they are currently used 

Experimental section a. Carbon nanopucks purification

The purification of CNP5 was achieved by heat treatment in a home-made oven based on the data provided from thermogravimetric analysis (TGA). Particularly, CNP5 was heated at 450 °C overnight.

b. Characterization techniques

Ahead of any endeavor to disperse carbon nanopucks (CNPs), their structure and nature had to be defined. Their characterization was performed using a series of techniques: Xray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), Raman spectroscopy, X-ray diffraction (XRD), atomic force microscopy (AFM), high resolution transmission electron microcopy (TEM) and scanning electron microscopy (SEM). Their parameters are described in chapter 2. Any modification will be highlighted where is needed.

X-ray diffraction (XRD) patterns were acquired with the same parameters as described in chapter 2. Each acquisition lasted for 7 hours.

Static light scattering (SLS) analysis was performed using a Mastersizer 2000 -Malvern Instruments. The dispersions have been diluted ca. 5 % and the scattered light in different angles was recorded. The particle size was taken directly from the software which used the Mie theory.

High resolution transmission electron microcopy (TEM) investigation was kindly

performed by Luca Ortolani (CNR IMM -Bologna) using a Tecnai F20 microscope, operated at an accelerating voltage of 80 kV. The sample has been diluted in isopropanol (10 microliters in 1 ml) and then drop casted over a TEM grid.

Scanning electron microscopy (SEM) was performed on FEI QUANTA 200 scanning electron microscope.

c. Formulation of the dispersion

Dispersion of CNPHT5 after purification treatment has been obtained by using surfactant, tip sonication and centrifugation treatment. Several parameters, such as surfactant, sonication and centrifugation time have been optimized in order to acquire well-defined high concentrated CNPHT5 dispersions calibrated in size. Techniques such as static light scattering, atomic force microscopy and high resolution transmission electron microcopy have been used to characterize the dispersions. The parameters for optimized CNP dispersions described in this chapter, have been used to disperse the CNPX (where x is from 0 to 4 respectively) samples characterized in chapter 2.

Results and discussion

a. Characterization of unpurified CNP Carbon and oxygen peaks at 285 eV and 533 eV respectively can be clearly observed. In the inset, the carbon spectrum shows a broad carbon peak accompanied with a broad tail. The tail represents a variety of carbon oxygen bonds and the presence of a small amount of sp 3 carbon. From XPS analysis, the atomic carbon and oxygen percentages have been calculated with carbon to be more than 98 % and oxygen 1.77 %.

X-ray photoelectron spectroscopy

Thermogravimetric analysis

TGA was performed in order to determine the mass loss as a function of temperature of CNP5 under air atmosphere as depicted in fig. 3.9. In the first cycle, the carbon powder is burning as a function of increasing temperature in a relatively high speed until a weight loss of 10-15 wt% at 400 °C which indicates the presence of 10-15% amorphous carbon. Then, the decomposition continues with a lower speed due to the remaining well-organized material.

b. Characterization of purified CNP

After heat treatment at 400 ⁰C in air, the amorphous material has been successfully removed from CNP5. The purification parameters are described in chapter 2.

Raman spectroscopy

In a Raman spectrum of a carbonaceous material, the significant bands are D, G and 2D bands. [49][50][51]52 In the previous chapter the Raman characterization of CNP samples has been presented

where it was used excitation wavelength at 532 nm (page 61). The intensity of the Raman signal is inversely proportional to the excitation wavelength. Starting the Raman analysis with this sample (CNP 5 ) by exciting at 638 nm, we decided to change excitation wavelength to 532 nm in order to increase the intensity and to compare more easily our results with the literature. A general comparison of the two spectra suggests that, from a structural point of view, the heat treated material is much more graphitized than before heat treatment since the amorphous background is eliminated after purification. The most prominent feature in the Raman spectra is the G band, an indication of sp 2 carbon network. The D band is related to the presence of structural defects and 2D band is a 2 phonon process and does not need a defect to be activated. Also it satisfies the Raman selection rule of zero momentum (+q-q=0, in a 2 phonon process with phonon of opposite signs). The 2D band, located at 2655 cm-1 appears as broad and weak feature in the case of raw CNP5, in comparison to the sharper and stronger after purification treatments which corresponds to a more crystalline sample. Likewise, the full width at the half maximum (FWHM) of 47 cm -1 of the 2D band reflects the turbostratic order of the carbon samples. 53

X-ray diffraction

In fig. 3.11 are depicted the XRD spectra of carbon nanopucks before and after thermal annealing. Both diffractograms show three distinct peaks at ca. 25.8°, 43° and ca. 53° 2θ degrees.

Samples before and after thermal annealing are identical. The peak at ca 25.8° corresponds to the (002) peak of graphite. Its FWHM is rather broad, more than 1.6°, typical for nanosized graphitic carbons. 54 Moreover, from Scherrer equation, the mean crystalline size was calculated from 8 to 10 nm which corresponds to 25-30 planes turbostratically packed since from Bragg's law, the d-spacing between layers was calculated 0.345 nm.

c. Carbon nanopuck dispersion conditions

For a useful CNP dispersion, essential criteria must be met: the carbon should be dispersed at an appropriate concentration, with an efficient dispersive agent and the consumption of a minimum viable energy. In this chapter the preparation of aqueous dispersions of CNPHT5 with the aid of surfactant is presented. The performances of CNPHT5 dispersions are compared with different surfactants-assisted dispersion in water, different types and time of sonication and time/rate of centrifugation. Well defined monodispersed or bidispersed CNPHT5 dispersions have been prepared.

Concentrations, as high as 64 mg.mL -1 , can be attained with the use of ionic surfactant.

The potential utility of these highly concentrated dispersions is demonstrated by using them as conductive inks or by preparing multifunctional polymer composites (chapter 4). Likewise, ahead of any optical observation, the samples have been left for 30 min for sedimentation of the largest aggregates to occur. After several trials, the less efficient surfactant appears to be PE-PEG with bile salt and P123 to show similar performances.

Due to the fact that it is a biomaterial and easy to manipulate (powder form), bile salt has been considered as the most suitable surfactant.

Significant topic at this point to be elucidated is the arrangement of bile salts in the 

Choice of sonication time-energy and type

In 2008, Coleman's group has been successfully exfoliated sonicated-assisted few layers of graphene. 25 Since then, optimizations have been made regarding the time and energy of sonication in a combination with increased concentration and quality of graphitic dispersions. 29,41,55 In this study, sonication type, time and energy have been investigated.

Once the surfactant (bile salt) has been selected, the sonication type had to be assessed. With increasing sonication time (≈ energy), the size of graphitic flakes is severely reduced, being a critical parameter for several applications. 29 Moreover, long sonication times can also affect the quality of graphene, for example due to heating effect.

In our study, several sonication times up to 5 h (maximum energy 144 kJ) 57 Thus, sonication time of 30 min (total applied energy of 14.4 kJ), as the less time consuming, has been chosen.

Choice of surfactant concentration

Dispersions with several bile salt concentrations have been prepared below and above the CMC in order to acquire the optimum concentration for a successful CNPHT5 dispersion. 58 Continuous increase of surfactant concentration starting from CNPHT5/bile salt ratio 2, has ultimately led to a depletion effect as depicted in the optical image in fig.

3.17 (a) (with the results to be reproducible as shown in fig. 3.17 (b). Depletion forces are often considered as entropic forces, based on Asakura-Oosawa model. 59 In this theory, the depletion force arises from an increase in osmotic pressure of the surrounding solution when colloidal particles get close enough such that the excluded depletants cannot fit in between them (fig. 3.17 

Centrifugation

Once the dispersion had been sonicated, the samples were allowed to settle down for 30 min to sediment the large aggregates. Alternatively, the dispersion could be centrifuged The final concentrations of CNP dispersions have been verified after weighting the freeze dried powders. Dispersion with two size populations (centr.: 2 min) is about 6.0 wt% (60 mg.mL -1 ) CNP with 1 wt% (10 mg.mL -1 ) surfactant (yield 94 %) and the final concentration of monodispersed CNP dispersion (centr.: 20 min) is about 2.2 wt% (22 mg.mL -1 ) with (1 wt%) (10 mg.mL -1 ) surfactant (yield 34 %). The dispersions were used for AFM, HRTEM characterizations and to prepare conductive films.

Conductivity measurements

Based on the dispersion parameters defined in this chapter, successful dispersions of CNPHTX have been formulated (as mentioned in chapter 2). Conductive films of CNPHTX samples) were prepared by filtration of the CNPHTX dispersions on a polyvinylidene fluoride (PVDF) hydrophilic membrane of 0.10 μm porosity. Dispersions of 0.25 mL, 0.5 mL and 1 mL of concentration 0.9 mg.mL -1 were diluted in 10 mL water (when more carbon was used, the film was thicker, which eventually gives the volume resistance).

The films were then rinsed with Milli Q water to remove the surfactant and dried under vacuum as depicted in fig. 3 

d. Characterization of carbon nanopuck dispersions

Atomic force microscopy

Since static light scattering take into consideration that the dispersed particles are spherical, a certain deviation from the absolute size value is expected. In order to assess SLS measurements, atomic force microscopy in tapping mode has been used to 

High resolution transmission electron microscopy

Conductivity measurements and scanning electron microscopy

Sheet resistance (is defined as the resistance of thin films that are nominally uniform in thickness) of CNPHTX films was measured using a four point probe technique. SEM was used to determine the thickness of the films (fig. 

Conclusion

The present plasma process with biogas as a feedstock (mixture of methane and carbon dioxide) supplies well defined, crystalline carbon nanopucks (CNP). Their successful dispersion in aqueous media provides a mean to harness their properties. Well-defined high concentrated (6 wt% and 2. for CNPs films (less than 25 m thickness), suggests that these materials could be used in conductivity related applications including conductive coatings, electromagnetic shielding or as fillers for conductive composites. 

Introduction

After purification, well defined, high concentration aqueous dispersions of carbon nanopucks (CNPs), calibrated in size were obtained and characterized, as described in detail in the previous chapter. Multifunctional nanocomposites with natural rubber latex, a biopolymer, were prepared by an environmentally friendly route that some of us have developed with carbon nanotubes and graphene species. 3,4 The preparation of NR nanocomposites with CNPs aims to combine synergistically the properties of the two materials, thereby extending these application possibilities.

In this chapter two sets of composites with CNPs dispersions that differ in the surfactant and CNP precursor are presented. We report on these homogeneous nanocomposites and their thermal, mechanical, electrical and piezoresistive properties. The obtained multifunctional materials exhibit promising characteristics with potential for applications in a large number of systems.

In part 1, the first contact with natural rubber and composites is achieved. In part 2 the experimental section is provided presenting CNP dispersions, CNP/NR composites preparation procedure and CNP/NR composites characterization techniques.

Afterwards, in part 3, the characterization of the composites is described using a variety of techniques while their properties are determined and discussed. In 1600 B.C, Mesoamericans (the Olmecs), often referred to as the "rubber people", were the first to discover NR. 6 Its primary practical industrial application, however, was not until 1839, when Charles Goodyear combined sulfur and white lead with rubber under heat treatment occurring in resistance to oil solvents and temperature. 7 This process was eventually refined to become what is known today as vulcanization, and includes the addition of sulfur, or other curatives, contributing to the superior properties of NR.

Latex, a stable colloidal dispersion in an aqueous medium, which is extracted from the rubber trees, consists of generally spherical isoprene particles, and in most plants is a white milky fluid, with some plants having a yellow, orange, or scarlet hue. Polyisoprene is then produced synthetically, usually by duplicating the naturally occurring material.

The chemical structure of NR was investigated for more than a century, but was fully clarified only after 1920. Latex consists of 35 % rubber hydrocarbon, 5 % non-rubber solids and 60 % water. The hydrocarbon is separated into 97 % cis-1,4 units, 1 % trans-1,4 units and 2 % 3,4 units in a head -tail structure. The polymer has an approximate average molecular weight of 38000 g mol -1 , which corresponds to ca. 560 isoprene units.

The non-rubber solids are mainly protein, phospholipids and inorganic salts. Notably, the poly (cis-1,4-isoprene) particles in this complex colloidal suspension are stabilized by a charged protein/phospholipidic membrane. 8,9 NR is a thermoplastic (a polymer that becomes moldable after being heated, solidifies after being cooled, and can repeat this process, unlike thermosets) elastomer (a viscoelastic polymer with weak intermolecular forces) (fig. Elastomers, such as NR, are used in high volume products like tires, pipes and belting. 10 It is a strategic material that cannot be replaced by synthetic rubbers in a variety of applications, owing to its superior characteristics, such as outstanding elasticity, flexibility at low temperatures and resistance to abrasion. 11 It is also used in the manufacturing of a wide variety of products, ranging from medical devices to truck-tire treads. 9,12 b. Composites

The ultimate properties of NR composites depend not just on the polymer, but also on the fillers, such as nanocarbon, silica and others. 10 Carbon black (CB) is one of the materials principally utilized to reinforce polymer properties. [13][14][15] A lot of research has been performed in order to replace CB or to create hybrids. There are several academic studies that substitute CB by harnessing allotropes from the carbon family such as carbon nanotubes, graphene oxide, reduced graphene oxide and carbon nanoplatelets. 3,4,[14][15][16][17][18][19][20] However, in order to reinforce the properties of synthetic rubber and NR, the rubber industry still widely utilizes CB. 10 Its cost-effectiveness combined with its intrinsic properties (such as mechanical response), makes CB the principle candidate to address rubber limitations. Therefore, a replacement candidate should be both economical and effective. In this chapter, homogeneous multifunctional composites of unvulcanized NR and carbon nanopucks (CNP) were produced. The preparation of CNP/NR composites aims to synergistically combine the properties of the two materials, thereby extending their application possibilities, while maintaining low cost and high sustainability.

Experimental section a. CNP dispersions

The incorporation of CNP into the polymer matrix was achieved by firstly dispersing the particles in an aqueous medium using a surfactant, then applying ultrasound energy. 2,21- 23 In this study, two CNP dispersions that they differ in terms of the carbon precursor and the surfactant have been used. Their features are summarized in table 4.1 and a further, more detailed analysis are presented in chapter 3. Briefly, CNP precursors have been produced via the cracking of methane/carbon dioxide mixture by an innovative plasma process. 2 Dispersion (x) uses CNP5 (chapter 3) and dispersion (y) uses CNPHT2 the characterization of which has been described in chapter 2. As mentioned in the previous chapters (chapter 2 and 3), CNPHT2 is carbon sample after purification treatment and consists of a highly organized graphitic structure with practically no defects, while CNP5 is accompanied by an amorphous background (table

4.1).

CNP dispersions in aqueous media were obtained using bile salt (anionic surfactant) and brij S 100 (nonionic surfactant) (used as received from Sigma Aldrich), with the application of ultrasound energy. Water was deionized using a Milli-Q system. In particular, well defined, high concentration aqueous dispersions of CNP were initially obtained based on the following protocol: 10 g of dispersion composed of 0.64 wt% of CNP, 0.1 wt% of surfactant in water was prepared with the help of tip sonication (Branson Digital Sonifier tip sonicator: 30 min, energy: 14.4 kJ in interval mode (pulse on: 0.5sec, pulse off: 0.2 sec)). The resulting dispersions were then centrifuged for 20 min at 4000 rpm (2486 x g) with a Fisher Bioblock Scientific centrifuge. The final concentrations of CNP were verified after weighing the freeze dried powder (yield 50 %). The dispersions of particles were calibrated in size, and had a narrow distribution.

The absolute values are disclosed in table 4.1.

The selection of the aforementioned carbon dispersions did not occur randomly. As an initial effort to prepare CNP/NR composites, dispersion (x) was used. Following their preparation and characterization, an attempt to further improve the composite properties was deemed necessary. CNPHT2 was the key to modifying their features, owing to its highly organized graphitic structure. However, a different interaction between CNP dispersions and natural rubber latex was observed by altering the carbon source. During the preparation procedure of the composites, and particularly during the mixing of the two components (CNP and NR) the liquid mixtures were sometimes solidified, preventing regularly the formation of the final materials. To overcome this, the bile salt was substituted with a non-ionic surfactant (dispersion (y)). Solidification has may occurred due to the electrostatic interaction between the ionic nature of the bile salt and the ionic environment of the natural rubber particles, which regularly prevented the formation of the final materials.

b. CNP/NR composites preparation procedure

Overall, two sets of CNP/NR composites were prepared and fully characterized. The samples will be referred to by the following designations: NR for natural rubber without filler (used as the control sample) along with CNP5/NR and CNPHT2/NR for the composites obtained by using CNP5 and CNPHT2 respectively. The number that precedes the acronyms represent the percentage of filler, by weight (based on dry polymer), added to the material, e.g. 10 wt% CNPHT2/NR composite. Formulation of composites occurred via an environmental friendly procedure which has been developed with carbon nanotubes and graphene species, utilizing latex technology. 3,4 For the preparation of composites, appropriate volumes of CNP aqueous dispersions were directly mixed with NR latex under 30 min magnetic stirring with often manual stirring.

The mixtures were then sonicated for 10 min using a bath sonicator (Branson 5200) so as to remove the big bubbles created by the magnetic stirring. Afterwards, the slurries were placed onto molds and dried in an oven under vacuum at 70 °C for a suitable time (for 24 to 48 h), depending on the set of composites. For CNPHT2/NR composites, a frequent manual stirring during the preparation was critical to avoid gel formation. Fig. 4.3 shows pictures of the experimental procedure and conditions followed to obtain CNP/NR composites. After the CNP5/NR characterization, it was observed that the characteristics of 0.5 wt% composite were very similar to that of the NR, while an intermediate sample between 5 and 10 wt% carbon was needed to optimally monitor the progress of properties with carbon content.

c. CNP/NR composites characterization

The rubber composites have been characterized by a variety of techniques. An exhaustive report of all analytical techniques won't be presented in this manuscript.

Instead, we will be aiming at comparing the different composites and highlighting their performances. The techniques that have been chosen for this characterization are listed in table 4.3. where Z' and Z" are the real and imaginary parts of the impedance respectively, S is the surface area (cross sectional area) and d is the distance between the two electrodes.

b. CNPHT2/NR composites characterization

Internal structure and the state of dispersion of the filler particles within the elastomeric matrix were assessed via transmission electron microscopy (TEM) using a Hitachi 7650 operating at 80 kV. Ultrathin sections (70 nm x 70 nm) of the composites were microtomed using a cryo ultramicrotome Leica UC7 equipped with a cryo diamond knife Diatome at -120 °C and with a knife angle at 35°. The thin cuts were put on holey carbon grids.

Mechanical response and adhesion differences between the matrix and the additive were evaluated via peak atomic force microscopy (peak AFM) in ambient air in tapping mode. A peak force AFM on Icon microscopy was used. The tip was calibrated just before experiment. Ultrathin section was used, prepared as described above for SEM analysis. The cut was placed onto an aluminium substrate.

CNPHT2 and composites structure were evaluated via Raman spectroscopy. The characterization was carried out on a Horiba JobinYvonXplora microscope with a cooled

Andor CCD detector and a laser spot size of ~1 μm. The spectra were recorded at an excitation wavelength 532 nm and calibrated with HOPG.

X-ray diffractograms (XRD) of brij s 100, dry CNPHT2 dispersion, NR and CNPHT2/NR composites were acquired with a PANalitycalX'pertMPD-PRO Bragg-Brentano θ-θ geometry diffractometer (XRD) equipped with a secondary monochromator. The Cu-Kα radiation (wavelength of λ: 1.5418 Å) was generated at 45 ђV and 40 mA. The spectra were obtained within a range 2θ: 8-80°with acquisition time 2 hours and 5 min. The samples were placed on silicon wafer ("zero background") sample holder and flattened with a piece of glass when it was required.

The thermal properties of the NR and the composites were determined via thermo gravimetric analysis (TGA) using a Setaram instrument equipped with a 2 balance setup for equilibration under air. Samples of weights around 10 mg were collected on a Pt-holder and heated with a rate 5 °C / min.

The AC conductivity parameters are described above for the CNP5/NR composite characterization.

The mechanical response of the neat NR and the composites was estimated from the stress-strain curves acquired using a ZwickRoell tensile machine at a strain rate 1 mm/min. Three to four specimens were tested for each sample and the showed values are representative results. The Young's modulus was extracted from the slope of the stress-strain plots in the Hooke's region (elastic part).

Moreover, the change on resistivity as a function of deformation (piezoresistivity) was determined after following the change in resistance (R) with a Keithley 6517A electrometer/high resistance meter during the elongation of the rubbers until break.

The connection of the samples with the electrodes was achieved by using silver paint and copper wire. The gauge factor was determined from the slope of the elastic part of the curve R-R0 -ε (%) where ε is the strain. The resistivity (ρ) was calculated by taking into account the dimensions of the samples and considering the volume (V) constant (equations (4.2) and (4.3))(safe assumption for high strains).

(4.2) (4.3)
From equations (4.2) and (4.3) we obtain the equation (4.4):

(4.4)
where l is the length.

Repeated experiments were performed were the deformation was filmed in actual time to verify the geometry effect (length increase and thickness decrease).

Results and discussion

Since the two sets of composites differ in two parameters (carbon precursor and type of surfactant), accurate conclusions of their comparison could not be extracted. Therefore, their characterization and properties will be presented independently.

a. CNP5/NR composites

Scanning electron microscopy

Structure and state of dispersion of the carbon particles within the elastomeric matrix were assessed via scanning electron microscopy (SEM). For the composite with 0.5 wt% CNP5, the well distributed filler particles are seen. The composites up to 5 wt% CNP5 have the same profile. Regarding the composite with 10 wt% carbon, two distinct environments are clear. Areas with large amounts of additive and areas with only the polymer matrix. This could be easier to notice in higher magnification SEM images, where the carbon particles surround natural rubber particles approximately 2 μm in diameter. Overall, all composites illustrate well distributed carbon particles throughout the polymer matrix. The sample with 10 wt% additive appears less homogeneous owing to the high amount of filler.

Atomic force microscopy

The composites were further characterized via atomic force microscopy (AFM). Fig. 4.5

shows the phase AFM images of NR and CNP5/NR composites. In the NR image (fig. 4.5 a)), due to the difference in the viscoelasticity, the darker areas correspond to the more elastic latex particles, and the lighter parts correspond to the latex serum which is more viscous. 3 The dark spots that surround the NR particles could be attributed to harder particles, like CaSO4, that are naturally present in natural rubber latex or even in AFM artifacts. With the addition of CNP5, an increase of dark spots (harder particles) is witnessed, which are more likely carbon particles (probably with a small amount of CaSO4) (fig. 

Raman spectroscopy

CNP and composite structures were also evaluated via Raman spectroscopy. Four samples of each composite have been tested in order to evaluate their respective homogeneity.

In showed both of the characteristic bands of NR and CNP5, thereby accounting for the presence of CNP5. By increasing the additive concentration, the NR band is less and less observable, since the carbon signature dominates due to the higher sensitivity of carbon to Raman scattering. Overall, all the composites appear homogenous, except the one containing 10 wt% filler, where two different environments are present in the Raman spectra. Spectra with noticeable NR band and spectra without an apparent NR were recorded in the 10 wt% CNP5/NR composite, validating the information that has been extracted from the SEM and AFM images. Furthermore, by comparing the spectra of the CNP5 with that of the composites, an up-shift in the G band of 5 cm -1 (from 1579 to 1583-1586 cm -1 ) was observed owing to the possible interaction between the filler and the matrix. 14,24 

X-ray diffraction

Additional evidence of the presence of NR and CNP in the composites was acquired by performing XRD analysis. The NR shows a characteristic halo of amorphous materials. All the composites exhibit the same halo shaped spectrum. However, as the filler concentration increases, the peak derived from the CNP5 is of higher intensity.

Thermal properties -Thermogravimetric analysis

A TGA analysis under air atmosphere was carried out in order to estimate the influence of the CNP additives on the thermal stability of the polymer. Three to four samples of each composite have been tested, so that reliable results could be obtained. Fig. 4.8

shows the thermograms of NR and the composites. These results indicate that CNP additive could enhance the electrical conductivity.

However, since the particles are well dispersed into the rubber matrix, a sufficient network formation is prevented and consequently a further conductivity increase.

Mechanical properties -Dynamic mechanical analysis

The effect of the CNP fillers on the mechanical response was estimated by dynamic The modulus of NR (zero carbon concentration) is 1 MPa and increases proportionally as CNP5 is added. A large increase is noticeable for the composite with 10 wt% CNP5,

where the E' is six times higher compared to the polymer. The addition of particles enhances the hardness of the polymer. This is due to a hydrodynamic effect arising from the inclusion of rigid particles into the soft rubber matrix. The materials with a CNP5 additive are well distributed and dispersed into the polymer matrix resulting in great mechanical responses. A possible stress transfer between NR and CNP5 samples is noticeable (also evident from Raman spectra).

b. CNPHT2/NR composites

Transmission electron microscopy

Internal structure of the composites was assessed via transmission electron microscopy (TEM). Fig. 4.11 shows the images of the pure polymer, a representative composite (with 5 wt% CNPHT2), the composite with the 10 wt% filler and a TEM image of 10 wt% CNPHT2 at a higher magnification. The presence, or absence, of the carbon particles is obvious from the images of pure rubber and composites. The samples show a rather uniform distribution of the particles in the matrix. TEM images at higher resolution provide evidence of the presence of fully exfoliated graphene sheets in the matrix (fig. 4.11 d.). The difference in filler concentrations results in the construction of a network, most prominent for the 10 wt% CNPHT2/NR composite. This morphological difference influences the properties of the composites, and will be discussed below. The composites show well distributed carbon particles all over the matrix with 10 wt% additive to appear less homogeneous owing to the high amount of additive creating a web-like formation.

Peak atomic force microscopy

Due to the network construction monitored in the SEM analysis, which is likely conductive, peak force AFM was deemed suitable for the characterization of the second set of composites. Fig. 4.12 shows the images of the 10 wt% CNPHT2/NR composite. of magnitude lower. The occurrence of the CNPHT2 network is also evident throughout the matrix, with its presence being noticeable from the AFM image which demonstrates the adhesion of the sample with the tip (fig. 12 c)). Herein, the harder material, which is the additive, does not interact with the tip; however, as the NR is a soft polymer, an adhesion with the tip is seen, as was expected. Furthermore, the AFM image shows a good matrix-additive adhesion, while a rough estimation of the size of the CNPHT2 particles is feasible with an average of 50 nm in diameter (in excellent agreement with the analysis results for the CNPHT2 dispersed in aqueous medium).

Raman spectroscopy

Raman spectra of four samples of each composite have been recorded in order to obtain reliable results. Fig. 13 shows the Raman spectra of different components of the CNPHT2/NR composites. Particularly, the spectra of purified CNPHT2 powder, its dried dispersion, NR, and a representative composite are shown. As for the previous carbon source, purified CNPHT2 powder and its dried dispersion show well defined D, G and 2D bands. In contrast to CNP5, there is no amorphous background. The Raman characterization of CNPHT2 has been elucidated in chapter 2. In the spectrum of the dried CNPHT2 dispersion, a slight shift 2-3 cm -1 in the D, G and 2D bands is revealed. This shift may occur due to the surfactant surrounding the particles. The Raman spectrum of the rubber composite shows both of the bands derived from CNPHT2 and NR. Studies on carbon-polymer systems have shown that the G band appears at shifted frequencies in composites compared to fillers. 14 This behavior has been attributed to the carbon-polymer stress transfer. In this system, no significant shift was observed. The interaction between CNPHT2 and NR is mostly hydrodynamic, due to solely the inclusion of rigid particles in a soft matrix. Additionally, the presence of the surfactant peaks in the spectra of the composites with a higher carbon concentrations (7.5 and 10 wt%) is evident.

X-ray diffraction

Thermal properties -Thermogravimetric analysis

Similarly to the CNP5/NR composites, the thermal stability of the CNPHT2/NR samples has been estimated via thermogravimetric analysis (TGA) under air atmosphere. Three to four samples of each composite have been measured. To (onset T) is defined as the temperature at which degradation process starts and is chosen at weight loss 10 %. Tf represents the final combustion temperature when the degradation is completed. Their values are shown in table 4.5. The thermograms could be divided in three temperatures regions: the first degradation up to 250 °C, the degradation from 250°C to 360 °C and the degradation until a complete burn occurs. NR and the composites exhibit similar TGA profiles. The composites demonstrate onset temperature of 10 °C lower relative to pure polymer. The Tf is increased ca. 100 °C. Furthermore, the profiles of the first two weight loss regions (until 250 °C and from 250 to 360 °C) are similar to NR while for the third temperature region, the composites show different decomposition temperatures. Particularly, the combustion temperatures of the composites are shifted to higher values (up to 70°C increase). Overall, it could be deduced that the CNPHT2/NR samples retain the thermal stability of NR. As it was mentioned above for the CNP5/NR samples, this could be explained as follows: during heating, the CNP forms a carbon film which hinders the mass and the heat transfer. Also, the interfacial adhesion between matrix and filler reduces the thermal motion of the polymer chains. 23 Another outcome of the thermogravimetric analysis is that at the last thermal degradation region the CNPHT2/NR samples combust at higher temperatures not only compared to NR but also to CNP5/NR composites. A workable explanation has been given by Shtein et al. 25 They have studied, among other parameters, the influence of the amount of graphene nanoplatelet defects in the combustion temperatures of polymer matrices, and they saw that a decrease occurs when the defect density of the filler is increased, owing to the fact that the combustion process is initiated at the filler edges and defects. 25 To sum up, the stability of the thermal properties of NR is verified for both sets of composites, which is of high importance to applications where the temperature affects their performance. As if has been mentioned before, the pure polymer has conductivity of approximately 10 -10 S.m -1 . The electrical response is enhanced when CNPHT2 fillers are inserted. By adding carbon particles, even for the samples with the lowest amount of additive, a conductive network was formed, which broke down the dielectric nature of the elastomer and induced an increase in conductivity via the contribution of free charges brought by the fillers. A higher value is evident with a higher filler loading. Above near 5 wt% filler, a further increase of four orders of magnitude is noticed. At this point, a sufficient amount of electron transport occurs through the composite, resulting in an abrupt change of electrical conductivity. A noteworthy 10 orders of magnitude increase was observed for the maximum conductivity value of the 10 wt% CNPHT2/NR composite relative to the unfilled polymer. These results indicate that CNP additives could enhance the electrical conductivity of rubber. Moreover, the CNPHT2 fillers largely increase the electrical response by a lot, even for systems where commercial carbon black is used with the same filler loading. [13][14][15] In fig. 4.17 several studies are summarized for composites systems with carbon fillers and their conductivity values and the results of our study (in green color). "CB" is carbon black, "SBR" is styrene-butadiene rubber, "RGO" is reduced graphene oxide, "GnPs" is graphene platelets, "CNTs" is carbon nanotubes and "FGS" is few layers graphene.

Electrical properties -Impedance spectroscopy

Independent studies from three different groups of Bokobza, 14 Sae-Oui 15 and Oliveira 13 reported conductivity values in the range of 10 -6 to 10 -4 S.m -1 for their composites with 8-10 wt% commercial carbon blacks; 4-6 orders lower than our result. Similar, or lower electrical enhancement was observed in CNTs-filled polymers as reported by Matos et al., 3 Sun et al. 19 and others. [14][15][16] Numerous studies were also made with other carbon fillers such as graphene nanoplatelets 18,23 and reduced graphene oxide. 4,17 Our significant electrical conductivity increase could be attributed to the good adhesion between the two components and to the formation of a sufficient conductive network.

Mechanical properties -Tensile tests

Tensile tests have been performed for the CNPHT2/NR composites. Fig. 4. 18 shows representatives stress-strain curves of NR and the composites. The strain "ε" is defined as the difference of the length and the initial length over the initial length (l-l0/l0). The The stress-strain curve of the composites with a low particle concentration follows similar behavior as pure NR. An enhancement in the tensile strength is observed upon the addition of CNPHT2, with the highest breaking stress being 0.6 MPa (twice as much as NR) when 10 wt% filler was used. Moreover, the elastic properties of the polymer are also increased. The Young's moduli of the composites, extracted from the initial slope of the stress-strain graphs, are higher than the Young's modulus of the pure polymer (fig.

inset).

For the composite with the 10 wt% filler, the elastic modulus is double than that of the pure rubber. Table 4.6 discloses all of the mechanical properties observed for the CNPHT2/NR composites. 

The addition of particles in the composites enhances the hardness of the polymer. This is due to a hydrodynamic effect arising from the inclusion of rigid particles into the soft rubber matrix. Since more force is needed for the samples with CNPHT2 filler to be elongated, the tensile strength is higher. 28 The contact of the particles becomes higher by increasing their concentration in the composite. This could be due to the surfactant (brij s 100) as not a strong stabilizer or from processes during the drying of the composite, allowing the formation of networks within the polymer matrix.

Regarding, the theoretical prediction of the influence of particulate reinforcement on the mechanical responses, it could be considered as relatively simple, even though in practice only the two limits could be calculated, rather than the actual values. In the case of uniform strain, the rule of mixtures can be used to predict the Young's modulus of a particulate composite for optimum reinforcement (upper limit) (equation 4.5): 29 (4.5)

Where Ep is the Young's modulus of the particles (by making the hypothesis that the Young's modulus is the same as of RGO, 250 MPa) 17,30 Noteworthy is that most of the published works used vulcanized NR as matrix because it has a better mechanical performance compared to unvulcanized NR due to the increased cross-link density. The important thing to note here is that the measurable effect that the CNPHT2 filler has on the mechanical properties of the composite is comparable between this study and previous studies that used carbon black as filler. 13,15 The theoretical values for the lower limit and the experimental ones of Ec/Em as a function 

Piezoresistive properties

The dependence of the electrical properties with mechanical deformation was determined by measuring the change of resistance as the samples were elongated by applying force in a tensile deformation. The influence of the sample dimensions was estimated from the resistivity measurements. For the composites with a CNPHT2 content less than 10 wt% (4.34 vol%) (fig. 4.20 to fig.

4.22

), a decrease in resistivity was observed. However, the material with the highest filler concentration shows the opposite behavior. The geometry of the composites reduces the resistivity of the samples with 2, 5 and 7.5 wt% CNPHT2, while for the sample with 10 wt%, it acts synergistically. A hypothesis to explain this phenomenon could be the following: for almost all of the composites undergoing stretching, the probability of contact between the particles decreases in the x axis (the axis where the stretching occurs), while the probability of contact in the y and z axes may be higher (fig. 4.24)

resulting in the formation of more networks and eventually higher conductivity. For the composite with the highest CNPHT2 amount, however, the contact probability is maximal in all axes due to a higher concentration of particles. When this sample is In all samples, an increase is observed. Furthermore, in order to define the sensitivity of the composites, so they can be used as sensors of deformation, the gauge factor (extracted from the slope of the curve at low strain) has been calculated (inset of fig.

4.25 to 4.28). For the samples with CNPHT2 concentration up to 5 wt%, a relatively low gauge factor is observed. However, an electrical sensitivity almost two times higher is observed for 10 wt% CNPHT2/NR composite (gauge factor of 8.5). These results could also be used to interpret the gauge factor values of the composites. For composites up to 7.5 wt% CNP HT2 filler, due to their dimensions, the resistance is increased, but the resistivity is decreased, resulting in a relatively low value (maximum 3.5). For the sample with the highest CNP HT2 concentration, the dimensions do not alter the trend of the resistance, imparting a much higher gauge factor.

Conclusion

Two sets of cost-effective, multifunctional and environmentally friendly CNP/NR composites have been successfully prepared from "green" precursors (biogas) by a "green" procedure (latex technology) since no toxic solvents were used. Two different carbon sources and surfactants have been used, each yielding different optimum properties.

For the CNP5/NR composites, well dispersed particles were obtained with increased mechanical properties. For the CNPHT2 composites, the formation of a network of particles was observed in the polymer matrix. This CNPHT2 network induces superior electrical properties, which are comparable to NR/carbon allotropes composites with some of the highest conductivity values observed. Furthermore, these systems show significant piezoresistive characteristics (for 10 wt% CNPHT2/NR composite the gauge factor is 8.5).

Overall, the CNP/NR composites exhibit thermal, mechanical, electrical and piezoresistive properties superior to the pure NR, and by altering the carbon source and surfactant, could transform the NR from an insulating to conductive rubber.

Chapter 5

Carbon nanopuck photoluminescence Introduction

In this chapter preliminary tests of the photoluminescence (PL) of carbon nanopucks (CNPs), dispersed and/or dissolved in liquid media are presented. [1][2][3][4][5][6] In part 1, a report of the relevant literature on the PL of graphitic materials is given. Part 2 comprises the experimental section which involves the description of four processes allowing the dissolution or the dispersion of CNP in liquid media. Afterwards, the "results and discussions" are presented where the CNPs images for the different preparation procedures are given through atomic force microscopy (AFM). Then, the absorption and emission spectra, as well as possible PL mechanisms, are discussed.

State of the art

The number of studies which focus on the photoluminescence of graphitic materials with size in the nanometer scale, progressively increases. Blue to near infrared PL of nanocarbon materials from different precursors, of different sizes, shapes and surface/edges states have been recorded. [1][2][3][4]7 Consequently, a variety of possible PL mechanisms has been proposed. In 2010, Chhowalla's group has performed an interesting study on the PL of graphene oxide (GO) films. When excited in the UV, these films emit a broad blue emission. In this study they investigated the dependence of this emission on reduction of GO films. 2 The suggested mechanism is shown in fig. 5.1. where, due to confinement, for the small sp 2 configurations, the energy levels are quantized with a large energy gap. An electron-hole pair radiative recombination is also shown. In Chhowalla's group study, the PL was found to be relatively weak for GO (fig.

a)) but increased under reduction (fig. b))

. This increase of the blue PL was assigned to the formation of additional small sp 2 fragments between the larger sp 3 clusters due to the reduction of oxygen (fig. 5.1 b)). Therefore, the PL was attributed to the recombination of confined electron-hole pairs in sp 2 domains because the π and π* electronic levels lie within the σ and σ* states of the sp 3 matrix and thus, are strongly localized. However, after extensive reduction, the PL intensity was gradually decreasing.

The PL quench was attributed to the fact that the sp 2 domains after a certain reduction level, created percolating pathways among the larger clusters. Therefore, the hopping of excitons to non-radiative recombination centers was facilitated (fig.

c)).

In 2011, Galande et al. in their study of the pH-dependent photoluminescence of GO, they attributed the observed emission directly to the functionalized groups. 8 They have shown that the emission spectra were different in acidic and basic media. They proposed that the visible PL derives from quasi-molecular fluorophores similar to polycyclic aromatic compounds. The PL shift was attributed to the fact that the excited state of the fluorophore species was protonated in acidic solution. They suggested that the quasi-molecular fluorophore was due to the electronic couple of carboxylic acid groups with the surrounding carbon atoms of the graphene sheets.

Shang et al. proposed that this kind of quasi-molecular fluorophore is caused by the nonoxidized carbon atom regions and the boundary of oxidized carbon atoms. 4 The latter could be CO, carbonyl and carboxyl functionalized groups. The PL origin was assigned to the recombination of the electron-hole pair from the bottom of the conduction band and neighboring localized states to the valence band. They also observed that the PL features of GO vary with different proportions of oxidized groups.

Another PL mechanism could derive from the edge states which is more prominent when the size of nanocarbon materials is smaller since there is a higher concentration of edges. 1 Radovic and Bockrath reported that the armchair edges are carbyne-like (the singlet ground state being the most common) while the zigzag sites are carbene-like, with the most common to be the triplet ground state. 9 Carbenes have two electronic configurations in ground states: triplet and singlet. For the s 2 singlet state, there is a pair of two non-bonding electrons in the s orbital and the p orbital is vacant. In the triplet state s 1 p 1 , each of the two orbitals s and p are occupied with an electron with an energy difference to be below 1.5 eV. 1 In 2010, Pan et al. observed blue PL from graphitic nanoparticles of 9.6 nm, namely graphene quantum dots (GQDs), produced by the hydrothermal deoxidation of preoxidized graphene sheets into graphitic nanoparticles. 1 They proposed that the PL may originate from free zigzag sites with a carbene-like triplet ground state, as shown in fig. nanofibers. 11 The size of the dissolved objects were of 1 to 2 nm thickness and 10 nm lateral size. After exposure to air these solutions exhibited strong PL. They also plotted the maximum emission intensity as a function of time and they observed an increase in PL that was followed by PL saturation. This saturation curve was well-fitted with a pseudo-first order kinetic reaction. In particular, they considered the following chemical reaction (equation (5.1),) that exhibit PL: Where k′ is the monomolecular velocity constant. Thus, the concentration of edge states had the exponential increase as shown in equation (5.3): 11 1 -exp(-k′t ) (5.3)

5.2.

[G]red + [O2] → [G]edge ( 

Experimental section a. Solution/dispersion preparation procedures

Carbon nanopucks (CNPs) have been dissolved and dispersed in organic and aqueous media. Through graphite intercalation compounds (GICs) the CNPs have been dissolved a) in organic solvent and dispersed b) in water, following well-established studies from our group. [12][13][14] CNPs have been also dispersed in aqueous media c) by a strong oxidation using the so-called modified Hummers method [15][16][17] and d) by a milder oxidation than the previous using a mixture of nitric and sulfuric acids 1 . The CNP2 grade was used for the emission spectra were recorded after dilution with distilled NMP (dilution factor, DF= 100). 

Preparation of CNPb

For the CNPb preparation, nearly the same procedures have been followed as for CNPa.

CNPa just changing the solvent NMP by THF. Dry THF (contains no stabilizers, Aldrich) was dried on an alumina Pure-Solv purifier column (Innovative Technologies) and then distilled in the glove box.

CNPICs 10 mg were dissolved in 10 mL of distilled THF under inert atmosphere, at room temperature, using a vortex stirrer (800 rpm). After three days stirring, the solution in THF was centrifuged for 30 min/3000 rpm. After centrifugation, the graphenide solution in THF was recovered. The main change by comparison with CNPIC preparation was air exposed and oxidized in air (loss of electrons) which induce a return to neutral graphene. Then, it was directly transferred into degassed water. The CNP dispersion in H2O with this method will be referred as CNPb (table 5 

Preparation of CNPc

H2SO4 (95-97%), HCl and H2O2 30 wt% were purchased from Sigma Aldrich, KMnO4 was supplied by Merck, Darmstadt, and P2O5 and K2S2O8 were purchased from Prolabo. Raw CNP2 powder was oxidized following the so-called modified Hummers method which involves two oxidation stages.

First oxidation

About 1100 mg of CNP2 was placed in a 1000 mL boiling flask. 20 g of K2S2O8, 20 g of P2O5 and 400 mL of H2SO4 (95-97%) were added in the flask. The mixture was heated at 195 °C under reflux for 6 h and then was let at rest overnight at room temperature.

Oxidized CNP2 was filtered with polyvinylidene fluoride (PVDF) membrane (one day duration) and rinsed with abundant distilled water until neutral pH (duration two days).

At the end, a wet cake-like material was recovered.

Second oxidation

The previously collected wet cake was placed in a boiling flask. 69 mL H2SO4 (95-97%) was added and the mixture was left stirring for 10 min to obtain homogeneous mixture.

The flask was kept in an ice bath and 9 g KMnO4 was added (dark green color). The temperature was adjusted to 35 °C and the mixture was left stirring for 2 h. In another flask which was kept in an ice bath, 560 mL of H2O was placed and the mixture was added gradually while stirring (until the color of the mixture passed from pink-red to dark brown). 15 mL H2O2 (30 wt%) was added (always the flask in an ice bath). Finally, the mixture was filtered to remove metallic ions with a PVDF membrane under vacuum for three to four days) and rinsed with a 1:10 HCl aqueous solution. The collected material was rinsed with deionized water until neutral. After dispersion in water, tip sonication of 20 min (total energy 9.6 kJ) was performed, using a Branson Digital Sonifier tip sonicator, to improve the stabilization of CNPc dispersion. The final weight of the product was obtain after lyophilization (freeze drying). 

Preparation of CNPd

HNO3 (65 %) and H2SO4 (95-97 %) were purchased from Carlo Erba reagents and Sigma Aldrich respectively.

The CNP were oxidized with a mixture of nitric and sulfuric acids.

About 400 mg of raw CNP2 was placed in a 100 mL boiling flask. Then, 12 mL of HNO3 (65%) and 38 mL of H2SO4 (95-97%) were added in the flask. The mixture was sonicated (bath sonicator Elmasonic X-tra) during 2 h at 80 ⁰C. Then, oxidized CNP was rinsed with abundant distilled water until neutral pH using centrifugation (30 min/4000 rpm)/redispersion cycles. 

b. Characterization techniques

Absorption spectroscopy and atomic force microscopy (AFM) imaging were performed as described in Chapter 2. For AFM, regarding the CNPa (CNP solution in NMP) which was stored in inert atmosphere, the deposit was performed in the glove box. In particular, deposit of 30μL of CNPa was prepared onto ∼1 cm 2 mica substrate (freshly cleaved) by drop-casting inside the glove box. The coated surface was dried under vacuum at room temperature and then taken out of the glove box and washed carefully using deionized water, isopropanol and washed again with deionized water (to get rid of potassium). Finally, the mica substrate was dried at 200 °C overnight. . PL mapping and spectra were acquired using JASCO FP-8300 fluorescence spectrometer.

Results and discussion

a. CNPa

When CNPa came in contact with air, re-oxidation occurred (charged graphene layers returning mostly to neutral graphene). 11,12 Oxygen got reduced to superoxide that led to KOH in the presence of moisture. The CNP particles were adsorbed on the mica surface to explore their size and height through AFM topography imaging (fig. 5.7). CNPa exhibits more intense PL in emission wavelength range from 300 to 600 nm at excitation wavelengths between 260 to 500 nm. After taking emission spectra in different wavelengths, exc. of 325 nm was chosen since it provides the most intense PL. The absorption spectrum shows a peak at 260 nm which could be assigned to the π-π* transition of C=C bonds. 1,2,4 As for the CNPa, mapping of the excitation as a function of the emission wavelength was recorded for wavelength 200 to 800 nm, in order to determine the excitation and emission range where more intense PL is observed. Fig.

5

.12 shows the CNPb PL excitation-emission map of the wavelength range of interest. As the PL intensity increases, the color becomes lighter. CNPb exhibit strong UV photoluminescence emis. of ca. 290 and ca. 300 nm as it has been seen for the PL mapping (fig. 5.12). Moreover, the maximum emission intensity is not observed for the most concentrated sample but for the sample which was diluted with DF 2. Therefore, its emission spectra in different exc. were recorded, as shown in fig.

PL mapping

5.14. One main peak at 248 nm originated from the π-π* transition of C=C bonds in sp 2 hybrid regions is clearly observed. A shoulder at 300 nm could also be seen due to the n-π* transition of the C=O bond in sp 3 regions although the absorbance is typically weak. 1,2,4 The graphene oxide (GO) exhibits absorption peak of ca. 230 nm. However, if the carbon is less oxidized, a red-shift of the wavelength is observed. 3,4,8 Another important parameter that could be extracted from the absorption spectra, is the absorption coefficient, α. This parameter is important for the characterization of dispersions. The absorption coefficient is related to the absorbance, A, through the Lambert-Beer law (A = α.C.l, where C is the concentration and l is the path length). It's an indication of how strongly the chemical species absorb light at a given wavelength. It is an intrinsic property of the species. In order to determine α, the absorbance at 248 nm of the CNPc samples was plotted as a function of the CNP concentration, as shown in fig.

5.16.

The absorbance is directly plotted, since the path length is 1 cm. The absorbance increases linearly with the increasing concentration, indicating that CNPc follows the Lambert-Beer law. A straight line fit through these points gives the absorption coefficient at 248 nm of ε = 6.0 (3) mL.mg -1 .cm -1 in reasonable agreement with literature and corresponds to good and stable dispersion. 18,19 The PL mapping of the excitation as a function of the emission wavelength is shown in Fig. 5.17 (the wavelength range of interest is illustrated). Two PL maxima could be seen at wavelengths ca. 300 and 350 nm. In contrary to CNPa and CNPb, CNPc exhibits a weaker PL intensity.

d. CNPd

The CNP morphology was determined through AFM topography imaging, as shown in As for the CNPc dispersion, the absorbance increases linearly with increasing CNPd concentration, indicating that the dispersion follows the Lambert-Beer law. The absorption coefficient at 260 nm that was found from the line fit is ε = 13.0 (7) mL.mg -

Conclusion

Four different solution and/or dispersions have been performed using GIC or oxidative treatments.

CNPa exhibits a strong PL in organic solvent. The CNPb, CNPc and CNPd (dispersions in water) exhibit the same PL signature with CNPb showing a strong emission. Moreover, the CNPc and CNPd that were achieved through oxidation treatments, show very similar PL behavior with weak intensity.

The PL of CNPa was monitored as a function of time after air exposure and the curve of maximum emission over time was well-fitted considering a pseudo-first order kinetic reaction based on the study of Huang et al. 11 Thus, its PL could be attributed to the oxidation of the zigzag edge sites with carbene-like triplet ground states. Despite possible differences in the size, in the number of layers of particles from one sample to another, all the CNPs in water (CNPb, CNPc and CNPd) exhbit similar PL signature. This could suggest that the PL of these dispersions is an intrinsic characteristic. A possible PL source could be assigned to the zig-zag edge states. Furthermore, since the PL intensity of CNPb dispersion is much higher, it could be assumed that it has more and better defined sp 2 fragments that exhibit PL than the oxidized samples (CNPc and CNPd) which could even possess sp 2 domains of bigger sizes and/or higher defect levels that could limit the recombination of radiative electron-hole pairs. This assumption needs further proves to be established Overall, it could be concluded that CNP in liquid media exhibit strong PL which could be used in applications such as optoelectronics and biological labeling. 1 However, further characterizations are necessary. The next step that will be followed, is by using atomic force microscopy, X-ray photoelectron spectroscopy and Raman mapping to assess the size of particles in the liquid media and the amount of sp 3 carbon and/or oxygen. The ultimate aim is to determine the PL yield, to comprehend the PL mechanisms and eventually to explore these systems in appropriate applications.

General conclusion

Crystalline carbon nanopucks (CNPs) of turbostratically packed layers of graphene have been generated via microwave plasma process from the splitting of methane/carbon dioxide mix within the framework of the European project PlasCarb. CNP is the material which this PhD thesis focuses on. It could be placed between two carbon forms, graphene and carbon black due to its structure and characteristics. Graphene is one of the most promising materials and has attracted much attention in the scientific and industrial community due to its unique structure and properties. On the other side, CB is an industrial product, commonly produced via incomplete combustion of crude oil (petroleum). However, both of these carbon materials have some drawbacks; graphene production is still highly costly while carbon black is not an environmentally friendly product. Therefore, CNP could be a promising alternative solution. The objective of this thesis has been to optimize, characterize and utilize this carbon material to different applications.

CNP grades have been initially characterized by Raman spectroscopy and thermogravimetric analysis (TGA). From these techniques the amount of amorphous material within the sample has been determined. Likewise, they have been improved by purification. By applying heat treatment, amorphous carbon content of ca. 12% has been successfully removed. Further characterization of the samples has been performed by using a variety of techniques such as the aforementioned as well as X-ray diffractograms (XRD), atomic force microscope (AFM), scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS), infrared (IR) spectroscopy, UV/vis absorption spectroscopy, static light scattering (SLS), transmission electron microcopy (TEM) and scanning electron microscopy (SEM).

Afterwards, in order to harness their properties, dispersion of CNPs has been performed. Their dispersion in aqueous media was feasible by optimizing several parameters; choice of surfactant, sonication time-energy and type, surfactant concentration, centrifugation time and ultimately the maximum CNP concentration that could be successfully dispersed. Well-defined high concentrated (6 wt% and 2.2 wt%) CNP dispersions of two and one size populations have been acquired. Monodispersed samples (yield of ca. 50%) have been produced with lateral size of ca 30 to 80 nm and thickness of ca. 20 to 40 nm, results acquired from their analysis with techniques such as optical microscopy, static light scattering, atomic force microscopy and high resolution transmission electron microscopy. The conductivity of these dispersions has been 

Finalement, les spectres
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  and sp 1 as they are shown in fig. 1.1.

Figure 1 . 1 :

 11 Figure 1.1: Hybridization states of carbon. Image reproduced from reference 4 .

  5 3D structures of diamond and graphite are depicted in fig. 1.2.

Figure 1 . 2 :

 12 Figure 1.2: Naturally occurring carbon allotropes. Image reproduced from references 8,9 .

Figure 1 . 3 :

 13 Figure 1.3: An 0D C60 fullerene molecule (leftmost, green), a carbon nanotube (middle, purple) and 3D graphite (far right, blue). 2D graphene (single layer of graphite) is the building block of all these carbon structures. Image reproduced from reference 26 .

Figure 1 . 4 :

 14 Figure 1.4: Graphene i) real and ii) reciprocal lattice.

Meyer

  et al. by analyzing the electron diffraction patterns of suspended graphene sheets on a microfabricated scaffold, verified that its surface is not flat and exhibits microscopic roughness, as depicted in fig.1.5.41 

Figure 1 . 5 :

 15 Figure 1.5: Schematic representation of the graphene surface. Adapted from reference 41 .

Figure 1 . 6 :

 16 Figure 1.6: Edge states of graphene surface. Adapted from reference 42 .

Figure 1 . 7 :

 17 Figure 1.7: Stacking order of few layers of graphene. Adapted from reference 45 .

Figure 1 . 8 :

 18 Figure 1.8: Schematic representation of nanoindentation on graphene layer.

Figure 1 . 9 :

 19 Figure 1.9: Band-structure of graphene describing the electronic dispersion. Right: zoom in of the energy bands close to the Dirac points. Adapted from reference 35 .

  3 % and itincreases linearly with the number of layers as demonstrated in fig.1.10.55 

Figure 1 . 10 :

 110 Figure 1.10: Optical properties of graphene. A) Optical image of a 50 μm aperture partially covered by monolayer and bilayer graphene sheets. 55 B) Transmittance spectrum of single-layer graphene (open circles). (Inset) Transmittance of white light as a function of number of graphene layers (squares).55 

Figure 1 . 11 :

 111 Figure 1.11: Left: UV-Vis spectra of graphene films on quartz substrates.56 Right: optical image of graphene with one, two, three, and four layers.57 

Figure 1 . 12 :

 112 Figure 1.12: Schematic of the experiment showing the laser light focused on the graphene sheet suspended on a trench.58 

Figure 1 . 13 :

 113 Figure 1.13: CB particle and aggregate size. Adapted from reference 78 .

Figure 1 . 14 :

 114 Figure 1.14: Oxygen complexes on the CB surface. Adapted from reference 81 .

Figure 1 . 15 :

 115 Figure 1.15: Shape resemblance of CNP (left) and a hockey puck (right).

Figure 1 . 16 :

 116 Figure 1.16: The PlasCarb flow chart.

Figure 1 . 17 :

 117 Figure 1.17: PlasCarb team.
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  were acquired with a PANalitycalX'pert MPD-PRO Bragg-Brentano θ-θ geometry diffractometer equipped with a secondary monochromator over an angular range of 2θ = 8-80° at room temperature. The Cu-Kα radiation (λ = 0.15418 nm) was generated at 45 KV and 40 mA. The samples were placed on a silicon wafer ("zero background") sample holder and flattened with a piece of glass. Each acquisition lasted for 2 h and 5 min.

  ) measurements were made with a ThermoFisher Scientific K-ALPHA spectrometer with a monochromatized Al-Kα excitation source (hν = 1486.6 eV) and a 200 microns spot size. The pressure in the analysis chamber was maintained at 10 -7 Pa (in vacuum) during data acquisition. The full spectra (0-1150 eV) were acquired with constant pass energy of 200 eV and high resolution spectra at constant pass energy of 40 eV. Charge neutralization was applied for all samples. AVANTAGE software provided by ThermoFisher Scientific and the Scofield sensitivity factors available from the internal database were used to fit and quantify high resolution spectra.

Figure 2 . 1 :

 21 Figure 2.1: TGA measurements under air to follow the combustion rate between 20 °C -750 °C. Three different regions can be attributed that exhibit different mass losses.

Figure 2 . 2 :

 22 Figure 2.2: XRD data of the five CNP samples before purification treatment. Cu-Kα radiation of λ = 0.15418 nm. The digits in brackets represent the error.

Figure 2 . 3 :

 23 Figure 2.3: XRD data of the five CNP samples after heat treatment (at 500 °C for 6 h): Will be referred as CNPHT samples. Cu-Kα radiation of λ = 0.15418 nm. The digits in brackets represent the error.

  1681 individual Raman spectra (size for analyzed data: 200 * 200 μm 2 ) were recorded for each carbon sample and the D and G bands for each spectra were fitted using Lorenzian function where the D, G and D' bands were fitted. The histograms of the AD/G of CNPHT samples are depicted in fig. 2.4.

Figure 2 . 4 :

 24 Figure 2.4: Histograms of A(D/G) values of the CNPHT samples measured at 532 nm excitation wavelength. Inset: Representative Raman spectra of heat treated samples.

Figure 2 . 5 :

 25 Figure 2.5: Width of the G-mode extracted on a statistical analysis of recorded Raman spectra of CNPHTX samples at 532 nm excitation wavelength.

(cm - 1 )

 1 Likewise, additional Raman data (histograms of A(D/G) values and G mode width) for the pre-heated samples are illustrated in fig. 2.6 and 2.7.

Figure 2 . 6 :

 26 Figure 2.6: Histograms of A(D/G) values of the CNP samples measured at 532 nm excitation wavelength. Inset: A(D/G) values of the CNP and CNPHT samples as a function of CO2 concentration within the plasma process.

Figure 2 . 7 :

 27 Figure 2.7: Width of the G mode extracted on a statistical analysis of recorded Raman spectra of CNP samples at 532 nm excitation wavelength. Inset: Width of the G mode of the CNP and CNPHT samples as a function of CO2 concentration within the plasma process.
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 28292 Figure 2.8: XPS spectra and fits of the respective carbon peak of a) CNP1, b) CNPHT1.

Figure 2 .

 2 Figure 2.11: IR-spectra of the four CNP samples before heat treatment.

Figure 2 .

 2 Figure 2.12: IR-spectra of the four CNP samples after (bottom) heat treatment.

Figure 2 . 13 :

 213 Figure 2.13: Absorption spectra in the UV/Vis region of the different CNPHTX samples with centrifugation treatment 2 min/4000 rpm and 20 min/4000 rpm.

2.14 b to 2 .

 2 18 b) differs from one sample to the other with CNPHT2 dispersion to show the highest mean height of 3 nm for the carbon nanopucks. Moreover, statistical analysis of diameter distributions (fig. 2.14 c to 2.18 c) shows a mean lateral size from 15 nm up to ca 40 nm with relatively broad distributions. Overall, homogeneity within the sample is observed. A useful material from robust dispersion procedure is obtained with monodisperse population of particles in water.

Figure 2 .Figure 2 .Figure 2 .Figure 2 .Figure 2 . 18 :

 2222218 Figure 2.14: (a) AFM topography image of CNPHT0 dispersion deposited on mica surface. In the inset cross section along the white line of the topography image is plotted which show height of the carbon on the surface between 1 to 4 nm. (b) Height distribution of CNPHT0 with a mean height of 1 nm. (c) Lateral size distribution of CNPHT0 particles showing that their mean size is 40 nm.

Figure 2 . 19 :

 219 Figure 2.19: Ambient STM image of CNPHT2 deposits on freshly cleaved HOPG. (a) Several individual carbon particles and aggregates can be clearly observed. (b, c) Cross sections taken along the white lines 1 and 2.

Fig. 2 .

 2 Fig. 2.20 a) and 2.20 b) show the aggregate morphology that the carbon nanopuck sample exhibits. In fig. 2.20 c) and 2.20 d) representative high resolution images of CNPHT2 are showed. Similar images of the other four heat treated samples are depicted in fig. 2.21. In the former images, (2.20 c)) and 2.20 d)) graphitic domains within the

Figure 2 . 20 :

 220 Figure 2.20: Representative HRTEM images of the sample CNPHT2. a), b) scale bar: 50 nm, c) scale bar 10 nm and d) scale bar 2 nm.

Figure 2 .

 2 Figure 2.21: HR-TEM images of a) CNPHT0, b) CNPHT1,c) CNPHT3 and d) CNPHT4.

  hydrophilic) after sonication. The dispersion of GO can be achieved in a range of solvent as depicted in fig.3.2 with better solubility to be achieved with dimethylformamide (DMF), N-Methyl-2-pyrrolidone (NMP), tetrahydrofuran (THF), ethylene glycol and water.15 

Figure 3 . 2 :

 32 Figure 3.2: Digital pictures of GO dispersions in a variety of solvents immediately after sonication (top) and after settling 3 weeks (bottom).Adapted from the ref.15.

Figure 3 . 3 :

 33 Figure 3.3: Electrochemical exfoliation of graphite into graphene in ionic liquid. Adapted from reference 30 .

Figure 3 . 4 :

 34 Figure 3.4: Schematic illustration of the graphite exfoliation into graphene. Adapted from ref.36.

41 1Figure 3 . 5 :

 4135 Figure 3.5: Concentration of graphene in aqueous media by the use of different surfactants. Adapted from the reference 41 .

Fig. 3 . 6

 36 illustrates a schematic representation of PVP stabilization of graphene.42 

Figure 3 . 6 :

 36 Figure 3.6: Schematic model of PVP-coated graphene. Adapted from 42 .

  by research groups for a successful exfoliation of graphene with the best compromise between cost and quality of graphene. Novoselov et al. in their study have reviewed the different synthesis routes of graphene exfoliation based on the quality and the cost as depicted in fig. 3.7.48 

Figure 3 . 7 :

 37 Figure 3.7:There are several methods of mass-production of graphene, which allow a wide choice in terms of size, quality and price for any particular application. Adapted from reference48 .

Fig. 3 . 8

 38 Fig. 3.8 illustrates the XPS spectra of CNP5 (before purification treatment).

Figure 3 . 8 :

 38 Figure 3.8: XPS spectra and fits of the respective carbon peak of CNP5.

Figure 3 . 9 :

 39 Figure 3.9: Thermogram of raw CNP under Air atmosphere.

Fig 3 .

 3 10 shows the Raman spectra of carbon nanopucks before and after purification treatment at excitation wavelength 638 nm.

Figure 3 . 10 :

 310 Figure 3.10: Raman shift versus the normalized intensity of the carbon nanopucks samples measured at 638 nm excitation wavelength before and after purification treatment.

Figure 3 .

 3 Figure 3.11: XRD data of carbon nanopuck samples before and after heat treatment. (Cu-Kα radiation of λ = 0.15418 nm).

Figure 3 . 13 :

 313 Figure 3.13: Optical microscopy images of CNPHT5 dispersions using left: bile salt, center: P123 and right: PE-PEG respectively.

  carbon dispersions. Due to their relatively bulky and rigid nature, bile salt surfactants differ from aliphatic surfactants. Owing to the arrangement of hydrophobic and hydrophilic groups, bile salts show a planar polarity (hence, they are facial amphiphiles), as illustrated in fig.3.14.55 

Figure 3 .

 3 Figure 3.14: (a) Schematic structure of polar parts of bile salt molecules. (b) Micellization of surfactants. (c) Solubilization of graphite inside the micelles and (d) exfoliation of graphite into graphene and interaction of counterions with graphene/surfactant surfaces. Adapted from reference 55 .

  Between bath and tip sonication (bath sonicator Elmasonic X-tra 100 H and tip sonicator Branson Digital Sonifier), keeping constant the other parameters such as CNPHT5 and bile salt concentration, more efficient dispersion has been achieved via tip sonication as depicted in fig. 3.15.

Figure 3 . 15 :

 315 Figure 3.15: Optical microscopy images of the CNPHT5 dispersions using bath sonication (left) and tip sonication (right) (samples: 0.1 wt% CNPHT5, 0.3 wt% bile salt in H2O after 1h sonication).

  have been tested with sonication times 30 min, 1h and 2h to exhibit the best performances as shown in fig. 3.16.

Figure 3 . 16 :

 316 Figure 3.16: Optical microscopy images of the CNP dispersions using tip sonication times, from the left to the right, of: for 10min, 30 min, 1h and 2 h.

Figure 3 .

 3 Figure 3.17: (a) and (b): Optical microscopy images of CNPHT5 dispersion with 4 wt% (40 mg.mL -1 ) bile salt, 6.4 wt% (64 mg.mL -1 ) CNPHT5 and tip sonication 30 min, showing the depletion effect. (c): Schematic representation of the depletion effect.

  (c)). For samples with lower surfactant concentration (30 mg.mL -1 or less) no surfactant depletion is observed. After extended investigation, a ratio 6 of CNPHT5 to bile salt concentration has been chosen for dispersion with the minimum amount of aggregates (fig. 3.18).

Figure 3 . 18 :

 318 Figure 3.18: Optical microscopy image of aqueous dispersion with 1 wt% bile salt (10 mg.mL -1 ), 6.4 wt% CNPHT5 (64 mg.mL -1 ) and tip sonication: 30 min.

Figure 3 . 19 : 3 . 20 .

 319320 Figure 3.19: Optical microscopy images of aqueous dispersions with 1 wt% bile salt (10 mg.mL-1) and 1-6 wt% CNPHT5 (10-60 mg.mL -1 ) in aqueous media after 10 min tip sonication.

Figure 3 .

 3 Figure 3.20: Left: Aqueous dispersion of 6.4 wt% CNPHT5, 1 wt% bile salt and 30 min tip sonication after 2 min /4000 rpm centrifugation. Optical microscopy images of the aqueous dispersion observed: up: by placing a drop between two glass slides. Bottom: by placing a drop between two glass slides of path thickness 7 μm.

  for the minimum time (2 min) to remove the undispersed parts. Moreover, in order to separate the two size populations, the dispersions have been centrifuged at various times (up to 2 h) at 4000 rpm. The size analysis of the carbon particles dispersed in the aqueous media has been performed with the static light scattering (SLS, Malvern instrument, Mastersizer 2000) as a method of choice. In fig.3.21 optical images and SLS spectra of CNP dispersions with centrifugation times up to 40 min are presented.

Figure 3 . 21 :

 321 Figure 3.21: Dispersions of 6.4 wt% CNP, 1 wt% bile salt in water after tip sonication of 30 min and centrifugation times 0, 2, 20 and 40 min at 4000 rpm. Up: their optical microscope images, bottom: their static light scattering analysis.

Figure 3 . 22 :

 322 Figure 3.22: Static light scattering spectra of CNP dispersion with final concentration 6 wt% and particles of two size populations with reproducible results.

Figure 3 . 23 :

 323 Figure 3.23: Static light scattering spectra of monodispersed CNP dispersions with final concentration 2.2 wt% with reproducible results.

  .24 a. and fig. 3.24 b. Then the films were patterned by four gold contacts through a mask (fig. 3.24 c.) in order to measure the surface resistivity using a home-made four-point probe setup. Furthermore, the thickness of CNPHT films was measured by SEM.

Figure 3 . 24 :

 324 Figure 3.24: Scheme of filtration under vacuum used for the formulation of conductive films. b. Representative conductive film (diameter of 3.5 cm). c. Representative conductive film after cutting and deposition of the four gold contacts.

  determine the diameter and height of CNP particles in the monodispersed aqueous dispersion (fig. 3.25).

Figure 3 .

 3 Figure 3.25: (a) AFM topography images of deposit of CNP dispersion on freshly cleaved mica surfaces. Cross section of the topography image taken along the white line is plotted in inserted figures showing that the height of the nano objects on the surface is ca. 6 nm. (b) Lateral size distribution of particles; the mean size is 40 nm. (c) Height distribution of particles; the mean height is 5 nm.

A

  widely used characterization technique to identify carbon morphology and size is high resolution transmission electron microscopy (HRTEM) as depicted in fig. 3.26. HRTEM image of CNP dispersion with two size populations (fig. 3.26 left) shows the majority of particles to be of average size of 50 nm with the presence of larger aggregates. Lateral Height Graphitized closed-shells, graphene petals/flakes and small graphitic fibers can be clearly observed. From the image of 2.2 wt% CNP dispersion (fig. 3.26 right) the monodispersibility is verified with individual nanoobjects of ca. 50 nm.

Figure 3 . 26 :

 326 Figure 3.26: HRTEM images of the CNP dispersion. Left: Dispersion 6.4 wt% CNP, 1 wt% bile salt (after tip sonication: 30 min). Right: Dispersion 2.2 wt% CNP, 1 wt% bile salt (after tip sonication: 30 min and centrifugation: 20 min).
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 3272 where uniform diameter is shown. Then by multiplying the sheet resistance by the thickness (in cm) the value of volume resistivity was obtained as depicted in table 3.The calculated volume resistivities are of 0.5 to 35 Ω.cm within the sample.

Figure 3 . 27 :

 327 Figure 3.27: SEM picture of the 5 different membranes collected by vacuum filtration of carbon nanopuck (CNPHTX) dispersion.

  2 wt%) CNP dispersions of two and one size populations have been acquired. Bile salt has been used as the surfactant of choice, while mechanical energy has been introduced through sonication. Based on different times of centrifugation, dispersions with CNP particles sizes 50 nm and 0.45 μm or with the narrow distribution of the smaller particles have been successfully prepared. The morphology and size of the dispersed particles could be clarified using characterization techniques such as optical microscopy, static light scattering, atomic force microscopy and high resolution transmission electron microscopy. A direct use of CNP dispersions is as conductive films (via vacuum filtration). In this study, the resistivity values of the dispersions of carbon nanopucks grades described in chapter 2 (CNPHTX) have been measured and are of ca 1 Ω.cm which could be placed in the range of high quality CB grades (10 0 -10 -1 Ω.cm). Since a decrease in resistivity can be acquired by compression of the sample or with the increase of its thickness, resulting sheet resistance of 220 Ω.sq-1 
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1 .

 1 Natural rubber and composites background a. Natural rubber Rubber hydrocarbon is the main constituent of natural rubber (NR). NR is a biopolymer consisting of 97 % isoprene monomers in a cis-1,4 configuration (fig. 4.1 left). Its commercial source is the sap of the Hevea brasiliensis tree, also known as the rubber tree of the family Euphorbiaceae, which thrives in tropical climates (fig. 4.1 right).

Figure 4 . 1 :

 41 Figure 4.1: Left: The chemical structure of poly (cis-1,4-isoprene), the principle component of natural rubber. Right: Latex extracted from a rubber tree. Adapted from reference 5 .

4 . 2 a

 42 ) and 4.2 b) respectively). After its vulcanization, it becomes a thermoset (a cured/vulcanizate polymer that changes permanently into an insoluble polymer network).

Figure 4 . 2 :

 42 Figure 4.2: Classification of polymers.

Figure 4 . 3 :Table 4 . 2 :

 4342 Figure 4.3: Preparation procedure of CNP/NR composites.

  Scanning electron microscopy (SEM) images of composite films in order to assess the state of dispersion of the filler particles within the elastomeric matrix were obtained on a on a MIRA 3 FEG-scanning electron microscope. The nanocomposites samples were fractured in liquid N2. The films were arranged in copper double-sided tapes, pre-glued on the specimen holder. All nanocomposites and pure polymer were metalized with gold. The voltage source used was 15 kV.The topography and phase contrast atomic force microscopy (AFM) images were obtained in non-contact mode, under air atmosphere and at room temperature, using SPM microscope Model 9700 of Shimadzu. The probe used Si (nanoworld) has spring constant of 45 N.m -1 and a nominal resonance frequency of 333 kHz. Pure NR and nanocomposites freshly prepared were dripped on freshly cleaved mica and dried at 70 °C for 24 h were analyzed. The scans were performed at different areas at a speed of 1Hz and digitized at 512 × 512 pixels.The Raman spectra were recorded on a Renishaw Raman Imaging Microscope Equipment System 3000 in conjunction with an optical microscopeand a He-Ne laser (emitting at 632.8 nm).X-ray diffractograms (XRD) of bile salt, dry CNP5 dispersion, NR and CNP5/NR composites were acquired with a θ-2θ geometry diffractometer equipped with a secondary monochromator. The Cu-Kα radiation (λ: 1.5418 Å) was generated at 45 KV and 40 mA. The samples were placed on silicon wafer ("zero background") sample holder and flattened with a piece of glass when it was required. The spectra were obtained within a 2θ range of 8 to 80° with acquisition time of 125 min.Thermal properties of the NR and the CNP5/NR composites were determined via thermogravimetric analysis (TGA) using a SDT Q600 (TA Instruments) under an atmosphere of synthetic air (White Martins, 100 mL/min) from room temperature to 1000 °C at a heating rate of 5 °C / min.Dynamic mechanical analysis (DMA) was performed in a MettlerToledo DMA, SDTA861 model with. specifications of the equipment: strength: 0.005 to 18 N resolution with 1 mN, frequency: 0.001 to 200 Hz, resolution 0.00001 Hz and displacement: -1.6 mm to 1.6 mm resolution 1 nm. Jaws voltage (clamp voltage) have been used. Scanning has been performed in increasing strain at room temperature and constant frequency (1 Hz) in order to determine the linear range of the material and to extract the elastic modulus. Then, the modulus has been determined on the load rate. AC conductivity of the composites was measured as a function of frequency by Model M2 Materials Mates 7260 Impendance Analyser at room temperature (frequency range: 10 Hz-1 MHz). Prior to measurements, the samples of length, width and thickness of 10 mm * 10 mm * 0.5 mm respectively were gold metallized and then sandwiched between two electrodes in a cell. A parallel resistor-capacitor equivalent circuit was used to describe the samples which could be considered as plane capacitors. DC resistance was extrapolated from the measured AC resistance values. The conductivity was deduced from equation

Fig. 4 .

 4 4 shows SEM images of the pure polymer, a representative composite (with 0.5 wt% CNP5), and 10 wt% CNP5/NR.

Figure 4 . 4 :

 44 Figure 4.4: SEM images of of NR (a), 0.5 wt% CNP5/NR (b) and 10 wt% CNP5/NR (c and d, with d at higher magnification).

Figure 4 . 5 :

 45 Figure 4.5: AFM phase images of NR and representative CNP5/NR composites.

4 . 5 b

 45 )). The fillers surround the latex particles and are well dispersed throughout the composite surface. Furthermore, the NR particles initiate the coalescence process. The presence of CNP5 initiates the coalescence of the latex particles because without fillers the coalescence is not observed. A similar profile is observed for the composite with 2 wt% CNP5. In the phase image of the 5 wt% CNP5/NR sample, a higher amount of well distributed filler is evident (fig. 4.5 c)). No latex particles could be distinguished, only lighter areas of a continuous polymer could be seen, an indication that all of the NR particles have coalesced. It seems that the increase of carbon filler promotes the coalescence process of NR particles. In the case of 10 wt% CNP5/NR, the aggregates could act as weak points hindering the stress transfer between the two components (fig. 4.5 d)).

fig. 4 . 6 ,

 46 the Raman spectra of CNP5 powder and its dried dispersion are shown, which contain the G and 2D bands corresponding to the graphitic structure, and the D band, which is used to indicate the presence of defects and/or amorphous carbon with the presence of amorphous carbon to be also verified from the broad background.

Figure 4 . 6 :

 46 Figure 4.6: Raman spectra of CNP5 powder, dried CNP5 dispersion, NR and x CNP5/NR composites (x = 0.5 to 10 wt%).

Fig. 4 . 6

 46 Fig. 4.6 also provides the Raman spectra of NR and CNP5/NR composites with various loading levels of filler. The spectrum of the composite with the lowest amount of CNP5

Fig. 4 . 7

 47 shows the diffractograms of composites and raw carbon, the dry dispersion and the surfactant.

Figure 4 . 7 :

 47 Figure 4.7: X-ray diffractograms of bile salt, CNP5 powder, dried CNP5 dispersion, NR and CNP5/NR composites.

Figure 4 . 8 :

 48 Figure 4.8: Thermograms of NR and CNP5/NR composites.

  degradation regions could be detected: the first degradation up to 250 °C, the degradation from 250°C to 360 °C and the degradation until a complete combustion occurs. The TGA profiles of all composites have similar characteristics to the pure NR. The onset temperature of all samples is comparable to that of the unfilled polymer. The To is 16 °C higher or lower relative to NR. The Tf is identical for the CNP5/NR samples and pure NR. The profiles of the first two distinct weight loss regions (up to 250 °C and from 250 to 360 °C) are quite similar to the initial polymer. For the third temperature region, the composites display different degradation temperatures.The thermal stability of CNP5/NR samples is confirmed by their similar To which is of high importance to applications where heat affects their performance. This could be explained as follow: during heating, the CNP form a carbon film which hinders the mass and the heat transfer. Also, the interfacial adhesion between the matrix and the filler (strong links between CNP and NR by breaking the C = C bonds of NR and CNP with increasing temperature under air), possibly reduces the thermal motion of the polymer chains.23 Electrical properties -Impedance spectroscopyRubbers have inherently low electrical conductivity. A way to overcome this limitation is the insertion of conductive additives into the polymer matrix, which leads to conductive materials. A number of studies with remarkable results have been performed using fillers from the carbon allotrope family. Fig.4.9 shows the AC conductivity as a function of frequency of NR and the composites.

Figure 4 . 9 : 4 . 9 .

 4949 Figure 4.9: AC conductivity as a function of frequency for the pure NR and CNP5/NR composites. Inset: AC conductivity as a function of the filler concentration at a frequency of 10 Hz.

  mechanical analysis. A preliminary investigation has been performed to estimate the storage modulus (E') of the samples (fig. 4.10).

Figure 4 . 10 :

 410 Figure 4.10: Preliminary results of the storage modulus as a function of filler concentration for CNP5/NR composites.

Figure 4 . 11 :

 411 Figure 4.11: TEM images of NR, a representative composite (5 wt% CNPHT2/NR) and the composite with highest filler concentration.

Figure 4 . 12 :

 412 Figure 4.12: Peak force AFM images of 10 wt% CNPHT2/NR composite.

Figure 4 . 13 :

 413 Figure 4.13: Raman spectra of purified CNPHT2 powder, dried CNPHT2 dispersion, NR and 7.5 wt% CNPHT2/NR composite.

Fig. 4 .

 4 Fig. 4.14 shows the diffractograms of brij S 100, the purified CNPHT2 powder, the dried CNPHT2 dispersion and the composites.

Figure 4 .

 4 Figure 4.14: X-ray diffractograms of brij S 100 (surfactant), CNPHT2 powder, dried CNPHT2 dispersion, NR and CNPHT2/NR composites.

Fig. 4 .

 4 15 shows the thermograms of NR and CNPHT2/NR composites.

Figure 4 . 15 :

 415 Figure 4.15: Thermograms of NR and CNPHT2/NR composites.

Fig. 4 .

 4 Fig. 4.16 left shows the AC conductivity as a function of frequency of NR and the CNPHT2/NR composites and right the AC conductivity as a function of filler concentration.

Figure 4 . 16 :

 416 Figure 4.16: Left: AC conductivity as a function of frequency for the pure NR and CNPHT2/NR composites. Right: AC conductivity as a function of the filler concentration at a frequency of 10 Hz.

Figure 4 . 17 :

 417 Figure 4.17: Conductivity values of polymer composite systems with carbon fillers reported in literature. With green colour is our conductivity result.

Figure 4 . 18 :

 418 Figure 4.18: Stress-strain curves of CNPHT2 and CNPHT2/NR composites Inset: Young's modulus as a function of CNPHT2 concentration.

(4. 9 )

 9 Where f is the shape factor: 16.7 (50 nm lateral size and 3 nm width -considering individualized particles) and φ is the volume fraction of the filler. The weight fraction was transformed into the volume fraction by using the densities of NR and graphite (for NR; d = 0.93 and for CNPHT2 the density was considered the same as of the graphite; d = 2.28). The theoretical values are in good agreement with the experimental ones and are summarized in table 4.7.

of vol% filler are plotted in the fig. 4 . 19 .

 419 We used a variety of density values of nanocarbon, from 1.7 to 2.3, to calculate the theoretical values of the Young's modulus of a particulate composite and we found very similar results with the ones shown in fig.4.19.

Figure 4 .

 4 Figure 4.19: Ec/Em as a function of CNPHT2 volume fraction from experimental data and from theoretical calculations from the lower bound of rule of mixtures.

Fig. 4 .

 4 20 to 4.23 show the two trends of the composites.

Figure 4 . 20 :

 420 Figure 4.20: Resistivity as a function of strain for 2 wt % CNPHT2/NR composites.

Figure 4 . 21 :

 421 Figure 4.21: Resistivity as a function of strain for 5 wt % CNPHT2/NR composites.

Figure 4 . 22 :

 422 Figure 4.22: Resistivity as a function of strain for 7.5 wt % CNPHT2/NR composites.

Figure 4 . 23 :

 423 Figure 4.23: Resistivity as a function of strain for 10 wt % CNPHT2/NR composites.

Figure 4 . 24 :

 424 Figure 4.24: Schematic representation of CNPHT2/NR composite. The tensile test occurs at the x axis.

  elongated, the particle distance increases in all the axes, causing lower conductivity values. Moreover, the ratio of the change in resistance and the initial resistance was plotted as a function of the strain on the CNPHT2/NR composites, as shown in fig. 4.25 to 4.28.

Figure 4 . 25 :

 425 Figure 4.25: Normalized resistance change as a function of strain for the 2 wt% CNPHT2/NR composite. Inset: Initial normalized resistance as a function of strain.

Figure 4 . 26 :

 426 Figure 4.26: Normalized resistance change as a function of strain for the 5 wt% CNPHT2/NR composite. Inset: Initial normalized resistance as a function of strain.

Figure 4 . 27 :

 427 Figure 4.27: Normalized resistance change as a function of strain for the 5 wt% CNPHT2/NR composite. Inset: Initial normalized resistance as a function of strain.

Figure 4 . 28 :

 428 Figure 4.28: Normalized resistance change as a function of strain for the 10 wt% CNPHT2/NR composite. Inset: Initial normalized resistance as a function of strain.

Figure 5 .

 5 Figure 5.1: a-c) Structural models of graphene oxide at different stages of reduction. The localized sp 2 domains act as the luminescence centers. d) Band structure of GO.2

Figure 5 . 1 Fig 5 .

 515 Figure 5.2: a) Mechanism for the hydrothermal deoxidation of oxidized graphene sheets into GQDs. b) Models of the GQDs under alkaline (left) and acidic (right) conditions. c) Typical electronic transitions of triple carbene state at zigzag sites observed in the optical spectra.1

5 . 1 )

 51 Where [G]red is the concentration of graphenides, [O2] is the concentration of oxygen and [G]edge is the edge states concentration. Since the oxygen amount is infinite, the reaction could be characterized as pseudo-monomolecular and could satisfy the equation (5.2): d[G]edge/dt = k′[G]red (5.2)

Figure 5 . 3 :

 53 Figure 5.3: Schematics of the preparation of CNPa solution and a representative emission spectrum at λexc. 220 nm.

. 1 )

 1 . The PL for the dispersion in H2O was recorded for the initial concentration and for dispersion with different DFs. Due to the low initial concentration. A schematic representation of the preparation of CNPb preparation and a represenantive emission spectrum are shown in fig. 5.4.

Figure 5 . 4 :

 54 Figure 5.4: Schematics of the preparation of CNPb and a representative emission spectrum at λexc.. 325 nm.

Fig. 5 . 5

 55 shows schematically the preparation of CNPc and a represenantive emission spectrum.

Figure 5 . 5 :

 55 Figure 5.5: Schematics of the preparation of CNPc and a representative emission spectrum at λexc. 244 nm.

Fig. 5 . 6

 56 shows a schematic representation of the CNPd preparation and a represenantive emission spectrum.

Figure 5 . 6 :

 56 Figure 5.6: Schematics of the preparation of CNPd and a representative emission spectrum at λexc. 220 nm with noisy poor emission.

Figure 5 .

 5 Figure 5.7: a. From CNPa AFM topography image of CNP solution drop casted onto a freshly cleaved mica surface. b. Cross sections of the topography images are plotted. c. Statistical analysis of the diameter of the CNP particles. d. Statistical analysis of height of the CNP particles.

Figure 5 . 8 :

 58 Figure 5.8: PL mapping of excitation wavelength as a function of emission wavelength of CNPa. The intensity numbers correspond to absolute values.

Fig. 5 . 9 IntensityFigure 5 . 9 :

 5959 Fig.5.9 shows the emission spectra of CNPa upon air exposure from t = 0 (before opening) to t ∼ 5 days at excitation wavelength of 325 nm.

Figure 5 . 10 :Fig. 5 .

 5105 Figure 5.10: Maximum emission as a function of time for the CNPa upon air exposure from t = 0 (before opening) to 5 days at excitation wavelength of 325 nm.

Figure 5 . 11 :

 511 Figure 5.11: Absorption spectrum of CNPb.

Figure 5 .

 5 Figure 5.12: PL mapping of excitation wavelength as a function of emission wavelength of CNPb.The intensity numbers correspond to absolute values.

Figure 5 . 13 :

 513 Figure 5.13: PL spectra of CNPb with different dilution factors, λexc.: 220 nm. The intensity numbers correspond to absolute values.

Figure 5 . 14 :Fig. 5 .

 5145 Figure 5.14: PL spectra of CNPb with DF: 2 at different λexc. The intensity numbers correspond to absolute values.

Figure 5 . 15 :

 515 Figure 5.15: Absorption spectra of CNPc for different CNP concentrations.

Figure 5 . 16 :

 516 Figure 5.16: Absorbance, at wavelength 248 nm, as a function of the different CNP concentrations for CNPc. From the slope, the absorbance coefficient, a, has been determined.

Figure 5 . 17 :

 517 Figure 5.17: PL mapping of excitation wavelength as a function of emission wavelength of CNPc. The intensity numbers do not correspond to absolute values.

  fig. 5.19.

Figure 5 .

 5 Figure 5.19: a. From CNPd, AFM topography image of CNP dispersion. b. Cross sections of the topography images are plotted. c. Statistical analysis of diameter of CNP particles. d. Statistical analysis of height of CNP particles.

Fig. 5 .

 5 Fig. 5.20 shows the absorption spectra of CNPc for given CNP concentration determined after freeze drying.

Figure 5 . 20 :

 520 Figure 5.20: Absorption spectra of CNPd with different CNP concentrations.

  Moreover, for CNPd from the plot of the absorbance (at 260 nm) as a function of CNP concentration, the absorption coefficient, α, has been determined, as shown in fig. 5.21.

Figure 5 .

 5 Figure 5.21: Absorbance, at wavelength 260 nm, as a function of different CNP concentrations for CNPd. From the slope, the absorbance coefficient, a, has been determined.

  

  

  

  

  

  

  

  

  

Table 1 .1: Classification of production processes and feedstocks. 79 Production process Feedstock Thermal-oxidative decomposition

 1 

	Closed system (turbulent	Furnace black process	Aromatic oils based on coal
	flow)		tar or crude oil, natural gas
	Closed system (turbulent	Lampblack process	Aromatic oils based on coal
	flow)		tar or crude oil
	Open system (diffusion	Channel black process	Natural gas
	flames)		

  2,[START_REF] Oguz Tezel | Test Report: Application of Renewable PlasCarbon in Batteries[END_REF] The world graphite market is forecasted to grow at a Compound Annual Growth Rate (CAGR) of 3.7% from 2014 till 2020. PlasCarb offers a sustainable contribution to this growing demand by producing RPC from food waste. Potential applications include but are not

	limited to:
	•	Conductive inks for 2D and 3D printing, printable electronics
	•	Composites in rubber, plastic, etc.
	•	Electrodes, batteries, supercapacitors
	•	Photoluminescence, as a catalyst
	•	Opportunities within Fuel cells.

The corresponding Plascarb flow chart is presented in fig.

1

.16.

Table 2 .

 2 1: Production parameters of five carbon samples generated from the cleave of methane/CO2. The content of CO2 in the feed gas mixture varies the final product yield and results in different carbon samples.

	Unpurified CNP					
	Conditions	CNP0	CNP1	CNP2	CNP3	CNP4
	CO2 (vol %)	0.0	0.4	1.7	4.9	7.4
	Yield of carbon (g)	120	40.8	33.9	22.1	8.9

  The resulting thermograms could be distinguished in four temperature ranges depending on the mass loss variations: from 20 °C to 280 °C, from 280 °C to 500 °C, from 500 °C to 600 °C and from 600 °C to 750 °C. In the first T region no mass losses are detectable. Then, from 280 °C to 500 °C mass losses between 5 to 11 % are observed with the sample CNP4 to exhibit the highest mass loss and CNP1 the lowest. Beyond 500 °C a more drastic mass loss occurs. Particularly, from 500 to 600 °C the mass losses have almost double values from the corresponding ones in the previous T region (280 to 500 °C). Above approximately 600 °C the CNP materials are totally burned resulting into an almost 100 wt% mass loss. Interestingly all the samples show the same thermograms' trends. Furthermore, the ash contents were calculated and were found generally low,

less than 0.5 wt%, as presented in table 2.2.

Table 2 . 2

 22 

		CNP1	CNP2	CNP3	CNP4
	mb (g) (before)	9.542	10.016	9.724	9.589
	ma (g) (after)	9.542	9.944	9.714	9.569
	mb-ma	0.00	0.072	0.01	0.02
	ash content (%)	0.0	0.71	0.1	0.2

: Ash content of CNP samples before heat treatment. mb: the mass of the sample holder before thermal annealing under air. ma: the mass after thermal annealing. The ash content was calculated from the mb-ma difference.

Based on the TGA results, purification treatment was designed for CNP samples.

Table 2 .

 2 3: Crystalline domains from the samples CNP0-CNP4 extracted from XRD data.

	Samples Mean size of	Plane	Number	Mean size of	Plane
		the ordered	distance	of planes	the ordered	distance
		(crystalline)	(nm)		(crystalline)	(nm)
		domains			domains	
		(nm)			(nm)	
		2θ ~ 26	2θ ~ 26	2θ ~ 26	2θ ~ 43	2θ ~ 43
		degrees	degrees	degrees	degrees	degrees
	CNP0	9.7	0.346	28	8.1	0.209
	CNPHT0	10.0	0.346	29	10	0.210
	CNP1	10.2	0.345	30	10.2	0.209
	CNPHT1	10.2	0.348	29	8.7	0.210
	CNP2	9.1	0.345	26	11.1	0.209
	CNPHT2	9.8	0.344	28	10.8	0.209
	CNP3	9.5	0.345	28	8.3	0.209
	CNPHT3	9.6	0.345	28	8.7	0.209
	CNP4	8.5	0.346	25	7.0	0.209
	CNPHT4	8.6	0.345	25	7.0	0.208

Table 2 .

 2 4: Atomic percentage of carbon and oxygen all CNP samples based on XPS spectra analysis.

		CNP	CNP	CNP	CNPH	CNP	CNPH	CNP	CNPH	CNP	CNPH
		0	HT0	1	T1	2	T2	3	T3	4	T4
	C (at. %)	98.9 5	98.2 1	98.5 4	98.49	98.5 3	98.37	98.1 4	98.41	97.7 0	97.83
	O (at. %)	1.05 1.79 1.46 1.51 1.47 1.55 1.86	1.50 2.30 2.05
	Infrared spectroscopy								
	From the IR spectra of the CNP samples, different functional groups can be determined
	(fig. 2.11 and 2.12). The most pronounced peaks are at 1574 cm -1 , 1368 cm -1 , 1062 cm -1

Table 2 . 5

 25 

		C (%)	H (%)	N (%)	O (%)	S (%)
	CNP1	92.5	1.00	< 0.05	0.60	< 0.05
	CNPHT1	92.2	0.74	< 0.05	1.26	< 0.05
	CNP2	92.3	1.00	< 0.05	0.59	< 0.05
	CNPHT2	91.8	0.72	< 0.05	0.96	< 0.05
	CNP3	91.9	1.08	< 0.05	0.77	< 0.05
	CNPHT3	91.2	0.72	< 0.05	1.46	< 0.05
	CNP4	91.0	1.36	< 0.05	1.27	< 0.05
	CNPHT4	90.7	0.72	< 0.05	1.75	< 0.05
	BET					
	The specific surface area (total surface area of a material per unit of mass) of CNPX
	samples was acquired from BET measurements, performed by FGV Cambridge
	Nanosystems, United Kingdom (table 2.6) and has values between 141 m 2 .g -1 and 196
	m 2 .g -1 . 17					

: Elemental data of the four different CNP before (CNP).and after heat treatment (CNPHT).

Table 2 .

 2 6: BET surface area of the different CNPX.

		CNP0 CNP1 CNP2 CNP3 CNP4
	BET (N2) m 2 .g -1	153	141	158	196

2.14 to 2.18). 20

  

L of dispersions after 20 min/4000 rpm centrifugation were drop-casted on freshly cleaved mica substrates. The AFM topography images (fig. 2.14 a to 2.18 a) of CNPHTX samples exhibit essentially flat surfaces of homogenous nanocarbon particles characterized by a height range of 1 to 4

nm (see also insets with height from the cross sections). Individual objects are also noticeable. The statistical analysis reveals that the resulting height distribution (fig.

Table 3 .

 3 1: GO, rGO solubility values in a range of solvents. Reprinted (adapted) from Konios et al.21 

Table 3 . 2

 32 It can been seen from the table 2 that the samples CNPHT0 to CNPHT3 exhibit similar volume resistivity of ca. 1.2 Ω.cm with only the CNPHT5 to show an order of magnitude higher values. Overall, all the CNP samples could be considered as conductive films.

	Sample	Trial	Thickness	Sheet resistance	Volume	Average
			(m)	(kΩ.sq -1 )	resistivity (Ω.cm)	volume resistivity
						(Ω.cm)
	CNPHT0		19 22	0.90 1.24	1.7 2.7	2
			31	0.53	1.6	
	CNPHT1		8 31	1.00 0.36	0.8 1.11	0.88
			49	0.15	0.74	
	CNP HT2		15 15	0.21 0.32	0.32 0.47	0.39
			18	0.22	0.39	
	CNP HT3		10 41	1.65 0.34	2.1 1.4	1.48
			46	0.21	0.96	
	CNPHT4		12	42.0	50	34.4
			31	6.00	18.8	

: Volume resistivity of carbon nanopucks (CNPX) films.
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Table 4 .

 4 1: Characteristics of CNP dispersions.

	Dispersion	CNP	CNP structure Surfactant	C of	C of	Dimension
	s	source			CNP	surfacta	s of
					(wt %)	nt	particles
						(wt %)	(lateral
							size x
							thickness)
	(x)	CNP5	Nano	Bile salt	2.2	1	40 nm x 5
			turbostratic				nm
			multilayer of				
			graphene				
			with the				
			presence of				
			amorphous				
			carbon (10-15				
			wt%)				
	(y)	CNPHT2	Nano	Brij S 100	1.7	0.5	50 nm x 3
			turbostratic				nm
			multilayer of				
			graphene				

Table 4 . 3

 43 

: Characterization techniques.

Table 4 .

 4 4: TGA data of NR and composites.

Table 4 .

 4 5: TGA data of NR and composites.

	Set of	CNPHT2/NR concentration wt%
	composites	0	2	5	7.5	10
	To (°C)	299 289 289 289	289
	Tf (°C)	510 593 593 593	632

Table 4 .

 4 6: Mechanical properties of the CNPHT2/NR composites (the values in brackets represent the

	errors)			
	CNP HT2 /NR	Ε (MPa)	Tensile	Strain at
	composites:		Strength	break (%)
	x wt% (x vol%)		(Mpa)	
	NR	0.44 (6)	0.31 (3)	292 (10)
	2 (0.83)	0.442 (2)	0.22 (5)	153 (7)
	5 (2.1)	0.60 (2)	0.34 (2)	277 (6)
	7.5 (3.2)	1.1 (4)	0.41 (3)	191 (10)
	10 (4.34)	0.94 (4)	0.59 (5)	299

  , Em is the Young's modulus of the matrix, Vp is the volume fraction of the particles, Vm is the volume fraction of the matrix.These results are shown in fig.19. The Young's moduli obtained from the experimental data are between the upper and lower calculated limits. In order to properly model the reinforcement induced by the addition of CNPHT2, we adapted the hydrodynamical model of Einstein-Smallwood-Guth as most suitable in our system (equation 4.9).16 

	(4.6)
	In the case of uniform stress (lower limit) the Young's modulus can be determined from
	the equation 4.7 (or 4.8):
	(4.7)
	Or
	(4.8)
	By considering the equation 4.6:

Table 4 . 7 :

 47 Theoretical predictions of the Young's moduli of the CNPHT2/NR composites.

	CNPHT2/NR	Ε (MPa)	E (Mpa)
	composites:	f: 16.7	Rule of
	x wt% (x	Guth	mixtures
	vol%)	equation	(for
		(eq. 4.9)	uniform
			stress)
			(eq. 4.8)
	NR	0.44	0.44
	2 (0.83)	0.49	0.44
	5 (2.1)	0.53	0.45
	7.5 (3.2)	0.80	0.46
	10 (4.34)	1.03	0.46

.cm-1 , very close to literature values of graphene dispersed in water with surfactant
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Chapter 2

Characterization of carbon nanopucks
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Choice of surfactant

The use of small organic molecules such as surfactants, promote the nanocarbon dispersions stabilizing the particles in water. A variety of stabilizers has been used from several research groups so as to disperse different forms of graphitic allotropes as abovementioned. 25,[36][37][38][39][40][41][42][43][44][45][46][47][48] In this study, three main stabilizers were tested: poly(ethylene glycol)-blockpoly(propylene glycol)-block-poly(ethylene glycol) or P123 (Pluronic P123) (fig. In order to distinguish the samples, designations were given. Based on the preparation procedure the CNP solution and/or dispersions were named as CNPa to CNPd as shown in table 5.1. 

Chapter 4 Natural rubber/carbon nanopuck composites

Preparation of CNPa

All procedures that are air sensitive (preparation of KC8 and its solutions, handling of the solutions, deposition on surfaces) were performed in an Innovative Technology Inc.

glove box with less than one ppm O2 and moisture contents. NMP (anhydrous, Aldrich)

was distilled under reduced pressure before entering the glove box.

Preparation of carbon nanopucks intercalation compound (CNPIC)

In a sealed tube, CNP powder was mixed with the potassium metal with a molar ratio of C/K = 8. The reaction took place at 250 °C under vacuum. After a day of reaction, brownish CNPIC (KC8 has golden/copper color) was collected.

Preparation of CNPIC solution

CNPICs 20 mg were dissolved in 10 mL of distilled anhydrous NMP under inert atmosphere, at room temperature, using a vortex stirrer (800 rpm). After three days of stirring, centrifugation was performed in order to remove the non-soluble material from the solution. The solution in NMP was centrifuged at 6000 rpm for 20 minutes. After centrifugation, the graphenide solution in NMP was recovered. The solution of CNPIC in NMP, namely CNPa, was stored under inert atmosphere. Fig. 5.3 shows a schematic representation of the preparation of CNPa preparation in NMP and the corresponding where a value of 13.9 mL.mg -1 .cm -1 was reported. 18 The excitation-emission map of the CNPd is seen in fig. 5.22. Two PL maxima could be seen at wavelengths ca. 300 and 340 nm. However, as for CNPc, the PL intensity of CNPd is very weak. Therefore, optimization of the preparation procedure of CNPd deems necessary in order to increase the emission intensity.

determined after the formulation of their films using filtration under vacuum. Resistivity of ca. 1 Ω.cm could place CNP in the range of high quality CB grades (10 0 -10 -1 Ω.cm). By compression of the films, sheet resistance of 220 Ω.sq -1 can be obtained, which makes CNPs suitable for conductivity related applications including conductive coatings and as fillers for conductive composites.

Based on the above results, CNPs have been used as additives in natural rubber (NR) composites so as to reinforce their properties. Two sets of CNP/NR composites have been successfully prepared. They differ in terms of surfactant used in CNP dispersion as well as CNP precursor. Carbon deriving from biogas, NR extracted directly from the tree Hevea Braziliensis and the use of latex technology (no toxic solvents) contribute to the production of environmentally friendly CNP/NR composites. The two set of composites yield different optimum properties; one system significantly increases the mechanical properties while the other exhibits superior electrical properties (σ: 7.5 S.m -1 ) that can be compared to systems with the highest conductivity values observed. Moreover, these composites show interesting piezoresistive characteristics (gauge factor with the best value of 8.5). Overall, the composites have thermal, mechanical, electrical and piezoresistive properties superior to the pure polymer.

The last property of CNP materials that has been tested and has been described in this manuscript is their photoluminescence (PL) profile. CNP has been dissolved and dispersed in water and organic solvent using four different preparation procedures (through graphite intercalation compounds (GIC) and by the use of oxidative agents).

The PL of these systems has been measured. The CNP samples dispersed in water have been found to exhibit the same blue PL signature with strongest emission the one prepared via GIC. Regarding the CNP solution in organic solvent, it shows high PL but red-shifted emission wavelength related to the PL of the dispersions in water. From these PL preliminary tests, it could be concluded that CNP could be used in applications such as optoelectronics and biological labeling. 

Nanocarbon from food waste: dispersions and applications

This PhD thesis is focused on the characterization, dispersion and applications of graphitic material (in this manuscript referred as carbon nanopuck (CNP)) that derives from the splitting of biogas and obtained within the framework of the European project "PlasCarb". This study starts with CNP characterization.

Afterwards, well-defined, high concentrated CNP dispersions in water, calibrated in size have been obtained. These dispersions have been used to prepare conductive films and as components of conductive composites with natural rubber. Ultimately, the photoluminescence of CNP dispersed and dissolved in liquid media has been tested. Preliminary tests of these systems exhibit promising blue PL.