Keywords: Functionalized graphene nanocomposites for energy storage and electrocatalysis graphene, electrochemistry, nanomaterials, electrocatalysis, supercapacitors

Graphene based materials have known a huge development in the last decade due to their outstanding mechanical and electrical properties. However, there are still issues to overcome to take benefit of these promising developments.
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The practical problem that we face with graphene and tends to become an obstacle when we envision new applications is that it can easily restack back to graphite due to van der Waals interactions between its sheets. Unfortunately, this effect has been putting limitations in their use and manipulation thus far. The solution that has been largely proposed by the scientific community is its functionalization, a tool that makes graphene more accessible for various applications. By functionalizing graphene, we keep the graphene sheets separated and at the same time introduce new functions to graphene that can enhance its properties. Therefore, research around different approaches is of crucial importance. In this thesis, we will be discussing of ways to functionalize graphene that will give rise to energy applications.

Chapter 1 is a bibliographic review which describes the state of the art in the chemistry of reduced graphene oxide and the different functionalization routes that have been followed.

More precisely, we discuss covalent and non-covalent approaches that have been explored so far and how they have been exploited in different applications from energy storage to nanocomposites with metal nanoparticles. We also introduce s-tetrazines, a family of molecules known for their reactivity with graphene, and discuss their properties.

In chapter 2, inspired by the reactivity of graphene with chloroalkoxytetrazines, we decided to study a new molecule with interesting optical and electrochemical properties, a heptazine bearing three chlorotetrazine arms. The grafting of the molecule on reduced graphene oxide was tested and the functionalization mechanism was investigated.

In chapter 3, a less studied family of tetrazines, the H-substituted ones, were introduced for their reactivity in the inverse electron demand Diels-Alder reaction. Graphene was functionalized by tetrazine derivatives to form pyridazine units on its surface. In this study, we investigated how the substitution of the tetrazine unit affects its reactivity.

In chapter 4, functionalized graphene was used to prepare an electrode that while serve as a supercapacitor. This time we took advantage of the reactivity of the H-substituted tetrazines discussed in Chapter 3, to integrate a trifunctional tetrazine to graphene that will keep its faradaic response even after grafting. The modified material presents a hybrid capacitance, coming both from the capacitive nature of graphene itself and from the redox response of the tetrazine. Functionalized graphene was characterized by X-Ray Photoelectron spectroscopy (XPS), Raman spectroscopy and Atomic Force Microscopy (AFM) to verify the successful functionalization. The specific capacitance of the electrode prepared was measured and compared with the initial graphene.

Finally, chapter 5 describes the preparation of a nanocomposite material from the insertion of gold nanoclusters on the surface of graphene. The material was designed to serve as a catalyst for fuel cells applications. In a first step, the synthesis of the gold nanoclusters was optimized by using 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine, a gold salt and dodecanethiol. The mechanism of their growth was investigated by UV-vis and fluorescence spectroscopies. In a second step, the gold nanoclusters were mixed with graphene in a one-pot synthesis to be tested for electrocatalysis.

CHAPTER 1: Reduced Graphene Oxide Functionalization and Applications

Graphene is a novel nanomaterial composed of a honeycomb arrangement of carbon atoms. The interest for graphene started in 2004 1 , with the isolation and characterization for the first time using the 'scotch tape' method. Since then, the research around graphene has risen dramatically both in academia and in industry after the Nobel prize in physics in 2010 2,3 . The atomic structure of graphene can serve as a platform for other material made up from carbon, such as carbon nanotubes (CNTs) and fullerenes (Scheme 1.1).

Scheme 1.1. Varying carbon allotropes 4

Graphene presents great mechanical properties, flexibility and transparency 5 . Having excellent electrical conductivity because of its π-π* band structure, graphene has been considered the ideal candidate to replace metals in electronic and electrical devices 6 . The superior electrical characteristic of graphene come from the fact that its valence and conduction band are close to Fermi level (Dirac point) which leads to the absence of energy gap 7 . However, when this structure is disrupted due to oxygen-containing functional groups (hydroxyl and epoxy units) resulting in sp 3 matrix, graphene becomes an insulator (Scheme 1.2).

When multiple graphene sheets are layered the one in top of the other, they tend to agglomerate and restack in graphite. This happens through π-π restacking and van der Waals interactions, if the sheets are not well separated from each other.

Scheme 1.2. Schematic representation of lattice structure and corresponding energy band diagrams of Graphene, GO and rGO (reproduced from literature 6 )

Reduced Graphene Oxide Preparation and Aspects

The first experimental isolation of a graphene sheet and the measurement of its properties were only reported in 2004 by Geim and Novoselov (Figure 1.1). However, graphene and the different approaches to synthetize it from graphite have been the topic of research long before. Graphene was actually firstly synthetized from Brodie 8 in 1859, when he was investigating the structure of graphite. The material he found was dispersible in water and basic media but not in acidic and that is why he named it 'graphitic acid'. Nowadays, graphene is obtained by different methods such as Chemical Vapour Deposition (CVD) which is widely used to synthetize well separated graphene layers 9 and films 10,11 . In order to produce larger quantities of graphene the exfoliation of graphite was studied firstly by Staudenmaier 12 who improved Brodie's method and then by Hummer.

Hummer's method 13 is used to produce functionalized graphene sheets by thermal exfoliation of graphite oxide, a material known to be an insulator and coming from the acidic treatment of graphite. To be more precise, graphite flake is oxidized using a mixture of sulphuric acid, nitric acid and potassium chlorate. The graphite oxide is then exfoliated by thermal or mechanical methods to obtain the graphene oxide (GO). The mechanism of the exfoliation is the expansion of CO2 between the graphene sheets and the reaction is achieved at around 1050 °C. The graphene oxide contains various oxygen-containing groups such as carboxyls, carbonyls, epoxides and hydroxyls 14 . The carbon atom functionalized by an epoxy or a hydroxyl group is transformed from a planar sp 2 -hybridized to a distorted sp 3 -hybridized geometry as it is shown in Figure 1.2. This type of material can be used for different applications more easily than pristine graphene and due to its oxygenated functions it can react chemically with organic molecules. 15 To take the reaction a step further, GO has been reduced by chemical 16 or thermal methods to eliminate some of the functional groups and return to graphene's conjugated form and conductivity. The most common method to reduce graphene oxide is by hydrazine monohydrate 17 . There are also some other reducing agents such as hydroquinone 18 , gaseous hydrogen 19 (after thermal expansion), and strongly alkaline solutions 20 . An alternative method consists of the electrochemical reduction of graphene oxide resulting to a material known as electrochemical reduced graphene oxide (ER-G) that presents a higher specific capacitance that chemically reduced graphene oxide 21 . Reduction of graphene oxide has also been achieved with no use of chemical reagents by simple thermal treatment 22 . This is actually the method that was used to synthetize some of our materials, named Functionalized Graphene Sheets (FGS).

Depending on experimental conditions, different degrees of oxidation can be achieved, resulting in materials with different number of functional groups. The C/O ratio have been acknowledged as an indicator for the reduction degree of these functional graphene sheets (FGS). Thus the final graphene material can be referred to as FGSx, where x is the C/O ratio.

The higher the number of functionalities, the smaller this ratio would be, leading to graphene oxide type materials with a dominant sp 3 carbon hybridization. GO (Figure 1.3a) is also easily dispersible in polar solvent due to its functionalities. An increasing ratio with x > 7 is considered as reduced graphene oxide (rGO) (Figure 1.3b) and leads to a π-conjugated structure with good conductivity 23 , thus a material with potential for electrochemical applications. 

Functionalization of Reduced Graphene Oxide

Functionalization of graphene sheets is of crucial importance for their applications 25 . There are two approaches for functionalizing graphene sheets: the covalent modification and the non-covalent. One of the reasons we functionalize graphene is to disperse it in different organic solvents and to open the path for more nanocomposite applications 26 . The attachment of functional groups on the surface of graphene can facilitate the dispersion in hydrophilic or hydrophobic media or in polymers. Graphene sheets are easily agglomerated due to π-π forces between highly conjugated structures, an effect than is undesirable because it decreases the specific area of graphene. If this aggregation is not controlled, it can even lead to the restacking of graphene back into graphite through van der Waals interactions (Scheme 1.3).

Functionalization is quite crucial to prevent this effect and keep the graphene sheets well separated.

Scheme 1.3. Agglomeration of individual layers of graphene sheet (restacking) (reproduced from literature 27 ).

It is also worth mentioning that pristine graphene is a zero band-gap material with inertness to reactions making it less competitive in applications as semiconductors and for sensors. The opening of its band gap can be achieved by functionalization with different organic or inorganic molecules through doping, intercalation and stripping of graphene [START_REF] Georgakilas | Functionalization of Graphene: Covalent and Non-Covalent Approaches, Derivatives and Applications[END_REF][START_REF] Park | Single-Gate Bandgap Opening of Bilayer Graphene by Dual Molecular Doping[END_REF] .

In general, adding organic molecules with different functions to graphene by covalent grafting can enhance graphene's own properties or add new ones. Some of the routes to functionalize graphene with organic molecules are: nucleophilic substitution, condensation, electrophilic addition, and cycloaddition. However, one has to be careful when functionalizing graphene.

Functionalization can sometimes lead to a decrease in conductivity or the specific surface of the initial graphene sheet due to the loss of the sp 2 hybridization.

Here we are going to report the methods that are mostly used nowadays and also introduce the strategy that we have decided to follow in order to functionalize reduced graphene oxide in the next chapters.

Covalent methods

When it comes to chemical functionalization, we can imagine two different routes. The one is the reaction of the oxygen bearing group with organic molecules mostly applied to GO and the other is the modification of the sp 2 carbons from the graphene sheet. As we intend to work with rGO, we will be mostly exploring here the latter route. As it is already known by research done in carbon nanotubes and fullerene, the organic species that are most likely to react with sp 2 carbons are organic free radicals and dienophiles.

Nucleophilic substitution reaction

Substitution reactions are mostly applied on graphene oxide because they require hydroxyl and epoxy functional groups present on its surface. Nucleophile amines (-NH2) [START_REF] Seitchik | Genetically Encoded Tetrazine Amino Acid Directs Rapid Site-Specific in Vivo Bioorthogonal Ligation with Trans-Cyclooctenes[END_REF][START_REF] Singh | Amine-Modified Graphene: Thrombo-Protective Safer Alternative to Graphene Oxide for Biomedical Applications[END_REF][START_REF] Compton | Electrically Conductive "Alkylated" Graphene Paper via Chemical Reduction of Amine-Functionalized Graphene Oxide Paper[END_REF] react with these functional groups very easily in mild conditions, even at room temperature and aqueous medium. Nucleophilic substitution is a method already exploited by our group in the past to functionalise GO with tetrazine derivatives [START_REF] Sarkar | Diels-Alder Chemistry of Graphite and Graphene: Graphene as Diene and Dienophile[END_REF] .

Addition of free radicals to Reduced Graphene Oxide

Diazonium chemistry [START_REF] Fang | Covalent Polymer Functionalization of Graphene Nanosheets and Mechanical Properties of Composites[END_REF] has been widely used to functionalize carbon materials including graphene because of its versatility. Some of the advantages of the method involve easy preparation of modifier, a flexible choice of reactive terminal groups, and strong aryl-surface covalent bonding [START_REF] Qiu | Electrochemical Grafting of Graphene Nano Platelets with Aryl Diazonium Salts[END_REF] . The reaction involves the reduction of diazonium ions and the generation of a radical by electron transfer from the carbon substrate to the aryldiazonium ion and subsequent formation of a covalent bond between carbon and the aryl group [START_REF] Bélanger | Electrografting: A Powerful Method for Surface Modification[END_REF] .

Ossonon et al. [START_REF] Ossonon | Functionalization of Graphene Sheets by the Diazonium Chemistry during Electrochemical Exfoliation of Graphite[END_REF] reported a two-step process where the synthesis of graphene through the exfoliation of graphite by oxidation is followed by the reduction of the anthraquinone diazonium cations (Scheme 1.4). The modified graphene shows better dispersion properties and larger specific surface measured by BET analysis, which will prevent graphene from restacking and aggregation of the sheets. The thickness of the modified graphene sheets was measured to be around 2.5 nm, twice bigger than the exfoliated graphene. The drawback of this type of functionalization is that the defects created in the graphene structure disrupt its electronic structure and make the material less conductive. The modified graphene sheets tend to contain more sp 3 hybridized carbons which is not favourable for electronic applications.

Scheme 1.4. Spontaneous functionalization of electrochemically exfoliated graphene sheets (EG) anthraquinone during electrochemical exfoliation of graphite in a one-pot process

(reproduced from literature) [START_REF] Ossonon | Functionalization of Graphene Sheets by the Diazonium Chemistry during Electrochemical Exfoliation of Graphite[END_REF] Huang et al. [START_REF] Huang | Graphene Covalently Binding Aryl Groups: Conductivity Increases Rather than Decreases[END_REF] reported graphene functionalization by nitrophenyl diazonium salt without decreasing its conductivity because of the scattering effect introduced by the nitrophenyl groups as shown in Scheme 1.5. They used Raman spectroscopy to characterize the covalent bonds formation through the increase of the D band of graphene at around 1350 cm -1 . The D band is increased in this case because of the presence of defects due to the sp 3 hybridization of the carbon atoms. Concerning the conductivity of graphene, it was dependent on the number of aryl groups grafted on the surface of graphene meaning that if the functionalization is well controlled, diazonium salts are not negatively affecting graphene's electrical properties.

Scheme 1.5. The reaction between graphene and nitrophenyl diazonium salt [START_REF] Huang | Graphene Covalently Binding Aryl Groups: Conductivity Increases Rather than Decreases[END_REF] Another free radical chemical reaction that has been applied on graphene is the chemical grafting of benzoyl peroxide, a phenyl radical precursor under laser illumination [START_REF] Liu | Photochemical Reactivity of Graphene[END_REF] . The mechanism proposed is that the generated benzoate radicals from benzoyl peroxide are decomposed to phenyl radicals by elimination of CO2 (Scheme 1.6). The attachment of the phenyl groups was confirmed by the presence of the D band in the Raman spectra of the modified material. When the reaction was studied in a field effect transistor (FET) device, it was concluded that the benzoyl peroxide decreases graphene's conductivity due to its hole doping effect.

Scheme 1.6. Reaction between Graphene and Absorbed Benzoyl Peroxide (reproduced from literature [START_REF] Liu | Photochemical Reactivity of Graphene[END_REF] )

Cycloaddition reaction to Reduced Graphene Oxide

Cycloaddition reactions have been gaining interest as a tool for graphene functionalization without interfering with the electrical properties of the material. The advantage of this type of reaction is that it can be applied to graphene layers free of oxygen group or defects, as it happens through the C-C bond of graphene.

Georgakilias et al. [START_REF] Georgakilas | Organic Functionalisation of Graphenes[END_REF] have demonstrated the 1,3 dipolar cycloaddition of azomethine ylide to graphene (Figure 1.4). After functionalization, they were able to prepare stable dispersions of graphene in ethanol (Figure 1.4 Right) and also measure from AFM an increased thickness of the graphene sheets because of the functional groups integrated on the surface of graphene.

They also noticed a surface roughness coming from the OH-functions that were not present on the original graphene. They used EDX to identify and measure the amount of nitrogen as an indication of functionalization. Finally, they were able to observe by FTIR the stretch bands of C-O at 1250 cm -1 and of O-H at 3500 cm -1 corresponding to phenyl groups present on the surface of the functionalized material. Quintana et al. [START_REF] Quintana | Functionalization of Graphene via 1,3-Dipolar Cycloaddition[END_REF] also took advantage of the 1,3 dipolar cycloaddition to prepare a nanocomposite material with Au nanorods (AuNRs) that served as a contrast marker for the reactive sites. This time they functionalized graphene with a modified α-amino acid (BocNHCH2CH2OCH2CH2OCH2CH2NHCH2COOH), followed by the deprotection of the tbutyl carbamate group (Boc group), as demonstrated in Scheme 1.7. AuNRs can be attached to the amino groups after deprotection to serve both as markers for the active sites but also to add their interesting optical properties to graphene due to their plasmon resonance.

Scheme 1.7. Representation of functionalized graphene derivatives before and after the cleavage of the Boc protecting groups. (reproduced from literature 41 )

Diels-Alder reaction

Some of the interesting electrical properties of graphene, come from its Dirac point, which is the crossing point where the valence band and the conduction band meet 7 . The presence of Dirac point on the structure of graphene makes basal plane reaction easier and more specifically pericyclic reactions such as Diels-Alder (DA) ones. DA is a reaction between a conjucated diene and a substituted alkene (dienophile) and is part of a group of reactions also known as 'click chemistry' reactions due to their high efficiency.

One of the advantages of DA cycloaddition is that no catalyst is required and the reaction can occur in relatively mild conditions of pressure and temperature [START_REF] Nicolaou | The Diels-Alder Reaction in Total Synthesis[END_REF] . The reactivity of graphene in such reactions is explained by orbital symmetry and frontier molecular orbital theory.

In the forward DA reaction, three π-bonds break to form two new σ-bonds and one new π-bond (Scheme 1.8). In order for the standard DA reaction (DAr) to be initiated, the HOMOdiene and the LUMOdienophile need to be closer in energy that the HOMOdienophile and the LUMOdiene. This is not the case, in the inverse electron demand DAr where LUMOdiene and HOMOdienophile are actually the ones which are closer in energy.

Scheme 1.8. Schematic Representation of the Diels Alder Reaction between a Diene (1,3-Butadiene) and Dienophile (Ethylene), Illustrating the Diels Alder Cycloaddition and Cycloreversion Reactions in Their Simplest Form (reproduced from literature 43 )

The chemical reactivity of carbon allotropes for the DAr has been studied theoretically since 2002 [START_REF] Lu | Organic Functionalization of the Sidewalls of Carbon Nanotubes by Diels-Alder Reactions: A Theoretical Prediction[END_REF] . It has also been experimentally demonstrated that the DAr can be performed on different carbon materials such as carbon nanotubes (CNTs) [START_REF] Delgado | Microwave-Assisted Sidewall Functionalization of Single-Wall Carbon Nanotubes by Diels-Alder Cycloaddition[END_REF][START_REF] Ménard-Moyon | Functionalization of Single-Wall Carbon Nanotubes by Tandem High-Pressure/Cr(CO)6 Activation of Diels-Alder Cycloaddition[END_REF][START_REF] Zhang | Diels-Alder Addition to Fluorinated Single Walled Carbon Nanotubes[END_REF] , fullerenes [START_REF] Khan | Synthesis of a Rigid "Balland-Chain" Donor-Acceptor System through Diels-Alder Functionalization of Buckminsterfullerene (C60)[END_REF][START_REF] Zhu | Mechanochemistry of Fullerenes and Related Materials[END_REF][START_REF] Bakouri | On the Regioselectivity of the Diels-Alder Cycloaddition to C60 in High Spin States[END_REF][START_REF] Pla | Simple Bond Patterns Predict the Stability of Diels-Alder Adducts of Empty Fullerenes[END_REF] and graphite [START_REF] Abdolmaleki | Functionalization of Graphite with the Diels-Alder Reaction to Fabricate Metal-Free Electrocatalysts for Highly Efficient Hydrogen Evolution Reaction[END_REF][START_REF] Zhu | Facile Covalent Modification of a Highly Ordered Pyrolytic Graphite Surface via an Inverse Electron Demand Diels-Alder Reaction under Ambient Conditions[END_REF] . It was natural that graphene would also be investigated for its reactivity both theoretically [START_REF] Cao | Reactions of Graphene: Computational Predictions of Products and Sites of Reaction[END_REF] and experimentally [START_REF] Yuan | One-Step Functionalization of Graphene with Cyclopentadienyl-Capped Macromolecules via Diels-Alder "Click[END_REF] .

In the DAr a molecule can act either as a diene or a dienophile. However, some exceptions have been reported mostly in carbon materials and more precisely carbon nanotubes [START_REF] Munirasu | Functionalization of Carbon Materials Using the Diels-Alder Reaction[END_REF] which seem to be able to act both as dienes and dienophiles. Such is the case of graphene where the absence of energy gap (very high-lying HOMO and low lying LUMO) makes for graphene's different canonal structures (Scheme 1.9) allowing it to act both as diene and dienophile in different conditions.

Scheme 1.9. Resonance Forms of Graphene: Graphene as a Diene (1) and Dienophile ( 2) [START_REF] Sarkar | Diels-Alder Chemistry of Graphite and Graphene: Graphene as Diene and Dienophile[END_REF] Sarkar et al. [START_REF] Sarkar | Diels-Alder Chemistry of Graphite and Graphene: Graphene as Diene and Dienophile[END_REF] firstly investigated graphene's dual nature in two different forms: epitaxial and exfoliated. As it can be seen in Scheme 1.10, they tested graphene reaction with maleic anhydride to study it as a diene and found that the reaction yield strongly depends on the temperature and the nature of graphene. Exfoliated graphene requires more heat (up to 130°C).

As a dienophile, graphene successfully reacted with 2,3-dimethoxy-1,3-butadiene and 9methylanthracene at analogous temperatures.

Later although it was reported that the dienophile character of graphene is actually slightly stronger than its diene nature [START_REF] Denis | Organic Chemistry of Graphene: The Diels-Alder Reaction[END_REF] .

Scheme 1.10. Graphene serves as both diene (left) and dienophile (right) [START_REF] Sarkar | Chemistry at the Dirac Point: Diels-Alder Reactivity of Graphene[END_REF] .

Wang's group [START_REF] Li | Click and Patterned Functionalization of Graphene by Diels-Alder Reaction[END_REF] investigated the difference in the DA reactivity of graphene as a dienophile by testing cis-and trans-conformation dienes. It was actually the nonpolar cis-diene installed in two dihydronaphthalene backbones that exhibited the best reactivity even at room temperature.

By FET measurements, it was concluded that the functionalized material shows an improved conductivity.

Non-covalent functionalization

The non-covalent functionalization of graphene is achieved mostly by two different approaches:

(a) π interactions as graphene is a highly π-conjugated system and (b) van der Waals forces. Some other interactions that also might be beneficial for non-covalent functionalization are ionic interactions and hydrogen bonding [START_REF] Georgakilas | Noncovalent Functionalization of Graphene and Graphene Oxide for Energy Materials, Biosensing, Catalytic, and Biomedical Applications[END_REF] . The advantage of those techniques is that they do not introduce defects into the graphitic lattice or disrupt its structure. This also means that they can be applied to reduced graphene oxide because they do not require oxygen functions to react with. The drawback of such techniques is that the stability of the grafting over time is to be questioned due to the weaker interactions compared to chemical functionalization. For example, the π-π or CH-π interactions in graphenic materials (Scheme 1.11) are expected to have dissociation energies less than 50 kJ mol -1 . The C-H•••π interactions can occur around the edge of graphene that may be terminated with a H atom. As graphene is a lot larger compared to the molecule grafted, we expect to have multiple interactions on both sides of the graphene sheet.

Scheme 1.11. Idealized π-π or C-H•••π interactions from benzene, naphthalene, or pyrene molecules above and below the basal plane of graphene 59

Non-covalent functionalization through π-π interactions can improve the dispersion properties of graphene. Geng et al. [START_REF] Geng | Porphyrin Functionalized Graphene Sheets in Aqueous Suspensions: From the Preparation of Graphene Sheets to Highly Conductive Graphene Films[END_REF] have reported a novel method that makes use of the π-π interactions between porphyrin and graphene to stabilize the chemically converted graphene (CCG). The molecular architecture of porphyrin plays an important role in the dispersion properties of graphene in water and they actually use its derivative 5,10,15,20-tetra-phenyl-21H,23Hporphine-p, p′, p′′, p′′′-tetrasulfonic acidtetrasodium hydrate(TTP-SO3Na) as a dispersant. The negatively charged porphyrin promotes the generation of highly dispersed CCG sheets in water as a consequence of both its aggregation to the CCG sheets driven by π-π interactions and the effect of bringing a number of negative charges on the CCG surfaces. The morphology and the thickness of CCG was studied before and after functionalization by AFM. They actually observed a larger contrast on the edges of the sheets because of the presence of more functional groups and a larger thickness (1.2 nm) as a consequence of the attachment of porphyrin layers on one or two sides of the CCG sheets (Figure 1.5). In a more recent work, Chia et al. [START_REF] Chia | A Bio-Electrochemical Sensing Platform for Glucose Based on Irreversible, Non-Covalent Pi-Pi Functionalization of Graphene Produced via a Novel, Green Synthesis Method[END_REF] have presented a pyrene derivative as a linker between graphene and glucose oxidase in a bioelectrochemical sensor of glucose. In their work, they use an organic molecule, 1-pyrenebutyric acid N-hydroxysuccinimide ester, which acts as a mediator that anchors and promotes the electron transfer between the immobilized enzyme and the graphene electrode as shown in Scheme 1.12. By performing cyclic voltammetry and amperometric analysis, the grafted material showed a sensitivity up to 22 times higher than the initial graphene electrode. The biosensor also exhibited long-term stability, reproducibility and high selectivity to glycose.

Scheme 1.12. Pyrene links graphene and glucose oxidase through π-π stacking (reproduced from literature [START_REF] Chia | A Bio-Electrochemical Sensing Platform for Glucose Based on Irreversible, Non-Covalent Pi-Pi Functionalization of Graphene Produced via a Novel, Green Synthesis Method[END_REF] Non-covalent interactions have also been exploited to prepare hybrid materials combining graphene and different polymers [START_REF] Yu | Progress in the Functional Modification of Graphene/Graphene Oxide: A Review[END_REF] . The reason behind this interest is that the anchoring of polymers to graphene sheets can help to control their dispersion properties in chosen solvents.

Choi et al. [START_REF] Choi | Noncovalent Functionalization of Graphene with End-Functional Polymers[END_REF] have explored the dispersibility of amine-terminated polystyrene functionalized graphene in non solvents and have achieved stable dispersions, while Zu et al. [START_REF] Zu | Aqueous Dispersion of Graphene Sheets Stabilized by Pluronic Copolymers: Formation of Supramolecular Hydrogel[END_REF] have reported stable aqueous dispersions of graphene sheets by a triblock copolymer (PEO-b-PPO-b-PEO)

and the formation of hydrogels on its surface.

s-Tetrazines

s-Tetrazines have been studied in our group for the last twenty years [START_REF] Audebert | Synthesis of New Substituted Tetrazines: Electrochemical and Spectroscopic Properties[END_REF] . The s-tetrazine function is a six-member aromatic ring containing four nitrogen atoms in the 1, 2, 4, and 5 positions and two carbon atoms in the 3 and 6 positions of the ring, the latter providing sites for substituents [START_REF] Clavier | S-Tetrazines as Building Blocks for New Functional Molecules and Molecular Materials[END_REF] .

They are highly coloured, electroactive heterocycles and some of them are fluorescent.

Tetrazine electrochemistry

Tetrazines can be reversibly reduced in organic solvents due to their electron deficient character, accepting one electron to give an anion radical, very stable in the absence of acids.

Most of the tetrazine derivatives can accept a second electron, despite the fact that this process is not electrochemically reversible in standard conditions. However, interestingly, this latter process is chemically reversible (with the exception of dichlorotetrazine), as demonstrated by the cyclic voltammogram in Figure 1.6 [START_REF] Clavier | S-Tetrazines as Building Blocks for New Functional Molecules and Molecular Materials[END_REF] . 

Optical properties of tetrazines

Due to their weak n-π* transition located in the visible, tetrazines have a characteristic bright colour that varies from purple to orange and red. The position of the absorption band in the visible ranges from 510 to 540 nm and is weakly influenced by the nature of the substituents.

Tetrazines also present a second band in the UV region, corresponding to a π-π* transition whose position is strongly dependent on the substituents and correlates with their electrondonating or -withdrawing character [START_REF] Clavier | S-Tetrazines as Building Blocks for New Functional Molecules and Molecular Materials[END_REF] .

Many tetrazines are also fluorescent both in solution and in solid state. They are actually known to be the smallest organic fluorophores with the longest lifetime. In Figure 1.7, we can observe how their fluorescence varies and how it strongly depends on the nature of their substituents.

As a general rule, electron-withdrawing enough substituents are needed to obtain efficient emission. When the n orbital is the HOMO, noticeable fluorescence appears, and to some extent the higher the gap, the higher the quantum yield. Chlorine and alkoxy groups tend to be the substituents that promote the best the fluorescence properties of s-tetrazines. Most tetrazines also appear to be photostable with the exception of the dialkoxytetrazines [START_REF] Miomandre | 2,4,5-Tetrazines: An Intriguing Heterocycles Family with Outstanding Characteristics in the Field of Luminescence and Electrochemistry[END_REF] . In general, increasing the size of the substituent with introducing for example a benzene ring increases the tetrazine's stability. 

Reduced Graphene Oxide for energy storage

With the need to find innovative ways of producing and storing energy, graphene has been investigated for different applications varying from solar cells and photocatalysts to batteries and supercapacitors [START_REF] Wei | Graphene for Energy Solutions and Its Industrialization[END_REF] . The relationship between the different graphene properties and the energy solutions that they provide is shown in Scheme 1.14.

Graphene recently emerged as an alternative energy storage material [START_REF] Pumera | Graphene-Based Nanomaterials for Energy Storage[END_REF] with superior properties, such as low weight, chemical inertness and broad electrochemical window. Its conductivity and its large specific area (2630 m 2 g -1 ) make graphene attractive for battery and supercapacitor applications. The role of graphene in energy storage devices has already been largely explored either as an active material or as an inactive component for example in electrodes. As an active material graphene can host ions (such as Li + or Na + in metal-ion batteries) to store electrostatic charges on the electrode double-layer (as in electrochemical double-layer capacitors, EDLCs), or can function as a catalyst in metal-air batteries [START_REF] Raccichini | The Role of Graphene for Electrochemical Energy Storage[END_REF] . As an inactive component graphene has mostly served as a conducting agent without participating in the electrochemical reaction.

Scheme 1.14. Relationship between graphene properties and their applications in energy solutions. [START_REF] Wei | Graphene for Energy Solutions and Its Industrialization[END_REF] 

Graphene in lithium ion batteries

Graphene has recently been studied for its applications in lithium ion batteries for two different reasons: (a) because it can be used as an electron conductive additive for the cathode materials and (b) because it can improve the cathode electrochemical performance. The lack of ionic and electronic conductivity is often a problem that can affect the performance of a battery. Among the different additives that have been used lately graphene seems to be the best option because its crystalline structure increases conductivity and its large surface/ mass ratio makes the contact with the active material more efficient. As shown in Figure 1.9, some studies have reported up to 160% capacity improvement at 10 C discharge rate. It is important to note that only reduced graphene oxide is an interesting candidate for cathode materials as graphene oxide has a low conductivity because of the high amount of sp 2 hybridized carbons on the surface of graphene oxide.

Figure 1.9. Graphene as an electron conducting additive for lithium ion batteries [START_REF] Kucinskis | Graphene in Lithium Ion Battery Cathode Materials: A Review[END_REF] Concerning the cathode active materials that have mostly been used to fabricate graphene composites, LiFePO4 is the most common because of the need of enhancement of its low conductivity [START_REF] Wu | Composites of Graphene and LiFePO4 as Cathode Materials for Lithium-Ion Battery: A Mini-Review[END_REF] . As an example, Su et al. [START_REF] Su | Flexible and Planar Graphene Conductive Additives for Lithium-Ion Batteries[END_REF] reported the enhancement of the average potential and apparent enlargement of the discharge plateau when using graphene nanosheets, as compared to the case of the additive-free LiFePO4 cathode or the use of other traditional additives. The material showed higher specific capacity and better cycling performance than the no additive sample (Figure 1.10). 

Graphene in supercapacitors

An electrochemical capacitor is a device that stores electrical energy in the double layer that is formed at the interface between an electrolytic solution and an electronic conductor [START_REF] Winter | What Are Batteries, Fuel Cells, and Supercapacitors?[END_REF] . The difference with batteries is that the energy does not come from redox reactions but the energy is physically stored through the adsorption of ions on the surface of the electrodes. We can see from the Ragone plot in Figure 1.11 that batteries can store more energy but they cannot release energy quickly due to the relatively lower power density associated with the slowness of redox transformations. On the other hand, supercapacitors are able to store a large amount of charge which can be delivered at much higher power rates than rechargeable batteries. Therefore, the need for electrochemical energy storage devices that have both high power density and high energy density is nowadays crucial. Graphene is one of the few materials that can combine battery-supercapacitor properties [START_REF] Jang | Graphene Surface-Enabled Lithium Ion-Exchanging Cells: Next-Generation High-Power Energy Storage Devices[END_REF] .

Figure 1.11. Ragone plot for energy storage devices. [START_REF] Wei | Graphene for Energy Solutions and Its Industrialization[END_REF] The amount of charge stored in a capacitor is proportional to its specific surface and thus the high area/ mass ratio makes graphene an ideal candidate [START_REF] Brownson | Graphene Electrochemistry: An Overview of Potential Applications[END_REF] . However, in practice we have seen that graphene does not reach its theoretical potential concerning the capacitance values measured mostly because of restacking and decrease of its specific area [START_REF] Raccichini | The Role of Graphene for Electrochemical Energy Storage[END_REF] . This demands for modifications on its surface to achieve better efficiency in applications.

Ruoff [START_REF] Stoller | Graphene-Based Ultracapacitors[END_REF] was the first to measure the capacitance of chemically modified graphene (CMG)

shown in Figure 1.12a-b (SEM and TEM images respectively). They performed these measurements in a unit cell comprised of two porous carbon electrodes that were isolated from electrical contact by a porous separator. The surface aspect of the CMG particle electrode can be seen in Figure 1.12c. Metal foils were used as current collectors to conduct electrical current from each electrode. The separator and electrodes were impregnated with different electrolytes, that allow ionic current to flow between the electrodes while preventing self-discharge. The specific capacitances found from these measurements were 135 and 99 F/g in aqueous and organic electrolytes, respectively. Those promising results opened the path for future research in the supercapacitor field. Further research focused on enhancing the electrochemical properties of graphene by modifying its structure or morphology. Jang et al. [START_REF] Liu | Graphene-Based Supercapacitor with an Ultrahigh Energy Density[END_REF] achieved a specific capacitance up to 250 F/g at a high current density of 1 A/g by introducing a mesoporous graphene structure with a pore size of 2-25 nm. This mesoporous structure made of curved graphene nanosheets is more accessible to ionic liquid electrolytes and also prevents restacking.

Introducing materials with pseudocapacitance to graphene is also another way to increase its total capacitance. In pseudocapacitors, the presence in the active material of electroactive species such as oxygen-containing functional groups, conducting polymers or transition metal oxides enables to reach higher energy densities than in double-layer capacitors. A well-studied example is the insertion of MnO2 crystals or nanoparticles to prepare hybrid nanocomposites with graphene. Here, the pseudocapacitance of MnO2 is combined with the capacitance of graphene as an EDLC material.

Chen et al. [START_REF] Chen | Graphene Oxide-MnO2 Nanocomposites for Supercapacitors[END_REF] have reported the adsorption of Mn ions onto GO sheets and the nucleation and growth of the crystal species that leads to a nanocomposite material with the simultaneous exfoliation of GO. This leads to a nanomaterial with good electrochemical performance because of the chemical interaction between GO and MnO2, the properties of which were studied by cyclic voltammetry. Figure 1.13 shows the capacitive behaviour of the fabricated electrodes:

we can observe their rectangular and symmetric CVs for MnO2, while the composite material shows a more asymmetric CV due to the combination of pseudocapacitance and EDLC.

Comparing the capacitance of graphene with and without the MnO2 nanoparticles, we observe an increase of the capacitive current, especially when the MnO2 proportion is increased. Graphene/polymer nanocomposites are also very attractive for use in supercapacitors [START_REF] Gómez | Graphene-Conducting Polymer Nanocomposite as Novel Electrode for Supercapacitors[END_REF] . They tend to be beneficial for applications in portable electronic devices because they are flexible and their properties and capacity stay the same even after mechanical stress [START_REF] Pumera | Graphene-Based Nanomaterials for Energy Storage[END_REF] . Some of the polymers already used for these applications are polyaniline (PANi), polypyrrole (PPy), and poly(3,4-ethylenedioxythiophene) (PEDOT) due to their electrical conductivity, high pseudocapacitance, and low cost. Among the different conducting polymers that have been used for electrode materials, our group had previously worked with polypyrrole (PPy). The polymer was deposited on already chemically modified graphene sheets by electrochemical polymerisation.

In this approach, instead of starting with aggregated graphene oxide as previous methods, the graphene sheets were separated before the polymerisation by functionalization with tetrazine derivatives (Scheme 1.15). The specific capacitance was measured by cyclic voltammetry, electrochemical impedance spectroscopy and charge-discharge experiments achieving values up to 326 F/g at 0.5 A/g and 250 F/g at 2 A/g. Scheme 1.15. Comparing conventional and our method for synthesizing PPy/FGS20-Tz composites [START_REF] Li | Polypyrrole-Modified Graphene Sheet Nanocomposites as New Efficient Materials for Supercapacitors[END_REF] 

Reduced Graphene Oxide -Gold nanocomposite

Apart from the use of graphene as an energy storage material, it has been also widely used as a catalyst. Given its large specific surface area, two-dimensional structure, facile decoration and high adsorption capacity, graphene is an ideal candidate for heterogeneous catalysis [START_REF] Hu | Graphene-Based Nanomaterials for Catalysis[END_REF] . There have been recent advances in the area of catalysis, that have proven graphene can be an effective catalyst even on its own [START_REF] Primo | Graphenes in the Absence of Metals as Carbocatalysts for Selective Acetylene Hydrogenation and Alkene Hydrogenation[END_REF] . Its high chemical, thermal, optical and electrochemical stability can improve its lifetime as a catalyst [START_REF] Huang | Graphene Based Catalysts[END_REF] .

Having good electrical conductivity, it is an ideal material to test for electrocatalysis as a catalyst itself or in combination with other catalysts for a variety of reactions [START_REF] Li | Graphene and Their Hybrid Electrocatalysts for Water Splitting[END_REF][START_REF] Huang | Graphene Nanoarchitectonics: Recent Advances in Graphene-Based Electrocatalysts for Hydrogen Evolution Reaction[END_REF] . Noble metals nanoparticles have also been used as catalysts for years and their deposition on different carbon materials, including graphene is a proven method to enhance their activity due to better dispersion and enlargement of the specific area [START_REF] Giovanni | Doped Graphene Hybrids for Electrocatalysis[END_REF] . Their aggregation to bigger particles is also prevented and therefore they do not lose their nanoscale catalytic effect. It is also a way to improve the cost for future industrial applications as less active material will be used to prepare the composite. For all the above reasons, graphene/NPs composites have already been tested

for a variety of reactions.

Methanol oxidation is a reaction that have been studied recently for its application in Direct Methanol Fuel Cells (DMFC) which is a rapidly emerging clean energy technology that enables the direct conversion of the chemical energy stored in methanol fuel to electricity [START_REF] Kamarudin | Overview on the Application of Direct Methanol Fuel Cell (DMFC) for Portable Electronic Devices[END_REF] . The use of Au/graphene composites as a catalyst for this reaction has already been widely studied [START_REF] Mao | Confining Gold Nanoclusters in Highly Defective Graphitic Layers To Enhance the Methanol Electrooxidation Reaction[END_REF] .

Choi et al. [START_REF] Choi | Graphene Multilayer Supported Gold Nanoparticles for Efficient Electrocatalysts Toward Methanol Oxidation[END_REF] have reported the preparation of thin films for methanol oxidation by integrating electroactive gold NPs to graphene by layer-by-layer assembly through the electrostatic interactions between the graphene sheets and the AuNPs suspensions (Scheme 1.16). Positively charged 4-dimethylaminopyridinium (DMAP) coated Au NPs and negatively charged graphene oxide (GO) nanosheets are assembled on an ITO-coated glass. The layer-by-layer assembly can help control the amount of Au NPs on the graphene sheet and enhance their stability.They investigated the electrocatalytic activity of the prepared thin film electrode by cyclic voltammetry with and without methanol in an alkaline electrolyte to find out that the electrocatalytic response is highly tunable with respect to the number of bilayers and the thermal treatment.

Scheme 1.16. Schematic representation of layer-by-layer (LbL) assembled (Au/GO) n multilayer thin fi lm for methanol oxidation [START_REF] Choi | Graphene Multilayer Supported Gold Nanoparticles for Efficient Electrocatalysts Toward Methanol Oxidation[END_REF] Gold Nanoclusters (AuNCs) have also been incorporated into graphene recently. Their high specific area is making them appealing for catalysis [START_REF] Yadav | Enhanced Methanol Electro-Oxidation Activity of Nanoclustered Gold[END_REF][START_REF] Bond | Chemisorption and Reactions of Small Molecules on Small Gold Particles[END_REF] . Their insertion to RGO has already been reported by Wang et al. [START_REF] Wang | Hybrid Nanomaterials Based on Graphene and Gold Nanoclusters for Efficient Electrocatalytic Reduction of Oxygen[END_REF] who studied its activity as a catalyst in the oxygen reaction reduction (ORR). The electrocatalytic activity was examined by rotating ring disk electrode (RRDE) measurements and as it can be seen in Figure 1.14: cathodic currents appear from 0.5 V to 0.7 V indicating the successful oxygen reduction. This hybrid material showed the best performance at 50% AuNCs mass loading, being more efficient than separated AuNCs and RGO. 

Goals and Organization of this thesis

This research work aims to further investigate reduced graphene oxide functionalization in order to enhance its properties while keeping its original sp 2 hybridized structure as intact as possible. While some previous studies have focused on introducing functions to graphene to prevent its sheets from πstacking through van der Waals interactions, this work goes further and tries to insert molecules or compounds within the graphene structure that will also add new properties to the pristine material.

The molecules that were selected to be studied for graphene functionalization are derivatives of s-tetrazines, which are already known for their reactivity with graphene in inverse demand Diels-Alder reaction. For this research, we chose more complex derivatives having for example different anchoring functions and active redox units. Firstly, a heptazine molecule with three tetrazine arms available for grafting was selected to open new paths for graphene in photocatalysis (Chapter 2). Then, the reactivity of the less commonly studied H-ended tetrazines was investigated (Chapter 3), opening the route toward a trifunctional tetrazine (Chapter 4) derivative that was targeted to increase graphene capacitance. The unique electrochemical behaviour of the tetrazines molecules in general was a big part of this investigation and played an important role in understanding how the functionalization works.

Finally, the insertion of gold nanoclusters on graphene sheets (Chapter 5) was explored as another way to enhance the catalytic properties this time. This approach was aiming to prepare a nanocomposite material to be tested in electrocatalysis.

CHAPTER 2: Functionalization of reduced graphene oxide by a heptazine ring bearing three tetrazine-functionalized arms

Introduction

Heptazines are high-nitrogen-content aromatic compounds with a ratio C/N equal to 0,85 with remarkable optical and electrochemical properties 1 . Their high electron deficiency actually situates them between triazines 2 and tetrazines 3 , the two most widespread classes of related widely studied nitrogen-rich heterocycles; in regard with these families, heptazines have yet received surprisingly much less attention. S-heptazines unlike their parent molecules stetrazines have a large HOMO-LUMO gap, which makes them ideal candidates for photocatalysis 4 . They are also fluorescent because of their benzene-type aromaticity.

Scheme 2.1. Generic structure of heptazines

On the other hand, chloroalkoxytetrazines have already shown their reactivity in inverse electron demand Diels-Alder with some model molecules 5 and have been grafted before on the surface of graphene by our group 6 , so we already had an idea about their reactivity and the protocol to follow. It is important to note that besides their already mentioned potential reactivity, chloroalkoxytetrazines also present intense yellow fluorescence with a relatively good yield.

This time, we decided to study a more complex system that could integrate a heptazine core on the surface of reduced graphene oxide. The molecule that we chose to study has an alkoxyheptazine core in the center and at its edges three chloroalkoxytetrazine moieties are grafted to the heptazine core. In the following we describe the synthesis of HpTz (Figure 2.1), the first molecule to possess a heptazine center with attached tetrazine-bearing arms.

This type of functionalization would be beneficial for a variety of different applications. The heptazine part remaining active after functionalization offers a potential for photocatalysis applications. We also have to consider the fact that not all three tetrazines might react by inverse Diels-Alder with graphene and some of them might stay electrochemically active after functionalization which could be useful for energy storage. Functionalizing graphene with this complex molecule can also help with keeping its sheets separated and prevent restacking. The three tetrazine arms are all active sites for grafting and reacting them with two or three separate sheets may enable a kind of crosslinking increasing their specific surface. The synthetic scheme is straightforward, and benefits from the possibility to substitute with reasonable ease primary alcohols on tris-(diethylpyrazolyl)-heptazine, as it has already been demonstrated by our group earlier on 1 . In the presence of a large excess of 1,6-hexanediol, three successive nucleophilic aromatic substitution steps occur with an average yield in the 30-35% range, along with two side products (also of interest, while not in the direction envisioned here), in lower yields, as represented in Figure 2.2. It can be noticed that only traces of the monosubstitution product is produced in these conditions. This is quite sufficient for preparing a reasonable amount of the dyad precursors, especially given the availability of the TDPH heptazine precursor. The heptazine functionalization with tetrazines takes place easily, in conditions similar to those already used by our group in analogous examples 4,7 .

Graphene functionalization with HpTz

The functionalization of two different types of graphene, FGS13 and commercial graphene, was performed using the same protocol described before by our lab 8 . More precisely, 10 mg of graphene were dispersed in 10 ml of dichloroethane using an ultrasonication horn. Then, 60 mg of HpTz were diluted in 6 ml of acetonitrile and added to the graphene dispersion. The mixture reacted in a microwave vessel for 1 hour at 120°C. After reaction, the graphene powder was washed and then dried using a vacuum pump. The material was then dispersed in dichloromethane at a concentration of 1 mg/ml and deposited on ITO plates for XPS and electrochemistry characterization. The surface of the deposition was 10 x 10 mm on a ITO substrate of 10 x 30 mm. The electrochemistry measurements were performed using an Ag/Ag + reference and a platinum wire as counter electrode. The Raman measurements were performed by depositing the mixture on a glass substrate.

Results and discussion

Optical properties and electrochemistry of the molecule

The absorption spectra of both precursor 2 and the HpTz (Figure 2.3) present similar features for the heptazine ring with a strong absorption band in the UV (272 nm, ε = 16000 M -1 .cm -1 ) and a tail that extends up to 350 nm for 2. However, in the spectrum of HpTz the characteristic bands of the chloroalkoxytetrazine rings (340, 530 nm) 3,7 are clearly superimposed. On the other hand, while the fluorescence spectrum of 2 is typical of the already investigated trialkoxyheptazines 4 , the fluorescence spectrum of HpTz (Figure 2.3b) does not show any emission band of the heptazine ring. Only the emission bands of the tetrazine rings (which seem to emit independently, as already noticed in other multiple rings tetrazines 9,10 ) are visible. This is in accordance with a complete energy transfer from the heptazine to the tetrazine, as already reported for naphthalimide-functionalized tetrazines 3 . The electrochemical response of HpTz is shown in figure 2.4. We can firstly observe the reversible reduction of the three tetrazine rings at the same potential in a single redox peak and, at more negative potentials and secondly the one electron reduction of the heptazine moiety around -2V as previously observed for parent molecules 4 . It is noticeable that the first reduction of HpTz which can be assigned to the tetrazine terminal rings occurs at nearly the same potential as the parent chloroethoxytetrazine 3 (Figure 2.5), i.e. ca. -0.7 V vs. Ag + /Ag. However, some slight differences appear like a broader reduction peak and a larger peak to peak separation, the latter being assigned to a more sluggish electron transfer in the case of HpTz compared to simple chloroalkoxytetrazines, which is expected for a multi-electron reduction. Then, we focused on the tetrazine reduction in HpTz and more specifically to the assignment of the number of Tz units involved in the reduction peak present at around -0.7 V. As the peak happens at the same potential range with the parent molecule chloroethoxytetrazine, they can easily be compared knowing that at the reduction of chloroethoxytetrazine there is only one tetrazine involved. where n is the number of electrons exchanged, D is the diffusion coefficient, R is the molecule radius and α is the slope of the current vs. square root of scan rate relationship (Randles-Sevcik slope). Based on the optimized geometry of the molecules after running molecular motion and energy minimization (see figure 2.6), the radius ratio (measured as HpTz over reference) can be estimated to ca. 2.6. Next step was to perform cyclic voltammetry measurements for the two molecules on the area of potentials where the reduction peak of the tetrazine moiety is present at different scan rates, so that we can extract the Randles plot for each molecule (Figure 2.7). The measurements were performed under the same conditions and using the same working electrode for better accuracy.

Thus, we were able to measure the Ip for each scan rate for the two molecules and draw their Randles plot, respectively (Figure 2.8). As it was expected the plot is linear for both molecules, confirming the reversibility of the tetrazine moiety reduction. By linear fit, we calculated the curves for both molecules and we found Randles slopes ratio 𝛼 𝛼 𝑟𝑒𝑓 to be equal to 1.67.

By equation (1), this leads to a final value for the ratio n/nref equal to 2.6, confirming that the three tetrazine rings are actually all involved in the first reduction step. Finally, the tetrazine ring is also expected to be present on the surface of the functionalized material, because of the unreacted moieties that stay present after functionalization. It would be unlikely that all three tetrazine arms have reacted by Diels-Alder and form pyridazine moieties, so we expect to find its signal still present. According to previous studies the tetrazine signal is assigned to the peak at 401 eV 13,14 , a contribution that also appears on FGS13-HpTz. This leads us to the conclusion that some of the tetrazine arms of the molecule have remained unreacted.

From these results, we cannot conclude whether or not the reaction that occurs between the graphene and the HpTz is cycloaddition by Diels-Alder or whether the grafting is actually depended to more likely physical forces, like wan der Waals interactions.

When examining the carbon signal (Figure 2.8c), we observe a dominant contribution at around 284.7 eV that corresponds to the sp 2 and sp 3 aromatic carbons of graphene. We can also observe an important contribution at 287.1 eV coming from the C=O bond and the carboxyl functional groups at 288.8 eV, which agrees with previous spectroscopy measurements on graphene oxide 15 . Epoxy rings, hydroxyl and carboxyl functions are expected to be present on the FGS13 structure because of its oxygen content (C/O = 13). The higher contribution at 290.5 eV possibly comes from more oxidized groups such as the carbon atoms in the tetrazine ring (O-C=N) which are the most oxidized ones and thus lead to the highest energy band 6 . This contribution is another indication of the presence of the tetrazine moiety on the functionalized material and a sign of successful insertion. 

. Atomic compositions of SA before and after functionalization with HpTz

When looking closely to the elemental response in XPS (Figure 2.11), it can be observed that the nitrogen signal splits into the same two components as with FGS13 functionalized by HpTz.

The only difference is that this time the two contributions are of similar weight.

Concerning the C1s signal, the main contribution comes from the graphenic structure through C-C, C-H and C=C at 284.4 and 284.7 eV. This is clear since these C signals are already present in the non-functionalized graphene. More oxidized functions are found, especially a relatively high content of C=N visible at 286 eV. The contribution of the heptazine core can be observed through the signal at 287.9 eV assigned to the tri-nitrogen substituted carbon atoms 12 . Finally, the signals at higher energies (289-291 eV) correspond to more oxidized carbons like O-C=N (and Cl-C=N) which can be found in the tetrazine and heptazine rings. The percentages of the different contributions are shown in Table 2.3.

Figure 2.11. High resolution XPS spectra of (C1s), N(1s) and Cl(2p) for SA-HpTz

The nitrogen content in the overall material was also measured by elemental analysis (table 2.4). These measurements were performed in commercial graphene (SA) before and after functionalization. The difference between XPS and elemental analysis is that while the XPS targets specific areas on the surface of a deposited sample, elemental analysis measures the amount of each element on the totality of the sample in powder form. As expected, this amount is lower than the one measured by XPS, showing that the insertion of HpTz is not homogeneous in the material bulk with a higher amount close to the surface of graphene flakes. This results means that whatever the reaction mechanism, the edges of graphene seem to have higher reactivity than its center. 

Element

Electrochemistry of the functionalized material

The functionalized material deposited on ITO was used as a working electrode in order to measure its electrochemical properties. Figure 2.12 shows the electrochemical characterization of reduced graphene oxide (FGS13) after functionalization by HpTz. The reversible signal clearly visible at -0.85 V can be assigned to the tetrazine units, overlaid with a capacitive background current due to the graphene structure. When pushing the potential further towards more negative values a new peak appears at -1.7 V corresponding to the reduction of the heptazine core (Figure 2.13). No reoxidation peak is visible during the back scan and more interestingly the redox signal due to the tetrazine units vanishes as well. Indeed, the full four electron reduction of HpTz in the functionalized material leads to its dispersion from the electrode surface to the electrolyte solution (also visible at naked eye). This explains the strong decrease of current observed on the following cycles.

By integration of the peak corresponding to the tetrazine reduction, we can calculate the total charge corresponding to its reduction. As we can see in Figure 2.12b, the charge is about 0,4 charge is about 4.10 -9 moles. We can compare this result with the number of moles calculated from the percentage of nitrogen from XPS. From the XPS measurements, we found that the nitrogen amount on the functionalized material is 2,3%. The number of the tetrazine moles can by estimated for this percentage by dividing with the molecular weight of nitrogen and then with number of nitrogen atoms presented in the molecule. This leads as to the following equation:

𝑛𝐻𝑝𝑇𝑧 = 0,023 12/19 𝑝𝑒𝑟𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 𝑚𝑎𝑠𝑠(𝑔)
This calculation leads us to an estimation of 100 nmol of HpTz per mg of graphene. Knowing that the mass of graphene we have deposited on ITO to perform the cyclic voltammetry in Figure 2.12 is 30 μg, we can calculate from Faraday's law the number of tetrazine moles which is about 43 nmol per mg of graphene. Thus, we can conclude that the electrochemistry measurements are in agreement with XPS. 

Raman spectroscopy of the functionalized material

Raman spectroscopy has been used to determine the amount of defects on different carbonaeous materials and subsequently on graphene. As it was already established grafting molecules on the surface of graphene tends to increase the amount of defects on its surface based on the studies we performed on the ratio of the intensities of the D and G bands before and after functionalization. Naturally, we were interested in identifying the presence of these two bands on our samples. Firstly, we performed Raman spectroscopy on the commercial graphene (SA) with no heptazine grafted. Both bands are present on the material grafted with HpTz, so the same study was performed in this case. However, this time we found that the material actually presents less defects after grafting the molecule. To better examine this result we performed Raman mesurements in different areas of the materials, a total of about 40 points for each one and plotted two separate box plots showing the apportionnement of the D/G ratio in different areas (Figure 2.14). As we can remark, the median of the initial graphene sample appears higher than the the one of the material SA-HpTz.

This result is a strong indication that the heptazine is not chemically linked to graphene after reaction. With the XPS and electrochemistry data confirming its presence on the functionalized material, this lead us to believe that a non-covalent grafting takes place this time, possibly a physical interaction between the molecule and graphene by van der Waals forces. It is important to note that this is the case for both FGS13 and commercial graphene, even though the difference on FGS13 appears smaller. This could mean that the functionalization with HpTz does not interfere with the aromatic structure of graphene with the creation of new defects, but the molecule remains attached to the edges of the sheets. 

Conclusions

In this chapter, we described the successful functionalization of graphene with a new molecule, an heptazine with three chloroalkoxytetrazine arms synthetized in our lab for the first time. We were able to characterize the molecule by electrochemistry and prove by comparing with a model compound that all three tetrazines are electrochemically active. Then, graphene functionalization was achieved by this heptazine and was confirmed by XPS and elemental analysis. The tetrazine arms remained electrochemically active after functionalization as it was confirmed by cyclic voltammetry of the modified material. This result is promising for future applications as an energy storage material, as the redox potential of the tetrazine could add to graphene's capacitance. The presence of the heptazine core, also, on the final material could lead to interesting photocatalysis applications.

Finally, Raman spectroscopy gave us important information concerning the reaction mechanism between the heptazine and graphene. The decrease of defects on the surface of graphene makes us believe that this type we have a physical type of grafting and not chemical as it was the case with other chloroalkoxytetrazines. The mechanism seems to be the same both for FGS13 and commercial graphene, even though FGS13 has a lot more oxygen functions on its surface. It will be interesting to test the reactivity of the molecule with graphene oxide to see if the mechanism remains the same or this time nucleophilic substitution is prioritized.

CHAPTER 3: Functionalization of Graphene Sheets with 3,6-bis(2pyridyl)-1,2,4,5-tetrazine or 3-(pyridin-2-y1)-1,2,4,5-tetrazine by Diels-Alder Reaction

Introduction

Among the various applications graphene has been studied for, one of the most common is as a catalyst. 1 Its high specific area makes it an interesting candidate either as a catalyst itself or as substrate for metals and other nanomaterials. Due to its conjugated structure graphene presents large adsorption capacity and superior electron mobility. One issue to overcome with graphene as a catalyst is that its band gap is close to zero which makes its activity limited 2 . A solution is to dope graphene with heteroatoms such as nitrogen to form more active sites by tuning their band gaps. Such doping can be achieved either by in situ growth 3 during graphene preparation or post treatment through functionalization 4,5 .

Functionalization of graphene sheets is of crucial importance for their applications. Chemical functionalization of graphene sheets prevents the agglomeration of graphene layers and, if well controlled, may maintain the inherent properties of graphene sheets, which is a crucial point for applications. Indeed, pristine graphene with a high specific surface area tends to lose its superior property due to irreversible agglomeration and even restack to graphite form through π-stacking and van der Waals interactions if the layers of graphene sheets are not well separated. 6,7 Even though it is known thermodynamically very stable, graphene is still able to participate in a variety of chemical reactions. 8 It is acknowledged that introducing functional groups onto the graphene surface decreases the electrical conductivity and surface area of functionalized graphene compared to pure graphene. Therefore, in research and industrial applications, wellcontrolled functionalization of graphene sheets, without affecting too much its conductivity and aromatic structure is essential.

Our group has recently demonstrated the high reactivity of some tetrazine derivatives in the inverse electron demand Diels-Alder (DAinv) reaction either on model aromatic molecules 11 as shown in Scheme 3.1 or on highly reduced graphene oxide. 12 Among tetrazine derivatives likely to react efficiently with graphene, the pyridine substituted ones are of special interest since they can lead to the formation of conjugated pyridine-pyridazine functions directly on the graphene sheets. Besides, our group has reported that after functionalization with these pyridinepyridazine units, graphene shows better performance in supercapacitor application. As already mentioned graphene can be an efficient catalyst if doped with nitrogen and one reaction that has been already studied for that purpose is the oxygen reduction reaction (ORR) 13- 15 or the oxygen evolution reaction (OER) 16 . Beyond nitrogen doping, we can introduce nitrogen-rich functions on reduced graphene oxide sheets like pyridine 17 by taking advantage of the epoxy group or hydroxyl group that exist on the surface of graphene (Scheme 3.2a).

Pyridine-functionalized reduced graphene oxide has shown better catalytic activity than simply N-doped graphene oxide. Thus comes the interest to introduce to graphene even more nitrogenrich functions like pyridazine that have not been tested for that purpose so far. Moreover, the presence of such nitrogen rich units on the surface of graphene sheets is also beneficial for catalysis applications because of their ability to promote efficient complexation of metallic cations, such as silver or copper, which are also very efficient catalysts for ORR. 18 In a previous work by our group it was already shown that pyridine-pyridazine units on the surface of graphene had a positive effect on the growth of metallic nanoparticles by electrodeposition (Scheme 3.2b).

Scheme 3.2. a) Pyridine-functionalized graphene oxide as an electrocatalyst for ORR 17 . b) Functionalization of graphene sheets by pyridine-pyridazine units (step 1) followed by electroreduction of a metallic salt to generate metallic nanoparticles 18 . Reproduced from literature

Within the large family of tetrazine derivatives, the monosubstituted asymmetrical ones (i.e.

those bearing one hydrogen atom on the ring) have been much less explored since their synthesis was not straightforward, compared to the preparation of symmetrical disubstituted tetrazines. The topic was first investigated successfully by Yang et al. 19 and recently renewed by the discovery of original protocols by our group 20 . 

Goals and layout in this chapter

This chapter aims to study the efficiency of graphene functionalization by 3-(pyridin-2-yl)-1,2,4,5-tetrazine using inverse demand Diels-Alder reaction in comparison with the symmetrical 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine. XPS has already been performed for the same mass ratio of the starting compounds from previous PhD student Yahdi Bin Rus. In our case, we will compare the reactivity of each tetrazine by conducting experiments with the same molar ratio for each tetrazine to verify the trend revealed from XPS. The strategy followed to achieve this goal was the following: a) Perform the functionalization of FGS13 by the two different molecules using the same number of moles for each tetrazine following a previously established protocol by our group b) Perform elemental analysis to estimate the amount of nitrogen in both cases. This result will be compared with the XPS results from previous work

The outcome of this work will lead to new applications of functionalized graphene in electrocatalysis.

Experimental section

Synthesis of 3-(pyridin-2-yl)-1,2,4,5-tetrazine (PyTz)

2-Cyanopyridine (2 mmol), CH2Cl2 (2 mmol, 126 μl), sulfur (4 mmol, 126 mg) and ethanol (2 ml) were mixed together in a 30 mL microwave reaction tube. Hydrazine monohydrate (16 mmol, 0.8 ml) was added slowly with stirring afterward. The vessel was sealed and the reaction mixture was heated to 50 °C for 24 h. Then 10 mL of CH2Cl2 and sodium nitrite (20 mmol, 1.38 g) in 20 mL of H2O were added to the mixture. Acetic acid (40 mmol, 2.28 mL) was then added slowly, during which the solution turned bright red. The reaction mixture was extracted dichloromethane. The organic phase was dried over anhydrous magnesium sulfate (MgSO4), filtered, and evaporated under reduced pressure. The resulting residue was purified using silica gel chromatography. A red crystalline solid was obtained after silica column chromatography (Petroleum ether:EtOAc = 1:1) (138 mg, yield: 43%).

Functionalization of FGS13 by PyTz and BPyTz

10 mg of FGS13 were dispersed in a mixture of dichloroethane (10 mL) and acetonitrile (6 mL) by ultrasonication (ultrasonic probe, power 35%) for 30 minutes in an ice bath to keep the temperature low. Then, BpyTz or PyTz was added to the mixture in a glass microwave vessel (30 mL). The reaction is microwave assisted and takes place at 120 °C for 1 hour under stirring (600 rpm). In the first few minutes of reaction, the temperature is controlled to raise step by step from 60°C to 120°C (20°C/3 min), and then kept at 120°C for the remaining 51 minutes.

After reaction, the graphene was washed with dichloromethane until the supernatant becomes colourless to remove the unreacted tetrazine. Then, the solvent was eliminated by drying the graphene with a vacuum pump. The final material in powder form was stored for further characterization.

Characterization techniques

X-Ray Photoelectron Spectroscopy (XPS) measurements were conducted with K-α+ ThermoFisher Scientific apparatus (Al Kα microfocused monochromator) at ITODYS, Université Paris Cité.

Elemental analysis was performed in an elemental analyst Flash EA 1112 series Thermo Finnigan conducted by Eager Xperience software at Spectropole, Université Aix-Marseille.

Results and Discussion

Stability of graphene dispersions

The first evidence of the successful covalent functionalization of graphene by either BpyTz or PyTz was obtained from visual inspection of the dispersions behaviour before and after reaction. A higher amount of functional groups on the surface of graphene can lead to better and more stable dispersions during the course of time. As a highly reduced graphene oxide, with a ratio C/O of 13, pristine FGS13 is usually difficult to disperse in solution, even in organic solvent, due to strong π-stacking between graphene sheets. 

X-ray Photoelectron spectroscopy (XPS)

As already mentioned XPS has already been performed by our group to prove the covalent anchoring of functional groups on the graphene surface. The as-prepared FGS-Bpp, FGS-2Bpp, FGS-Pp, and FGS-2Pp were characterized by XPS to analyse the elemental compositions of their surface. Figure 3.2a shows the XPS wide-scan spectra of each functionalized graphene.

The peaks of elements C, N, O are present at 284.1, 399.1, and 533.1 eV, respectively, which is consistent with previous investigations 12,18 .

The presence of nitrogen-containing functions on the surface of graphene after functionalization by DAinv is attested by the presence of a nitrogen signal in all spectra. The position and shape of the N(1s) signal are similar in all samples (Figure 3.2b), confirming that the incorporated functions on graphene sheets are the same. A previous study demonstrated the formation of pyridazine units resulting from cycloaddition of the tetrazine ring on graphene followed by reoxidation 12 . The aromatic nitrogen atoms of both pyridine and pyridazine moieties contribute to the main signal located slightly above 399 eV, while the higher energy nitrogen signal (401.5

eV) is likely to be due to oxidized pyridinic units 22 or unreacted tetrazine 23 . fact that Pp has one nitrogen less that Bpp. These results demonstrate that even when using the same amount of tetrazine derivative, PyTz introduced more nitrogen-rich functions onto the graphene surface than BpyTz.

As expected, the percentage of N atoms in FGS-2Bpp and FGS-2Pp is higher than in FGS-Bpp and FGS-Pp, respectively, but only by 16% in the case of Bpp, while it is raised by 68% in the case Pp. This modification of the atomic composition is due to the difference in the amount of tetrazine (BpyTz or PyTz) used in the reaction mixture for graphene functionalization, but the same ratio in the starting compound mixture does not lead to the same amount of N in the functionalized material. 

FGS13-Bpp

Elemental Analysis (EA)

In order to further investigate these results, we proceeded to the elemental analysis of two of functionalized materials: FGS-Bpp and FGS-Pp as shown in Table 3.2. Both samples were prepared by using the same number of moles of tetrazine. Contrarily to XPS which reflects only the surface composition, EA discloses the actual composition of the bulk material. Even though containing one nitrogen less in the starting compound, FGS-Pp is twice more nitrogen rich after graphene functionalization than FGS-Bpp for the same molar ratio and experimental conditions. 

FGS13-Bpp

. Atomic composition of functionalized graphene from elemental analysis

All the above results lead us to believe that the functionalization was successful for both cases and we can postulate the formation of pyridine-pyridazine units in FGS-Pp (Scheme 3.4). By comparing the two materials prepared with the same amount of tetrazine, we can conclude that the PyTz is more reactive to the inverse demand Diels-Alder with graphene than its disubstituted counterpart BPyTz. 

Conclusion

The functionalization of FGS13 sheets with both tetrazine derivatives, 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine or 3-(pyridin-2-y1)-1,2,4,5-tetrazine was achieved by cycloaddition taking advantage of their reactivity in the Diels-Alder reaction. A significantly better grafting efficiency was observed for the monosubstituted tetrazine derivative. The amount of nitrogen in the functionalized graphene is higher for 3-(pyridin-2-y1)-1,2,4,5-tetrazine, even though the molecular compounds has one nitrogen less than its disubstituted counterpart. This result was confirmed both by XPS and elemental analysis and led to the conclusion that H-substituted tetrazines could be better candidates to introduce Ag nanoparticles for electrocatalysis. We could also imagine synthetizing more complex H-substituted tetrazines to functionalize graphene with. This idea will be further investigated in Chapter 4.

CHAPTER 4: Functionalization and crosslinking of reduced graphene oxide sheets by multiple tetrazine units for supercapacitors

Introduction

Graphene has been largely studied the last fifteen years and has led to a plethora of applications in various fields as sensors, electronics and so on 1 . It has been envisioned as a very promising energy storage material in batteries 2 and supercapacitors 3 .

A supercapacitor 4 stores energy that is generated not from redox reactions but from the formation of an electrical double layer at the interface between an electrolytic solution and the electrode. Energy can be also stored in the form of electron transfer between the electrolyte and the electrode by fast Faradaic redox reactions and in this case the material is called a pseudocapacitor. Graphene is a material with high specific area, good conductivity and important energy and power density. These factors make graphene a good candidate for supercapacitors applications, mostly to be used as an electrode, both as a double layer capacitor and a pseudocapacitor. Combining these two types of energy storage on graphene could lead to hybrid capacitors with new interesting properties. The main issue, we have to overcome when envisioning such application is the restacking of the graphene sheets which significantly decreases its specific area and therefore its capacity.

Functionalization of graphene sheets is thus crucial for that aim 5 . Chemical functionalization of graphene sheets may prevent the agglomeration of graphene layers and, if well controlled, maintain the inherent properties of graphene, which is highly desired for applications. If one considers covalent grafting, most of the work in the literature relies on the functionalization of graphene oxide since it intrinsically contains a high number of organic functions. A reductive post-treatment is usually required to get a final material conductive enough to be used as an electrode.

An alternative route consists in starting directly with a highly reduced graphene oxide which contains less defects and to introduce the new functions by using reactive species or cycloaddition among which Diels-Alder reactions take a large place. As it was discussed in Chapter 3, tetrazines have proven their efficiency in inverse demand Diels Alder (iDAr) reactions 6 .

In view of using the final graphene based composite as a charge storage material to be used in batteries or supercaps, people have focused their strategy on introducing either redox-active groups or redox-active electrolytes. Different molecules have been tested over the years to enhance the properties of graphene, the so called redox active small organic molecules (RASOMs). Among the different RASOMs that have been used to functionalize graphene, the most common ones are the quinones, pyridine and organic sulphur and nitrogen oxide compounds 9 . The redox potential of these molecules is easily controlled and combining it with take graphene's conductivity and high specific area they can become good candidates for supercapacitor applications. They can be grafted to graphene by already studied organic reactions and their redox capacitance is added to graphene's double layer capacitance and improves its performance.

Redox active molecules have also been widely incorporated to graphene to enable its use in electrocatalysis 10 . Ferrocene has been incorporated to graphene to prepare a nanoelectronic device able to detect H2O2 (Scheme 4.2). In this case, ferrocene acts a meditator that facilitates the electrical communication between the target molecule and the electrode. This way the electron transport is improved, along with the active surface and the oxidation of H2O2 can be successfully studied.

Scheme 4.2. Schematic illustration of the preparation of ferrocene functionalized graphene sheets. 10 Finally, de Sousa et al (2019) 11 have incorporated metal complexes to graphene through diazonium coupling, one of the most common techniques to functionalize graphene.

Introducing redox active groups on highly reduced graphene oxide through cycloaddition is much more scarce with a few examples relying on the diazonium derivatization. Kibena et al (2014) 12 reported the covalent grafting of anthraquinone on CVD-grown graphene by using the reduction of aryl diazonium salts.

If one comes back to the use of tetrazine as an efficient reagent in iDAr as we discussed in Chapter 3, unfortunately its transformation into pyridazine once grafted leads to the loss of the redox-active property. Therefore, we had the idea of proposing a compound containing both tetrazine moieties to be grafted on reduced graphene oxide through iDAr and others remaining unreacted and thus still redox-active in the final material. Moreover, it was demonstrated in Chapter 3 that hydrogen terminated tetrazines are more reactive in iDAr than carbon substituted ones and therefore more easily incorporated into reduced graphene oxide. The compound Tz1 (Scheme 4) below answers all these queries and offers the possibility of a double-end grafting which has proven to be efficient for bridging graphene oxide sheets in the case of a parent compound reacting by nucleophilic substitution as shown in Scheme 4.3. 13 This approach formerly developed by our group has helped to successfully prevent the restacking of the graphene sheets, but lacked potential for electrochemical application due to the graphene oxide insulating nature. Nevertheless, this cross-linking strategy has been proven an efficient way to enhance the charge storage ability of the material through a large increase of the specific area. 14 Unfortunately, the nucleophilic substitution route requires the presence of oxygen rich functions on graphene which is detrimental for the material conductivity. Using iDAr and the bridging strategy opens the way of keeping the conductivity at a high level, increasing the specific area, while introducing redox active functions in the bridging unit for an enhanced storage (Scheme 4.4).

Scheme 4.3. Scheme of covalent modification of graphene oxide (FGS2) sheets with a bifunctional tetrazine and the formation of bridges separating them 13

Scheme 4.4. Representation of Tz1 compound with three functional groups and the surface morphology we are aspiring to achieve

Goals and layout of this chapter

In this chapter, we describe the synthesis and electrochemical properties of this new tetrazine derivative Tz1 (see scheme 4.5) on one hand and its covalent grafting on reduced graphene oxide as well as the properties of the resulting nanomaterial on the other hand. For comparison sake, another compound Tz2 (Scheme 4.5) containing the same hydrogen ended tetrazine fragment for cycloaddition but no tetrazine in the resulting material will be investigated at the same time.

Scheme 4.5. Chemical formulas of the two hydrogen ended tetrazine derivatives that will be investigated

To investigate the effect of the functionalization on energy storage we followed three steps: a) Study of the electrochemical behaviour of the two molecules that we will use to functionalize graphene (Tz1 and Tz2); b) cycloaddition of graphene and characterization of the final material; c) measurement of the material's capacitance

Experimental

Synthesis of Tz1

The target compound Tz1 is obtained in one step by reaction with dichlorotetrazine which is now commercially available with a final yield of 10%. The synthesis was done by Elise Michel in PPSM laboratory.

The protocol is the following: 669 mg (3.55 mmol) of phenylmethanol tetrazine (TzOH) and 298 mg (1.78 mmol) of 3,6-dichloro-s-tetrazine (TzCl2) are dissolved in 3 mL of dry dichloromethane under argon atmosphere. Then 431 mg (3.55 mmol) of collidine are added and the mixture is stirred for 4 h. 869 mg (7.11 mmol) of dimethylaminopyridine (DMAP) are then added in the reaction medium and the mixture is stirred overnight.

Synthesis of Tz2

The synthesis of Tz2 has already been described by our group in a previous paper. 15

Functionalization of reduced graphene oxide

Two different types of graphene were chosen to be studied for functionalization. The first was FGS13, previously mentioned in Chapter 2 with a C/O ratio of around 13. The second one, was a commercially available graphene provided by Sigma Aldrich and containing at least 95% of carbon and 4% maximum in oxygen (CAS number 1034343-98-0), which means that it is slightly more reduced than FGS13. The reaction procedure is microwave assisted as it has been described in Chapter 3. In this chapter different proportions of graphene and tetrazine were tested as well as different reaction temperatures. The final product was dried and stored in powder form and then redispersed in dichloromethane for different analyses.

Preparation of graphene-PVDF composite

Polyvinylidene fluoride (PVDF) was used as a binder to facilitate graphene's deposition and adhesion on two different types of electrodes (glassy carbon and ITO) and to measure its capacitance before and after functionalization. The protocole that we used was described before as PVDF 16 is a well-known binder for carboneous materials. Briefly the procedure that we followed is following: a certain amount of graphene was dispersed in N-methyl-2-pyrrolidone (NMP) by ultrasonication for 1 hour. Then, 30 mass % PVDF was added to the dispersion as a binder and the mixture was heated for 3 hours at 60°C. To fabricate the working electrodes, the mixture was deposited by drop-casting and was heated at 100°C to eliminate the solvent. To mesure graphene's capacitance the electrode was used in a classic three electrode cell, using platinum as a counter electrode and Ag/Ag + as a reference.

Results and Discussion

Characterization of the molecules

The two molecules that will be tested for functionalization (Tz1 and Tz2) were characterised for the first time by electrochemistry in order to define their reduction potential and the number of electrons exchanged during the reduction of the trifunctional Tz1.

Electrochemical characterization of the molecules

The electrochemical features of Tz1 are shown in figure 4.2 where they are compared with chloroethoxytetrazine (ClTzOEt) as a model compound. The reduction peak of Tz1 displays a shoulder and a main reduction peak. The comparison of the peak intensities tends to assign the shoulder to the reduction of the dialkoxy tetrazine ring and the main peak to the reduction of hydrogen ended tetrazines. The reduction peak potential of Tz1 is located at -1.08 V, i.e. 0.3 V more negative than the reduction of ClTzOEt. This is typically the order of magnitude of the shift observed between chloroalkoxy and dialkoxy tetrazines 17 . Another significant difference between Tz1 and ClTzOEt cyclic voltammograms is the reversibility of the signals, which is only partial in the former. In a previous report, we demonstrated that hydrogen ended tetrazine can be reduced reversibly provided they do not contain acidic functions. This means that the lack of reversibility in Tz1 is due to the presence of three redox units, leading to a three times charged reduced form. Moreover, the reversibility increases with the scan rate, showing that a chemical reaction follows the electron transfer (see figure 4.2a). Here the three times charged species generated by the reduction of Tz1 behaves as a rather strong base likely to react with traces of water in the solvent. The assignment of the reduction peaks in Tz1 is confirmed by the comparison with Tz2 (Figure 4.3) which contains only hydrogen ended tetrazines and that displays the same reduction peak located at the same potential. The broad and ill-defined reduction peak observed around -0.7 V is due to the reduction of protons of the benzoic acid moiety.

Acetonitrile was also tested as a solvent for Tz2 but as it is shown in Figure 3, the reduction peak is much less defined and the reversibility vanishes. 

where n is the number of electrons exchanged, D is the diffusion coefficient, R is the molecule radius and α is the slope of the current vs. square root of scan rate relationship (Randles slope).

In the present case, ClTzOEt plays the role of the reference compound.

Molecular modelling and energy minimization using Chem3D software allowed us to roughly estimate the radius of each compound (see Figure 4.4) and leads to a ratio of the square root of radius of 1.17. The Randles slope ratio 

Characterization of the graphene functionalized by Tz1 and Tz2

After having characterized Tz1 and Tz2, we proceeded to graphene's functionalization now knowing their properties. We used Elemental Analysis, X-Ray Photoelectron Spectroscopy, Electrochemistry, Raman spectroscopy and Atomic Force Microscopy to investigate if the functionalization was successful and to identify the type of grafting of the tetrazines on the surface of graphene.

Elemental analysis

Elemental analysis (EA) has been performed to check the presence of nitrogen in the functionalized material. The amount of nitrogen would be a tool to measure the grafting efficiency of each tetrazine. The results are shown in Table 4.1. They clearly show the presence of nitrogen in all grafted materials, as well as an increase in the amount of hydrogen, which is more sensitive in the case of Tz1 as expected: indeed, based on the molecular hydrogen content, the ratio of additional hydrogen amounts between grafted and pristine materials should be nearly twice for Tz1 than for Tz2. The amount of nitrogen in the case of Tz1 is only twice higher than the one for Tz2, less than what we actually expected when comparing the nitrogen content of the initial molecules. The nitrogen content in the functionalized material should indeed be four times higher in the graphene functionalized by Tz1, supposing that the two functions on edges are grafted by cycloaddition to graphene and the one in the center of the molecule stays intact. This might be due to fact that the tetrazine of the center is not stable in solid phase and can sublime at higher temperatures or low pressure. However, these conditions are necessary for elemental analysis or as we will see later for the XPS. XPS was performed on samples of dry reduced graphene oxide powders deposited on ITO plates. The XPS spectra of the unmodified FGS13 and grafted FGS13-Tz compounds are shown in Figure 4.5. The elemental composition of each compound is shown in Table 4.2. The graphene that was used in this study is supposed to have a C/O of about 13. However, XPS revealed an excess of O which probably comes from the ITO that the sample was deposited on for the spectrometry. This is however not the case with the FGS-Tz compound that show an appropriate C/O ratio. This effect might be due to the fact that FGS-Tz is better dispersed in dichloromethane than unmodified FGS and therefore a better dispersion leads to a better coating on ITO. After grafting by tetrazine derivatives, a new signal appears to the XPS spectra of FGS13-Tz near 400 eV corresponding to N(1s). The increase in the amount of carbon and the decrease of oxygen is a first sign of successful functionalization.

SA

When we examine in more detail the signal of each element, we can assign the different contributions to different types of carbon and nitrogen. For FGS13 (Figure 4.6a), we have a main peak of sp 2 and sp 3 aromatic carbons (284.7 eV), the C-O-C epoxy ring and the C-OH peak (286 eV), the C=O bond (287.3 eV) and the carboxyl functional groups at 288.9 eV, which agrees with previous spectroscopy measurements on graphene oxide 13,18 .

For FGS13-Tz1 and FGS13-Tz2, the main contributions are in the same area and the peaks at 287.9 eV can either be attributed to the tetrazine ring or the carboxylic acid function. The contribution of this peak is larger for FGS13-Tz1 as expected because the functionalization is supposed to work better in the case of Tz1 due to the presence of two hydrogen ended tetrazines.

For the functionalized FGS13-Tz1, the N(1s) signal can be fitted into two different contributions one at 399.9 eV and a second contribution at 401 eV. The two distinct bands are typical of Tz-functionalized material and might be due to specific interactions (like hydrogen bonding) between the nitrogen atoms of the pyridazine ring that are closer to the graphene sheets and the functionalities in proximity (carboxylic acids) 6 . The same peaks are noticed also for the functionalized FGS13-Tz2. It is also important to note that the nitrogen signal at 401 eV has in the past been assigned to the tetrazine ring as it was suggested by Amaro-Gahete et al 19 . This is an indication of the presence of the tetrazine ring in FGS13-Tz1, because as we see in Figure 6b the signal at 401 eV is higher than the one of FGS13-Tz2. Nevertheless, as this signal is also related to the pyridazine function it is only an indication and does not confirm the tetrazine presence. The XPS spectra of graphene (SA) provided by Sigma Aldrich were analyzed for comparison.

Sample

As shown in Figure 7, a similar behaviour as with FGS13 is noticed, as the carbon signal appears for all the materials and the nitrogen signal appears at the same energy around 400 eV for the functionalized material. When we analyse the signal of carbon for pristine graphene (Figure 8a), we see fewer contributions than for FGS13. This is expected as it has less oxygen than We have deposited 100 µg of graphene on ITO, so the number of moles of Tz1 in the functionalized material can be estimated to 1,6*10 -8 moles. The charge calculated for Faraday's law for this amount of tetrazine is expected to be about 1.6 mC.

We now compare this result with the charge calculated from the integration of the reduction peak at ca. -1.2V for FGS13-Tz1. The charge found is 5 mC, which is of the same magnitude as the charge calculated from the XPS results, given the uncertaintity to determine it precisely. 

Raman spectroscopy

Raman spectroscopy has already been widely used to identify the defects on the surface of graphene 21 . In all graphitic materials, we observe two characteristic bands: the D and the G one.

The dominant band is the G one which appears around 1580 cm -1 and is called first-order graphite band. It is the main band in pure crystalline materials. The D band appears at around 1350 cm -1 and is present when there are defects on the graphitic structure (D is actually for defect or disorder). By measuring its intensity, which is proportional to the amount of defects, we get a first idea of the material's structure. The ratio between the intensities of the D and a G (ID/IG) band is an important indicator to quantify disorder (figure 4.11). (reproduced for literature) 22 Here, we try to measure the difference in the number of defects before and after functionalization. We expect to have more defects after functionalization because of the addition of the pyridazine units on the sp 2 backbone. We start by obtaining the spectra of FGS13 before functionalization (Figure 4.12) and we observe that the G and D bands have close intensities because of the already important amount of defects on its surface. Many different functionalities such as hydroxyl, carboxyl and epoxide groups contribute to this increase of defects on the surface of graphene and therefore to the increase of the D band. The presence of these defects means that the ratio between D and G bands is already large and it becomes difficult to use it to compare after functionalization as the tetrazine will add a small number of defects compared to the already existing ones as shown in Figure 4.13. This is the reason why we preferred to functionalize pristine commercial graphene (SA) which has less defects on its surface to perform Raman spectroscopy before and after functionalization. As it is shown in Figure 4.14a, the spectrum of commercial graphene (SA) shows the 2D band at 2700 cm -1 which is another characteristic band for carbon materials. The G band also appears but as far as the D band is concerned, it is almost absent. This was expected because of the almost perfect graphenic structure of the commercial graphene.

Comparing the SA spectrum with the SA-Tz1 (Figure 4.14b), we clearly observe a larger difference between the G and the D bands for functionalized pristine graphene compared to pristine. The 2D band also appears around 2700 cm -1 and an unknown band at 500 cm -1 which may be attributed to a stabilizing agent. 

Atomic force microscopy

Atomic force microscopy (AFM) is a common technique to study the topography of graphene's surface. The high resolutions that can be achieved with AFM are useful when we want to examine separate sheets and measure their thickness. In our case, AFM was used to better understand the morphology of the functionalized graphene sheets and compare the thickness of the objects found in our two functionalized samples, FGS13-Tz1 and FGS13-Tz2.

Firstly, we performed some measurements on the unmodified graphene FGS13. We prepared dispersions in dichloromethane and then deposited them by drop casting on a silicon wafer, suitable for AFM measurements. In most areas, unmodified graphene remains in blocks and small aggregates which are not easy to disperse. In the areas that are better dispersed we can find isolated graphene sheets and measure their thickness. AFM has revealed in the past the morphology of FGSx and the typical thickness of a graphene sheet is around 2 nm 13 .

As it is shown in Figure 4.18, the material stays mostly aggregated and only on the edges of the aggregates we were able to measure the thickness of a separate sheet, which was found to be around 3 nm which is in agreement with previous studies. We then proceeded to examine and compare the surfaces of FGS13-Tz1 and FGS13-Tz2, which were easier to disperse. In order to have a clear image for the majority of functionalized graphene, we investigated different areas of the sample. FGS13-Tz2 is shown in Figure 4.19a with a thickness around 4 nm for graphene particles proving to have a similar pattern as FGS13, but dividing into sheet packs of 2 nm. There are also some areas where bigger objects were found as shown in Figure 4.20 and are probably packs of graphene sheets that have not been functionalized. This also explains the small percentage of functionalization for FGS13-Tz2. Conversely, FGS13-Tz1 shows in the majority of its surface much thicker tacked objects with thickness up to 1.2 µm (Figure 4.21). This result is consistent with the bridging of sheet packs which are maintained together through the cycloaddition of the hydrogen ended tetrazine units.

It is important to notice that we also observe some objects of smaller thickness that probably correspond to agglomerated unreacted graphene sheets. 

Capacitance measurements of the material

Functionalization with Tz1 proved to be efficient at creating covalent bridges between graphene sheets through cycloaddition of the hydrogen ended tetrazine units. This linkage between the sheets prevents them from restacking back to graphite and therefore should increase the graphene specific surface. Therefore, we can expect that the capacitance of graphene is increased after functionalization. The material's capacitance can be measured by the relation To measure the material's capacitance a previously established protocol 16 was used to prepare a composite of graphene/PVDF which tends to form film-like dispersions and adheres better on the working electrode.

The capacitive current was measured at different scan rates for FGS13-Tz1(Figure 4.23) and FGS13-Tz2 (Figure 4.24) respectively. The mass deposited each time on ITO was 30 µg for the samples without PVDF and 80 µg for the ones with PVDF. Then from the slope of the capacitive current vs. scan rate plot, we can extract the specific capacitance of the material relatively to the graphene mass. The results are reported in Table 4. 3 showing the capacitance values with and without PVDF on an ITO substrate. We notice a significant increase in the capacitance of FGS13 after functionalization with Tz1 in comparison with Tz2. This increase in graphene's capacitive current comes from the increase of the specific area of graphene after bridging the sheets with the tetrazine derivatives. Measuring the capacitive current in the selected potential window accounts for only the contribution of the double-layer capacitance of graphene. In order to have an idea of the total capacitance of the material, we also need to take into our account the contribution of the redox response of Tz1. From the total charge we have 

Conclusion

In summary, we have successfully functionalized reduced graphene oxide with two new tetrazine derivative by cycloaddition, taking advantage of the dual nature of graphene at the inverse electron demand Diels-Alder reaction. The final material was characterized by different characterization techniques and we proved the creation of covalent bridges between graphene sheets when using a trifunctional tetrazine. Redox connections were created between graphene sheets by keeping the central tetrazine of the molecule electrochemically active. The additional defects added to graphene were measured by Raman spectroscopy. Finally, the capacitance of the material was measured by comparing with a material functionalized by a monofunctional tetrazine and we observe an important increase in relation with the increase of the specific area.

These results give hope for future application of the functionalized graphene in supercapacitors and even in other electrochemical applications such as electrocalalysis due to the increase of the specific surface of graphene.

The approach we describe here was previously reported by our group 9 and follows the strategy of generating the reductant in situ. This has the advantage of starting with very stable products, totally non-sensitive to the presence of residual oxygen in the solution and thus limits sidereactions leading to a narrower size distribution of the final nano-objects. The reductant we will use is a dihydrotetrazine derivative (Scheme 5.1), obtained in situ from the reduction of the parent tetrazine by dodecanethiol (DDT). This method is inspired from the work of Biswas et al. 10,11 who demonstrated for the first time the possibility of using a dihydrotetrazine as the reductant of a metallic salt to make metallic nanoparticles.

Scheme 5.1. Formulae of BpyTz and its reduced form H2BpyTz

The dispersion of gold nanoparticles on graphene has been the subject of various studies for a plethora of applications. Carbon nanomaterials, including graphene are well known for their catalytic properties and it was proven that the dispersion of precious metals onto graphene can lead to an enhanced electrocatalytic activity in fuel cells 12 . The dispersion of metal nanoparticles on graphene can also be a new way to develop new catalytic, magnetic and optoelectronic materials 13 The electrocalytic properties of a graphene composite depend on the composition, the particle size, the exposed surface area and the interfacial interactions. The need for a better control or the size distribution of the gold NPs is thus important especially when it comes to NCs. Au NCs seem to be a less expensive alternative to Pt based catalysts that have been used until recently in fuel cells for oxygen reduction reaction (ORR). Their high fraction of low-coordinated atoms makes it easier for the oxygen atoms to be adsorbed 14 . However, Au NCs cannot work as catalysts by themselves for two reasons. Firstly, their electroactivity is limited because of the capping agents on their surface that block the mass transfer. Secondly, due to their extremely small size and high surface energy, they tend to be unstable over time and aggregate easily or sinter during the catalytic reaction. Graphene seems to be an ideal support to anchor NCs because of its high specific surface and its good stability. Theoretical calculations 15 in the past did predict that metal clusters supported on graphene can improve their stability through hybridization between the clusters and the sp 2 bonds of graphene. Yin et al. 16 have reported the growth of Au clusters onto reduced graphene oxide sheets without the use of a reducing agent or other surfactant that exhibit good catalytic activity towards ORR (Scheme 5.2).

Scheme 5.2. Scheme of the Formation Mechanism of Au/rGO Hybrids: C (black ball), N (blue ball), O (red ball), H (white ball), Au (golden ball), Cl (green ball)

. Reproduced from literature 16 The functionalization of graphene by tetrazines through inverse electron demand Diels-Alder, that we have already discussed in previous chapters, can also be exploited to incorporate NPs or NCs on graphene. Using BpyTz in the synthesis of gold NCs can also open the path for grafting them onto graphene sheets. This has already been reported for other carbonaceous nanomaterials such as carbon nanotubes (CNTs). Zhu et al. 17 The interest of combining gold nanoclusters with carbon materials is to prepare materials for electrocatalysis. Due to their size-dependent catalytic activity, the high surface-to-volume ratio, and the ease of chemical functionalization, gold nanoparticles have been good candidates as nanocatalysts. It was recently proven that their catalytic activity, increases with decreasing size 18 . Yao et al. 19 have reported the ligand-free preparation of AuNCs with diameters <2 nm on nitrided carbon supports (AuNCs@N-C) through soft nitriding, and they documented excellent electrocatalytic efficiency for the oxidation of methanol. They also extended the studies of this material to the electrochemical oxidation of other molecules such as alcohols, an amine, and deoxyguanosine in oligonucleotide 20 . To test the electrocalytic activity of the composite, negatively charged AuNCs@N-C catalysts were assembled with polycation poly-(diallyldimethylammonium) (PDDA) to make films of architecture {PDDA/AuNCs@N-C}n on pyrolytic graphite (PG) electrode ( In our approach, we will try to prepare a graphene composite with AuNCs at room temperature.

The synthesis proposed is similar to the one-pot synthesis of AuNCs proposed before by our group with the addition of graphene into the gold salt solution before the reaction with BpyTz occurs. The final composite is a promising candidate for electrocatalysis.

Goals and layout of this chapter

The goal of this chapter was to prepare a composite material by intergrading AuNCs to reduced graphene oxide in order to prepare a catalyst. Firstly, we wanted to further investigate the previously established protocol for the synthesis of Au NCs discussed above. The next step was to prepare the Graphene/ AuNCs composite by using the same one-pot approach. To achieve this, we followed the steps below: 

Experimental

Synthesis of the gold nanoclusters

The protocol that we followed in this work has been established before by our group 9 , where an investigation about the different outcomes of the reaction depending on the amounts of the initial reactants was conducted. In particular, the size of the particles was found to strongly vary according to the proportions of reactants and only in an excess of DDT, NCs were obtained.

The thiolate-protected AuNCs, which had been synthesized in this work, were prepared as follow (see Scheme 5.4): 2 mg of HAuCl4•3H2O was dissolved in 8 mL of absolute ethanol.

Under stirring, 3 mL of 1-dodecanethiol was added slowly to the solution. Separately, 6 mg of BpyTz (3,6-di-2-pyridyl-1,2,4,5-tetrazine) was dissolved in 2 mL of absolute ethanol for 30 minutes. After BpyTz is well dissolved in ethanol, under rapid stirring, BpyTz was then added to the previous solution dropwise. The reaction takes place at room temperature, under 600 rpm of stirring for three hours. The reaction can be followed directly from the color changes. The initial solution was pink due to the tetrazine color and gradually changed to orange and finally pale yellow. In absence of gold salt, no color change was visible during the first two hours.

However, when the reaction mixture was kept for a longer time (typically overnight), a pale yellow color can be observed at the end. These results are consistent with the possible reduction of the tetrazine by the thiol, responsible for the color changes.

Scheme 5.4. One-pot synthesis of the AuNCs using BpyTz to prepare the in situ reductant and final mixture under stirring to reduce BpyTz

Synthesis of the Functionalized Reduced Graphene Oxide/ Gold Nanoclusters Composite

Graphene (FGS 13, 10 mg) and 2 mg of HAuCl4.3H2O were dissolved in 8 mL of absolute ethanol. Under stirring, 3 mL of 1-dodecanethiol was added slowly to the solution. Separately, 6 mg of BpyTz was dissolved in 2 mL of absolute ethanol for 30 minutes. Under rapid stirring, BpyTz was then added to the previous solution dropwise. The reaction takes place at room temperature, under 600 rpm stirring. FGS13/AuNCs easily precipitate in the solution.

Graphene/AuNCs were synthesized with different amounts of Au starting materials (HAuCl4•3H2O) for comparison purposes. Graphene/0.5AuNCs, Graphene/2AuNCs and Graphene/4AuNCs were prepared with 0.5-, 2-, and 4-times amount of HAuCl4•3H2O, respectively vs. the previous protocole.

Results and Discussion

Our investigation will be divided into two sections: the first part will be focusing on the gold nanoclusters alone, and the second part will study the AuNCs/ graphene composite.

Gold NCs

Electron microscopy (TEM, SEM)

TEM was firstly performed to as prepared Au NCs after reaction without any further centrifugation or purification process as shown in Figure 5.4a. Many nano-objects with average diameter close to 2 nm can be seen in this sample. Then, centrifugation was performed to get rid of the bigger particles that tend to form due to aggregation. Figure 5.4b shows the precipitant after centrifugation and extraction in chloroform, which as we will see below was found to be a suitable solvent for the NCs. We can clearly observe the polydispersity in sizes and shapes in this figure of the extracted NCs. This is mostly because the smallest clusters (< 2nm) do not tend to precipitate easily, so they stay in the supernatant, while the bigger ones precipitate easily. To further separate the smaller particles some additional washing was performed in acetone (2 ml acetone for 4 minutes) before extracting the NCs in chloroform. As we can see in Figure 5.4c, a similar size dispersion is observed and some particles seem to be still aggregated even after washing. overall, TEM images show that Au NCs are directly obtained in a one pot synthesis by simply mixing the gold salt, thiol and tetrazine in adequate proportions. 

UV-vis absorption and emission spectroscopy

To investigate further the reaction mechanism and in particular the precise role of BpyTz in the formation of nanoclusters, a monitoring by spectrophotometry was then undertaken.

Immediately after the preparation of the NCs and the centrifugation step described above, the UV-vis spectra of the supernatant and the precipitated nanoclusters redispersed in ethanol were recorded. As it can be seen in Figure 5.7, one peak can be seen in the range of 350-400 nm, possibly corresponding to the contribution from Au or from the ligands. On the other hand, there is no absorption peak shown by the precipitation of AuNCs sample.

Figure 5.7. UV-Vis absorption spectra of the supernatant, and the precipitation redispersed in ethanol

We further investigated the absorption spectra of the different reactants to actually verify that the peak we observed at 350-400 nm is attributed to the contribution of Au. As we can see in Figure 5.8, there are no peaks in the sample prepared without Au, nor in the DDT solution. The expected contribution of Au appears in the spectra of the as prepared NCs only. We also observe one single absorption peak for the BpyTz at 535 nm corresponding to the n-* band associated with this red emission actually comes from the band centered at 375 nm (see Figure 5.7), confirming the contribution of gold in this emission band. Moreover, in absence of gold, no emission was observed in that range (Figure 5.10). The emission spectra of the different reaction components were also recorded to verify that their signal does not interfere with the one of gold to confirm that the NCs are responsible for the signal observed. As we can see in Figure 5.11, ethanol and DDT and BpyTz show no emission proving that the signal can be attributed to the AuNCs. The weak signal of the BpyTz spectra at 460 nm probably comes from some impurity. The band centred at 460 nm is also visible in the emission spectra of Au NCs (and absent as well without gold salt addition) but this one does not grow linearly with time. It is likely that aggregation processes may occur between individual NCs that might be at the origin of this significantly shorter wavelength emission, as it is reported that increasing the gold core size shifts the emission to higher energy values 24 . The emission spectra of NCs can also be used to check the ability of various solvents to extract the Au NCs from the precipitate after centrifugation. Among the solvents tested (chloroform, propanol, THF, toluene), chloroform seems to be the best for the extraction of Au NCs based on the intensity of the emission band at 630 nm (Figure 5.12). As the stabilization of Au NCs by DDT ligands should decrease the polarity of these nano-objects, a less polar medium than the initial one is better suited for extraction, but the results show that the more apolar solvent (toluene) is not the best choice. Based on the study of the emission properties of the reaction and the results of the kinetic study we performed, the reaction mechanism seems to be in agreement with previous results from our group that were based only on UV-vis data (Scheme 5.5). The mechanism proposes that the first step of the reaction is the reduction of BpyTz by DDT (equation 1). It was already reported that thiols can reduce BpyTz into H2BpyTz and disulfide 11 , so this step seems to be obviously the first reaction to occur. Then H2BpyTz can reduce Au(III) into Au(0) restoring bptz (equation ( 2)). When DDT is in large excess, once Au(III) is totally consumed, the remaining thiol slowly reduces bptz into H2BpyTz and disulfide, so that at the end all the tetrazine has been consumed by the first step. In that case, the outcome can be written according to equation (3). Furthermore, part of the thiol in excess is used to stop the Au(0) growth at early stage leading to Au NCs. 

X-Ray Photoelectron spectroscopy of Au NCs

The XPS spectrum of the AuNCs is shown in Figure 5.13 and the main results are summarized in Table 5.1. The Au(4f) signal (Figure 5.14) shows two characteristic peaks as expected for Au NCs 25 , corresponding to (4f5/2) for the high energy one and (4f7/2) for the low energy one.

The Au(4f7/2) signal peaking at 83.98 eV corresponds to an energy very close to that of metallic gold (83.9 eV) as it is usually the case in Au NCs 25 . The sulphur signal at 162.5 eV and the carbon signal at 284.4 eV are perfectly in the range expected for alkyl thiolates 26 . All these data confirm the presence of Au NCs stabilized by dodecanethiolates. The main unexpected result is the very low amount of nitrogen in the composition of clusters derived from XPS. This seems in contradiction with the results of SEM-EDS that we discussed above showing the simultaneous presence of Au, S and N in the same area. This can be nevertheless rationalized by the fact that tetrazines can be easily sublimated 21,27 and are thus likely to be removed under the high vacuum conditions required for XPS analysis. The AuNCs/graphene composite that we fabricated using a similar one-pot approach as for the AuNCs were characterized by TEM and XPS. The final material is fabricated to be tested as a catalyst.

X-Ray photoelectron spectroscopy of AuNCs/graphene composite

The AuNCs@FGS13 nanocomposite was characterized by XPS and the spectrum was compared with the one of AuNCs alone, as it is shown in Figure 5.16. The results are summarized in Table 5.2. The main contributions in the spectrum of AuNCs@FGS13 come from carbon, nitrogen and gold. The presence of a gold peak is the main indication that the deposition of nanoclusters on graphene was successful. As we can see by comparing both spectra, the amount of carbon is increased due to the presence of graphene, while the nitrogen amount stays about the same indicating the presence of the tetrazine. When analysing the nitrogen peak (Figure 5.17), we can observe two different contributions. However, we cannot suppose that we have functionalized the graphene by BpyTz because the conditions of the synthesis do not promote the DAr that required heating. Thus, the contribution around 401 eV, could correspond this time to some H2BpyTz that have been reoxidized back to the BpyTz.

The carbon signal is analysed to the same contributions as for the AuNCs by themselves, meaning we don't have any oxidized forms of carbon. We can observe the same contributions for gold as in the case of AuNCs alone, which is an indication that the growth of NCs onto FGS13 sheets followed the same pattern as AuNCs alone confirming we have similar nanoobjects. 

TEM of AuNCs/graphene composite

Composites prepared with different amounts of the starting precursor HAuCl4•3H2O were characterized by TEM, as it can be seen in Figure 5.18. The AuNCs seem to have a uniform dispersion on the graphene sheets with no significant aggregation. The cluster size can be measured to be around 2 nm. For larger amounts of the precursor, we can also observe the presence of some bigger nanoparticles that had the opportunity to grow for a longer time or aggregate. From figure 5.18e and 5.18f, we can clearly see that the NCs have only been deposited on the areas where graphene is and not in the rest of the carbon grid. That means the clusters are well attached on graphene and there are no clusters in the solution diluted in ethanol but only on the graphene surface. From these TEM results, we can conclude that the AuNCs/ graphene composite has been successfully prepared in this one-pot synthesis. The same one-pot synthesis was also performed using graphene that was previously functionalized by Tz1 (Chapter 4) that has been successfully used to prepare an electrode with increased specific capacitance. The covalent bridges that have been formed between graphene sheets could provide a bigger surface area for electrocatalysis. As we can see from the TEM image (Figure 5.19), the AuNCs are deposited the same way on modified graphene as for unmodified graphene and are only present on the graphene sheets and not in other areas of the grid. The size distribution is similar to the one observed with BpyTz. 

Conclusions

In this chapter, the one-pot synthesis of gold nanoclusters in ethanol using a reductant generated in situ by the reduction of a tetrazine derivative by a thiol has been investigated in order to understand its mechanism. In the first part, we studied the previously established protocol in order to optimize the centrifugation conditions and the extraction of the AuNCs in a suitable solvent. To do so, we observed the NCs by TEM and SEM to find out they tend to have a rather homogenous distribution with few aggregates. UV-vis spectroscopy was used to study the optical properties of the AuNCs, but due to absence of plasmon this technique was not enough to conclude to the reaction mechanism. Thus, we move to fluorescence spectroscopy that can be used to characterize the nanoclusters by their emission at 630 nm when excited in UV.

Finally, XPS played a role at identifying the type of gold in the AuNCs and the presence of thiolate ligands at their surface.

In the second phase of our research, we focused on preparing a composite material consisting of graphene and AuNCs, by exploiting the same one-pot synthesis at room temperature in presence of graphene. The final material, characterized by TEM shows the successful deposition of AuNCs onto graphene sheets and not outside. The same result was confirmed by XPS of the composite.

In a third phase, the test of the composite graphene/AuNCs in catalysis was investigated for the methanol oxidation reaction and led to some hopeful results. Some electrocatalytic tests for ORR are also currently under investigation by a previous PhD student in our group, Yahdi Bin Rus, who will be continuing working on this subject. Le matériau composite final a été testé comme catalyseur pour l'oxydation de méthanol.
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  also performed with commercial graphene provided by Sigma Aldrich (SA) for comparison (Figure2.10). This type of graphene contains less defects than FGS13 (about 4% oxygen). This time we measured not only C, N and O but also Cl. Its amount on the surface of the functionalized material could be an indication of the type of reaction between graphene and heptazine by comparing the ratio of Cl/N in the starting compound and in the final material. The atomic percentages before and after functionalization are shown in

  interactions. The very low value of oxygen in the starting material (3.48%) makes us exclude the grafting through nucleophilic substitution, while cycloaddition would decrease the number of nitrogen atoms and thus increase the Cl/N ratio in the final material compared to the precursor. This is the first indication of physical grafting of the heptazine and not chemical (cycloaddition).
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  Pirnat et al. (2014)7 functionalized graphene nanoribbons (GNRs) with hydroquinone derivatives to be used as high-energy-density electrode material (Scheme 4.1). The graphene nanoribbons act as both a support and a charge carrier and the hydroquinones grafted on GNRs act as redox-active centres. The mechanism they propose for the Li-ion battery cell is the oxidation of hydroquinone to quinone. The final material shows an improved capacity combining the double-layer capacity of graphene and the redox activity of the quinone. More specifically, the initial NR1 shows a capacitance of 10 mAh/g while the deprotected redoxactive material reaches a capacity value up to 22 mAh/g. This increase is achieved due to the deprotection of the phenolic groups in the functionalized material.
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 4 Figure 4.2. (a)Cyclic voltammograms of Tz1 (0,5 mM) in dichloroethane (100mM TBAPF6) at different scan rates and (b) Cyclic voltammogram of Tz1 (pink line) in dichloroethane and of chloroethoxytetrazine (orange line) at different concentrations (1 mM for chloroethoxytetrazine and 0,5 mM for Tz1) at 100 mV/s

Figure 4 . 3 .

 43 Figure 4.3. Cyclic voltammogram of Tz2 in acetonitrile and dichloromethane respectively at 100 mV/s

  Taking into account the uncertainty about the actual electrode area value, we can conclude that the three tetrazine units are actually redox active in Tz1.

Figure 4 . 4 .

 44 Figure 4.4. Molecular modelling of Tz1 and ClTzOEt

Figure 4 . 5 .

 45 Figure 4.5. XPS spectra of (a) unmodified FGS13, (b) FGS13-2Tz1, (c) FGS13-2Tz2, (d) FGS13-Tz2, (e) FGS13-Tz1.

Figure 4 . 6 .

 46 Figure 4.6. XPS data of FGS13(a), FGS13-Tz1(b) and FGS13-Tz2 (c): C(1s) and N(1s) curve fitting results.

  contains less functional groups. More precisely, we can see only two main contributions, one corresponding to sp 2 and sp 3 aromatic carbons at 284.7 eV and one that corresponds to the C-O-C epoxy ring and the C-OH peak at 286 eV.For commercial graphene (SA) functionalized by Tz1 (Figure4.8b), two new contributions for the carbon signal appear. The first one at 287 eV is attributed to the C=N signal in pyridazine units formed between the graphene and the tetrazine after cycloaddition and the second one at higher energy (289 eV) proves the presence of more oxidized groups and corresponds to the middle tetrazine function of Tz1, more precisely the group O-C=N. This result agrees well with our hypothesis that the hydrogen ended tetrazines of the molecule are the ones taking part to the inverse demand Diels-Alder reaction while the one in the middle remains intact.

Figure 4 . 7 .

 47 Figure 4.7. XPS spectra of SA, SA thermally treated (blank) and SA-Tz1

Figure 4 . 9 .

 49 Figure 4.9. Cyclic voltamogramms of Tz1 in solution in acetonitrile (0,2mM) (purple dashed line), FGS13 on ITO (black line) and FGS13-Tz1 coated on ITO (gray line). Scan rate 0,005 V/s

Figure 4 .

 4 Figure 4.10 shows the cyclic voltammetry of the functionalized graphene with Tz2, FGS13-

Figure 4 . 10 .

 410 Figure 4.10. Cyclic voltamogramms of Tz1 0,2 mM in ACN (pink line), FGS13-Tz2 (gray line) coated on ITO from suspensions (ca. 1 mg/mL). Scan rate 0,1 V/s.

Figure 4 . 11 .

 411 Figure 4.11.Evolution of the density of defects, nD, versus ID/IG for graphite, N-doped graphene (NG), defective graphene (DG) and pristine graphene, dispersed graphene and oxidized graphene (GO), vacancy-type defective trilayer graphene by low-energy argon ions with different doses (DTG), and walled carbon nanotubes (WCNTs). (reproduced for literature)22 

Figure 4 . 12 .

 412 Figure 4.12. Raman spectra of FGS13 before functionalization

Figure 4 . 13 .

 413 Figure 4.13. Raman spectra FGS13 after functionalization with Tz1

Figure 4 . 14 .Figure 4 .Figure 4 . 17 .

 4144417 Figure 4.14. Raman spectra of commercial graphene SA before (a) and after (b) functionalization with Tz1

Figure 4 .

 4 Figure 4.18. AFM image of FGS13. The figures on the right of the images show the thickness profile of the particles along line 1.

Figure 4 .

 4 Figure 4.19. AFM image of FGS13-Tz2. The figures on the right of the images show the thickness profile of the particles along the blue line.

Figure 4 .

 4 Figure 4.20. AFM image of FGS13-Tz2. The figures on the right of the images show the thickness profile of the particles along the line 1.

Figure 4 .

 4 Figure 4.21. AFM images of FGS13-Tz1. The figures on the right of the images show the thickness profile of the particles along the lines.

( 2 )Figure 4 . 22 .

 2422 Figure 4.22. Typical cyclic voltamogram of FGS13-Tz1 between -0,4V and 0,6V at 30 mV/s showing its capacitive nature (100 mM TBAPF6 in acetonitrile)

  calculated in paragraph 4.4.2.3, we can estimate the capacitance added to the functionalized material by dividing the charge by the difference of potential where the tetrazine unit is reduced. This leads to a capacitance of Charge/V= 0,0054 C/0,25 V= 216 F/g.

Figure 4 . 23 .

 423 Figure 4.23. CVs of FGS13-Tz1 at different scan rates to measure the capacitive current and the linear fitting of the capacitive current vs. the scan rate to calculate the capacitance of the material. The measurements were performed using an Ag/Ag + reference electrode in acetonitrile (100 mM TBAPF6)

  . Muszynski et al. have achieved the chemical reduction of AuCl4 -in graphene suspensions and as it is shown in the scanning electron micrographs in Figure 5.1, the gold particles are present on the surface of the graphene sheets. On the TEM image in Figure 5.1c we can observe a uniform dispersion onto the sheet and a large size dispersion of the gold NPs from 3-30 nm.

Figure 5 . 1 .

 51 Figure 5.1. Scanning electron micrographs of a graphene sheet anchored on carbon fiber paper. (A) Before and (B) after modification with gold nanoparticles (1 mM Au in 0.48 g/L graphene-oda). (C) High-resolution TEM of the sample in B (recorded separately by depositing on a carbon grid)13 

  have reported the modification of single walled carbon nanotubes (SWCNTs) via the reverse electron demand Diels-Alder reaction with tetrazine-AuNPs under ambient conditions to form a new hybrid nanocomposite. The tetrazine-capped NPs were synthetized by mixing the 11-mercaptoundecanol-AuNPs with an excess of tetrazine. By creating a covalent bond between the CNTs and the AuNPs, the final material presents good physical and chemical stability (Scheme 5.3).

Figure 5 . 2 .

 52 Figure 5.2. HR-TEM images of (a) SWCNTs, (b) 1-AuNPs, (c) low 1-AuNP loaded AuNP-SWCNT sample and (d) high 1-AuNP loaded AuNP-SWCNT sample. Scale bar: 20 nm for (a); 10 nm for (b), (c) and (d). Reproduced from literature

Figure 5 .

 5 3C,D). The assembly was confirmed by the electrochemical response of Au at the electrode surface (Figure 5.3A), as well as by an electroactive probe (Figure 5.3B).

Figure 5 .

 5 Figure 5.3. A) CVs in 0.1m NaOH at 0.01 V s@1 for {PDDA/AuNCs@N-C}3 films assembled on a PG electrode. Inset: CVs for bare PG electrode under the same conditions. B) CVs of 1 mm K3Fe(CN)6 at 0.1 V s@1 in pH 7.0 buffers for a) bare PG and b) {PDDA/AuNCs@N-C}3 films. SEM top views of C) bare PG electrode surface and D) {PDDA/AuNCs@N-C}3 films fabricated on the PG disk electrode20 

  a) Synthesis of AuNCs and optimization of the centrifugation and extraction process b) characterization of the as prepared particles by TEM, SEM-EDX, XPS and UV-vis absorption and emission spectroscopies c) Synthesis of the graphene/ NCs composite material d) Characterization of the prepared catalyst by TEM and XPS to identify the successful insertion of the NCs on the surface of graphene

Figure 5 . 4 .

 54 Figure 5.4. TEM images of (a) as-prepared NCs after reaction, (b) NCs after centrifugation and extraction in chloroform and (c) NCs after washing with acetone and extraction in chloroform

Figure 5 . 5 .Figure 5 . 6 .

 5556 Figure 5.5. SEM image of the deposited Au nanoclusters on a silicon wafer

Figure 5 . 9 .

 59 Figure 5.9. Emission spectra (λ exc = 368 nm) at various reaction times from 0 to 180 minutes.

Figure 5 . 10 .Figure 5 . 11 .

 510511 Figure 5.10. Emission spectra ( exc = 368 nm) at various reaction times for the mixture DDT + BpyTz (in absence of gold)

Figure 5 . 12 .

 512 Figure 5.12. Emission spectra (𝜆 exc = 368 nm) for various extraction solvents of Au NCs after centrifugation

Scheme 5 . 5 .

 55 Scheme 5.5. Mechanism of Au NC formation starting from tetrazine (Tz) and alkanethiol (R-SH) and global outcome. The mechanism was proposed before in the thesis of Yahdi Bin Rus and agrees with our spectroscopic results9 

Figure 5 .

 5 Figure 5.13. XPS wide spectrum of AuNCs after extraction

Figure 5 .

 5 Figure 5.15. XPS spectra of Au4f and S2p of AuNCs after twelve weeks from preparation

Figure 5 .Figure 5 . 17 .

 5517 Figure 5.16. XPS wide spectra of AuNCs after extraction and AuNCs@FGS13

Figure 5 .

 5 Figure 5.18. TEM images of a) graphene, b) AuNCs, c) Graphene/0.5AuNCs, d) Graphene/AuNCs, e) Graphene/2AuNCs, and f) Graphene/4AuNCs

Figure 5 .

 5 Figure 5.19. TEM image of FGS3-Tz1/AuNCs

Figure 5 . 20 .

 520 Figure 5.20. Methanol oxidation reaction activity of bare ITO and AUNCs/FGS13 composite coated on ITO in O,5 M KOH. (a) shows the activity of ITO with and without 0,5 M MeOH, (b) shows the activity of AuNCs/FGS13, while (c) is the comparison of the methanol oxidation curve for the two materials. Scan rate 50 mV/s

  Le changement climatique a obligé notre société de privilégier l'utilisation des énergies renouvelables. La production et le stockage de l'énergie sont entre les plus grands enjeux aujourd'hui et il est nécessaire de trouver des moyens alternatifs plus que jamais. C'est pour cette raison que la recherche autour le stockage d'énergie à augmenter ces dernières années et des nouveaux outils ont été développé comme les supercondensateurs. Pour ces applications, de nouveaux matériaux ont été étudiés afin d'augmenter la densité énergétique et couvrir la demande pour l'énergie dans l'avenir. Les matériaux de type graphène connaissent actuellement un fort intérêt de la communauté scientifique par leurs propriétés mécaniques et électriques exceptionnelles. Le graphène est un matériau bidimensionnel, fortement conjugué et très prometteur par ses propriétés électroniques et thermiques notamment. Malgré ses avantages, on rencontre toujours des difficultés à sa manipulation. Pour cette raison, la fonctionnalisation du graphène peut être un outil pour améliorer sa mise en oeuvre, augmenter sa surface spécifique et ajouter des nouvelles fonctionnalités à sa surface. Pour ce faire, nous développons différentes voies de fonctionnalisation du graphène par de dérivés de tétrazine. Cette thèse va mettre au point de nouveaux matériaux, en testant notamment la possibilité d'introduire des ponts redox entre les feuillets de graphène, ce qui devrait conduire à des augmentations importantes de la surface spécifique et de la réactivité catalytique. Le chapitre 1 présente la problématique générale du manuscrit et fait un état de l'art sur les différentes voies de fonctionnalisation du graphène chimiques et physiques à la fois. L'utilisation du graphène dans différents dispositifs de l'énergie comme les batteries Li-ion, les supercondensateurs et en électrocatalyse est explorée. Ensuite, les tétrazines sont introduites et ponts entre les feuillets du graphène. Les nouveaux composés synthétisés sont ensuite étudiés comme électrodes de supercondensateurs, dans un assemblage de trois électrodes. La capacité du matériau final est mesurée par voltammètrie cyclique et montre une nette augmentation pour le graphène fonctionnalisé par Tz1, liée à l'augmentation de la surface spécifique. Le chapitre 5 décrit la préparation d'un nanocomposite à base du graphène et de nanoclusters d'or. D'abord des nanoclusters d'or ont été synthétisés à partir d'un agent réducteur généré en solution : la dihydrotétrazine. Leurs propriétés ont été étudiées par fluorescence X, UV-vis, TEM et XPS afin de conclure à leur mécanisme réactionnel. Ensuite, des feuillets de graphène ont été ajoutés à la même synthèse d'une seule étape pour intégrer les nanoclusters d'or. On a observé par TEM une répartition homogène des nanoclusters à la surface des feuillets ce qui est encouragent pour l'application du composite comme catalyseur. XPS a révélé la présence de la même phase métallique d'or aux nanoclusters et dans le composite graphène/nanoclusters aussi.
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	1. Atomic composition of FGS13 and FGS13-HpTz from XPS analysis.
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 2 2. As we can see the nitrogen amount is of the same magnitude as for the functionalization performed on FGS13. This result makes us believe we have the same reaction

mechanism in both cases. The grafting efficiency can be assessed by measuring the nitrogen percentage. Based on this value, it can be estimated to (0,025/12/19) = 0.0001 mol of HpTz per g of material (0.1 µmol per mg). The Cl/N ratio (0.22) is relatively close to the one in the molecular precursor (3/19 = 0.16) which shows that the grafting does not proceed by nucleophilic substitution nor by cycloaddition but more likely through Van der Waals
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 23 

		Binding energy/eV	Atomic %
	C1s	284.40	52.44 (85.6)
	C1s A	284.73	25.49
	C1s B	286.17	9.05
	C1s C	287.89	2.72
	C1s D	289.45	2.47
	C1s E	291.17	2.47
	Cl2p	200.76	0.32
	N1s	400.92	1.37
	N1s A	399.13	1.13
	O1s	533.05	2.55

. Percentages of the different atomic contributions of each element for SA-HpTz

Table 2 .

 2 4. Elemental analysis of reduced graphene oxide functionalized by HpTz (in brackets the values for the non-functionalized graphene reference material)

	Element	%
	C	92.2 (98.3)
	H	0.23 (0.10)
	N	0.50 (0.00)

mC. By using Faraday's law, we can calculate that the number of moles corresponding at this
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1 

shows the atomic percentages of nitrogen in different samples of functionalized graphene. As it is observed FGS-Pp has a higher nitrogen amount than FGS-Bpp despite the (a)
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1. Atomic composition of functionalized graphene from XPS
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	FGS13-Pp

Table 4 .

 4 

			SA-Tz1	SA-Tz2	FGS13	FGS13-Tz1
	%C	98.3	90.9	90.5	73.4	69.4
	%H	0.10	0.26	0.19	0.70	1.13
	%N	0.00	0.54	0.26	0.00	0.68

1. Elemental composition of the various materials: SA = commercial reduced graphene oxide; FGS13 = Functionalized Graphene Sheet with C/O = 13 4.4.2.2 X-Ray photoelectron spectroscopy

Table 4 .

 4 2. Atomic percentages in unmodified FGS13 and FGS13-Tz, determined by XPS.

			%C	%N	%O
	FGS13		78.8	0.3	20.9
	FGS13-Tz1 (120°C)	92.6	1.15	6.2
	FGS13-2Tz1	85.5	1.1	13.4
	(140°C)				
	FGS13-Tz2 (120°C)	92.6	0.5	6.7
	FGS13-2Tz2	86.3	0.5	13.1
	(140°C)				
	SA		96.5	0	3.5
	SA-Tz1 (120°C)	92.8	1.1	5.6
	SA-Tz2 (120°C)	77.2	0.4	22.4
	SA	(thermally	68.3	0.15	33.6
	treated)				
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 4 4. Capacitance values extracted from the capacitive current vs scan rate on a GC electrode

Table 5 .
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	Name	Peak BE	Atomic %
	Au4f	83,98	5,05
	C1s	284,43	85,32
	N1s	399,27	0,46
	O1s	532,03	3,78
	S2p	162,51	5,39
	Si2p	98,96	0

1. Composition of the Au NC sample drop cast on a silicon wafer deduced from XPS spectra

Table 5 .

 5 2. Atomic composition of AuNCs and AuNCs@FGS13

Acknowledgements

Goals and layout of this Chapter

In this chapter, we will describe the synthesis and the electrochemical properties of this new heptazine compound (HpTz). Our goal will be double: test the reactivity of a trifunctional chloroethoxytetrazine and at the same time test the grafting of an heptazine on graphene for the first time. To do so, we will follow two steps: 

Experimental

Synthesis of heptazine molecule (HpTz)

The trifunctional heptazine that was used to study graphene functionalization was synthetized by members of our group for the first time. The new dyad comes from the synthesis of a trifunctional heptazinic alcohol whose synthetic scheme is presented on the following Figure 2.2. characterization of the functionalized material and Raman spectroscopy. Chapters 2.4.2-2.4.4 discuss these results.

X-Ray Photoelectron Spectroscopy of the functionalized material

XPS was performed on FGS13 before and after reaction to measure the amount of nitrogen and determine if the functionalization was successful. In figure 2.8, we can see the spectra of the two samples and observe the carbon contribution at around 290 eV, while for the functionalized material we clearly observed the nitrogen contribution at around 400 eV. Table 2.1 shows the atomic percentages of each element (C, O and N) calculated from XPS. As expected the nitrogen is increased by 2% after functionalization meaning a successful insertion of HpTz on the surface of graphene. The oxygen content is also increased, but we cannot relate it to the presence of the alkoxy functions of the molecule due to the contribution of the ITO plate.

If we examine in more detail the nitrogen peak, we can analyse it into two different contributions (Figure 2.8b): one at 400 eV and one at 401 eV. We would expect to find the contributions of three different nitrogen moieties in the spectra of FGS13-HpTz: the heptazine core, the pyridazine ring and the tetrazine ring. Firstly, the heptazine core should have remain intact and its signal is actually expected to be present in the functionalized material. Comparing our work with previous results 11,12 the signal at 400 eV can be attributed to the heptazine core.

Secondly, we expect to find the pyridazine signal in one of the contributions of the nitrogen peak. Its presence is an indication of the Diels-Alder reaction between FGS13 and HpTz. The reaction is characterized by the formation of the pyridazine ring between the graphene and the tetrazine arm of HpTz when the cycloaddition reaction occurs and two nitrogen atoms are eliminated from the original molecule. 

Electrochemistry of the functionalized material

Figure 4.9 shows the cyclic voltamogramms of the grafted materials coated on ITO overlaid with those of the corresponding molecule in solution. In the case of Tz1, the presence of tetrazine in the grafted material is evidenced by a redox peak located at ca. -1.2 V, which is not present in the pristine graphene and is slightly negatively shifted compared to the starting molecule in solution. Moreover, the redox signal is reversible, which is expected for the reduction of a dialkoxytetrazine. 20 This shows that the electroactivity of the central tetrazine in Tz1 remains intact in the grafted material. One can also notice the increase in the capacitive current when comparing Tz1 and FGS13-Tz1, but also from FGS13 to FGS13-Tz1, related to an increase in the specific area of the material. It is important to note, that when performing Raman spectroscopy on different areas of the SA sample, we observed areas where the D band was more obvious. An example is shown in Figure 4.15. This is normal, because as we mentioned earlier the material contains 4% oxygen and different functionalities are still to be found on its surface, but in much smaller quantities than FGS13. To make sure that this effect is present on the whole surface of the graphene, we performed measurements on different areas both for the functionalized and the non-functionalized sample.

Box plots were used to study the distributional characteristics of the ratio at different areas as it is shown in Figure 4.16. The red line in its box is the median and marks the mid-point of the data, meaning that half the points are greater than or equal to this value and half are less. The two blue lines and the two black divide the samples at four different areas called quartiles. Into each quartile, 25% of the points is included. By this distribution, we observed that the D/G ratio is always larger for the functionalized graphene compared to the pristine one, as expected. 

Table 4.3. Capacitance values extracted from the capacitive current vs scan rate on an ITO electrode with and without PVDF

The measurements were also performed using a glassy carbon working electrode expecting to have better adherence than ITO and a more representative value of FGS13 capacitance. The results (table 4.4) are in alignment with the previous measurements and show a 70 % increase after functionalization. Finally, in order to have a better estimation of the capacitance of the functionalized material with Tz1, a master student working in our group is currently investigating the optimization of the graphene/PVDF composite preparation. This study will lead to the measurement of the thickness of the deposited material and galvanostatic CHAPTER 5: Functionalized graphene sheets/ Gold Nanoclusters Composites for electrocatalysis

Introduction

Gold nanoparticles (AuNPs) have been the subject of research for a long time now due to their unique optical properties 1 that lead to many different applications in medicine 2 , in sensing 3 and in catalysis 4 among others. The synthesis of AuNPs goes back to Faraday in the 19 th century, while nowadays well defined protocols have been established 5,6 . Making slight adjustments in the protocols of AuNPs synthesis, in particular increasing the ligand vs. gold ratio, can lead to the synthesis of ultrasmall nanoparticles called metal protected clusters (MPC) 7 , usually coated with thiolates. This further step allowed researchers to play at the boundary between nanoobjects behaving like large molecules with defined size and mass and those with quantum size properties like plasmon resonance. It is now acknowledged that this boundary lies in terms of particle size near 2 nm diameter: below is the field of nanoclusters with molecular-type properties whereas above is the domain of nanoparticles 8 . These nanoclusters present distinctive quantum confinement effects, which result in discrete electronic structure and molecular-like properties, such as HOMO-LUMO electronic transition, enhanced photoluminescence and intrinsic magnetism.

A one-pot synthesis has been early proposed by Murray et al. 7 who obtained well-defined sizes down to 1.8 nm using dodecanethiol. One-pot syntheses of gold nanoclusters (NC) of various sizes have been the subject of many publications since then, due to the easiness of their use.

Most of these syntheses rely on the use of mild reductants such as ascorbate and hydrazine hydrate and a surfactant to stabilize the nano-objects formed. In some cases, the same moiety can act both as the surfactant and the reducing agent.

characteristic of the tetrazine derivatives 21 . This band is absent from the final reaction mixture spectra, meaning that all the BpyTz has reacted and being transformed into H2BpyTz. reported that Au NCs can be characterized by their emission properties upon irradiation in the UV interband 22 . An emission centred at 630 nm can be seen in our case that appears since the initial mixture and increases slightly upon time. This red emission was already observed for various Au nanoclusters especially when stabilized by thiolates 8,23 . The excitation spectrum 

CONCLUSIONS AND FUTURE WORK

Summary of main conclusions

The work presented in this thesis has contributed to the modification of graphene by tetrazine derivatives and the fabrication of graphene nanocomposites with metal nanoparticles. The main functionalization method studied was the inverse Diels-Alder reaction but noncovalent functionalization was also explored. The development of these novel materials have proven to be efficient for two main applications: energy storage and more specifically supercapacitors and catalysis with the help of metal nanoparticles.

For the first time to our knowledge, a heptazine molecule containing three chloroalkoxytetrazine arms was grafted on reduced graphene oxide by a simple microwave assisted reaction. The functionalization was successfully confirmed by elemental analysis while the presence of the heptazine core and one or more unreacted tetrazine functions was explored by electrochemistry. Raman spectroscopy revealed that the mechanism of the reaction involves noncovalent insertion of the heptazine derivative into graphene.

Then, the reactivity of reduced graphene oxide was tested for two different tetrazines, 3,6-bis(2pyridyl)-1,2,4,5-tetrazine and 3-(pyridin-2-y1)-1,2,4,5-tetrazine, in inverse Diels-Alder reaction. The results show a significantly better grafting efficiency for the H-substituted tetrazine derivative compared to the symmetrical one. Indeed, the amount of nitrogen in the functionalized graphene is higher for 3-(pyridin-2-y1)-1,2,4,5-tetrazine, whereas the molecular compounds has one nitrogen less than its disubstituted counterpart.

In a next step, by taking advantage of the reactivity of the monosubstituted tetrazines, two new tetrazine derivatives were tested for the grafting on graphene. Using a trifunctional tetrazine, covalent linking was achieved on graphene sheets while adding redox functions to the final material. Cyclic voltammetry, XPS, elemental analysis, Raman spectroscopy and AFM were successively implemented to provide evidence of this covalent grafting. The electrochemical response of the tetrazine unit on the functionalized material was the first proof of the covalent bonding. XPS revealed an increase in the amount of nitrogen and by analysing the C and N signal, the presence of the tetrazine and pyridazine units in the functionalized material was confirmed. Raman spectroscopy was used as a tool to measure the amount of defects added to graphene after functionalization and to find out the D/G bands ratio have significantly increased. AFM revealed the increase of the thickness on the functionalized graphene because of the presence of the tetrazine linker that created a stacked morphology.

Electrodes of the functionalized material were prepared by drop casting the suspension of the modified graphene on ITO. The specific capacitance of graphene was measured by cyclic voltammetry before and after functionalization and an increase up to 60 % in the capacitance was observed. The pseudocapacitance coming from the redox signal on the functionalized material was also calculated and it was found to be 216 F/g. In order to prepare more uniform depositions on the surface of the electrode and measure more precisely their specific capacitance graphene/ PVDF composites were prepared and deposited on ITO and other electrode materials leading to a better adhesion of graphene on the electrode during measurements.

In the final chapter, graphene and gold nanoclusters nanocomposites were prepared at room temperature in a one-pot synthesis. Firstly, the AuNCs were synthesized by using H2BpyTz in situ generated as a reductant and the AuNCs were characterized by SEM, TEM, XPS, UV-vis and emission spectroscopy. The reaction mechanism was investigated and their extraction in different solvents was optimized using emission spectroscopy and taking advantage of their fluorescence properties.

Secondly, the NCs were deposited on pristine graphene but also on tetrazine functionalized graphene. XPS revealed the same type of metallic gold both in the AuNCs themselves but also on the graphene/AuNCs composite. The material was observed by TEM and AuNCs of around 2 nm size were seen with a homogeneous deposition on the graphene sheets. The material was tested as a catalyst in the methanol oxidation reaction.

Future perspectives

In this work, the specific capacitance of the supercapacitor was evaluated by cyclic voltammetry using a simple three-electrode cell. It would be of interest to do the characterization in coin cells and also try a bigger number of cycles. Apart from ITO, different types of substrates can be tested for the deposition of graphene that can maybe present better adhesion and an enlarged electrochemical window. It is also important to optimize the composition and the fabrication process of the graphene /PVDF composite. The capacitance measurements could be performed for different graphene/PVDF ratios, while different solvents could also be tested to improve the dispersion before deposition.

Concerning the AuNCs/ graphene tested, their electrocatalytic properties remain to be further investigated. Except from the methanol oxidation reaction they can also be tested for the oxygen reduction reaction and see in which case they performed better. Instead of a classic threeelectrode cell configuration, experiments can be performed with a ring-disk electrode for a better investigation of their catalytic activity and an insight into the mechanism. It would also be interesting to measure by Raman spectroscopy the amount of defects introduced on graphene after the deposition of the NCs. It is expected that the D band would increase after the insertion of metal nanoparticles onto graphene and therefore the D/G ratio would also increase. This ratio could also be an indication for the type of bonding we have between graphene and the AuNCs.

In the long run, the stability of the different functionalized materials remains to be tested, especially since they are supposed to serve in applications for energy storage and catalysis where stability is crucial. For the graphene functionalized by HpTz were noncovalent linking has occurred, the interaction between the two of them is expected to be weaker and maybe it cannot last on long term. The problem of stability over time rises also for the AuNCs/graphene composite. We have already observed the oxidation of the nanoclusters after several weeks, so it should also be investigated if this also the case for the nanocomposite material.