While graphite is typically an anode material in Li-ion batteries, in a cell with metallic Li it will function as the cathode.
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General introduction General introduction Electrochemical energy storage

Biological systems have devised a rather efficient way of storing energy for their future needs: chemical bonds. When a metabolic process produces more energy than needed at the moment, that energy is stored away in the chemical bonds of molecules. Most plants store that energy in the bonds that make up starch. Animals put it away in triglycerides. Mankind has accessed that energy for its non-biological needs for millennia by setting everything on fire and then working with the released heat. It was only after 1800 and Volta's pile that a new approach to storing and using energy came to be.

A little over two centuries later, electrochemical energy storage has come a long way.

Batteries can be found nowadays in anything from toys to pacemakers, to computers and cars. The energy stored in Volta's tabletop contraption can now be stored in a space no larger than a matchbox. Yet electrochemical energy storage and battery technology in particular still have a long way to go. A car battery of the lead-acid type can hold the equivalent of the energy contained in a sandwich 1 and arguably, it is much less portable.

Today more than ever, battery technology is being called upon to fill a number of roles and satisfy many different needs. The ongoing renewable energy transition is being driven in large by wind and solar power, with installed wind capacity increasing globally by 57 % and solar capacity by 37 % in the last decade alone 2,3 . These sources are by nature intermittent and solar power in particular reaches its peak production when demand is at its lowest. That energy should be stored and used when it is actually needed. Even if climate change was not happening, fossil fuels are a finite resource and as such, they will eventually run out.

Besides grid energy production, fossil fuels are mostly consumed for transportation. The switch to electrical motors comes with different energy storage requirements for cars, airplanes, ships and trains and not all of them can be fitted with enough solar panels to power them. Furthermore, the urgent need to address climate change relies in part on the adoption of alternative, non-polluting technologies. Instead of asking people to change their habits, a technology that functions in the same manner as the already established one is more likely to be adopted. A car battery that does not take longer to charge than it takes to fill up a gas tank is such an example 4 . The rate of adoption is also inextricably tied to the cost.

Current generation electric cars are too expensive for most people and a major part of that cost is their batteries.

From all of the above examples it is fairly evident that battery technologies are required to adapt to specific needs dictated by the applications as much as the intended users. The amount of energy stored, the required volume, the weight, the operating limits, safety, the cost and the estimated lifespan are all among the parameters that have to be taken into consideration when designing batteries and when employing them in particular applications (Figure 1). While there is no single battery technology that is perfect for every use case 5 , the family of storage technologies built around the chemistry of lithium seems to be the most versatile, as it has been employed in anything from portable devices to grid systems 6 .

Since their commercialization by Sony in 1991, Li-ion batteries have steadily displaced most other rechargeable battery technologies due to their innate characteristics and through their constant improvement, as there is still a lot of potential left unexploited in lithium chemistry 7 . In fact, during the period of 1990-2015, gains in the amount of energy they can store per unit of mass have been on the order of five percent per year and their price continues to fall (Figure 2). These improvements of every aspect of Li-ion batteries have xii Figure 1: One common set of battery characteristics. Reprinted from [5].

been the result of continuous and painstaking efforts, combining diverse disciplines that include chemistry, electrochemistry, materials science, physics, engineering, manufacturing and computer science. These efforts have produced new materials capable of storing more energy, they have reshaped existing materials in ways that augment the performance characteristics of batteries and they have recombined them in new configurations to increase their safety, their stability and to lower the cost. It is forecast that in the coming years, recent advances in analytical techniques, engineering methods and the development of new materials will double the capacity of Li-ion batteries, propelling them closer to the theoretical limits of lithium 6,7 .

This thesis was conducted within this context, the development of new materials that could endow Li-ion batteries with a higher capacity, lower weight and a faster charging rate.

Tin has been considered as a replacement for graphite, which is typically found in Li-ion anodes, as it can store more lithium ions and thus, more energy and at a higher rate 8 .

However, as the battery charges and discharges, the volume of tin increases three-fold, with damaging effects on the battery itself.

In order to utilize tin as an anode material, the very first step is reducing its size to the nanoscale. This, combined with enmeshing it in another substrate, could contain the volume changes, while maintaining the structural integrity of the electrode. This supporting The gravimetric energy densities of Li-or LiAl-metal anode batteries against four cathodes, commercialized in the years indicated and withdrawn from the market for reasons of safety or market appeal, are shown in gray. Adapted from [6].

material would have to be flexible so as to adapt to the structural changes of tin. That was probably the weak point in the use of intermetallic alloys of tin such as Sn-Cu 9 , Sn-Ni 10 , Sn-Sb 11 , Sn-Co 12 , Sn-Fe 13 , Sn-Al 14 . This supporting material would have to be conductive, in order to transfer electrons from tin out of the battery and vice versa. It would also have to possess an affinity for tin, so as to remain in contact with it as it contracts and expands, so that the battery may continue to function.

The present work was an effort to accomplish all of the above. An ionic liquid (IL), that had been previously found to be exhibiting favorable interactions with tin nanoparticles would grant the support material the aspect of affinity. A graphene-based matrix was chosen as the flexible, conductive scaffold onto which the ionic liquid would be affixed. Tin would be nanostructured and combined with the support material. Finally, composite materials would have to be studied and evaluated as active anode materials for lithium ion batteries. This work is divided into three chapters in the present document.

The first chapter presents the basic aspects, the functioning and the materials found in current generation lithium-ion batteries. It is followed by an introduction to ionic liquids, their key properties and some of their applications, with specific mention of applications pertaining to electrochemical energy storage. Tin and its oxides are also discussed, from the point of view of their use in Li-ion batteries. There is also a brief presentation of graphite and how its derivatives, graphene and graphene oxide (GO) could play a role in the next generations of batteries, especially combined with tin. The reasoning behind the design of the ternary composite material is presented at the end of the chapter.

The second chapter is focused on the synthesis and characterization of the three components of the composite material. Some of their relevant chemical aspects are also discussed. First comes the synthesis of graphene oxide and an investigation of how it could best play the role of the base of the matrix. The second section of the chapter is devoted to the preparation and characterization of tin nanoparticles. Finally, the third part of the chapter, presents the work that went into functionalizing the EMI + TFSI -ionic liquid with an amino group, so that it could be grafted onto the matrix.
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The third chapter details some of the experiments with binary systems, constituted of various graphene morphologies and EMI + TFSI -and the grafting of the functionalized IL to GO, before thermal treatment. Investigations were carried out in order to prove the grafting of the IL. A comparative study of the behavior of the various graphene scaffolds towards lithium ions charge and discharge, allowed to select one among them for the preparation of the ternary composite. Next are described the combination of the three materials into a ternary composite and its characterization in terms of morphology and structure. Some preliminary battery tests of the targeted ternary material are presented at the end of the chapter.

The last part of the manuscript recapitulates and draws some general conclusions and discusses some of the perspectives that were opened in the course of this study. 

On lithium-ion batteries

Though most people rarely think about them, (at least not until they have run out), lithium-ion -or "Li-ion" or "LIB" for short -batteries have played a central role in shaping our daily lives and habits in the last three decades. The ubiquity of portable devices, such as cell phones, laptops, fitness trackers, electric toothbrushes, wearable medical monitors, power tools and so on, is largely due to the advent of Li-ion batteries. Humanity's overdue energy shift from fossil fuels is also in part propelled by the same technology: electric unicycles, skateboards, bicycles, motorcycles, cars, vans, buses and trucks owe their existence to -or at the very least have benefited from -recent advances in Li-ion technology.

Even battery-powered trains may soon become a reality. At even larger scales, Li-ion batteries complement renewable energy sources, offsetting their intermittence at residential, rural or even city-wide levels, taking over when the sun doesn't shine or when the wind doesn't blow and then they recharge when energy production exceeds demand [1][2][3][4] .

"Lithium-ion battery" is an umbrella term that encompasses a broad range of secondary cell (or plainly, rechargeable battery) technologies, all of which share the same basic principle of operation: lithium metal is oxidized at the anode and its ions migrate towards the cathode, while at the same time, the electrons move in the same direction, but in the external circuit, performing useful work along the way. When the batteries are being charged, the process is reversed and electrons and ions make the journey back in the opposite direction. By convention, the terms anode and cathode refer to the polarity of the terminals during discharge. Both processes, charging and discharging, and the basic components of a lithium-ion electrochemical cell are represented schematically in Figure 1.1. For anyone not familiar with battery technologies, the term "lithium-ion" might be a little misleading; after all, it's hard to imagine a redox system comprising lithium, where its ionic form is not present. This term actually refers to systems where Li is hosted in another material, in contrast to batteries with purely metallic lithium anodes. Except for very small

Chapter 1: Introduction -state of the art batteries, in which case the terms "battery" and "cell" refer to the exact same thing, most Liion batteries consist of several electrochemical cells, the smallest units capable of electrochemical energy conversion and storage. For applications with higher energy demands, such as vehicles or home energy storage systems, several batteries are combined and arranged in packs. Most batteries more complex than a single cell also contain an integrated circuit (BMS, battery management system), which can perform different functions such as monitoring the health of the battery and taking the battery offline in case of failure.

The ever-increasing global demand for more and better performing batteries has led to fierce competition among businesses in the sector. As a result, the exact makeup of the latest generations of lithium-ion batteries is almost always a closely guarded trade secret. Despite that, it is still possible to describe the composition of modern commercialized lithium-ion batteries in somewhat broad terms. The active material of the anode is always made of some form of graphitic carbon, between the sheets of which the lithium ions are hosted when the Chapter 1: Introduction -state of the art battery is charged. Cathodes typically consist of lithium-containing mixed metal oxides or salts; the lithium ions are stabilized in the structure through interactions with the oxygen atoms or anions in the material as the batteries discharge and then migrate towards the anode during charging. These crystalline materials can be layered, as in the case of lithium cobalt oxide, LiCoO 2 , (the cathode material depicted in Fig. 1.1) with the lithium ions occupying the space between adjacent layers. They can also be continuous crystals, usually adopting olivine (e.g. LiFePO 4 ) or spinel (e.g. LiMn 2 O 4 ) structures, where the lithium ions are spread evenly throughout the crystal. Commercial Li-ion electrolytes comprise lithium salts dissolved in organic, aprotic solvents. The anion in these salts is usually voluminous (e.g. ) and hence weakly interacting with the cation, so that it doesn't impede the movement of lithium ions into the electrode materials. The organic solvents are most often mixtures of organic carbonate esters (such as ethylene carbonate and diethyl carbonate)

and/or various ethers (e.g. dimethoxyethane, dioxolane and tetrahydrofuran). There is also a subclass of Li-ion batteries, in which conductive polymers -usually semisolid or gel-likeare substituted for the liquid solvent. These batteries are named "lithium polymer" or more properly "lithium-ion polymer" batteries, often abbreviated as "LiPo", "Li-poly", "LIP", etc..

Not having to contain a liquid component allows for a greater leeway in the design of the cells and alleviates the need for a rigid, sturdy shell, resulting in a decrease in their weight.

Given these traits, LiPo batteries are generally preferred when the application calls for very specific battery shapes and low weight; the manufacture of cell phone batteries is a case in point.

Before going any further, a few key concepts need to be introduced, as they constitute the metrics based on which battery materials and technologies are evaluated. The first criterion in assessing the active material of a battery is its "specific capacity" or "gravimetric capacity".

This refers to the capacity per unit of mass and for batteries, this is usually expressed in milliampere hours per gram, mAh/g. Another concept is the "specific power" of a battery, expressed in watts per gram, W/g. Equally important is the "volumetric capacity", the capacity per unit of volume. Its dimensions are usually milliampere hours per cubic

Chapter 1: Introduction -state of the art centimeter, mAh/cm 3 . The rate of charge or discharge of a battery, usually referred to as the C-rate, is defined as the current drawn from the battery divided by the theoretical current under which the battery would deliver its nominal rated capacity in one hour. As an example, a battery with a nominal capacity of 400 mAh, discharged at a current of 400 mA, which corresponds to a C-rate of 1C, will be emptied within one hour. Conversely, the same battery charged at a C-rate of C/4, so at a current of 100 mA, will take four hours to recharge.

C-rates depend on charge and mass transport phenomena, electronic and ionic conductivity and electron-transfer kinetics. It is calculated on the basis of the capacity of a given battery.

Besides the specific capacity of an active material, the practical or useful capacity of the resulting cell is an equally important metric 5 . This takes into account the actual capacity of the finalized battery employing that material, in a specific design and with the "dead weight" and limitations made necessary by the specific material and its chemistry (e.g. choice of materials, structuring, operating conditions, etc.). For instance, LiCoO 2 has a theoretical capacity of 274 mAh/g. However, for structural and safety reasons, batteries employing pristine LiCoO 2 in their cathodes cannot exceed a useful capacity of 165 mAh/g 6,7 . Other important factors that need to be taken into account when assessing a battery can also be mentioned, such as its discharge voltage, its lifetime, its safety, its cost, its operating temperature range and its environmental friendliness.

Since their commercialization in 1991 8 , Li-ion batteries have seen numerous improvements, with each generation paving the way to new potential applications. In turn, some of these new applications have brought to light the shortcomings of the state of the technology and driven new advances. For instance, it did not make sense to use lithium-ion batteries to power electric vehicles until their energy density had sufficiently increased, i.e. a higher charge in a lighter battery. Once the technology had matured enough and the first Liion powered cars reached consumers, it became obvious that charging times needed to be shortened and the safety of the batteries to be improved, if they were to see wider adoption.

Such challenges have usually been addressed by a variety of different means. Modifying

Chapter 1: Introduction -state of the art the chemistry of the battery, in essence the choice of materials and electrolyte, can have an impact on almost all of the battery's properties, from its capacity to its safety. The geometry and the structure of the components also play an important role at different levels: both the nanostructure and the macrostructure are intricately connected to how fast the battery can charge and discharge, to its mechanical stability and to its heat dissipation ability.

First and foremost though, it was the chemical modifications that brought Li-ion batteries out of the laboratory and led them to steadily displace other types of rechargeable batteries, eventually making them the predominant electrochemical energy storage technology used in anything from microelectronics to electric vehicles. At the same time, the specific needs of such applications fueled the research that enabled them. These modifications endowed them with high energy and power densities (up to 705 Wh/L and 10000 W/L respectively 9 ), rather fast charging times, a relatively elevated electrochemical potential (up to 4V for certain types of batteries 10 ), and a convenient operating temperature window (5-45°C).

Meanwhile, the selection of materials and synthetic methods (along with the economies of scale) have contributed to their steadily decreasing cost 11,12 .

Compared to the rate at which other technologies, e.g. microelectronics have matured, the pace of the evolution of electrochemical energy storage and that of lithium-ion batteries in particular, seems rather slow. This is by no means due to a lack of interest or effort. The three main components of a LIB presented above, the anode, the cathode and the electrolyte, and -to a lesser extent -the separator (and in reality, anything else that might be in contact with the system, e.g. casings, current collectors, etc.) have to be improved, but moreover they should be or remain compatible with each other. This is to ensure the usefulness, the safety and the longevity of the battery -the latter both on the shelf and while in operation. Essentially, being compatible means that each of them should not react spontaneously with the others and that all of them should be stable within the operating conditions and vitally, these conditions should not exceed the electrochemical window of the electrolyte and the solvent, i.e. the potentials exhibited by the system should not result in Chapter 1: Introduction -state of the art their oxidation or reduction. Whenever a breakthrough comes along in one of the components, it cannot just replace the old one in the system; all of the other constituents need to be adjusted to work with the modified chemistry. In the case of lithium, it is the same innate characteristic -its low reduction potential, one of the lowest among metalsthat makes it attractive for use in batteries, that also renders the task of finding compatible materials herculean.

Lithium has a reduction potential of -3.04 V 13 (vs. standard hydrogen electrode). What this means practically, is that the half reaction Li + + e -Li ⇀ 0 will preferentially take place in the opposite direction than the one it is written in, so lithium metal has a tremendous propensity to lose its electron and get oxidized. This makes Li an excellent reducing agent, but also extremely difficult to work with. For instance, it will readily react with the nitrogen and the moisture in the atmosphere, producing Li 3 N, LiOH (and LiOH•H 2 O) and a subsequent reaction between the hydroxide and carbon dioxide yields Li 2 CO 3
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. Incidentally, this excessive reactivity is also the reason why lithium was first identified in 1817, but was isolated in its metallic form four years later 15 . The low reduction potential and the other elemental properties of lithium directly translate to Li-ion batteries' key advantages. That same potential is responsible for the batteries' high voltage. The low atomic mass makes the batteries light. The small size of the lithium ion, 0.59 Å 13 , as well as it being monovalent facilitate its diffusion and make it relatively easy to shed its solvation sphere; for a battery, this means faster charging and discharging.

It is often stated that the history of lithium-ion batteries begins with the one made by Stanley Whittingham at Exxon Mobil in the 1970s 16 . While technically true and certainly a major breakthrough, as this was the first battery employing lithium ions instead of lithium metal, many decades of fundamental research and practical inventions preceded and led to that moment. It is hard to pinpoint the genesis of lithium-based electrochemical storage.

Alessandro Volta had demonstrated his battery in 1799 and the first quarter of the 19 th century was marked by the isolation of a number of metallic elements, among them lithium. This lead to a frenzy to produce batteries with an ever higher electromotive force, by trying different elemental combinations, in setups similar to that of Volta. Keeping in mind lithium's reactivity, it is easy to guess why it took almost a century for someone to document its use in a battery. In 1919, Thomas Edison, who had been trying to come up with a suitable energy source for his electric vehicles, filed a patent for a nickel-iron battery containing lithium hydroxide in its electrolyte formulation 17 . According to another source 18 , he had probably also filed a patent for a lithium battery in 1907.

Over the years, many detailed retrospectives of Li-ion batteries have been published.

Among them, two stand out: a well-researched recent one by Winter et al. 15 and that of Brandt 19 , though the latter fails to account for the last two and a half decades, since it was written a little after the first lithium-ion batteries had been commercialized. That missing time span is covered by a highly cited review by Etacheri et al. 20 . What follows is not another chronicle of the evolution of Li-ion batteries, but rather a concise highlighting of some of the events that brought the technology to its current state, with regard to the electrolytes, the electrode materials and the passivation layers.

Electrolyte

Following Winter's narrative, the groundwork for identifying suitable electrolytes for lithium-based batteries and understanding the corresponding solvation mechanisms was laid in the 1950s and 1960s. The first noteworthy milestone in that quest was published by William S. Harris in 1958 21 . Harris was investigating the suitability of various nonaqueous aprotic solvents (all of them cyclic esters) for the electrodeposition of metals whose reduction potentials were too high -in absolute value -for water. Though his work was focused on the isolation of the metals from their halide salts, its importance for battery chemistry is immediately apparent. When charging a Li-ion battery, lithium ions are reduced at the anode, much like during electrodeposition. Since water is split (through electrolysis) at

Chapter 1: Introduction -state of the art a potential difference of approximately 1.23 V at 25°C 22 , it was critical to have available a solvent that could tolerate the high potential differences exhibited by a system where lithium is oxidized and reduced. Among the solvents Harris experimented with were ethylene carbonate (EC) and propylene carbonate (PC) (Fig. 1.2). These two -especially ethylene carbonate -along with a host of other members of the carbonate esters family, make up the bulk of the solvents of choice in modern Li-ion batteries. Harris's observations on the interactions of the solvents with lithium halides and his hypothesis that the anions would be less preferentially solvated than the cations, would prove crucial for the studies that followed. Even before Li-ion batteries, the organic carbonates were fundamental in the creation of primary (i.e. single-use) lithium metal batteries, allowing for the first time to harness lithium's high specific capacity (3.86 Ah/g 23 ).

Lithium storage in the anode and the cathode

Lithium ions can be reversibly hosted in the structure of the cathode and the anode, without undergoing any chemical reaction, as illustrated in Figure 1.1 by lithium cobalt oxide and graphite, which are both examples of insertion and intercalation materials, respectively. Such materials, which expand on the chemistry of host-guest systems 24 , had been described since the late 1960s 25 . Not long after that, they begun to be investigated as potential electrode materials for novel types of batteries, in contrast to the conversionreaction electrodes employed so far and typically in primary cells.

Conversion electrodes release their stored energy through a reaction (irreversible in the where the metal oxide, M x O y , transforms into a solid mixture of M x O y /M 0 /Li 2 O, when the battery is charged and reverts back to the oxide as it discharges 26 .

In a host-guest system, the guest is retained in the structure of the host through noncovalent interactions; as such, under specific circumstances, the guest can be released.

Batteries operating in that manner, with a suitable guest ion being inserted and removed from a host electrode were known under many names over the years, such as "ion transfer cells", "shuttle-cock batteries", "rocking chair batteries" and others.

There is an obvious advantage in switching from a conversion system to a host-guest one.

As a conversion material transitions from one form to another, it is impossible to precisely control the reformation of a solid phase. While precautions may be taken in order to limit or eliminate elements that could induce unwanted nucleation elsewhere in the battery, it is nearly impossible to control the direction of growth, or the sites at which it will take place in the active material. This can produce an inhomogeneous structure, which in turn may induce mechanical failure or short circuits in the battery. This is one of the main problems of Li metal anodes. When the Li + ions return from the cathode, nucleation on the surface of the metal is uneven. As crystallization happens with a preferential growth pattern, small wire-like structures, known as "dendrites" begin to form on the anode. After several cycles, the dendrites become big enough to pierce the separator and short-circuit the battery.

In the case of intercalation materials (i.e. olivine, layered and spinel-type 27 ), the anode and the cathode of a battery may experience different volume changes during cycling and they usually do. However, they do so in a consistent, predictable manner. Knowing beforehand the amount of expansion and contraction permits the pairing of compatible materials and the calculation of any extra mechanical tolerance the system may have to be endowed with, e.g. in the form of a spring. For some materials, this volume expansion is so significant, that their lifespan is inevitably reduced due to mechanical stress, that technical solutions need to be applied.

Such is the case of alloying host materials, e.g. Sn or Si. Their behavior lies somewhere between these of conversion materials and intercalation hosts. Alloys are not considered compounds and they do not undergo a chemical reaction when they form. However, there exist alloys with well-defined (stoichiometric) structures, often called intermetallic alloys, which can be formed electrochemically as they incorporate lithium into their mass.

For a long time, researchers were convinced that a Li metal anode would soon appear for use in a rechargeable battery. As a result, much more effort went into the preparation of an intercalation cathode and the anode was neglected, at least at first. Among the first cathode intercalation materials tested were chalcogenides and metal oxides (e.g. TiS 2 , WO 3 , NbS 2 , CrO x , MoO 3 , and V 2 O 5 ) 15 . While these successfully demonstrated the lithium intercalation concept, the cells suffered from low voltage and energy density. The first major breakthrough came from Gooodenough's group in 1980 28 , in the form of lithium cobalt oxide, LiCoO 2 (or LCO for short). After examining a series of layered transition metal oxides of the type LiMO 2 (M = V, Cr, Co, Ni and Fe) LCO was found to be the best-performing, reaching a potential of 4.7 V vs. Li/Li + and being capable of releasing up to 93.3 % of the intercalated lithium 28 . LCO is still being used today, mostly to power consumer electronics. LCO reignited interest in cathode intercalation materials and the renewed focus on them in the following years led to the other, now common, intercalation cathode structures.

Lithium nickel manganese cobalt oxides (NMC), LiNi x Mn y Co z O 2 , with x + y + z = 1, belong to the same family of lamellar oxides as LCO. Their combination of characteristics in terms usage in recent years, despite their higher material costs and potential safety issues 29,30 . This is in part due to their higher energy density and fast charging capabilities, but also due to their extended lifespan, which translates to a lower cost over the lifetime of the battery. A lot of research efforts into lamellar mixed oxide chemistry have focused on the properties derived from the relative ratio of each metal in the mixture [31][32][33] . Through variations in the stoichiometry of the metals, it has been possible to lower the cost, increase the capacity and improve the safety of such Li-ion batteries.

Lithium manganese oxide (LMO), LiMn 2 O 4 , is the main representative of the spinel family. The three-dimensional structure permits the faster intercalation and deintercalation of lithium ions and consequently can sustain higher battery charge and discharge rates than two-dimensional layered structures 34 . Manganese is a relatively earth-abundant element, which contributes to the low cost of batteries of this type.

Lithium iron phosphate (LFP), LiFePO 4 , is another commonplace Li-ion cathode material 35 . Unlike the previously mentioned chemistries, LFP constituents are much more abundant and as a result, less costly. That, combined with LFP batteries' extended lifespans (67% longer than NMC cells 36 ) and safety characteristics has granted them considerable market acceptance, despite their lower energy density. Also, the olivine structure of the material allows the fast diffusion of lithium ions, so LFP batteries can attain high chargedischarge rates.

On the anode side of the battery, the transition to intercalation materials was not as fast.

Besides the optimism about Li metal anodes sometime "soon" becoming available, another obstacle that delayed the advent of the graphite intercalation anode used today, by almost twenty years, was the choice of solvent. Reasoning that ethylene carbonate and propylene carbonate were essentially "the same", since they only differ by a methyl group, PC was the Li + and decomposes on the graphite anode, exfoliating it in the process 37 . Thinking that ethylene carbonate would produce the same result, no one bothered to check the combination of EC and graphite until 1991.

Early commercial Li-ion battery anodes made use of carbonaceous materials with a rather disordered structure, such as petroleum coke, under the impression that structural disorder was important in order to avoid exfoliation from PC-based electrolytes 15 . However around the mid-eighties, Japanese researchers, started producing successful designs, with hard carbon anodes, resembling the structure of graphite, which cast doubt on the assumption that structural disorder was requisite. At the same time period, a number of patent claims for batteries with PC-free and EC-based electrolytes and graphite or graphitelike materials also appeared from Japan. One of them from Sanyo in 1991 detailed the intercalation of Li + in natural and synthetic graphite, positively demonstrating the electrochemical synthesis of LiC 6 , the structure of fully lithiated graphite 15 .

Solid-electrolyte interphase

The electrochemical synthesis of LiC 6 had been in fact first documented a year earlier, by the group of Dahn 38 and interestingly provided clues to the final component of modern Liion battery chemistry, the solid-electrolyte interphase, or SEI. While their electrolyte formulation contained some PC, which affected the first-cycle coulombic efficiency, in their Li/graphite cells * they measured a capacity close to the theoretical value for graphite (372 mAh/g) at a potential of 0.10 V vs. Li/Li + . More importantly, they recognized that irreversible electrolyte decomposition takes place during the first discharge, which creates a film on the Chapter 1: Introduction -state of the art surface of the graphite cathode. The quantity of decomposed electrolyte was proportional to the surface of graphite. They also found that intercalation and deintercalation proceed fully and reversibly once that initial film is formed. They were unable to identify the nature of the passivation layer, but they suggested it was Li 2 CO 3 -based. Through these insights, researchers started to recognize the importance of the passivation layer (SEI) in the functioning of the battery and realized that a similar phenomenon must also take place on the cathodes of Liion batteries, leading to the formation of what is now called cathode-electrolyte interphase (CEI). This work paved the way for modern electrolyte formulations, that take into account the nature of the electrodes and include additives consumed during the first cycle of the battery, in order to form stable passivation layers, that prevent further unwanted reactions, without hindering lithium ion intercalation.

An endless quest

As hopefully this introduction has demonstrated, the evolution of Li-ion technology has been gradual and the product of the efforts of thousand of researchers, over a long time span. To the casual user a battery may seem as a simple, inconsequential object. Yet it is remarkably intricate and like every complex system, it requires not only an extensive study of the individual parts, but also how all of them are tied together in a concerted manner.

It is clear that the current state of the art does not yet fully exploit the potential of the materials. Every single element of a battery can be made better, by chemistry and by engineering. Understanding the phenomena at play has not been easy, nor fast and more often than not, every question answered raises even more questions. Very few of the possible avenues that could be explored for the refinement of the basic components have been presented here. There remains a myriad of other aspects that could be crucial in the next iterations of the technology. Anything from creating nanopatterns on an active material to controlling the temperature at which the battery is charged might be key in giving Li-ion batteries a little extra energy, some more charge-discharge cycles, a faster charging rate, more mechanical strength, or in making them safer or easier to recycle. At the same time and while the technology is still being improved, environmental, humanitarian and political motives are also driving its evolution in different directions and even paving the way for its replacement.
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Definition and structure

Ionic liquids (ILs) are a class of ionic compounds with the defining characteristic of being liquid at temperatures below 100°C 39 . Yet another, more recent definition states that they are "water-free organic salts showing a melting point at temperatures below their decomposition" 40 . They belong to the same family as classic molten salts (usually mixtures like NaCl-KCl, LiCl-KCl, LiF-BeF 2 , etc.) 41 , but with their low melting points differentiating them from the rest of the family. Because of this key property, they are often referred to in the literature as "room temperature ionic liquids" (RTILs), "room/low/ambient temperature molten salts", "liquid organic salts", etc. 42 .

Ionic liquids are salts, usually consisting of an organic cation and an inorganic or organic anion. Unlike molten salts, the voluminous, dissymmetric nature of the cation prevents the close packing of the ions, restricting the interactions of the ion pair and preventing the adoption of stable spatial conformations. The most obvious result of this hindrance, is the low melting of ILs. However, the interactions between the ionic species endow ionic liquids with a characteristic property, negligible vapor pressure 42 .

Some of the most common cations or cationic structures of ionic liquids are based on quaternary ammonium salts, such as tetraalkylammonium and heterocyclic aromatics, e.g.

imidazolium and pyridinium, or not, such as pyrrolidinium, but there also exist ionic liquids with cations based on sulfonium, phosphonium and others (Figure 1.3). In the case of the anions there also exists a wide selection. Among the most frequently encountered inorganic anions are halides, nitrate, tetrafluoroborate and hexafluorophosphate. As for organic anions, dicyanamide (DCA), bis(fluorosulfonyl)imide (FSI) and bis(trifluoromethylsulfonyl)imide (TFSI) are often present 42,43 . A few of the possible choices for anions are shown in Without taking into account combinations of more than two ionic species or the variations offered by functionalization, it is estimated that over a million ionic liquids are possible 44 . Of course, different combinations of ionic pairs will have different properties, as will be the case for variations of length or the form of the substituents of the main ions.

While the IUPAC nomenclature is more than sufficient to describe the complex organic ions found in ionic liquids, for practical reasons, a simpler, but non-standardized shorthand notation with several variations is often employed with the most common ILs. As an example, the ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, which has been used in this study (Fig. 1.5), can be found in the literature written as any of 

Task-specific ionic liquids

With ionic liquids being, well, liquid at a wide range of temperatures, the most obvious and most common use for them is as solvents. Initially they were proposed as alternatives to organic solvents due to their negligible vapor pressure and consequently the lower risk posed to users. Their synthesis however, can require the use of organic solvents anyway and in recent years more data has become available about the toxicity of several families of ionic liquids 45 . Moreover, their purification and isolation can be challenging. In any case, most of the organic ionic species lend themselves well to chemical modification or functionalization.

By employing any reaction or series of reactions from the vast arsenal of general organic chemistry, it is possible to add any number of different functional groups, such as amines, carboxylic acids, alcohols, thiols, ethers, esters, unsaturated bonds, etc. [46][47][48] , or form stereogenic centers, making the ions chiral 49 . Through functionalization, new properties are imparted upon the ionic liquids, or their preexisting ones can be tailored to a specific application.

The purposeful modification of ionic liquids in order to make them suitable for a given function led to the term "task-specific ionic liquids" (TSILs), coined by James H. Davis 50 . As functional groups on the cation and/or the anion, whose role is not limited to that of a solvent, but they serve a specific function. A more recent definition encompasses any salt exhibiting the properties associated with ionic liquids -melting point below 100°C, being liquid in a wide temperature range and negligible vapor pressure -that has been functionalized explicitly with the purpose to accomplish a given task, without necessarily being the reaction medium 51 . A task-specific ionic liquid with an added amine group could be used for instance for the capture of CO 2 47 , or the addition of thioether, thiourea and urea functionalities would permit the complexation with metals for metal extraction or catalysis 52 . In the same field of metal extraction, the introduction of hydrophobic groups to the cation, coupled with a strongly coordinating anion has produced stable biphasic systems with high extraction efficiency (up to 100%) 53 .

Moreover, ionic liquids could be designed to be simultaneously the reaction media, the catalysts that enable a reaction 43,54 and even the reaction vessels as they have been described

as nanoreactors themselves 55,56 . Another increasingly common approach concerns the grafting of ionic liquids onto supports, either to alter the properties of the surface of the substrate (e.g. wettability, selectivity, tribological properties, electrochemical response, etc.),

or to prevent the leaching of the ILs in heterogeneous processes, thus improving their recoverability and reusability 57 . Grafting could be done directly on the unmodified surface of the support, or if the surface lacks suitable anchoring points, those are introduced in an intermediate step. Among the functional groups that have been introduced to ILs for their immobilization are azides and thiols 58 , amines 59 , trimethoxysilane 60 , phosphonic acid 61 , alkenes 62 and functional units that can take part in polymerization reactions 63 . Still, endowing an ionic liquid with task-specific properties is not always straightforward, as the traits that make ionic liquids stand out, may also pose additional problems in terms of the synthetic protocols that might have to be adopted and especially their purification, which if incomplete, can be deleterious to the desired application 42 .
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Properties

The properties of ionic liquids can vary dramatically if impurities, co-solvents or humidity are present. Since their synthesis can require multiple steps, traces of reagents from previous steps (especially halides, water and organic solvents) sometimes find their way into the final product, causing an array of issues 64 . This is the main reason why different values for a given property of a specific IL are often encountered in the literature 50,65 .

Melting point

The size of the ions, their charge and its distribution are all factors influencing the melting point of ionic liquids. Unlike "classic" molten salts, where the strong interactions between the small, inorganic ions lead to high melting points, the bulky organic ions with delocalized charges contribute to the depression of the melting point of ionic liquids. The effect of charge delocalization is clearly seen when comparing ionic liquids with aromatic cations (e.g. imidazolium, pyridinium) to those where that added delocalization is not present (e.g. ammonium, phosphonium, pyrrolidinium), with the former exhibiting lower melting temperatures than the latter.

It has been reported that imidazolium-based ionic liquids often exhibit supercooling 66 , which prohibits the determination of their melting point, as the ions remain in a glassy state even at very low temperatures. It was postulated that the interactions between the ionic species did not allow them to reorganize past the vitreous state 65 .

Studies on the effect of the length of the side chain of several alkylmethylimidazoliumbased ILs have found that surprisingly, the melting point steadily decreases as the length increases, reaching a minimum for 6 to 8-membered alkyl substituents. Beyond that length, the melting point progressively becomes higher and upon melting, lamellar ionic liquid 

Density

The density of most ionic liquids is higher than that of water. It is typically between 1.2 and 1.6 g/cm 3 at 25°C and for some ionic pairs that include the heavy [Al 2 Br 7 ] -anion, values of 2.2 g/cm 3 have been reported 50 . Some ionic liquids containing dicyanamide, have a density close to 1 g/cm 3 or less 67 . The length of the alkyl chain of ILs with imidazolium, ammonium and sulfonium cations also has an effect on their density, which decreases as the chains become longer 65 .

Viscosity

Ionic liquids are more viscous than aqueous systems and "classic" molten salts. This is due to Van der Waals interactions and hydrogen bonding 68 . The viscosity is usually between 30 and 50 cP at 25°C, but for certain ionic liquids values higher by an order of magnitude have been observed 50 . As one might expect, their viscosity decreases with the temperature, though the opposite has been reported for some imidazolium-based ILs with hexafluorophosphate 65,[START_REF] Bai | Formation Process of Holey Graphene and Its Assembled Binder-Free Film Electrode with High Volumetric Capacitance[END_REF] . Since mainly the side chains exhibit Van der Waals interactions, viscosity increases with their length 68,70 . Lastly, viscosity also depends on the nature of the anion, on its symmetry and on how localized its charge is 50,65 .

Thermal stability

Ionic liquids possess remarkable thermal stability, especially considering their organic

Chapter 1: Introduction -state of the art nature. For many, their thermal decomposition does not take place below 200°C, while some are stable at even higher temperatures 65,71 . Thermal stability is the product of several factors, but the most important one is the nature of the anion 65,72 . In series of ionic liquids with the same cation, lower decomposition temperatures were recorded for halides than anions such as BF 4 -, PF 6 -, and TFSI -65 . It was also observed that the presence of water was detrimental to thermal stability and that the hydrophilicity of the ILs was largely dependent on the anion and its capacity for intermolecular interactions 65 , a conclusion shared by other studies as well 72 . On the contrary, the nature of the cation seems to play a smaller role in thermal stability. In a series of experiments with piperidinium-based ionic liquids, as the chain length of the alkyl substituents increased, the thermal decomposition temperature decreased (albeit slightly). This was explained by "the higher stability of the progressively longer alkyl carbocations and/or free radicals originating from the breakdown of the C-N bond of the cation ring" 73 .

Chemical stability

Ionic liquids are considered to be inert in general, but their chemical stability is largely dependent on the hygroscopic character imparted by the anion of the ionic liquid. As such, ionic liquids comprised of the TFSI - , PF 6 -and BF 4 -anions exhibit an increased stability with regard to atmospheric humidity as compared to alkylsulfate anion towards hydrolysis 74 .

However, the presence of water tends to catalyze the decomposition of perfluorinated anions such as PF 6 -and BF 4 -to hydrofluoric acid, which then contributes to the overall decomposition of the ionic liquid 75 . The TFSI -anion can express a heightened hydrophobic character when paired with a number of cations 76 and yields stable ionic liquids.

The protons of the imidazolium ring and mainly that at position 2, have an important effect on the reactivity of ionic liquids that comprise it 77 . In basic conditions or in the presence of certain metals, deprotonation of the ring takes place, leading to the formation of Chapter 1: Introduction -state of the art carbenes 78 . Consequently, imidazolium-based ionic liquids are more stable when the proton at position 2 of the imidazolium ring has been substituted 79 , e.g. by a methyl group.

Conductivity

Contrary to what might be expected based on the charged nature of ionic liquids, their conductivity is rather low and varies for different ion pairs. For many common ionic liquids, it lies in the range of 0.2 to 20 mS/cm at room temperature. Like with most substances, at higher temperatures the conductivity increases linearly, but close to the glass transition temperature, T g , there is significant negative deviation from linear behavior. As conductivity depends on both the charge and the mobility of charge carriers, it follows that in ionic liquids with stronger interactions between the ions, the conductivity will be lowered, because of phenomena like ion pairing and ion aggregation. Also, the large size of some of the ions negatively affects their mobility. The conductivity follows a trend inverse to that of their viscosity, so any factor that leads to an increase of the viscosity (e.g. more Van der Waals interactions due to longer alkyl chains), will cause a decrease in conductivity. While a correlation between cation type and conductivity has been drawn, with conductivity decreasing in the order imidazolium > sulfonium > ammonium > pyridinium, a similar general conclusion about anion type or size has not been possible yet. It has been found that the addition of co-solvents to ionic liquids, greatly increases their conductivity, as co-solvent molecules solvate the ions and minimize ion pairing and ion aggregation. 50 

Electrochemical stability

The range of voltages over which a solvent is inert, is a measure of its electrochemical stability. In the case of ionic liquids, this potential "window" is defined by the potentials at
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These windows are much wider than those of most common solvents, e.g. that of water is just 1.23 V at 25°C 22 . This tremendous advantage of ionic liquids over conventional solvents makes them very attractive for a host of electrochemical applications, some of which will be discussed later on. However, it should be noted that the choice of electrode materials and the presence of contaminants such as humidity or leftovers from the synthesis of the IL, even at minuscule amounts, all can lead to the formation of electroactive species that pose a challenge when determining the potential window of ILs. They can also severely impact their stability in the course of such applications by degrading ILs 50 and reducing the electrochemical window.

Interactions and supramolecular structure

A very interesting property of many ionic liquids is their structural organization. The coexistence of different types of functional groups and parts of the structure capable of manifesting different kinds of interactions results in the self-assembly of supramolecular structures and according to molecular dynamics simulations, depending on the nature of the ionic species, it is possible to exhibit microphase separation between polar and nonpolar nanodomains 55 .

Using an imidazolium-based cation as an example, as illustrated in Figure 1.6, it can participate in several types of interactions. First, its charge is located, but delocalized, on the aromatic ring. This part of the ion is capable of the strongest electrostatic interactions with negatively charged ions, but also with polar groups or dipoles, as is the case with water.

Secondly, because of the π system, the ring of the imidazolium ion can take part in π-π interactions, as well as cation-π interactions. Third, the hydrogen atoms of the ring can form hydrogen bonds. Being part of an aromatic system that stabilizes a positive charge, they have a more pronounced acidic character and specifically the hydrogen atom at position 2 of the ring. Lastly, the alkyl substituents of the nitrogens make up the hydrophobic segments of the ion. Through Van der Waals interactions with their neighbors, they form apolar domains, the extent of which will be affected by the chain length and shape 54 .

The sum of all of these interactions and the choice of the anion can be a less or more well-ordered superstructure, which even at the liquid state can be crystalline-like 80 .

Imidazolium ILs have been reported to adopt a conformation where stacked cations form channels, in which small anions reside 81 . The size and affinity of these different nanodomains for different chemical species (charged -uncharged, polar -non-polar, etc.) can be tailored to accommodate the confinement of specific solutes or reactants and the exclusion of others 56,82,83 .

By selecting specific ionic pairs and/or by modifying their chemical makeup, the higher order organization of ionic liquids can be adjusted to be compatible with systems of interest 84 . This offers an added tool to synthetic chemists for taking advantage of confinement effects, with all the benefits these may confer on designing processes based on green chemistry principles, even though ionic liquids themselves have been wrongly labeled as "green" solvents. Waste prevention, atom economy, less hazardous synthesis, energy Chapter 1: Introduction -state of the art efficiency, catalysis and safety can be achieved by using ionic liquids as nanoreactors 85 .

Applications

Because of the variety of properties afforded by the choice of ions that can be paired and the further tuning of these properties through functionalization, ionic liquids have been called "designer solvents" 43,86 . While their usefulness as solvents with adjustable affinities for different solutes is indisputable, this wealth of properties can also be used for many other purposes.

The viscosity of ionic liquids along with the different possible interaction types, have led to their consideration as lubricants 87,88 . Good adhesion or wetting capability is possible with surfaces of very diverse compositions. Their tunable hydrophilicity can also make them successful corrosion inhibitors 87,[START_REF] Verma | Ionic Liquids as Green Corrosion Inhibitors for Industrial Metals and Alloys[END_REF] . However, thermal and chemical stability, in particular in the presence of impurities can be an issue 49 .

Early in the history of ionic liquids, the catalytic properties of impurities dissolved in them, had led to the mistaken attribution of catalytic properties to the ILs 49 . However, further research into their properties and of course, their functionalization, has made ILs competent catalysts themselves and excellent supports or solvents for other catalysts, suitable for a wide range of homogeneous and heterogeneous catalytic processes. The applications of ILs are currently one of the most vividly researched topics in the domain 43,46,90,91 .

The variable affinity of ionic liquids for different solvents and solutes is an asset for the formation and utilization of biphasic systems. Such systems are put to use in a range of very different fields, such as synthesis of organic and inorganic products 44,49,91 , the liquid-liquid separation and extraction of precious or toxic metals 92 , or the entrapment of particular analytes in analytical applications 93 .
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Ionic liquids as components of electrochemical energy storage devices

The ionic nature of ILs, but mostly their high electrochemical stability in comparison to common solvents has made them very attractive for almost any electrochemical application.

Their most obvious use, that relies on both of these aspects, is as electrolytes. Their performance has been investigated in Li-ion, Na-ion, lithium-air and lithium-sulfur batteries, among others 39,94 . As for the "conventional" role of the battery electrolyte, several benefits have been reported for the ILs as the solvent or as a co-solvent. They have been found to increase the temperature operating range of batteries, their lifespan, charge and discharge rates and their safety, with regard to flammability [95][96][97][98][99][100][101] . In Li-ion batteries, ionic liquids have also been examined and proposed as binders for active materials and as components of gel electrolytes 102 .

Ionic liquids appear to be particularly promising in dual-ion batteries, a type of cell, where both anions and cations are intercalated in the opposite electrodes [103][104][105] . There, they can be used as both the electrolyte and the intercalated species. Supercapacitors are a very similar application, with the differences being that instead of intercalation, it is surface adsorption that takes place and that the energy is stored as the electric field that results from the separation of charges 106 . It is perhaps the electrochemical energy storage application of ionic liquids that has seen wide market adoption 39,86 .

Ionic liquids in the preparation of electrochemical energy storage device components

Besides their proposed uses as battery components, there are other aspects of the life cycle of Li-ion batteries that could benefit from the adoption of ionic liquids. They can be employed at different stages, such as the extraction of lithium from solutions 107 , which could be useful for the exploitation of lithium brine and for recycling. ILs have also been studied and used to manufacture high-purity, structured active electrode materials 108,109 . The electrochemical stability of most ionic liquids makes them excellent media for electrodeposition. In that process, their tunable hydrophilicity is an added asset, as they can solubilize a wide range of precursors and also they can exert control on the growth rate and crystallinity of the deposited material, affecting its morphology. In that regard, the electrodeposition of active electrode materials in ionic liquids is a very promising avenue. A high deposition current efficiency can be achieved in ILs and unlike aqueous electrolytes, the deposit does not suffer from oxide formation and H 2 evolution. Furthermore, the active material can be formed directly on the current collector, so it can be used directly in a battery, without the need for binders and other additives 108 . Such is also the case of ceria (CeO 2 ), a material that can be used as an electrolyte in solid oxide fuel cells. Ceria, which is hydrophobic, was electroplated on stainless steel substrates from solutions of Ce(NO 3 ) 3 in ionic liquids, producing smooth and adherent thin films 110 .

Our group has been in the forefront of the synthesis of metal nanoparticles in IL media, with the specific intent to be used in batteries. The syntheses of tin and tin-copper intermetallic nanoparticles have been studied in different ionic liquids and optimized, so as to control their size and produce almost monodisperse populations. By integrating these nanoparticles in various electrode designs, precious insights were gained into factors that affect battery performance and the degradation of the materials during operation.

Conclusions drawn from these works and in particular, the interactions of the forming nanoparticles with the ionic liquids, have established the basis for the current study.

There are undoubtedly advantages in bringing the broad family of ILs to the domain of Li-ion batteries. For the time being, this has been hampered by the inherent production costs 111 , however more and more chemical manufacturers are starting to produce a widening selection of ionic liquids and the associated economies of scale can drive down those costs. 115,116 . Therefore its maximum gravimetric capacity could actually be 959.5 mAh/g, which is still much higher than most common graphite anodes.

Tin being almost three times more efficient than graphite in terms of weight and more than ten times in terms of volume, the work being done to integrate it in Li-ion battery designs is more than justified. However, as it can be seen in the green curve of Figure 1.7, which quantifies the problem that plagues all alloy-based electrode materials: extreme volume changes occur. A full-metal tin anode would increase three times in volume when going from the discharged to its charged state, which would be catastrophic for the battery and the device that battery would power. It is not just the impracticality of the huge difference between the expanded and contracted forms, but also what that would mean for the connectivity of the electrode with the rest of the cell. Much like with conversion materials, it is not possible to impose a specific growth pattern, direction or location on the (re)forming solid. As a result, in the course of a few cycles, pieces of the active material could crack and become isolated from the internal circuit, no longer contributing to the capacity, while others could grow in directions that would be damaging to the integrity of the battery, causing electrical or mechanical failures.

The nature of tin itself poses another problem. It has two main allotropes; white, soft, metallic β-Sn, which is stable at room temperature, but below 13.2°C, the stable form is gray, brittle, semiconducting α-Sn. The α polymorph is cubic (Fd3m space group, Fig. 1.8a), whereas the β form is tetragonal, compressed along one axis (I4 1 /amd space group, Fig.

1.8b). The transition from the β to the α structure, known as "tin pest", because of its destructive effects, entails a volume increase of 26% 117,118 . For tin-based batteries, this transition would limit their lower operating temperature, and would also be an issue with regard to their storage and transportation. Even if the cells were manufactured to tolerate this expansion, the transformation from metallic to semiconducting incurs yet another penalty, the energy cost required for the electrons to flow to and fro the material. Moreover, because the voluminous structure of α-Sn is more similar to that of the lithiated alloys than β-Sn, after a few cycles of lithiation and delithiation, the dominant form in the anode becomes the α polymorph, which permits the faster diffusion of lithium ions 119,120 .

A feasible solution to the above problems appears to be the nanostructuring of a tin anode. By using tin nanoparticles (NPs) instead of bulk tin, several studies have demonstrated improvements in the lifespan and performance characteristics of the cells 112,120,121 . The mechanical stability stems from the accommodation of the expansion of individual nanoparticles in the intergrain space. The increased surface area, compared to bulk tin, facilitates the diffusion of lithium ions in the structure on one hand and the transfer of electrons from the active material to the electrode contact, on the other hand. These phenomena account for the observed increase in capacity and higher attainable C-rates.

Furthermore, structuring the anode as nanoparticles permits the full exploitation of the active material 122 and the difference in surface energy at the nanoscale 123 can also benefit the operation of the battery, by lowering the energy barrier of lithiation 124 . Another reported advantage of working at the nanoscale is that within a certain size range, the β → α transition is significantly hindered 125,126 .

There exist several approaches to the synthesis of Sn nanoparticles. The most common one is the so-called "polyol process" 127 , i.e. the reduction of metal precursors in a polyol solvent. Another common method is the "amine-borane route" 128 , where the reduction is achieved through the use of amine-borane adducts. A third approach is sputtering 129 , a form Chapter 1: Introduction -state of the art of physical vapor deposition technique, in which ion bombardment of a target material can cause its atoms to be ejected and then to be deposited on a substrate. The preparation of Sn NPs by ultrasonication of molten tin in paraffin oil has also been reported 130 . The bottom-up synthesis of tin nanoparticles for use in Li-ion anodes has previously been researched by our group 84,109 using ionic liquids as solvents. The resulting anodes demonstrated prolonged lifespans, even though the electrode formulation did not permit a significant capacity increase.

For the prevention of structural and electrical degradation of the electrodes, in addition to nanostructuring, some general options, such as the use of specific coatings and binders with a good level of adhesion to the nanoparticles are also available 112 . For alloy-based electrodes there are two more possibilities: alloying the active material with another metal that is either active (e.g. Ag, Sb) or inactive (e.g. Ti, V, Cr, Co) towards lithium. In the first case, the stabilization seems to come from the coexistence of different phases that are formed during lithiation. In the case of bimetallic alloys with inactive metals, the inactive matrix appears to buffer volume expansion and/or the formation of the fully lithiated phase, leading to better cycling stability 112 .

In the case of the tin oxides, the alloying process is preceded by two conversion reactions with the lithium ions in the electrolyte, that produce Li 

Beyond graphite

Graphite has been the workhorse for Li-ion battery anodes for more than three decades and realistically speaking, it does not seem like it will be displaced by another material sometime soon. During that same time span, a lot of work has focused on alloy anode materials, the most promising replacement candidates so far, but only tin and more recently silicon have managed to find their way into actual, commercial batteries and then only as additives, with graphite still being the major active material. As several studies have suggested, every alternative material or formulation that has been proposed so far could not exceed graphite in every aspect and most crucially, in terms of gravimetric and volumetric capacity simultaneously. While there exist materials that on paper surpass graphite in both these values, the structural modifications made necessary by their intrinsic disadvantages (mainly their volume expansion) end up negating any benefits 112,135 .

Even though graphite has a specific capacity much lower than that of metallic lithium or many conversion or alloying alternatives, it is still relatively high and in fact, 2-3 times higher than that of most cathode materials in use. It is painfully clear that finding a material that excels in all of these aspects and manages to outmatch graphite is no easy feat. Yet the need to move away from fossil fuels has turned the spotlight on the limitations of Li-ion technology, some of which are tied to graphite. The first limitation that has been brought up several times already, is the low gravimetric capacity of graphite, which is a full order of magnitude lower than that of pure lithium. Even though the prospect of a lithium anode appears now more distant than a graphite replacement, the chemistry could be exploited further than it is at the moment. Every incremental improvement beyond the current state would translate into considerable practical gains, e.g. lighter cars with a longer range, portable devices that require charging less often, etc..

The second shortcoming that is specific to graphite is its rate capability. Current Li-ion batteries can be discharged at a rate of up to 10C, but the charging rate cannot exceed 1C 136 .

Charging at or close to the maximum achievable rate has been associated with accelerated aging of the cells and capacity fading and even more importantly, with the risk of Li metal plating on the surface of the electrode, which can lead to short-circuits and the catastrophic failure of the batteries. Despite the widespread use of Li-ion batteries and the tremendous amount of studies that have been conducted over the years, some of the mechanisms behind this problem are still not completely understood. In large part, this is due to the complexity of a battery as a system and the lithiation of the anode is not much less complex in itself. It appears that the issue is the sum of several factors: the size and structure of graphite particles, the mechanics of intercalation, the effects of the choice of solvent on lithium ion desolvation and the eventual composition of the SEI, even the temperature at which the battery is charged. Of these factors, the ones that are inherent to graphite are its structure and how exactly lithiation proceeds and they are both connected. They will be discussed below, as they are important to understanding the problem and what, if any, solutions could Several studies have demonstrated that the lateral movement of the lithium ions between the sheets is rather fast, with diffusion coefficients in the range of 10 -7 to 10 -5 cm 2 /s 137 . Based on these numbers, it was estimated that a crystalline domain with a size of 45 nm could be lithiated within 0.2 ms, which is contradicted by the actual rate, that is ~1C. Without any other knowledge about the system, it is apparent that for geometric reasons, the speed of the ions cannot be the same in every direction. Also, arrangements where the graphite crystals are placed with the graphene sheets perpendicular to the path between the anode and the cathode will hinder the diffusion of the ions. Indeed, the ion transport in that direction has been measured to be in the order of 10 -11 cm 2 /s 137 .

The actual graphite particles do not possess the neatness of the above schematics and in both natural and synthetic graphite, several types of structural defects are often encountered: crystallites with different orientations than their neighbors, interpenetrated graphene strata and folds. In order to maximize the use of space in the electrodes, graphite 

Effects of interlayer spacing

The anisotropic structure of graphite is only part of the problem. The intercalation of lithium ions follows a "staging mechanism", a concentration-dependent feature, with several discrete steps. Insertion of the ions in the structure does not happen all at once or randomly; In recent years, after the isolation of graphene brought the humble constituent of graphite to the center of researchers' attention, several studies examined the lithiation mechanisms of single-layer, bilayer and few-layer graphene. Few layer graphene was found to behave like graphite, whereas single-layer graphene, that had been theorized to be capable of hosting lithium ions on both its surfaces, was found to attain a very low coverage of ~5% 138 . Interestingly, in the case of bi-layer graphene, reversible multi-layer deposition of lithium was observed 139 .

Furthermore, in structures that resemble that of graphite, but with a larger interlayer distance between adjacent sheets, faster lithiation rates are attained. Vertically grown graphene sheets [140][141][142] or arrays of carbon nanotubes 143 have broken the barrier of 1C, reaching 6C and paving the way to exceptionally fast-charging batteries. The galvanostatic curves of these systems do not exhibit the same plateaus observed for graphite, which means that the lithiation kinetics are not the same and that they do not follow the same complex staging mechanism. One might argue that the microstructure of these systems is too dissimilar to graphite and that the speed gains stem from the decrease in tortuosity 144 . While indisputably the tortuosity is lowered, increased lithiation rates have also been observed in graphite with bulky intercalated species, that keep the graphene sheets further apart [145][146][147][148] .

In addition, most of these structures seem capable of hosting more lithium per unit of mass, which would suggest that the Li to C ratio is higher than in LiC 6 . Recent studies have suggested that graphene-based structures with voids, or graphite with increased interlayer spacing attain higher gravimetric capacities than pristine graphite, up to 1000 mAh/g or more 135 and by a combination of intercalation and reversible lithium plating, even higher capacities may be possible 149 .

Besides the increased internal voids in these materials, there is another aspect they have in common and may play an important role in the fast and increased lithium uptake: their flexibility. The partially lithiated intermediate forms of graphite in the Daumas-Herod staging model, while more complex in reality, have been verified by structural studies 136 . In order for the model to be rational, the flexibility of the graphene sheets was key. To sum up, despite graphite's numerous advantages, its much lower than expected capacity, the slow lithiation rate and finally problems related to its sourcing, induced a lot of research works devoted to seeking alternatives. Graphene appears as a promising option.

Graphene and graphene oxide

The A top-down method of production of graphene involves the oxidation of graphene to graphene oxide (GO) and its subsequent reduction. Through treatment with strong oxidizers, oxygen-bearing groups attach to the carbon atoms and defects and vacancies are created in the lattice. The added functional groups and the sp 3 geometry adopted by some of the carbon atoms push the sheets apart and cause their exfoliation. The resulting material is substantially different from graphene and importantly, it is an insulator. However, the polar functional groups of graphene oxide can take part in a number of reactions, permitting its further chemical and structural modification and also allow it to be dispersed in polar solvents, such as water 152,154,158 . The possibilities in the covalent functionalization of graphene oxide are practically unlimited. For instance, by employing reagents with two or more reactive functional groups, such as chlorotetrazines, GO sheets can be cross-linked together, forming superstructures 159 .

For applications that require the properties of the material to be close to those of pristine graphene, graphene oxide must be reduced. This results in the loss of oxygen-bearing groups and the restoration of the lattice -usually partially. The reduction can be done thermally, which typically produces a material closer to pristine graphene, or chemically 154 . Among the reducing agents commonly employed for the reduction of GO to reduced graphene oxide, are hydrazine, ascorbic acid, hydroxylamine and metal powders in acidic media 160 . A third Reduced graphene oxide (rGO) possesses properties between those of graphene oxide, depending on the selected reduction method and the extent of reduction. Their chemical aspects (synthesis, functionalization, reduction, etc.) are discussed in more detail in Chapter 2.

Given graphene's electronic and mechanical properties, combined with its very low weight, it makes perfect sense to adopt it and graphene-based materials in metal-ion batteries either as the active hosts of metal ions or in auxiliary roles. In particular, threedimensional functional structures based on graphene that have been proposed over the last few years have produced auspicious results 156,162-167 , but there is still a lot of work to be done.

A review was recently published 168 that examines the roles and performances of such architectures in detail. Here we will summarize some highlights in the domain and in the following section we will focus on the combination of graphene and tin, which is at the core of this study. Graphene as an active material can accommodate metal ions via intercalation (when multiple layers are stacked) and by adsorption on its surface. Li + , Na + , K + , Al 3+ can be intercalated between graphene sheets. Aluminium ions, which have trouble penetrating in depth in graphite, when paired with a graphene-based structure with 3D channels exhibited good capacity at relatively high C-rates, 120 mAh/g at 400 mA/g and superb cycling performance, with 91.7% capacity retention after 250000 cycles 169 . These batteries also had a wide temperature operating range, -40 to 120°C. As for the surface adsorption of Li 

Graphene-based anodes with tin

The potential advantages of using tin as an anode material were presented earlier in this chapter, along with its main disadvantage, extreme volume expansion and contraction, that makes its integration into Li-ion batteries difficult. A lot of effort has focused on taming the structural changes of tin, by pairing it with other elements or materials. nanoparticles supported on such structures, with the graphene sheets "decorated" with the NPs. While the results do not indicate a clear advantage in taking the first or the second approach, each strategy appears to have its own merits. In many cases, the reported materials are used as synthesized, meaning that no additives or other components are required to shape the materials or to provide conductive pathways. Besides, the use of a graphene network ensures the conductivity of the whole system 172 . Several examples of each approach will be examined below.

Inclusion

In the first strategy presented here, tin-based nanoparticles are enclosed in a graphene superstructure. The latter can be in the form of a shell, such as hollow spheres, open-ended nanotubes, disordered, crumpled sheets, lamellar forms in which tin is sandwiched, 3D

networks and structures where both materials have been grown from suitable precursors, with the tin-based nanoparticles ending up trapped between layers of graphene. As for the preparative methods employed, they vary from one-pot type syntheses to multistep synthetic routes.

A recurring theme is the use of sacrificial templates, usually in the form of polystyrene beads 173,174 , which could be further functionalized by amino groups 175 , for the purpose of creating hollow spheres that encapsulate the tin-based particles. Graphene oxide nanosheets are wrapped around the spheres, because of electrostatic attraction. After annealing or chemical removal of polystyrene, the sheets retain the spherical shape. Sacrificial polystyrene templates have also been used in combination with Ni foam, to produce a hierarchical structure 176 . Another sacrificial template used to create macroporous composite structures is melamine, which presents the advantage of being soluble in hot water.

Melamine was also added with the intent to protect the oxygen groups on the interior of the GO sheets during thermal treatment 177 .

Chapter 1: Introduction -state of the art

Wang and He demonstrated that it is possible to grow graphene-tin heterostructures in a single step 178 . By decomposing tin oleate on Na 2 CO 3 , Sn/SnO nanoparticles formed simultaneously with graphene sheets. Na 2 CO 3 crystals present smooth, flat facets and as such, they can support the growth of both materials. The tin nanoparticles, which were covered by a thin SnO layer, were well dispersed within the mass of the graphene sheets that grew on top and around them.

A different kind of hollow nanoparticle, "dry-plum-like yolk-shell" was produced via spray pyrolysis of microdroplets of tin oxalate and polyvinylpyrrolidone 179 . Within seconds, oxidation, polymerization, and thermal annealing take place, consecutively. The hollow particles contained SnO x integrated in a carbon matrix.

A layer-by-layer assembly method was employed by Zhan et al. 180 to produce SnO 2 nanoparticles covered by graphene sheets on a Ni foam substrate. The foam was dipped successively in suspensions of tin oxide NPs and graphene oxide and the composite was thermally annealed when enough layers had been deposited.

Two more methods have been reported in which the structured composite is enclosed in another carbon layer. Luo et al. 181 prepared a GO/SnO 2 hydrogel which was then freeze-dried and the resulting material was coated in glucose, which was subsequently graphitized. Li et al. 182 synthesized a 3D graphene support, onto which Sn@SnO 2 particles were anchored and then its surface was covered with polydopamine, which after thermal annealing, gave a nitrogen-doped film.

Finally, a composite employing carbon nanotubes has been reported by Zhang et al. 183 .

The nanotubes had been subjected to a treatment that perforated their walls and were then impregnated with a solution of tin chloride, which was hydrolyzed to SnO 2 by water vapors in an autoclave. The fast growth of carbon nanotubes by CVD from acetylene around a tin oxide precursor which is simultaneously reduced into tin nanowires has also been reported. This method could be easily adapted to produce similar structures for battery applications 184 .
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Tin supported on graphene

In the vast majority of composites of both categories, tin or tin oxide is formed in situ on the graphene oxide sheets from a solution of Sn 4+ or Sn 2+ salts. The oxygen-bearing functional groups of graphene oxide serve as anchoring points for the metal ions and become the nucleation sites for the growth of tin nanoparticles. Depending on the environment, the NPs then are either oxidized -partially or totally -to SnO 2 or Sn@SnO x . In some of the syntheses, the oxidation of tin takes place concurrently with the reduction of graphene oxide 185 . It seems that there is a conscious choice to forgo trying to preserve tin in its metallic form, which renders processing of the materials more difficult. Another explanation for this choice would be that the structural changes exhibited by tin during lithiation are much more dramatic than those of its oxides.

Two slight variations of this approach, reported by Gu et al. 186 and Yang et al. 187 , make use of mixtures of ionic liquids as the medium in which the anchoring of the nanoparticles to the sheets takes place, as a means to control their growth. In the latter work, the synthesis is performed in an autoclave, which results in the partial decomposition of the IL (1-butyl-3methylimidazolium dicyanamide) and the subsequent nitrogen-doping of the GO sheets.

There are some works that follow a different synthetic route altogether. Zeb et al. It should be noted that while most of the materials discussed above present interesting forms at the nano or the microscale, a lot of them -with a few notable exceptions -have no macrostructure. This means that they have to undergo the "traditional" processing of active materials for battery electrodes, i.e. to be mixed with binders and other additives, so as to become tangible electrodes. For some reason, the wealth of hierarchical structures at every scale afforded by graphene chemistry and processing 156,162,163,[165][166][167][168] has not been fully
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Among the composite materials presented, there were a couple that made light use of ionic liquids in their preparation, as modulators of the growth of tin nanoparticles 186,187 . In one of these materials, the IL was further used to dope the graphene lattice with nitrogen heteroatoms as it decomposed on its surface. The insights gained by the study of the synthesis of metal nanoparticles in IL media as hinted earlier in this chapter, suggested that perhaps ionic liquids could play a more active role in composites with tin and graphene.

Chapter 1: Introduction -state of the art

Towards a ternary material

In the closing remarks of her thesis 196 on the synthesis of metal nanoparticles in various ionic liquids, N. Soulmi comments on the interactions between the forming tin nanoparticles and the EMI + TFSI -ionic liquid, the reaction medium. It was shown that the nanoparticles interacted strongly with the EMI + cation, which constituted their first solvation sphere and which also formed heterocyclic carbenes on the surface of the particles. TFSI -, a weakly coordinating anion due to its structure, exhibited very little interaction with the NPs.

The EMI + TFSI -pair, constituted an ionic liquid with properties that were favorable to the structural control and evolution of the nanoparticles, such as its low viscosity and its hydrophobic character, that shielded the reaction mixture from the detrimental effects of humidity. The synthesized nanoparticles had an average size of 7 nm, with a narrow size distribution.

The ultimate goal of that work was the nanostructuring of tin, so that it could be used in lithium-ion batteries. However, the nanoparticles were incorporated in a typical electrode formulation, where they comprised 30 wt% of the material. Another 45 wt% belonged to a 1:1 mixture of carbon black and graphite, used to prevent the agglomeration of the nanoparticles and to provide conductive pathways between the NPs and the current collector. Carboxymethyl cellulose, a nonconductive cellulose derivative used as binder, accounted for the remaining 25 wt% of the electrode. This formulation that works adequately for most of the materials used in actual batteries, severely hampered the performance of the anode, while it could not prevent the loss of active material due to pulverization and aggregation. The battery exhibited high capacity, but mostly when cycled between 0.05 and 0.8 V, as at higher potential differences the electrolyte kept decomposing on the large surface area of the NPs. The structure of the anode could not adapt to the volume changes and over time, parts of active material became disconnected from the rest of the electrode, reflected in the 25% capacity loss after 40 cycles. With these findings in mind, it was postulated that the interactions of the tin nanoparticles with EMI + TFSI -could perhaps be put to use to maintain the stability of the anode, by anchoring the nanoparticles in place and preventing the migration of tin atoms during cycling. Obviously, a liquid could not provide by itself anchorage for a solid and even more so an ionic liquid inside a battery, so the IL would have to be immobilized on some support. Both members of the ion pair could be modified to that end. Nevertheless, it was decided to recreate the Sn NPs -IL system of the synthesis as faithfully as possible. For that reason, the grafting would be done by the longer side chain of the imidazolium ring, since it had no direct influence on the nanoparticles, as opposed to the strong interactions with the cation ring and the weak interactions with the anion. For the same reason, when exploring the potential synthetic approaches, the decision was made to keep the length of the ethyl side chain constant, i.e. to keep the number of carbon atoms at two.

As for the scaffold onto which the IL would be grafted, from the works cited in the previous section and from past experience with graphene-based materials, it was decided to turn towards graphene. In particular, it's oxidized form, graphene oxide, is perfectly suited to functionalization via a multitude of synthetic methods, in both polar and nonpolar solvents. This property was convenient, as the hydrophilicity of the modified ionic liquid could not be deduced in advance. In addition, graphene oxide being dispersible in a variety of solvents opened the possibility of combining functionalization and shaping, through solution processing. Many different architectures based on graphene have been reported in the literature and a lot of them exhibit sufficient mechanical stability and flexibility, that could allow the high loading of the structure in tin and the mitigation of its volume changes.

An important decision in the beginning of this work was to attempt to create a nanostructured material, that would also be self-supporting and shaped at the macroscale.

This would mark a departure from the customary electrode designs, where the active material is ground into a fine powder and then it is combined with additives and binders to gain form and conductivity. This choice was made in the hope that the resulting anode would contain zero extraneous components and so, no "dead" weight. Lithium would be hosted mainly by tin and partially by the graphene support, which would provide form, mechanical strength and electron conductivity. The ionic liquid would mitigate the degradation of the tin nanoparticles during cycling. The forms of the support that were initially selected were membranes and foams. The latter, while they possess a lot of voids, are compressible without breaking 197,198 , so the porosity of the composite could be tuned either during the assembly of the batteries or at an earlier step, in order to achieve an acceptable trade-off between volumetric capacity, gravimetric capacity and cycling rate.

Looking in the literature for similar constructs, we could find none. Graphene-based structures are routinely used in combination with ionic liquids in supercapacitors. Taskspecific ionic liquids supported on graphene are nothing uncommon. In the only examples where tin, graphene and ionic liquids were combined structurally into a composite material, the ionic liquids were being used as precursors for the doping of the graphene lattice with heteroatoms [199][200][201][202][203] and in another one, the 1-propyl-3-methylimidazolium cation was grafted onto GO after silylation and then combined with a chlorostannate anion, to be used as a catalyst 204 .

With the nature of the supporting structure positively decided, several different functional groups that would permit the grafting of the EMI + cation were initially examined and eventually, the amino group was selected, as detailed in the second chapter. At that moment, some of the more evident potential problems that might be encountered in the process were identified. In order to take advantage of graphene's conductivity, the composite material would have to be reduced afterwards, but without damaging the graft or the nanoparticles. Another potential pitfall was the documented affinity of the imidazolium cation for graphene through π-π and cation-π interactions [205][206][207] . This could prove problematic for the grafting, if the cations of the IL got stuck on sp 2 domains, away from possible reaction sites. On a related note, proving that the ionic liquid was indeed grafted and not adsorbed on the surface of the graphene structure would be challenging. The objectives of this study were the design and creation of a composite Li-ion anode material, based on tin nanoparticles and making use of their interaction with the EMI + TFSI - ionic liquid. These two elements would be integrated into a suitable carbon-based matrix.

Specific demands and roles for each component were that tin nanoparticles would function as the main storage of lithium these would be held in place by EMI cations, paired with TFSI anions, with the latter contributing to the stability of the SEI layer 1 ; graphene would provide the surface on which EMI + would be anchored and it would be responsible for both the form of the electrode as well as the charge transfer, while also serving as an auxiliary lithium reserve. Having established the requirements our composite material should meet, we set out to prepare its individual components. Since neither tin nanoparticles nor functionalized ionic liquid nor graphene oxide were commercially available (or in the case of graphene oxide, not at the desired dimensions), we had to synthesize them ourselves. An extensive survey of the literature and the accumulated experience within our group provided a number of methods that could be employed. This project aspired to produce a proof of concept, so a further set of restrictions was, namely that the processes and techniques that would be chosen would be as simple, easy to scale up and low-cost as possible, although cost was not taken into account in the selection of the base components.

This chapter details the work carried out in order to prepare and characterize each of these components of the ternary composite material. With the specifics of Li-ion battery operation and the constraints that were set as criteria, a number of published protocols were selected and adapted to the requirements of the targeted system. It was also necessary to identify and adapt the analytical techniques, that would allow to examine and assess the effects of each process and which might also be transferable to the assembled system.

Graphene-based matrix

More often than not, the covalent functionalization of graphene is not straightforward. It requires its initial oxidation to graphene oxide, a material much more easy to process via solution chemistry, but which possesses markedly different properties and critically for its use in electrodes, diminished electrical conductivity 2 . Once the functionalization and any other necessary treatments have taken place, the lattice should be restored in order to regain the properties lost by oxidation, e.g. electrical and thermal conductivity, mechanical strength. This often poses a painful conundrum, as the reduction process might undo the desired modifications, so there is an intrinsic properties versus added functionality trade-off that needs to be made.

Graphene oxide (GO)

In broad strokes, the oxidation of graphite to graphene oxide (or graphite oxide, as it was called before the isolation of graphene) has been through three major iterations. The first published method was that of Brodie in 1859 3 . The main oxidizer used was potassium chlorate (KClO 3 ) -though Brodie experimented with other oxidizing agents as well, such as potassium dichromate (K 2 Cr 2 O 7 ) -which was mixed with graphite and then fuming HNO 3 was added in a water bath kept at 60°C. The process was laborious and lasted about two weeks. In 1898, Staudenmaier 4 improved upon Brodie's method and while he kept KClO 3 as the oxidizer, he added it over the course of one week to a mixture of graphite, concentrated H 2 SO 4 and concentrated HNO 3 , cutting the processing time in half. During that time though, the reactor had to be kept cool, as chlorine dioxide (ClO 2 ), a byproduct of the reaction, posed an explosion hazard. It wasn't until 1958 that a different oxidizer was used and as a consequence, a quicker and safer method was developed, that of Hummers and Offeman 5 .

Their oxidizer of choice was KMnO 4 , which was added to a mixture of graphite and sodium nitrate (NaNO 3 ) in concentrated H 2 SO 4 , kept in an ice bath. The oxidation was completed in just under two hours. These three methods and variations thereof are still being used for the production of graphene oxide, with that of Hummers and Offeman being employed in industrial settings 6 almost exclusively, because it is faster and safer. It should be noted that any synthetic method based on that of Hummers and Offeman, regardless of reagents or conditions, falls under the umbrella term "modified Hummers method", which is rather loosely defined 7 . The protocol we've followed in our synthesis is based on that of Kovtyukhova et al. 8 , which in turn is a variation of the Hummers method, that includes a preoxidation step. This facilitates both the exfoliation of graphite and the oxidation, through the intercalation of sulfate and persulfate salts between the sheets. These intercalated species act as spacers, making it easier for oxidizer ions to penetrate in the interlamellar space and also as oxidizers themselves.

Because of the immense complexity of GO, the exact mechanism for Hummers' (as well as the others) oxidation method remains a topic of study and debate 9 . However, studies such as the one by Lerf and Klinowski 10 and by Dimiev and Tour 11 , which have produced the eponymous models, have elucidated the structure of graphene oxide. According to their investigations, carboxyl and carbonyl groups are found exclusively on the edges of graphitic planes, whereas hydroxyl groups and epoxides are rather ubiquitous, but mostly concentrated on the inner surface of the sheets. Looking at the reaction mixture and keeping in mind what is known about the functional groups of graphene oxide, however, some safe generalized assumptions can be made as to how each chemical species came to be and where it is expected to form on the sheets of GO. First, the oxidizer transfers an oxygen atom to a double bond, forming an epoxide. The epoxide can undergo an acid-catalyzed ringopening reaction with water, resulting in a 1,2-diol. The newly-formed alcohol groups may be further oxidized, depending on their position on the lattice (Fig. 2.1). Primary alcohols can be oxidized to aldehydes and since a strong oxidizer is used, the aldehydes will be oxidized to carboxylic acids. Secondary alcohols will yield ketones. Tertiary alcohols cannot be oxidized. Consequently, one would expect to find carbonyl and carboxyl groups on the edges of layers (with the caveat that carboxyl groups would have to form on distal, conjugated carbons not part of aromatic rings, or where the rings might have broken open)

and hydroxyl groups and any unhydrolyzed epoxides anywhere else on the faces of the sheets.

While generally true, the above summary description is a simplified representation of the Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid events taking place during the oxidation of graphite. For instance, the reaction conditions, in particular the use of concentrated sulfuric acid, also favor the dehydration of alcohols back to alkenes. This description fails to account for the role the extended π-systems play, the relative abundance of epoxides at the end of the reaction, or the fact that for a given combination of reagents, the degree of oxygenation reaches a plateau after a certain reaction time 9 . Furthermore, the reaction itself is exothermic and violent and can lead to the tearing of graphene lamellae, or to their being punctured, creating new reaction sites in the process.

The conjugated system is divided into many smaller, unconnected sp 2 domains, which border oxygen-rich sp 3 domains. The introduction of defects leads to the wrinkling of the sheets, a hallmark of graphene oxide. The oxidized material has lost its electrical and thermal conductivity, becoming an insulator and the metallic luster of graphite has been replaced by a dark brown to black color 2,12,13 .

Perhaps the most important property of graphene oxide from a chemist's point of view, is its dispersibility in water and other polar solvents, with which its polar groups interact strongly, e.g. via hydrogen bonding. In fact, one could even talk about the solubility of graphene oxide in polar solvents, since its polar groups can undergo dissociation and are actually solvated, not unlike other macromolecules, such as proteins. This of course is a matter of perspective and it is mentally challenging to think of something that is visible to the naked eye as a solvated particle. In any case, what is important is that this permits GO to be integrated in a wide array of "classical chemistry" synthetic routes. In contrast, pristine graphene can be suspended in a limited number of organic solvents, at moderate to low concentrations, often requiring the use of surfactants 14,15 ; the range of compatible solvents and the use of additives increase the complexity and often the toxicity of resultant systems 14,16 .

During oxidation, as the oxygen-bearing groups are being introduced into the lattice and the sp 3 -hybridized carbon atoms bend out of plane, the sheets push each other apart. This facilitates the intercalation of solvent and oxidizer molecules, further promoting the exfoliation of the platelets. At the end of the reaction and depending on the shearing forces (e.g. due to stirring), a considerable amount of material is found completely (i.e. as singlelayer GO) or partially exfoliated. The material that remains stacked can be brought to almost complete exfoliation with little effort -compared to the exfoliation of pristine graphite 15 -by mechanical means, such as sonication or high-shear mixing.

Reduced graphene oxide (rGO)

Brodie had marveled at "the minutest state of division" he saw in "graphite oxide", but it wasn't until 1962, when Boehm 17 considered the graphene oxide route as a method to produce monolayers of graphite (graphene hadn't been isolated yet, hence the word choice), by reducing the layers he had previously oxidized. Boehm's assumption holds true and the reduction of top-down produced graphene oxide into reduced graphene oxide is widely used today, especially when production at scale or modifications to graphene's intrinsic properties are required. Unfortunately, regardless of the chosen method of reduction, the restoration cannot be complete, not unless the material is subjected to the same conditions of temperature and pressure that led to the formation of graphite in the first place. As a result, the properties of rGO will always lie somewhere between those of graphene oxide and pristine graphene. The omnipresence of this trade-off when choosing to follow the path of graphene oxide cannot be overstated enough. As detailed in the first chapter, a number of different techniques, mostly chemical and thermal are employed for the reduction of GO to rGO, with the latter yielding superior results in terms of both the removal of functional groups and the restoration of the graphitic lattice 18 . The resistivity of electrode materials is crucial to the design of a battery, as the stored energy is finite and ohmic losses consume an amount of that energy, while they can pose safety threats when the battery is being charged.

For these reasons, we opted to reduce our materials thermally, tailoring the process to the stability of the other components of the targeted composite.

Synthesis of graphene oxide

The effect of the starting material, that is graphite, on the properties of GO and any resulting derivatives often goes overlooked 19 . Brodie had noticed that minerals from different regions of the world did not exhibit the same behavior during oxidation 3 ; this is in part due to the different impurities in each ore (responsible for the variations in color he observed), but also due to the crystallinity that differs based on how natural graphite might have formed. Nowadays, purity is not a problem anymore, as the manufacturers process the ore in order to remove other minerals and clays that are usually found together with graphite.

For instance, the graphite purchased for this work had a stated purity higher or equal to 99.9%. Furthermore, it was in the form of graphite flakes, which possess a high level of crystallinity. Also, we selected flakes of a rather large size, -10 Mesh (≤ 2 mm) and considering that graphene sheets can be found folded inside the flakes, we expected to end up with some individual sheets larger than that size. This was done with the application of the material in mind. While electrons can undergo ballistic transport on graphene, that is not the case when they need to hop from one sheet to a neighboring one 20 . We reasoned that by using larger sheets, we could minimize the hops along the conduction path and produce a material with lowered resistivity.

As it was already mentioned, during the pre-oxidation step sulfate and persulfate salts are intercalated between the sheets of graphite and this promotes both its exfoliation and its oxidation. While to the best of our knowledge, no definitive proof of a specific reaction mechanism has been demonstrated, it has been proposed that the main oxidation proceeds in three distinct stages 21 . The first two involve the intercalation of sulfates/sulfuric acid and permanganates, followed by the oxidation of the sheets. At the last stage, the covalent bonds that have formed between the oxidizing species and the graphitic lattice are hydrolyzed, inducing the exfoliation of individual sheets. The presence of some amount of water is essential for the oxidation to take place. If oleum (fuming sulfuric acid) is used instead of concentrated sulfuric acid, at the end of the process the material remains largely

Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid unchanged, save for the intercalation of some salts between the sheets. It has been claimed that this lack of reactivity is the result of the oxidizing species being mostly found in their non-ionized forms 21 , though this assumption is not backed by the cited sources. A typical synthesis, based on the protocol of Kovtyukhova et al. was carried out during this work, as described below.

Experimental method

A beaker containing 2 g of K 2 S 2 O 8 and 2 g P 2 O 5 dissolved in 12 mL of concentrated (97%) H 2 SO 4 was heated under stirring to 80°C. As soon as the temperature had stabilized, 4 g of graphite flakes were added to the above solution. After about 10 minutes, heating was stopped and the mixture was left to cool to room temperature while being stirred. It was then slowly diluted with 300 mL of distilled water and filtered through a PTFE membrane (450 nm pore diameter). It was washed on the membrane with approximately 4 L of distilled water, until the pH of the filtrate was ~5.5. The solid was transferred to a crystallizer, which was placed in a drying oven at 80°C for 20 h.

The pre-treated solid was placed in a beaker with 92 mL of concentrated (97%) H 2 SO 4 and chilled in an ice bath, under constant stirring. 12 g of KMnO 4 was slowly added to the mixture, taking care not to let the temperature exceed 20°C. During the course of the addition, the color of the mixture turned dark green. When all of the KMnO 4 had been added, the ice bath was removed and the mixture was kept stirring at 30-35°C for 2 h. At that point, it was carefully diluted with 185 mL of distilled water (water in acid, highly exothermic) and left for 15 minutes to return to room temperature. It was further diluted with 560 mL of distilled water and 10 mL of H 2 O 2 30% was added to terminate the oxidation, causing the mixture to turn bright yellow-green. The mixture was then filtered using a PTFE membrane (450 nm pore diameter) and the residue was washed in the filtering funnel with 1 L HCl 3.5% to remove metal ions and then with 300 mL distilled water. The viscous, dark brown remainder was dispersed in distilled water to a final volume of 300-400 mL, depending on the desired final concentration and was transferred into dialysis tubes (cellulose, cut-off: 12400 Da) to be purified from metal ions and acids. The dialysis was considered complete when the pH of the eluant remained stable (typically around 5.6) after 24 h -usually after a week and up to two months, depending on concentration. The resulting GO suspension would then be either exfoliated as-prepared or after dilution with distilled water. Exfoliation was performed by 2 h of sonication in a bath sonicator in 30 min increments, taking care to maintain the temperature of the bath close to ambient. The final suspensions, which are stable up to this day, had a concentration of graphene oxide in the range of 7-16 mg/mL.

There are three modifications compared to the original protocol: First, the drying of the pre-treated graphite was carried out in a drying oven, at 80°C and not in air. While this can cut down on the processing time, it also promotes the expansion of the graphite, as the intercalated species decompose with heating. The resulting material was slightly swollen and has a more "puffed up" texture, compared to both pristine graphite flakes and air-dried pre-treated graphite flakes. Second, the final dilution prior to dialysis was adapted to the desired concentration of the suspensions. While the process of osmosis does not allow for a precise control over the molecules that diffuse through the membrane, we obtained suspensions within 2 mg/mL of the targeted concentration. This was done because we wanted to experiment with higher concentrations of GO and while dilution is easy, the opposite is not true, when our options were either to heat the suspensions at T < 50°C, so as not to reduce the GO, or to remove excess water by filtration. Third, the sonication time was fourfold that of the original publication. It is often difficult if not impossible to quantify the energy imparted on a system via a sonicator bath, as there are a lot of variables that can play a role. In short, satisfactory results with regard to the exfoliation of the suspended particles were obtained after 2 h of sonication, based on electron microscopy observations. These suspensions were stable during the course of this study and they were used in all subsequent experiments. Most characterizations were conducted on films, prepared by filling crystallizers or Petri dishes with the suspensions and evaporating the solvent at temperatures between 45-48°C either in a drying oven or on a hotplate. 

Materials

Thermal reduction to rGO

Ideally, thermal reduction at temperatures where graphitization naturally occurs, would yield a nearly-defect-free material. However, we were limited by the thermal stability of the other components we wished to incorporate in the composite. EMI + TFSI -, our model ionic liquid, begins to decompose around 366°C 22 and tin imposed an even lower limit, as it melts at 232°C. In the past we've had to work under similar restrictions and inspired by a number of publications on the annealing of graphene oxide under vacuum [23][24][25] , we settled for a thermal reduction protocol consisting of a ramp of ~1.5°C/min to 200°C, followed by heating at 200°C for two hours under 0.05 mbar of pressure. The slow heating rate served to avoid the explosive exfoliation 26,27 of stacked GO, though for dense samples we also had to cut them to pieces, to facilitate the escape of decomposition gases.

Experimental details. Samples were annealed in a Medline Scientific™ Jeio Tech 665L Vacuum

Oven (OV-12).

Characterizations of GO and rGO

GO and rGO were characterized at different levels: the crystallinity using polycrystalline X-ray diffraction (PXRD), the morphology using microscopy (TEM and SEM), the chemical homogeneity using energy-dispersive X-ray spectroscopy (EDX) and the amount of defects using Raman spectroscopy. In addition, the thermal behavior was evaluated with respect to the goal of incorporating tin and the ionic liquid in the composite material. Finally the acidity and surface charge of GO in suspension were examined in order to find the best conditions for its functionalization.

Crystallinity of GO -rGO

Graphite and its oxides have been studied in great extent via X-Ray diffraction, almost from the invention of the technique [28][29][30][31][32] . The addition of oxygen-bearing groups to the lattice, the out-of-plane bending of sp 3 -hybridized carbons and the adsorption and intercalation of solvent molecules lead to an increase of interlayer distance between graphene sheets. This is immediately discernible from X-ray diffraction, as the signal from the 002 planes, which is found at 26.5° in pristine graphite, corresponds to the spacing between the sheets. At the same time, the exfoliation of crystallites to few-layer graphene means that fewer planes can contribute to the constructive interference that produces the characteristic peaks of a diffractogram according to Bragg's law. Lastly, if we think of graphene sheets like sheets of paper stacked together, it is easy to visualize how they deform more easily when there are fewer of them in a stack. These are the telltale signs of the oxidation of graphite: the shift of the interlayer spacing signal to lower angles, hence greater distances, the decrease in signal intensity due to exfoliation and the broadening of the peaks, as planes bend and become distorted.

The diffraction patterns of the graphite used in our syntheses, its pre-treated form just prior to oxidation and that of graphene oxide are presented in Figure 2.

We can observe

Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid that the treatment with potassium persulfate in sulfuric acid induced a fair amount of exfoliation, as the intensity of the diffraction from the 002 plane has decreased significantly, which means that fewer sheets are now stacked together. The signal appears slightly shifted to lower angles, hinting at the intercalation of the salts between the sheets of graphene.

Furthermore, the broadening of the peaks indicates that there is a considerable strain and deformation of the crystal planes. In the case of the oxide, the 002 signal is found at 11.16°, so the interlayer spacing, d 002 is now ~7.9 Å, more than double that of graphite (3.35 Å). There Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid water of an aqueous suspension.

Morphology of the GO sheets

The synthesized material was examined under a transmission electron microscope. In the micrographs of Figure 2.3, one can clearly see the crystals of the salts from the pretreatment of graphite, intercalated between the graphene sheets, as dark spots in a), b) and better observable in c). The edges of stacked graphene sheets are clearly visible in d). The sheets themselves are already somewhat crinkled, even though they have not been subjected

to oxidation yet. Evidently, this is brought on by the treatment with potassium persulfate in sulfuric acid. The mere fact that TEM imaging is possible, reveals that considerable 82 Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid Experimental details. Transmission electron microscopy images were recorded on a JEOL JEM 1011 microscope operating at an accelerating voltage of 100 kV. Samples were deposited on 300 mesh copper grids, coated with either a carbon film or lacy carbon film, depending on the material to be observed. The samples were prepared by diluting the suspension of GO with distilled water to the point that its color was barely perceptible and deposited a single drop on a copper grid coated with a carbon film. For the pre-oxidized graphite, in order to preserve the intercalated potassium sulfates and persulfates, a small quantity of material was dispersed via sonication for 30 minutes in ethanol, in which the salts are insoluble. Again, the suspension was diluted with ethanol until it became almost colorless and a single drop was deposited on a copper grid covered with lacy carbon, which allowed for better contrasted images.

Chemical homogeneity

In order to verify the reproducibility and homogeneity of our syntheses and as a convenient and readily available technique of elemental analysis, we examined all the different batches of GO we prepared via energy-dispersive X-Ray spectroscopy (EDX).

As described earlier, we prepared films of material by slow evaporation of the water of the suspensions. Taking into account that the chemical makeup of graphene oxide varies locally, we conducted many measurements on each sample, trying to include as many 84 Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid topographic variations as possible and the results were then averaged, in order to have a representative image of the entirety of the material.

In Figure 2.5, we observe a typical SEM image of a GO film, along with three areas selected for analysis. Since the acceleration potential of the electron gun had been increased in order to extract a maximum amount of inner-shell electrons from the sample, the image is not as detailed or as fine-tuned as it would be during normal SEM observations. It mainly serves to roughly select the areas of interest. The differences in brightness are due to the local accumulation of static charges, as expected of an insulator. The brighter the area, the more charged it is and usually the higher the local oxygen content. Areas with intact sp 2 domains have a higher C:O ratio and appear darker, while the opposite is true for areas with a lot of oxygen-bearing groups. The spectrum of the area #10 of Figure 2.5 is shown in Figure 2.6. This region of the sample contains a charged edge fragment superimposed onto a more conducting surface. As a result, the estimated atomic ratios are close to the averages for the sample.

Based on the EDX measurements, the syntheses were indeed reproducible, with an Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid average atomic percentage of C of 66 ± 4% and 32 ± 3% for O. Besides some possible contaminants whose presence was disputable, such as Na and Cl shown in Fig. 2.6, sometimes we would encounter trace amounts of S, up to 0.5%. Although it falls within the margin of error of the technique, it could not be dismissed outright as an artifact. The average atomic percentages of C and O in rGO were found to be 83 ± 3% and 16 ± 3% respectively.

Experimental details. EDX analyses was usually performed together with scanning electron microscopy (SEM), as both were conducted on a Hitachi SU-70 field emission scanning electron microscope, equipped with an Oxford X-Max 50 mm 2 detector for the recording of EDX spectra. The INCA and AZTEC software suites were used for EDX measurements and analyses.

Defect evolution investigation via Raman spectroscopy

A surface characterization technique often employed to assess graphene-based materials, is Raman spectroscopy, which allows to distinguish graphene from graphene oxide, based on the vibrational signals of the disordered carbon lattice. A single sheet of graphene at its basal plane has one Raman-active mode, with an E 2g representation, which gives rise to the socalled "G band" predicted at 1582 cm -1 (Figure 2.7a). Stacking graphene sheets in an AB arrangement to form graphite, gives rise to a second Raman-active E 2g mode, with a signal predicted at 47 cm -1 , which however is rarely detected. A number of other bands, second order features attributed to overtones of fundamental modes and of Raman-forbidden modes are often measured in the range of 2450 and 3300 cm -1 33 . Structural defects, usually found at the edges of graphene sheets and graphite crystallites produce another signal, mainly located at ~1350 cm -1 , the "D band" (Fig. 2.7b) as well as several possible associated second and third order features at higher wavenumbers 33,34 . In a typical modern Raman spectrometer, an area of a sample is selected for measurement through a microscope lens and then, through the same optics, a laser beam excites that area and the Stokes and anti-Stokes scattering signals are recorded by a CMOS (complementary metal-oxide-Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid semiconductor) detector. In Figure 2.7 is shown a simplified representation of the laser excitation process and the associated signals of pristine graphene (Fig. 2.7a) and those of overlapping edges of graphene sheets with edge defects (Fig. 2.7b). If only sp 2 carbons part of the aromatic system are in the pathway of the laser beam, the recorded spectrum between 1100 and 1700 cm -1 will resemble that of Fig. 2.7a. If the beam falls on defect sites, the spectrum will be more like the one shown in Fig. 2.7b.

Over the last decades, the paradigm of the Raman analysis of graphite has been applied to a host of carbon-based materials consisting of sp 2 domains and disordered structures, e.g. carbon black, or completely amorphous carbons 35 . One application of this methodology with numerous examples in the literature is for the assessment of the effectiveness of the reduction of graphene oxide 36,37 . The D and G bands of the material before and after reduction are usually fitted with symmetrical functions such as Lorentzian or Gaussian curves (or more rarely asymmetrical functions such as Breit-Wigner-Fano) and the areas under each of the peaks are integrated and then divided, yielding the I D /I G intensity ratio -a 87 Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid measure of the density of defects 38 . Counterintuitively, except for cases where the sample has been almost completely graphitized and the D band is all but extinct, that I D /I G ratio increases after reduction. This has been attributed to a decrease in size, but increase in number of sp 2 domains after reduction 36,38 .

We too employed that methodology when examining the Raman spectra of films of graphene oxide (GO) and thermally reduced graphene oxide (rGO), annealed for 2 h at 200°C under vacuum. Their respective spectra are shown in Figure 2.8 in black and red. A small peak that appears at ~1120 cm -1 is from the sample holder. The two spectra appear as expected, with the G band centered at 1601 cm -1 for both samples. The peak of the D band of graphene oxide is found at 1350 cm -1 and slightly shifted, to 1358 cm -1 for rGO. The relative intensity of the D band is somewhat decreased in the rGO sample, which could be tied to an increase of the sp 2 character of the lattice. Following the methodology described above, for the GO sample, when fitting with Lorentzian, Gaussian and Breit-Wigner-Fano (BWF) curves, the calculated I D /I G intensity ratios were 1.265, 1.607 and 1.135, respectively. For the rGO sample, the I D /I G intensity ratios were 2.170 (Lorentzian), 2.155 (Gaussian) and 1.399 (BWF). In terms of absolute values the ratios varied widely for the different curves used for fitting.

Yet, an increase in the I D /I G intensity ratios after reduction, the trend discussed earlier, was apparent every time.

When fitting the spectra with any of the above functions, a satisfactory match of the recorded curve could not be obtained. In terms of shape, the BWF function gave the best result, but it severely underestimated the area between the two bands and it was impossible to simultaneously match the maxima and slope of both peaks. It started to seem that the deconvolution of the spectrum into two components was perhaps not a correct approach.

Despite appearances, graphene is a complex material and its photon and phonon excitation response differs a lot when examining a single layer and multiple layers: resonant and nonresonant behaviors can take place simultaneously with both constructive and destructive interference effects, leading to drastically different measured signals, which are also highly dependent on the experimental conditions 39,40 . Oxidation of graphene to graphene oxide, so the functionalization and the introduction of defects to the lattice, only add to the complexity, with new excitation modes becoming possible and localized variation of the different signals in accordance with compositional variations 41 . Drawing from that research and taking into account these complexities, recent analyses of graphene-oxide-based materials tend to adopt a more detailed methodology, examining both the main spectral window (~1100 -1700 cm -1 ), which is deconvoluted to more components, as well as the signals from second-order overtones and combination modes [42][43][44][45][46][47] . It is clear that the widely practiced analysis of the Raman signal in the narrow range of the main spectral window is overly simplistic and cannot lead to sound conclusions as to the structure, i.e. the state of disorder of graphene oxide samples, all by itself.

For more precise structural information to be extracted, many features of the spectra have to be taken into consideration, at least the intensity ratios of the D and G bands, the presence of additional signals, the width of all bands and ideally, multiwavelength measurements should be conducted 41 . Despite the erroneous methodology, the Raman spectra of the synthesized materials examined appeared as expected from published examples.

Experimental details. Raman measurements were carried out at the PLASVO platform hosted by the MONARIS laboratory at Sorbonne University. The spectra were recorded using a Horiba Jobin Yvon HR800 confocal, high-resolution spectrometer, equipped with a 600 groove/mm grating. An ionized argon 514 nm laser source was used, operating at 100 μW power level, with the beam diameter set to 1 μm. Acquisition time was 600 s.

Thermal analyses

In order to obtain further compositional information about the synthesized graphene oxide and estimate the effectiveness of the selected thermal treatment protocol, thermal analyses were conducted.

The thermal decomposition of the material is a multistep, complex process, as demonstrated by the typical thermogravigram of a graphene oxide sample shown in Figure 2.9. Plotting the first and second derivatives (DTG and D 2 TG curves in the plot) of the TGA curve can assist in determining the onset temperatures for the different steps and in identifying overlapping segments belonging to different decomposition processes.

While most of the observable steps overlap, the thermogravigram can be approximately divided in the following segments:

• From ambient temperature up to 129°C, there is a weight loss of 7.8 wt%, with the maximum of the process taking place at 50°C. This can be attributed to the loss of weakly or strongly adsorbed water and the beginning of the decomposition of carboxyl groups 48 .

• From 129°C to 151°C and with a maximum at 148°C, an abrupt weight loss of 4.5 wt% was observed. By conducting an experiment where the epoxide groups were hydrolyzed, it was possible to attribute this part to the decomposition of the hydroxyl groups (see Chapter 3).

• The previous process overlaps with another one, equally abrupt, that continues up to 213°C and reaches its maximum at 198°C. The main process here seems to be the decomposition of epoxy groups (as evidenced by the aforementioned hydrolysis experiment) and results in a further weight loss of 21.8 wt%.

• Again, the previous process overlaps with the next one, that extends to 309°C. A maximum cannot be identified. This decomposition process is slower and results in a weight loss of 6.2 wt%.

• From 309°C onward, the decomposition rate remains almost constant and by 800°C a further weight loss of 9 wt% is recorded. The total weight loss of the sample at 800°C is 49.3 wt%. The two dominant overlapping decomposition processes taking place in the range 129°C -213°C were attributed to hydroxyl and epoxy groups, though the simultaneous decomposition of other species cannot be excluded.

In order to get some more information about the thermal reduction process, we conducted a TGA analysis of a GO sample under N 2 flow, where the outlet of the carrier gas was connected to a mass spectrometer. This allowed us to analyze the decomposition products at the various stages of the process.

The complexity of the thermal decomposition of GO and by extension, that of its thermal reduction is further reflected in the diagram of Fig. 2.10. Before proceeding with the analysis, it should be noted that the beginning of the TGA curve in Figure 2.10 is slightly different than that of Figure 2.9. It is less steep and during the first segment up to 129°C, the weight loss is almost double than before, 15 wt%. This is due to adsorbed humidity. The sample of Fig. 2.9 was measured within minutes after drying, whereas that of Fig. 2.10 was These values were attributed in that order to the following cationic species:

C + , O + , [OH] + , [H 2 O] + , [O 2 ]
+ and [CO 2 ] + . While O + and C + could be fragmentation products of CO, carbon monoxide itself could not be monitored, as it shares the same molecular weight as the carrier gas, N 2 .

The initial intensities of the signals of [H 2 O] + , [OH] + , O + and [O 2 ]

+ suggest that a certain amount of both oxygen and water remained adsorbed on the graphene oxide sheets despite the initial purge with N 2 . That does not seem to be the case for carbon dioxide, perhaps due to its size and affinity towards GO.

Both the signals of [H 2 O] + and [OH]

+ exhibit the same pattern throughout the process, with an initial increase after the removal of the loosely adsorbed water molecules, that reaches a first maximum at ~100°C, suggesting water evaporation. They reach a second maximum at 185°C, where the decomposition of hydroxyl and epoxy groups overlaps, as mentioned previously. It is possible that the two groups react together as they decompose, with water being one of the products. The signal intensities of the two species slowly but steadily continue to increase up to the end of the measurement, hinting at the decomposition of species that involve both oxygen and hydrogen.

The [CO 2 ] + signal while at first difficult to separate from the background noise, constantly increases from ~57°C onward, reaching a maximum at 185°C, coinciding with the maximum of the evolution of water. As it has been reported in the literature 48 , carboxyl groups start to decompose at approximately 50°C, which would confirm the source of the signal in the sample at lower temperatures. However, the fact that it reaches a maximum at exactly the same temperature as the water ion, suggests that it also evolves as a product during the decomposition of hydroxyl and epoxy groups. The [CO 2 ] + signal drops immediately after, before it reaches a local maximum close to 260°C, when it slightly drops again and starts increasing after 330°C. From that point on, the signal increase changes slope several times, hinting at different processes releasing CO 2 during the pyrolysis.

The intensities of the signals from the ionic oxygen species, O + and [O 2 ] + , do not exhibit the same trends. It appears that their sources are different for the most part of the measurement. The diatomic ion signal increases steadily from 125°C until ~568°C, where it starts to undergo a small decrease until 650°C, when it appears to slightly increase until the end. From 150°C to 310°C, the signal from the monatomic cation, O + , follows the same pattern as the fragments belonging to water. After that point, its evolution remains almost constant.

Perhaps the most difficult signal to interpret is that of the C + cation, which is present from the beginning of the measurement, reaches a maximum at 185°C like those of [CO 2 ] + , [H 2 O] + ,

[OH] + and O + , drops slightly after that and then steadily increases up to 650°C, where it becomes almost constant. While the peak at 185°C could be ascribed to the fragmentation of [CO 2 ] + , C + does not share any other trend with that species. Had we had access to a different carrier gas, we would have been able to follow the evolution of CO and maybe reach some conclusion.

This experiment gave us little information, most of it in hindsight. However, considering the multitude of gaseous reactive species that evolve during thermal reduction 49 , it provided a further justification for the choice of conducting it under vacuum. The less time these species spent adsorbed on the surface of GO, the more oxygen-free the resulting rGO would be, compared e.g. to reduction under gas flow.

Finally, in order to assess the efficacy of the thermal treatment we selected, we conducted Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid for two hours results in almost half the weight loss of the sample and eventually leads to the same state as the one measured before.

The results of the thermal analyses of the graphene oxide samples confirmed what would be expected from the literature on the material. The added oxygen-containing functional groups almost double the weight of the graphene lattice, as evidenced by the weight loss by 800°C. The simultaneous evolution of different gaseous fragments combined with the complex decomposition profile attest to the many processes that take place during the pyrolysis. The formation of reactive gaseous species justifies performing the actual thermal reduction under vacuum. Also, simulating the annealing process in the TG analysis allowed us to determine the optimal treatment duration.

Experimental details. Thermogravimetric analyses were carried out on a TA Instruments TGA 550 analyzer. Samples would be placed in alumina crucibles and heated under a N 2 flow, at various scanning speeds. For samples containing graphene oxide or reduced graphene oxide, a lid would be placed on the crucible, in order to avoid material loss. These samples were measured at 3°C/min, so as to prevent their explosive expansion.

The TGA-MS measurement was conducted at the LRS laboratory at Sorbonne University. The TGA part of the experiment was carried out using a TA Instruments Q600 SDT thermal analyzer, at a heating rate of 3°C/min. The effluent of the thermal analyzer was transported by the carrier gas (N 2 flow rate: 100 mL/min) to a Pfeiffer Vacuum ThermoStar GSD 301 T quadrupolar mass spectrometer, where it was ionized by a hot filament. Before the measurement, the chamber with the sample holder was purged for 30 minutes with N 2 at ambient temperature. Whereas carboxyl groups are rather few compared to other functional groups present on graphene oxide, it exhibits a very high acidity. This stems from the combination of carbonyl and hydroxyl groups connected through π systems, producing a high number of vinylogous carboxylic acids 11 . As a result, a high number of acidic groups dissociate when in contact with water and the surface of the material assumes a negative charge, as evidenced by the previous diagram. This high charge keeps the particles suspended and prevents them from aggregating. As a reminder, large graphite flakes (< 2 mm) were used as a starting material and consequently there were suspended graphene oxide sheets of comparable dimensions.

Acidity -ζ-potential

In suspensions diluted to concentrations below 4 mg/mL, some of the largest particles would precipitate. Due to the size of the graphene oxide sheets, the solvation shells too extend for micrometers or millimeters. The pH gradient due to the solvation shells of GO sheets can be illustrated by depositing a drop of GO suspension onto a strip of pH indicator paper, as shown in Figure 2.13.

The areas of the pH paper in contact and immediately around the GO sheets indicate a very acidic pH, while the pH close to the solvent front is only mildly acidic. Using a pH 

Shaping

Having established a reproducible synthetic protocol for the production of graphene oxide and after adequately characterizing the material, we set out to explore different shaping techniques. The goal was to find a form for the GO-based matrix that would be selfsupporting, capable of hosting a sufficient quantity of tin nanoparticles and which would 

Membranes

The most straightforward shaping technique that can be applied to graphene oxide suspensions is the preparation of films. By transferring the suspension to a suitable container, leaving it undisturbed and slowly evaporating the solvent, the suspended GO sheets settle in a horizontal arrangement, in which they align and overlap. Once dry, the formed membranes can be peeled off. They are flexible, paper-like structures, that can be cut into any 2D shape.

Preparation

A quantity of graphene oxide aqueous suspension was transferred to a Petri dish or a crystallizer. The recipient was then placed on a hot plate or in a drying oven, with the temperature set to 45°C. It would be left undisturbed until the water had evaporated and the GO residue had completely dried off. Carefully separating the GO films from the container, they could be peeled off in one piece.

By varying the quantity of GO suspensions set to evaporate, the thickness of the films was controlled in the range of approximately 0.05 to 1.5 mm. The minimum surface coverage required to produce easy-to-handle films that would remain intact, was ~2.7 mg/cm 2 , for our batches of graphene oxide. One of the thinnest membranes prepared is shown in Figure 2.14 (a and b). Thinner films were possible, but they were more difficult to remove without tearing and any minute imperfections in the container or if the container was not completely flat could produce observable defects in the consistency of the films. Films prepared from larger quantities at times presented small holes and imperfections due to inhomogeneous drying and they were significantly less flexible. The membranes could be reduced by 

Scanning electron microscopy

A close look at the films reveals that the graphene oxide lamellae assemble into membranes unfolded, for the most part. The edges of the sheets might be rolled or folded, depending on the irregularity of their shape. Some localized pleats, appearing as almost straight lines, are omnipresent. The hypothesis was that this pleating results from the combination of sp 2 domain stacking, on one hand and the presence of lattice defects, on the other. It seemed plausible that a part of a sheet that cannot properly stack and align with those of its neighbors would end up deformed, in order to accommodate the parallel arrangement. Wrinkling of the sheets was also always distinguishable, even at the magnifications offered by SEM imaging.

The images in Figure 2.15 are from a film that was scraped by the forceps used to mount it on the sample holder. It was decided to focus on the damaged area, to see if there were any distinguishable differences between the outer and the inner layers. None were observed. The white wavy patterns in Fig. 2.15a are accumulations of static charges. Fig. 2.15b shows some of the pleats on the outer layer as well as the wrinkles that are due to lattice defects. 

Aerogels

One of the most convenient methods to produce graphene-oxide-based porous structures, is via freeze-drying 51 . As suspensions -typically aqueous -of graphene oxide are frozen, the suspended sheets auto-assemble around the solidifying solvent. Subsequent sublimation of the solvent under vacuum results in a self-supporting porous structure, which can retain its shape after thermal reduction.

At first glance, aerogels might seem unsuitable for Li-ion battery electrode materials, given their low density. While a porous structure would allow the faster diffusion of Li ions and ease their intercalation into the host material, the volumetric capacity would be extremely low. Nevertheless, graphene oxide aerogels can be compressed without fracturing, due to the interactions between the sheets and can be completely flattened down to a film 52 . By tuning the compression level, a balance can be struck between fast ion diffusion and acceptable volumetric capacity. Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid A number of GO aerogels were prepared by submerging in liquid nitrogen plastic vials of different diameters filled with ~5 mL of graphene oxide suspensions of various concentrations, 4, 6, 8 and 16 mg/mL. These would then be placed in a lyophilizer for at least 48 hours, at a pressure of 0.01 mbar. However, once the freeze-drying process was complete and the aerogels were removed from the vials, they would all fracture. This was the result of mechanical stress at the core of the aerogels, as the suspensions froze inward and not all the GO sheets could rearrange to adapt to the forming structure. The large size of the graphene oxide sheets probably exacerbated that. In order to overcome this problem, the freezecasting technique was employed.

Freeze-casting

Freeze-casting, or sometimes called ice-templating, when the solvent is water, is a materials processing technique. First used in 1954 to prepare refractory materials for aeronautics applications 53 , it has seen increased utilization in the last couple of decades for the preparation of a wide range of materials, from metals and ceramics to biopolymers 54,55 .

The main and perhaps most critical point in the evolution of the technique over the years, has been the introduction of a temperature gradient during freezing. This is the main difference from simple freeze-drying. A suspension is placed in contact with a cold surface and the nucleation of the solvent starts at the interface. The solvent crystals begin to grow in the direction perpendicular to the cold surface, oriented parallel to each other. At first, the suspended solids are expelled from the solidification front, accumulating ahead of the interface. As the crystal dendrites increase in size, they penetrate that accumulation zone and the particles are forced in the space between the crystals. This prevents the entrapment of particles in solvent crystals, which could result in residual mechanical stress, as observed with omnidirectional freezing. Once sublimated, the solvent crystals leave behind a highly directional macroporous network. This use of the solidified solvent as a template for the structure of the final material is the origin of the term "ice-templating". The basic steps of the process are schematized in Figure 2.16.

Since the porous network can be thought of as the "negative" of the formed solvent crystals, any factor affecting their growth, will also have an effect on the porous system. A higher temperature differential will impose a faster freezing rate and will produce thinner, more oriented crystals. While pore diameters will always exhibit a certain variance, the average pore size and the pore size distribution can be shifted to lower values by increasing the freezing rate 55 . It follows that the nature of the suspended particles (shape, inter-particle interactions, lyophilicity, etc.), the physicochemical properties of the suspension as a whole (e.g. increased viscosity hinders the crystal growth), as well as the presence of species interacting with the crystallizing solvent (solutes, other solvents, etc.) will also influence the eventual structure of the network. For instance, higher concentrations of suspended matter will lead to narrower pore sizes, with thicker pore walls 56 . Similarly, the thermal conductivities of the suspended particles, of the solvent in both the liquid and the solid phase and the respective mass ratios of these components will play a role in how fast and how homogeneously heat can be removed from the system and will thus have an effect on how the solvent crystals will grow. Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid

Preparation of freeze-cast aerogels

The experimental setup used to freeze-cast graphene oxide suspensions is shown in Flexible resistors were coiled around the middle part of the rods, under the tubes with the suspensions and above the liquid nitrogen reservoir. Thermocouples, to measure the temperature, were also attached to the rods. The resistors and thermocouples were connected to a programmable proportional-integral-derivative (PID) controller. Based on the input settings and the measured temperature, the PID controller would increase or decrease the current flowing through the resistors, in order to maintain the desired temperature, or impose a specific freezing rate.

Having no interest in a large pore size, the fastest achievable freezing rate was selected for all the samples, 10°C/min. The suspensions were set to equilibrate at 20°C and then they were frozen at the set rate, until they reached -80°C and they had completely solidified. The ascending cold front is visible in Figure 2.17a, presenting as a grayish zone just above the PTFE film. The frozen suspensions, still in their tubes, were stored in a container submerged 104 Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid in liquid nitrogen until all the samples had been prepared and were ready to be transferred to the lyophilizer. The lyophilization process was conducted at a pressure of 0.01 mbar for at least 48 hours, without any heating applied to the samples. Once all of the water had been removed, the samples were brought to ambient pressure and the aerogel monoliths were removed from the tubes with the help of a plastic piston. A typical GO aerogel monolith is shown in Figure 2.17b.

Initially, a range of different GO concentrations (4, 6, 8, and 16 mg/mL) was freeze-cast.

However, aerogels prepared from suspensions with a concentration below 8 mg/mL exhibited poor mechanical stability, buckling under the slightest pressure, making their handling and processing impossible. Subsequent experiments were conducted using only suspensions with the higher concentrations, 8 and 16 mg/mL. Suspensions at these two concentrations differed significantly in their viscosity (the more concentrated suspension being much more viscous) and the resulting aerogels possessed markedly different mechanical properties, with the denser ones producing sturdier monoliths. Since water expands as it transitions from the liquid to the solid state, the densities of the different aerogels could not be immediately deduced from the GO concentrations in the suspensions.

Through weighing and physical measurements, it was determined that the aerogels made from the 16 mg/mL suspensions consisted of approximately 97% air, whereas the air content in those made from the 8 mg/mL suspensions was around 99%. We proceeded to examine their structural differences at the microscale, through electron microscopy.

Macroscopic morphology

Aerogels made from 8 mg/mL suspensions presented an ordered porous network, barely visible to the naked eye, when viewed from the top. Since the internal structure of the aerogels was of interest, to facilitate observations, the samples were examined via SEM, were sliced first perpendicularly to the crystal growth direction and the resulting disks were cut again in half along their middle, to reveal the view parallel to the temperature differential. The cuts were made using razor blades that were discarded after each incision. This was done to avoid abrading the samples with dulled blades. The top of the aerogels was never flat, because of the expansion of water during solidification and the crystallites not all reaching exactly the same dimensions. At the bottom of the monoliths, in the zone were the nucleation of the crystallites started, there were again inhomogeneities, revealing that the crystallites formed in certain areas and then branched out, orienting themselves parallel to the freezing direction a little over one millimeter from the interface with the metal rods.

The insulating nature of graphene oxide in the 3D structures obtained by freeze-casting was an even bigger problem than with the films. While observation was possible, acquiring images, which necessitated a relatively long exposure time at increased accelerating potential, was much more difficult. The contrast was almost nonexistent, because of the accumulation of static charges. Charge accumulation was at times so high, that the resulting electric field caused distortion in the images. After examining tens of samples before and after thermal reduction (for 2 h, at 200°C, under vacuum), it was verified that the structure remained unchanged. Consequently, it was decided that for purely structural observations, only the conductive forms of the rGO monoliths would be imaged. Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid gradient. The ice crystals grew from the right to the left, along the direction denoted by the arrows. Some deformations that are visible in the image were caused by the blade used to make the section. The view in Fig. 2.18b is perpendicular to the differential, with the ice crystals having grown towards the viewer. The lack of contrast and the accumulation of static charge (white areas) is clearly apparent in the image.

The sample exhibits a cellular structure, made up of interconnected, oblong cavities.

These cavities are anisotropic, with their largest dimension -approximately 20 to 200 μmmeasured along the axis of solidification, whereas a frontal view reveals a narrower size distribution, between 21 and 48 μm. While this dimensional anisotropy in general follows the direction of freezing, most of the cavities are not aligned with it, with some being at an angle of up to 23° to it. At the edges of the monolith, the external area in contact with the walls of the tube consists of compressed GO sheets, with a thickness of approximately 12 μm.

The monoliths made from the suspensions at [GO] = 8 mg/mL were too delicate to mount on the SEM sample holder without damaging them. When the aerogels were pressed against the adhesive tape, they would deform and even when they were gently deposited on it, they would break when air was blown on them with a rubber bulb, to ensure that they were stuck in place. When the monoliths where cut along the temperature gradient, these aerogels were much more anisotropic, with a striated structure clearly visible. Observation under an optical microscope revealed a porous system consisting of continuous, interconnected cylindrical pores, perfectly aligned along the freezing direction. However, it was impossible to capture the porous system in its entirety under the electron microscope, due to its fragility.

Figure 2.19 shows two fragments of a monolith after thermal reduction, made from a suspension with a GO concentration of 8 mg/mL. In the first one, the deformation of the porous network in multiple directions is visible, after its upper layer was twisted and torn off during positioning on the SEM sample holder. In Figure 2.19b, one of the fragments that had maintained the orientation of its network is shown. A number of such fragments of different monoliths were examined and the pore widths in them were found to be in the range of 23 and 47 μm.

Graphene oxide dough

Near the onset of this study, a work was published detailing how it was possible to rehydrate GO foam in a controlled manner, to obtain a gel, that can best be described as a dough 57 . This dough could then be kneaded, pressed and rolled in a variety of forms, with an ordered or disordered structure. By subjecting it to different treatments, it was possible to produce different structures, ranging from porous to glassy carbons. The process is depicted in Figure 2.20.

The ease of application and the versatility of the technique presented indisputable advantages over a number of established, time and energy consuming approaches. While experimenting with the process, it was discovered that due to graphene oxide's amphiphilic nature, it was possible to produce dough with a variety of solvents besides water. Among the 108 However, the process proved problematic when combined with thermal reduction to rGO.

No control could be exerted on the unavoidable shrinking of the material during calcination and the resulting structures were deformed and brittle, making it impossible to cut or machine them in a shape suitable for a battery electrode. Other issues encountered were the decomposition of the organic solvents to toxic or undesirable byproducts during the thermal treatment and the immiscibility of water and the hydrophobic ionic liquid preventing their combination with GO to produce a more structured material.

Chemical modifications

Since the isolation of graphene and the renewed interest in graphene oxide, a multitude of reactions involving the latter have been researched. Several post-synthetic modification methods were explored, with a mind to the application of the material as a Li-ion battery electrode and what might be beneficial to its properties. Of these methods, the reductive treatment with hydrazine vapors and the perforation of the GO sheets via treatment with 109 Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid hydrogen peroxide were examined. The first was seen as a convenient method to improve in one stroke the mechanical properties of the matrix, its porosity and its conductivity 7,[58][59][60] . The second could prove useful in augmenting the diffusion of lithium ions through the structure 61 .

Treatment with hydrazine monohydrate vapors

One of the most frequently encountered reducing agents in the chemical reduction of graphene oxide is hydrazine (H 2 N-NH 2 ), either in its pure form or as its monohydrate. While the exact reduction mechanism between hydrazine and graphene oxide remains open for debate [62][63][64] , it proceeds through reactions with the oxygen-bearing groups of GO, as the oxygen content decreases afterwards 63 . Among the various addition products that have been suggested, are cyclic, pyrazoline-like structures, eventually converted to pyrazole rings * 58 .

The simultaneous addition of both nitrogen atoms to the lattice could explain the increased wrinkling of the hydrazine-treated GO sheets, which has also been observed after reactions with other molecules containing two reactive nitrogen centers, such as ethylenediamine 59,65 .

A number of these adducts remain on the lattice after the reaction and they can be integrated into it through thermal treatment, producing nitrogen-doped graphene oxide 66 .

This N-doping of the lattice has a direct and measurable effect on the properties of the final material 67 , e.g. the ease with which electrons can be extracted from it (work function). The reaction between hydrazine and GO can take place in solution, under solvothermal conditions, or in a heterogeneous system, with the heated hydrazine vapors directed to GObased solids. The hydrazine-treated graphene oxide shall be labeled NGO. After drying, the monoliths had shrunk and their color was gray-black, resembling that of thermally reduced graphene oxide. Shrinking was more pronounced in the case of the less dense aerogels, made from the 8 mg/mL GO suspensions, reaching up to 40% volume loss. At the same time, their weight increased 6-7.5 times. All the aerogels were markedly sturdier after the treatment and exhibited some elasticity. After the treatment with hydrazine, even the less dense aerogels were much easier to handle and section, so it was possible to examine them in their entirety under the electron microscope. Furthermore, there was no appreciable charge accumulation during imaging, suggesting that reduction had taken place and facilitating image acquisition. The structural changes at the micron scale seemed to explain the macroscopic changes observed, that is the shrinking of the aerogels. In Figure 2.22 are shown SEM images of a monolith made from a suspension with a GO concentration of 8 mg/mL, after the treatment with hydrazine vapors and drying. The network of straight, parallel pores has been contorted and twisted (Fig.

2.22a).

A close view of the sheets making up the pore walls (Fig. 2.22b) reveals excessive wrinkling, resulting in an overall rugged appearance. After these observations, the propagation of deformation can be hypothesized as starting at the individual GO sheet level, going up the pore shape, all the way to the entire structure of the monolith. 

Treatment with hydrogen peroxide

Combining the 2D structure of graphene with pores could prove useful in a lot of different settings where diffusion may play a role and in particular electrochemical applications. As a result, a vast number of methods to produce perforated graphene have been researched and proposed 61 . Among them, the treatment of graphene oxide with hydrogen peroxide yields what is termed holey graphene oxide (HGO). The reaction can take place under both hydrothermal 68,[START_REF] Bai | Formation Process of Holey Graphene and Its Assembled Binder-Free Film Electrode with High Volumetric Capacitance[END_REF] and atmospheric 70,71 conditions. Obviously, the latter method affords speed, simplicity and is easy to scale up, therefore it was selected as a candidate post-synthetic modification for graphene oxide.

Synthesis

48 mL of a suspension of graphene oxide with a concentration of 8.5 mg/mL was diluted to a final volume of 110 mL with deionized water in a round-bottom flask, equipped with a stir bar. To that, 20 mL of hydrogen peroxide 30% (Sigma-Aldrich) was added. The flask was fitted with a reflux condenser and the mixture was heated to 100°C under vigorous agitation for 6 hours. The reaction mixture was left to cool and was then separated in centrifugation tubes and was centrifuged until the supernatant was clear. The supernatant was decanted and the remaining slurry was redispersed in water and centrifuged again. After decantation of the supernatant, the slurry from each tube was recombined and dispersed in 100 mL of water by ultrasonication for 1 hour. The concentration of the resulting suspension was determined to be approximately 2.7 mg/mL.

Mesoscopic morphology of HGO

A quantity of the HGO suspension was diluted with distilled water to the point that its color was barely perceptible. Then a single drop was deposited on a copper grid coated with a lacy carbon film. Once dry, it was examined under the transmission electron microscope.

TEM imaging revealed that the sheets of HGO had irregularly shaped tears in them. In the TEM images, these tears were perceptible as abrupt discontinuities in the contrast of the overlain graphene oxide sheets against the backdrop of the carbon coating. In the images presented in Figure 2.23, the arrows denote some of these tears or holes. From some of them, strands of material could be seen hanging, e.g. those marked by the red arrows in Fig. 2.23b.

Chemical state of the surface of GO and its derivatives

Since graphene oxide is not a "traditional" molecular compound, in the sense that the atomic ratios between its constituent atoms are not strictly defined and are largely dependent on the fabrication method, we needed to determine its chemical makeup, in order to estimate the stoichiometry of the epoxide ring-opening reaction and consequently, the amount of ionic liquid that could be grafted onto the oxide. We also wanted to examine the effects of the various treatments on its composition; this would allow us to assess the 114 Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid effects of a treatment or to reorder the various processes within the overall fabrication scheme. X-Ray photoelectron spectroscopy (XPS), a surface-sensitive analytical technique has been used extensively for the characterization of graphene-based materials and we turned to it for answers to the above questions. The principle of the technique is presented in Appendix A.

Analyses

In order to determine the effect of the treatments of graphene oxide with hydrazine and hydrogen peroxide we prepared two samples in the form of films, so that they could be analyzed by XPS. We also examined as prepared graphene oxide and reduced graphene oxide. While we considered the hydrazine treatment for the GO aerogels, the fact that the sample, as prepared for the analysis, was shaped as a non-porous membrane necessitated a slight modification of the treatment protocol. As the vapors didn't have to course through a porous network, the reaction with the exposed surface of the membrane was much faster and after just two hours it was stopped, as it seemed to have concluded. Some differences and similarities between the four samples are immediately apparent from the survey scan spectra (Fig. 2.24). The main body of information is provided by the high-resolution spectra, presented below. Trace amounts of nitrogen were found in all of the samples because of the chamber preparation (purged with N 2 gas) and some of it remained trapped between graphene sheets, despite the ultra-high vacuum (≤10 -9 mbar). Except for the NGO sample, N 1s has been omitted from the analyses for clarity.

Graphene oxide

High resolution scans of the C 1s and O 1s orbitals of graphene oxide are presented in The C 1s peak of the GO sample (Fig. 2.25a) appears split. This suggests that C atoms take part in bonds with considerable differences in polarization. The two apparent peaks, centered at binding energies 284.7 eV and 286.7 eV, were deconvoluted into five components: atoms in sp 2 It must be noted that in order to estimate the quantity of certain species, results from the analyses of both signals have to be combined. In the C 1s spectra we cannot distinguish carbon atoms that belong to hydroxyls from those belonging to epoxides and in the O 1s spectra we have no information whether the second neighbors to a carbonyl oxygen are all carbons or if another oxygen atom is present. While the percentages of atoms belonging to different functional groups from the perspective of oxygen and from that of carbon are not exactly the same, they are reasonably close and the discrepancies are well within the margin of error of the technique (up to 10%).

The sample presents an image typical for graphene oxide prepared in this manner. A little less than a third of its atoms (28.6%) are oxygen atoms, most of them appearing as epoxide adducts. Hydroxyls and carbonyls are also present at comparable levels, with the latter being either part of carboxylates or by themselves. The conjugated system is significantly diminished, with only 8.7% of atoms being carbon atoms in sp 2 bonds to other carbons, whereas sp 3 defects in the lattice make up 21.9% of the sample. The full results of the analysis are presented in Table 2.1. 

Reduced graphene oxide (rGO)

High resolution scans of the C 1s and O 1s orbitals of reduced graphene oxide are presented in Figure 2.26:

Looking at the C1 s high-resolution spectrum (Fig. 2.26a) of the reduced graphene oxide sample, it was immediately evident that one part of the doublet peak of GO had almost disappeared. Since it was the part at higher binding energies, we could immediately infer 118 The results summarized in Table 2.2 paint a picture typical for graphene oxide annealed at 200°C under vacuum. Oxygen atoms make up now about a fifth (20.3%) of the sample and half of them are found as carbonyls -a potential byproduct of the partial thermal decomposition of other oxygen-bearing groups. The graphitic lattice has been extensively restored, with 62.1% of the atoms in the sample taking part in sp 2 bonds, while the sp 3 defects amount to 4.5%. What is a bit odd and probably an artifact of the deconvolution of the spectrum is the amount of carbon atoms in carboxylates, which appear to have increased compared to those in GO. Arithmetic error aside (which can be up to 10%), the thermal reduction of graphene oxide entails the loss of functional groups as CO and CO 2 gasses, so the relative abundance of certain groups might indeed fluctuate. 

Holey graphene oxide (HGO)

High resolution scans of the C 1s and O 1s orbitals of holey graphene oxide are presented in Figure 2.27:

The C 1s spectrum of the HGO sample (Fig. Holey graphene oxide appears to have a composition quite close to that of untreated graphene oxide. There is a small decrease of oxygen content (24.8%) and all types of preexisting oxygen atoms appear affected. A small restoration of the sp 2 character of the material has taken place with a simultaneous reduction of sp 3 defects. Both of these changes, the loss of oxygen and the partial reduction of the carbon skeleton, could be due to the energy input to the system during the reaction, as the mixture was kept in reflux at 100°C for 6 h, so no useful conclusions could be drawn as to a possible reaction mechanism with hydrogen peroxide. The complete analysis is presented in Table 2.3. The C 1s high-resolution spectrum of NGO (Fig. 2.28a) appears more similar to that of thermally reduced graphene oxide than that of the starting material. The N 1s peak (Fig. 2.28b), centered at 399.2 eV was deconvoluted into three components: pyridine-like nitrogen atoms at 399.1 eV, nitrogen atoms bonded with one or more oxygen atoms at 401.4 eV and finally nitrogen atoms that could be part of amine-, amide-or pyrrolelike formations * at 400.1 eV.

The O 1s peak (Fig. 2.28c), which is centered at binding energy 531.5 eV consists of three components, attributed to carbonyl oxygens at 530.2 eV, epoxide oxygens at 531.5 eV and atoms in hydroxyls at 532.9 eV.

It turns out that the resemblance to the rGO sample is not just visual; more than half of the atoms present in NGO are sp 2 -bonded carbons and there are half as much sp 3 defects as in the GO sample. The loss of oxygen atoms is considerable and given the relative percentages, at least some of them must have been displaced by nitrogen atoms.

Unfortunately, the analyses of the N 1s and O 1s spectra do not provide much information on the amount of C-N bonds present in the sample, as some components might have been underestimated or others overestimated, or both. The detailed breakdown of atomic ratios is presented in 

Conclusions

The results of the analyses of the four materials presented so far are perhaps better summarized in Figure 2.29 (the adsorbed N 2 has been included in the plot so that all bars stack up to 100%). Atomic percentages for all samples are given in Table 2.5.

123 Graphene oxide and reduced graphene oxide have been studied extensively [72][73][74][75][76] in the last couple of decades and the XPS analyses confirm what we expected for both of them, given the oxidation and reduction methods and reaffirmed the results obtained from EDX analyses.

If we consider GO and rGO as the starting and the end point respectively in the envisioned assembly process of the composite material, holey graphene oxide is near the beginning, while hydrazine-treated graphene oxide towards the end. HGO has an atomic composition which is very close to that of GO, despite the slight reduction of the lattice and the small loss of oxygen atoms. Epoxide content -the anchoring point for the cation of the ionic liquidremains almost unchanged. The atomic ratios reported by XPS can be converted to mass ratios, based on the molecular weights of every atom in the sample and from there, molar quantities per mass of material can be deduced. According to the analysis, GO contains 18.16 mmol/g of epoxides and the treatment with H 2 O 2 lowers their amount to 17.36 mmol/g. In contrast, epoxide content is 7.21 mmol/g for GO and 7.22 mmol/g for NGO. As a first conclusion, we can say that GO and HGO are equally suitable to be functionalized by the modified EMI + , so if a purely GO-based structure proves inadequate for the application, HGO can be used in its stead. We already knew that the thermal reduction would be the final step in the process.

Similarly, as the treatment with hydrazine vapors "locks into place" the 3D structures, it wouldn't be possible to graft them with EMI + post-treatment. What we did not know, was the extent of the reduction in NGO. Looking at just the carbon content of the four samples in Experimental details. XPS measurements were made at the IMPC at Sorbonne University, using an Omicron Nanotechnology spectrometer, equipped with a monochromated Al Kα X-ray source. Survey scans were recorded at 100 eV energy pass. High-resolution spectra, were recorded at 20 eV energy pass. All spectra were recorded at a takeoff angle of 45° relative to the sample surface (90° between source and collector). Trace amounts of nitrogen were found in all of the samples because the instrument's preparation chamber was purged with N 2 gas before the measurements and some of it remained trapped between graphene sheets, despite the ultra-high vacuum (≤10 -9 mbar) in the measurement chamber. Following an established synthetic protocol, with small adaptations tailored to the fabrication of a Li-ion battery electrode, graphene oxide was produced repeatably and in quantities. The main adaptation was the choice to use large graphite flakes as a starting material, to ensure a higher degree of overlapping between sheets in a 3D structure and to provide longer conductive pathways for electrons. The synthesized graphene oxide was adequately characterized and its composition and morphology were found to conform with what was expected from the literature.

Graphene oxide membranes are very easy to make and they should be capable of hosting tin nanoparticles among the stacked sheets. The flexibility of the films means that they have the potential to adapt to volumetric changes as tin expands to accommodate lithium in its structure. These layered films can be produced from graphene oxide subjected to chemical modifications, as long as the sheets remain dispersible in a solvent. The wrinkling of GO sheets, which persists even after reduction, results in an increase of the interlayer spacing, which should give GO membranes an advantage over graphite, in terms of speed of lithium ions diffusion and perhaps, the amount of lithium ions that can be hosted by the structure.

However, for purely practical geometric reasons, the films would have to be placed perpendicular to the path of lithium ions in an assembled battery and this could severely impact the speed of lithiation of the material. On the other hand, perforating the layers, as was done during the treatment with hydrogen peroxide, might be able to alleviate this issue.

Graphene oxide foams are very interesting because of their inherent porosity, which can be tuned via simple compression, to achieve the right balance between the gravimetric and volumetric capacities of the electrode material. At the same time, compression should increase their electrical conductivity, as the contact surface between sheets also increases.

The freeze-casting technique, already used in manufacturing, produces aerogels, that are mechanically more stable than what could be obtained by simple freezing and lyophilization. The anisotropy induced by the temperature gradient conveniently creates interconnected paths throughout the structure for the lithium ions to follow, even though these paths are rather wide. Between the ordered and more disordered forms -the result of the difference in viscosity of the two starting GO suspensions, 8 mg/mL and 16 mg/mL respectively -the latter would seem as the one capable of hosting a higher quantity of lithium ions. Besides its higher carbon content in a given volume, it presents more surface immediately available to host lithium. The cellular structure of the disordered foams could also prove useful in preventing the migration of tin during the operation of a battery.

Graphene oxide dough seemed promising at first, because it presented the possibility to fashion the material directly into the form of the final electrode. However, it proved incompatible with the thermal treatment protocol, precluding any precise control over the form and dimensions of the annealed material, which would become too brittle to process.

For these reasons, GO dough was deemed an unsuitable choice for shaping and was abandoned.

The selected thermal reduction regime, conducted for 2 hours under vacuum, at 200°C, a temperature well below the decomposition temperature of the pure ionic liquid and the melting point of bulk tin, even though it could not remove all of the oxygen-bearing functional groups of GO, it was sufficient to eliminate close to two thirds of them, according to thermal analyses. Based on secondary observations during SEM imaging, the resulting materials were adequately conductive so as to never exhibit any accumulation of static charges, even when bombarded with electrons at a close distance.

Treatment of the matrix with hydrazine could impart simultaneously a number of useful properties to the material. First of all, it improves the cohesiveness and the mechanical properties of the 3D structures, facilitating their handling and processing. It can decrease the pore size of the graphene oxide foams and expose more of the lattice to lithium ions, through the increase in wrinkling. The chemical reduction induced by hydrazine might be able to complement that of the thermal treatment, which is mainly limited by the melting point of tin. It is an established fact that thermal reduction of graphene oxide, previously treated with hydrazine, results in the doping of the graphitic lattice with nitrogen atoms.

This could enhance the properties of a matrix intended to conduct electrons, with low ohmic losses.

Through experimentation and analysis, all of the synthetic and preparative processes examined were evaluated as to the properties conferred upon the candidate electrode material. These processes were then ordered in the eventual overall protocol, based on the modifications they brought about and how these would affect the chemical and structural capabilities of graphene oxide at each step and in particular in relation with the other two components.

Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid

Sn nanoparticles

The synthetic route initially chosen for the preparation of tin nanoparticles (NPs) in the EMI + TFSI -ionic liquid was developed in our lab and optimized by N. Soulmi 77,78 . This synthesis is highly attractive for its simplicity and the precise control exerted on the size of the particles -a narrow size distribution, with the majority of the particles having a diameter of ~10 nm (Fig. 2.31). The ionic liquid functions as both the viscous medium and the capping agent that contains the growth of forming metal nanoparticles. Tin(II) chloride is dissolved in the ionic liquid, as is an excess of sodium borohydride (a reducing agent), in a separate container. Once the dissolution is complete, the two solutions are combined and the reduction of tin cations to metallic tin begins instantly. The interactions between the ionic species of the IL are largely responsible for its viscosity, which, for the purposes of the process, serves to keep nucleation sites well-dispersed, avoiding aggregation. NMR relaxometry analyses have shown that the surface of the isolated nanoparticles is covered with the cation of the IL (EMI + ), hence the postulation that it assumes the role of a capping agent, further hindering accretion, while simultaneously stabilizing the nanoparticles. The reaction is sensitive to the presence of humidity and once the metal nanoparticles have formed, they readily oxidize upon contact with oxygen. For these reasons, the synthesis is 129 conducted within a high purity inert argon atmosphere (in a glovebox). The full synthetic protocol is presented in Appendix B. This process bears some similarities with the polyol synthesis 79 , in which polyols also function as the viscous medium and the capping agent and simultaneously they are capable of reducing noble metals from their precursors without the use of a reducing agent. The use of a reducing agent is however necessary for other metal salts, such as tin. Unlike the synthesis in polyols, the synthesis in the IL requires no heating.

While trying to master the synthesis of tin nanoparticles in EMI + TFSI -, the preparation of the carbon scaffolds had advanced and estimates had been made of the amounts of each component that would be used in the final composite material: the freeze cast matrices were frozen in tubes with a diameter of 1.3 cm, work had been done with suspensions of GO with concentrations of up to 16 mg/mL and the resulting aerogel monoliths were 3 to 5 cm in height. Considering the fabrication methods that had been chosen for the matrices, a loading of up to 80 wt% in tin seemed feasible. Given these dimensions and quantities, that translated to at least 200 mg of tin nanoparticles, almost 100 times the amount produced in a single batch. It quickly became evident that the aforementioned preparation method could not be employed to produce sufficient quantities of Sn NPs. Combining multiple batches would pose problems to quality control and ascertaining the exact composition of the final materials would be difficult. Scaling up the process or adapting it to a continuous flow scheme was ruled out, as it would be very time-consuming and also, very expensive.

Isolating the nanoparticles is a rather involved process, entailing 13 consecutive washing steps, carried out under a nitrogen flow, which again added to the cost. For these reasons, alternative methods were sought in the literature.

Researching alternative preparative methods

There exist a number of synthetic approaches, many utilizing the polyol synthesis [80][81][82] or closely related variations 83,84 thereof, while others employed the so-called "amine-borane

Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid route" 85 . Amine-borane adducts are themselves strong reducing agents, but also suitable capping agents towards the forming metal nanoparticles, sometimes even alleviating the need for a solvent 86 . A top-down method, involving the sonication of molten tin in paraffin oil has also been described 87 . Unfortunately, none of these methods seemed able to produce tin NPs of comparable size and dispersity and also -more importantly -free from any contaminants. A lecture by Carsten Bolm on mechanochemistry 88 pointed towards another top-down approach: size reduction via ball milling. Materials with low melting points such as waxy substances are usually ground in cooled grinders [START_REF] Verma | Ionic Liquids as Green Corrosion Inhibitors for Industrial Metals and Alloys[END_REF] . Given tin's low melting point and the fact that the ball mill that was available could not be cooled during operation, ballmilling tin by itself was not an option, as it would melt and fuse back together. During that lecture, a series of syntheses had been presented in which some of the reagents were added to the ball mill sealed in glass tubes. The glass casings were sacrificed, in order for the reaction to take place. A similar approach might provide the solution.

Ball milling 2.2.1. Size reduction

The terms size reduction and comminution refer to the cutting or breaking down of particles of solids into smaller pieces and as such, they encompass a host of different methods. Size reduction is achieved through external mechanical forces acting upon the solids in such a manner, that the cohesion forces keeping them together are overcome.

Depending on the physicochemical properties of the materials, different types of action or combinations thereof can be applied. The hardness of the solids, their initial size, shape, their mode of fracturing, their elasticity and their hygroscopicity -properties included in the term "grindability" of a material -ultimately dictate the method most suitable for the reduction of their size. Generally speaking, most size-reduction machines commonly may employ compression, impact, attrition and cutting. Compression is mainly used to reduce big pieces of hard material to smaller, workable lumps and it produces very little fine particles. Impact can give coarse, medium as well as fine particles. Attrition products are typically very fine. Cutting, which is usually reserved for fibrous, elastic materials, yields particles of definite size and at times, definite shape, producing few or no fine particles.

Even though size-reduction machines such as mills have been in use from antiquity, modeling the processes involved in order to extrapolate the accompanying parameters is extremely complex as it pertains to complex systems and as a result, the theory remains incomplete. For instance, the product of size reduction always consists of a mixture of particle sizes and the ratio of the diameters of the largest and smallest particles can be in the order of 10 4 . However, through observations and comparisons to ideal systems, a number of empirical equations related to equipment performance and energy requirements have been developed [START_REF] Verma | Ionic Liquids as Green Corrosion Inhibitors for Industrial Metals and Alloys[END_REF]90 . These are presented in Appendix C.

Ball mills

Tumbling mills are a type of grinding device consisting of a horizontally rotating cylindrical or conical shell, partially filled (⅓ to ½ of its volume) with a solid grinding medium. When these grinding elements are spherical, the grinder is called a ball mill. The shell is usually made of steel, lined with a variety of materials such as high-carbon steel, zirconia, porcelain, silica rock or rubber, depending on the intended use. The grinding medium can be made of the same material or one of a lower hardness, to decrease the wear of the shell lining. As the shell rotates, the balls are carried up its side and under the influence of gravity, they fall onto the particles underneath, a little before they reach the top of the shell. From this description it is easy to surmise that size reduction is mainly accomplished through impact. Attrition plays a smaller role, as the grinding balls slip and roll over the particles, which are also in motion and they may grind against themselves. Ball mills can operate in either a continuous or batch mode and the grinding can be done with dry solids or suspensions in water. They are typically used to grind relatively small feed to fine or ultra-fine particles.

The faster the mill rotates, the longer the grinding balls stay in contact with the walls and the higher their momentum is when they fall back down to the impact zone. Above a certain critical speed threshold, the balls never break contact with the drum walls and they are said to be centrifuging. Depending on the solids being ground and the viscosity of the suspension (in the case of wet grinding) ball mills are run at 65 to 80% of their critical speed.

Ideally, the energy requirements of a ball mill would be computed from the mass of the rotating shell, the mass of solids (the sample), the mass of the grinding medium (the grinding balls), the speed of rotation and the maximum distance of fall. However, even if all losses external to grinding were to be ignored, it would still be extremely difficult to calculate the exact energy input required for any given system. Some particles are overground even though they are of the requisite size, the grinding balls might slip as they are being raised and they might fall without doing any grinding. In industrial settings, such calculations are done by modeling the input/output of pilot plants. In general, the capacity of a mill decreases and its energy requirement increases as the product gets finer. [START_REF] Verma | Ionic Liquids as Green Corrosion Inhibitors for Industrial Metals and Alloys[END_REF]90 Planetary ball mills are a special kind of ball mill, where the axis of rotation is vertical and they consist of a rotating disk (the "sun") onto which counter-rotating grinding jars or bowls are mounted (the "planets"). The speed of the bowls can be equal or higher than that of the disk and their rotations relative to one another are kept in lockstep. This dual rotation subjects the grinding balls to both centrifugal and centripetal forces and hence centrifugation is avoided. This means that the speed of the mill is practically only limited by the mechanical tolerances of the bowls and of the moving parts of the system, while the balls can attain a much higher momentum than in a similarly sized horizontal mill. Because of the high energy impacts generated during the operation of planetary ball mills and the associated material strength requirements, they are relatively smaller than their conventional counterparts; their useful capacity rarely exceeds a few litters, whereas that of horizontal ball mills can be of several tens of cubic meters. The working principles of both types of ball mills are presented in Figure 2. for a solvent to help the reagents reach each other 91 . Ball milling is seeing increased use in the preparation of nano-sized materials, both through size reduction and by bottom up synthesis [92][93][94] . This was very beautifully demonstrated in a 1993 study by Zaluski et al. 95 , where they prepared nanocrystalline, as well as amorphous Fe-Ti alloys by ball milling micrometric powders of the intermetallic compound and elemental metals.

Co-milling tin with graphene oxide or graphite

The use of sacrificial glass casings that had been presented by Bolm, while not technically the same, led to the idea of co-milling tin with graphene oxide or graphite, since graphene was already part of the targeted composite material. To the best of our knowledge, this had not been tried before. Graphene's impermeability towards gases even as small as hydrogen and helium has been well established 83 , so it was posited that if the Sn nanoparticles could be wrapped in it, they could be protected from oxidation from atmospheric oxygen. It also seemed reasonable that the addition of graphene oxide would help with their dispersion in aqueous media; this would be necessary, since the freeze casting process requires the dispersion of the solids in water. At the same time, a large number of publications concerning tin encased in graphene or similar carbon-based materials [84][85][86] , clearly demonstrates that this entrapment does not prevent lithium ions from diffusing into tin, probably due to the small size of the Li + ions combined with the presence of defects, such as 8-membered rings, in the lattice 87 .

Grinding parameters

The ball mill that was used was equipped with 20 mL zirconium dioxide grinding bowls.

The available grinding balls -also made of ZrO 2 -came in two sizes, with diameters of 10 mm or 2 mm. When grinding with the larger balls, 10 balls would be loaded into the bowls, weighing 2.6 g on average. When grinding with the 2 mm balls, 30 g or approximately 160 balls were used.

The weight ratio of tin to graphite or graphene oxide was kept constant to 9:1, i.e.

mixtures containing 90 wt% Sn and 10 wt% graphite or graphene oxide. This ratio was estimated based on a number of assumptions, since neither the form, nor the roughness nor the size of the particles obtained after grinding could be anticipated. The basic goals were to keep the tin content high in the mixture, while at the same time preventing the new surfaces from fusing back together. The specific surface area of one side of a graphene sheet is 1315 m 2 /g 96 . Since the mass of graphene oxide is almost twice that of the graphite used to produce it, it follows that the specific surface area of GO is roughly half of that. The stable metallic allotrope of tin, β-Sn has a density of 7.265 g/cm 3 . If tin were ground to spheres with a diameter of 10 nm, 100 mg of graphite would provide enough surface to cover approximately 1.592 g of tin. If tin were ground to cubes with a diagonal of 10 nm, the graphene sheets would be able to cover ~0.955 g of tin. For 50 nm spheres and cubes, those same 100 mg of graphite would cover 7.961 g and 4.596 g respectively. All of the above quantities would be halved in the case of graphene oxide. Knowing that a mixture of sizes would be obtained and aiming for the smallest attainable particle size, the 9:1 ratio seemed perfectly acceptable.

Obviously, when graphite would be used instead of graphene oxide at the same mass ratio to tin, there would be 50% more surface available. However, keeping constant the mass fraction of tin in the grinding bowls was deemed more important in order to be able to make useful comparisons.

Next, the combination of parameters which would yield the most satisfactory results in terms of uniformity, size and size distribution was examined. The following were varied:

grinding time, grinding speed, sample mass, and grinding ball size. Milling was conducted in 15 min increments, followed by a 15 min pause with the 10 mm balls, to allow the system to cool down to room temperature. The smaller balls possessed an increased total surface area, compared to the larger ones, which meant higher heat generation due to friction. As a result, when grinding with them, the pause was extended to 25 minutes. Every other milling session was performed in the inverse sense of rotation to the preceding one, in order to prevent the accumulation of compacted material on the walls of the bowls. If during milling session #n the bowls rotated clockwise, during session #n+1 they would be rotated counter-clockwise and so on. After some experiments, it was noticed that grinding with graphite was less efficient and more so when grinding solely with small balls. Furthermore, when using the larger balls, regardless of grinding time, there would always remain some chunks of material several hundred nanometers in size. Following some discussions with the manufacturer and given the equipment that was at our disposal, it was decided to make the following adjustments: that the main pulverization would be performed by milling with the larger balls, followed by milling with the smaller ones, to better homogenize the samples and that grinding speed would be limited to 400 rpm for the 10 mm balls and to 600 rpm for the 2 mm ones, as exceeding these, could result in ZrO 2 being chipped off from the bowls and the balls.

The bowls were always filled and emptied inside a glovebox, to prevent the oxidation of the nanoparticles. It was observed that when the bowls were opened after grinding, the oxygen levels in the glovebox would increase by 2 to 4 ppm and they would be a little higher (1 to 1.5 ppm) when graphene oxide had been used instead of graphite. This lead to the hypothesis that a certain amount of air was always trapped between graphene sheets, but in the case of graphene oxide, some thermal reduction could also have taken place, resulting in the release of oxygen. Both hypotheses were later confirmed by XPS analyses (Section 2.3.4 of this chapter).

The various samples along with the different grinding parameters used in their preparation are listed in Tables 2.6 and 2.7, which pertain to samples of Sn co-milled with GO and graphite, respectively.

Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid The components of the grinding mixtures differed widely in both their initial dimensions and their physical properties. Tin particles were up to 63 μm in size, whereas graphite flakes and graphene oxide pieces of film measured up to 2 mm. As a result, the initial surface area of tin was much higher than that of the second component. Consequently, some aggregation of tin took place in parallel with the size reduction of graphite or graphene oxide in the early stages of milling. Mixtures of graphene oxide and tin ground at 400 rpm with either 10 mm or 2 mm balls were examined after 2 h of grinding and a black fine powder along with millimeter-sized, platelet-shaped silver particles with dark inclusions were observed. The former was probably ground GO, while the latter was by all appearances tin that had been welded into larger particles, entrapping some powdered and fragmented GO. By 8 h of milling, all the samples appeared as a fine dark powder.

Based on the above observations, it was estimated that the size reduction process could be accelerated, at least for the mixtures with graphene oxide, by incorporating the tin powder in the GO films. This way, tin particles would not fuse together before GO had been reduced to a sufficiently small size. A sample was prepared by mixing Sn powder with a suspension of GO at the same 9:1 mass ratio and after homogenization on a magnetic stirrer, the mixture was left undisturbed and the water was evaporated slowly under air, forming a film, which was then cut to millimeter-sized pieces. That composite film was harder than those of pure GO. When TEM images of that sample were compared with those of another one made using the exact same parameters (sample mass, rotation speed, grinding media used, time), but which had not been mixed before milling, similarly sized tin NPs were observed, but they were all encased in larger, strand-like aggregates of carbonaceous material. Since there were not any time gains and the complexity of the resulting system increased, this method was abandoned.

Experimental details. Experiments were conducted using a Fritsch Pulverisette 7 Premium planetary ball mill, equipped with 20 mL zirconium dioxide grinding bowls. The ZrO 2 grinding balls used had a diameter of 10 mm or 2 mm (or both, but not simultaneously). In the first case, 10 balls would be loaded into the bowls, weighing 2.6 g on average, whereas in the latter case, 30 g of the smaller ones ( 160 balls). The starting materials were micrometric Sn powder (99.75% purity, ≃ 63 μm max. particle size, Goodfellow Cambridge Ltd.), graphite flakes (99.9% purity, -10 Mesh, Alfa Aesar) and millimeter-size pieces of graphene oxide films (their preparation is discussed in section 1.6.1 of this chapter).

Characterizations of the Sn-graphene composites

When size reduction exceeds the microscale, simple techniques such as sifting and weighing cannot be employed for sample analysis. The analysis of the composites was primarily done via transmission electron microscopy (TEM) imaging and small-angle X-Ray scattering (SAXS) measurements. Knowing that the ground samples would be polydisperse, it was expected to get information about the breadth of the particle size distributions in each of them from both techniques and the precise distributions through TEM observations in particular. Both techniques can yield information about the shape and morphology of the particles in such samples, with TEM providing the close-ups and SAXS a view of the whole.

SAXS can further supply information about the mean size of the particles in a sample, the mean distance between them, as well as their degree of orientation (if there is indeed a particular orientation). Some of the samples were also subjected to PXRD measurements, in order to inspect the diffraction angle range not covered by SAXS, look for the presence of oxides and verify the crystallinity of the particles. Finally, XPS was employed to examine the chemical composition of the surface of the particles in two samples, one made by co-milling with GO and the other with graphite.

Transmission Electron Microscopy

Electron microscopy revealed early on that the co-milling strategy was indeed effective in producing nanoparticles. It also provided the information that co-milling with graphite was less efficient with the 2 mm balls and that when grinding with the 10 mm balls there would The first one had to do with the nature of tin itself, which has a low melting point. When reducing the size of materials, beyond a threshold, the bulk can no longer completely stabilize the surface. Surface atoms, unlike their kin in the bulk material don't share the same number of neighbors and they are more susceptible to the influence of their environment, outside the material. In the case of tin nanoparticles, this is expressed by their propensity to oxidation, whereas bulk metallic tin is used to protect other metals and alloys from corrosion. Another symptom of the increased surface-to-bulk ratio, is the decrease of the melting point temperature 97,98 . This posed a problem during TEM observations especially when the nanoparticles were found on areas of the grids where the contrast was poor, requiring a higher focus of the electron beam. In such cases, the nanoparticles would melt while surveying the grid, or while we would be trying to acquire their image.

The second problem encountered was the fact that the nanoparticles would be very easily transported by the liquid in which they were suspended. The nanoparticles were mostly accumulated on the edges of the drop deposited on the grid, much like the coffee ring effect, though they would sometimes get trapped near the ridges of the grids. Deposition of more drops would lead to the first nanoparticles being rinsed away. We tried dispersing them in ethanol, isopropanol and mixtures of the two, without any significant improvement and in order to prevent the drops from spreading out, we also tried setting the grids on a hydrophobic surface (Parafilm). In all between 14 and 29 nm in size. In d) some of the larger nanoparticles with sizes ranging between 50 and 250 nm. In none of the samples prepared with graphite flakes were any nanoribbons observed, unlike in the samples ground with graphene oxide. However, almost always, the larger particles appear to be embedded in pieces of damaged, but still stacked graphite (such as in Fig. 2.36d), which on occasion was found without any Sn present. This can be explained by the fact that while the mass fraction of graphite in the mixtures was the same as that of graphene oxide, its volume fraction was roughly double that of GO.

Furthermore and unlike GO, which has been subjected to exfoliation and whose layers are not as strongly bound to each other, it appears that graphite, through the Van der Waals forces holding its sheets together, can better withstand the impacts during milling.
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The smallest nanoparticles observed in samples of tin ground with graphite, were slightly larger than those in samples ground with GO under the same conditions. This point had to be verified with an experimental technique with a more global view of the sample, such as SAXS.

Sample SnGO06, shown in Figure 2.37, was prepared by grinding pieces of the pre-mixed tin and GO composite film. It was ground for 23 h, using 10 mm balls, with a rotation speed of 400 rpm and then for another hour using 2 mm balls, with a rotation speed of 600 rpm.

While once more the smallest particles didn't stay on the TEM grid, the pieces of material observed were bigger than expected. It appears that the incorporation of tin between the sheets of GO resulted in a reinforced structure, something also observed at the macroscale, when cutting the film. Despite that, a closer inspection of the aggregates (Fig. 2.37b) revealed that they contained large numbers of tin nanoparticles, ranging in size from 4.5 to 20 nm. While in itself this finding was interesting, it was decided to keep the two materials separate before grinding, to simplify comparisons.

Even though we were able to draw some conclusions about all our samples, for the reasons mentioned before (i.e. NPs melting under the electron beam and getting rinsed away during grid preparation), we could not get images representative or the samples and more importantly, we could not get size distributions for them.

At that point, it was suggested to embed the samples in epoxy resin, so as to keep all the particles in place. We could not repeat the analysis of all the samples we had already studied, so we decided to target samples we considered the most well-ground, based on the data we had so far, namely 3 g samples ground for 22 + 2 h and 23 + 1 h. We also selected samples that had been ground for less time (8 h and 12 h), to see if any differences would be apparent.

Unfortunately, neither that technique proved suitable for our polydisperse samples. The particles were packed together as the cuts were made, aggregating the samples even more.

The addition of a thick carbon layer (the resin) decreased the contrast and as a result the smaller metal nanoparticles or the graphene oxide nanoribbons observed before, were no Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid longer distinguishable. For these reasons it was impossible to get a particle count which would have allowed to calculate the size distribution in the samples. However, it was possible to determine the upper bound of the particle size distribution in the samples examined, with a higher degree of confidence.

For instance, after closely examining hundreds of particles in tens of slices, it was concluded that the largest particles in sample SnGO08 (Figure 2.38) did not exceed 200 nm in size. At low magnifications (Figure 2.38a), the sample appears rather dense and gives the impression that it contains μm-sized particles. At higher magnifications it is revealed that these are actually aggregates of smaller particles and at times, even some very small (< 25 nm) particles are visible (Figure 2.38d). However, a comparison with sample SnGO07 was not feasible; the two samples appeared identical at the observable level of detail. Again, no particles larger than 200 nm were discerned, but we could not estimate if there were more or less of them in each sample. Any other differences were too small to be noticed.

One of the other samples examined, SnGO04, with Sn and GO milled for 12 h at 400 rpm with 10 mm balls is presented in Figure 2.39 for the sake of comparison. At low magnification (images a and b), the sample appears more dense compared to the one shown above. In those same images, some pieces of material can be seen protruding from the sample, well above the other particles. Their observable dimension reaches up to 2.5 μm in some instances. Based on their flat shape, they appear to be fragments of something plateletlike and so they are very likely to have been ground off from the fused particles observed after 2 h of milling. Again, at higher magnification (images c and d) aggregates of particles of every size can be seen. The big fragments render observations more difficult, but still, some nanoparticles in a range of sizes down to ~10 nm could be seen along the edges of the less occupied areas between the sample and the resin. Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid Experimental details. Sample preparation, sample grids and operating conditions were the same as in section 1.5.2. For the encapsulation of samples in a resin, a quantity of sample was added to capsule-shaped molds filled with Agar 100 epoxy resin (purchased from Agar Scientific Ltd). Once the solids had precipitated, the resin was polymerized/cured at 70°C for two days. When the resin had fully solidified, it was cut in 70-nm-thin sections using a Leica Ultracut UCT ultramicrotome apparatus. These sections were then transferred onto TEM grids, to be studied under the transmission electron microscope.

Small-angle X-Ray Scattering

The nanometric organization of the samples of nanoparticles was examined via smallangle X-Ray scattering, which is a characterization technique that enables the study of the structural properties of materials, typically in the scale of 1-100 nm. The basic principles of the technique are reported in Appendix D.

Typical diffractograms are displayed in Figure 2.40. Several regions can be distinguished: a) 10 -3 -~10 -2 Å -1 , b) ~10 -2 -~10 -1 Å -1 , c) above 2•10 -1 Å -1 . While these zones appear similar, the exact point at which the slope changes, differs between samples. The value of the slope at lower q values, at intermediate q values and the distance at which the slope changes in each sample are reported in the tables as "slope 1", "slope 2" and "crossover distance", respectively. "Intensity" refers to the measured intensity of the (200) plane at 30.7°. The scattering vector q has reciprocal space dimensions which can be converted to real-world dimensions d, via d = π/q. The results of the SAXS analysis are summarized in Table 2.8 for samples of Sn co-milled with graphene oxide and in Table 2.9 for those co-milled with graphite.

The first region, 10 -3 -~10 -2 Å -1 , can hence be linked to the aggregates of nanoparticles within GO or graphite sheets. The slope, roughly equal to -2.5 in log-log scale, does not give much detail on the form and distribution of the aggregates. Nevertheless, the absence of Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid clear form factor confirms their polydispersity. The interesting point is the crossover between the first and the second region, that gives information on their size. For GO samples, it spans from 400 Å to 800 Å approximately, though most of the ball milling conditions yield aggregates of 600 Å. For graphite samples, the mean size of the aggregates is much smaller in most cases, as it spans from 100 to 500 Å approximately. If one compares these sizes to the TEM images in section 2.3.1, it appears that the scattering objects are not the same in both cases: in GO samples, it is the dense aggregates of Sn nanoparticles within larger and looser aggregates, while for graphite, it is the biggest tin nanoparticles (scattering techniques are particularly sensitive to large size objects). In the second zone, the slope in log-log scale is or approaches the value of -4, characteristic of Porod's law 100 , which predicts that the scattering intensity from flat surfaces is proportional to q -4 , I(q) ~ Sq -4 , with S the surface area of the particles. Two important points arise from this q -4 dependence. First, it shows that the scattering object (i.e. the sample at the probed scale) is dense from the point of view of the scatterers, i.e. Sn nanoparticles. Second, the surface of the aggregates is relatively smooth with some rugosity with respect to size of the scattering object (slope < -4).

The third zone, observed using the "large angles The calculation of the crystallite size has been performed using the Scherrer equation. Of course, with the samples being polydisperse and prepared by grinding, the calculated size refers to the average of all the particles in a sample, excluding particles too small to be detected, amorphous particles and particles belonging to populations with too small a volume fraction in each sample. This value carries no information about the width of the size distribution in a sample, so a sample may present a small mean crystallite size, but still contain very large particles and vice versa. We attempted to correlate these mean sizes with the grinding parameters that were varied in the course of our experiments, trying to draw conclusions about the milling process. The difference between the crystallite size and the size of the scattering Sn particles previously determined using the cross-over may indicate that the Sn particles are polycrystalline in graphite samples. This should be confirmed by HRTEM. We grouped together samples that shared some parameters and compared them with regard to the calculated crystallite size. Some of these comparisons are presented below. It should be noted, that any conclusions pertain to the specific system of grinder and materials with their initial sizes and cannot be expected to apply as they are to different setups.

In Figure 2.42, the three samples (SnGR10, SnGR11, SnGR12) differ only in the amount of solids in the grinding bowl. They were all ground for 23 h using 10 mm balls, followed by 1 h with 2 mm balls. It appears that as the solid mass increases, the mean crystallite size gets smaller, also observed in samples with GO. This can be attributed to self attrition, with the coarser part of the solids grinding itself and the smaller fractions in the course of milling. Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid only exception, with a crystallite size of 35.7 nm. Since this figure does not follow the trend exhibited by the other samples, the result has to dismissed as an experimental error. The other samples with a solid mass fraction of 3 g, are in accordance to the general points of the laws describing milling (sample SnGR05, ground for 8 h is slightly off, but still close), i.e. that as time and so energy input increased, the crystallite size decreases. However, the difference in the trend line after 6 h is less than 1 nm, which could hint that grinding with the small balls and a high mass fraction of solids is not very effective. For a mass fraction of 1 g (samples SnGR01 -SnGR03), we can observe that a speed increase of 200 rpm (from 400 to 600 rpm) can shave off more than 6 h of milling. Samples SnGR01 and SnGR06 differ in both grinding speed and solid mass fraction, but they were milled for the same amount of time.

Grouped together in

Their difference in size is a little over 5 nm, which could be due both to an effect of self attrition and higher energy input (faster rotation and higher mass).

In general, the same conclusions hold true for the samples ground with graphene oxide.

There is an effect of self attrition that leads to smaller average crystallite sizes when the mass fraction of GO in the bowls is higher. Even though it is difficult to compare the energy expenditure when a sample is ground with 2 mm balls at 600 rpm and with 10 mm balls at 400 rpm, it appears that for milling times at least up to 12 hours, the crystallite size is always smaller in the samples milled with the fewer, but heavier 10 mm balls. When comparing samples SnGO07 and SnGO08, ground for 23 h at 400 rpm with 10 mm balls, followed by 1 h at 600 rpm with 2 mm balls and 22 h at 400 rpm with 10 mm balls, followed by 2 h at 600 rpm with 2 mm balls, we observe that the latter sample exhibits an average crystallite size smaller by 1 nm and an 8-fold weaker diffraction intensity. While not very safe from a statistical point of view, it wouldn't seem fallacious to infer that the efficiency of grinding with the larger balls has significantly decreased before the 22 hour mark and that the average particle size of the sample is such, that it is more efficient to continue the size reduction with the Experimental details. SAXS experiments were conducted at the SWING beamline of the SOLEIL synchrotron (Orsay, France), using a fixed energy of 16 keV. The measurements were carried out in two configurations: "small angles", corresponding to a sample-detector distance of 0.5 m and "large angles", with the distance set to 6.2 m. The samples were compacted and then sealed in borosilicate glass capillary tubes, with an external diameter of 1.5 mm and wall thickness of 0.1 mm. The capillary tubes were kept under an argon atmosphere until they were sealed, so as to avoid any oxidation from exposure to air. Owing to variations in capillary tube thickness it is not possible to have absolute intensity (cm -1 ) and all the diffraction curves are in arbitrary units. Nevertheless, all the curves are normalized by their X-ray transmission.

Polycrystalline X-Ray Diffraction

In order to verify that the nanoparticles were indeed metallic tin (β-Sn) their X-ray diffraction pattern was examined and compared to that of the micrometric powder, as well as to the pattern of bulk metallic tin. The sample was loaded into a special airtight sample holder, to avoid the exposure of the nanoparticles to atmospheric air. A slot on the upper half of the sample holder, covered with a polymer film allowed the X-rays to pass through the sample.

Indeed, as it is shown in Figure 2.44, there were no peaks in the diffractogram indicative of the formation of oxides, which of course, would not rule out the formation of a thin layer of amorphous oxide on the surface of the nanoparticles. However, we were able to verify that the nanoparticles retained their crystallinity. The presence of the polymeric window of the sample holder does not suffice to explain the depression of the intensity of the diffraction peaks, given that the measurement settings between the two samples were kept the same.

We assume that a fraction of the material has been reduced to sizes not detectable by the instrument, effectively lessening the number of crystallites contributing to diffraction. 

X-Ray Photoelectron Spectroscopy

While size reduction processes are rarely connected to chemical transformations, the fact is that ball milling is routinely used in mechanochemical applications. From TEM images of the samples it was apparent that tin was indeed reduced in size and that it was wrapped in sheets of graphene or graphene oxide, but there was also the possibility that some reaction might had taken place between them. In order to verify or refute this supposition, we turned to XPS analysis. Two samples were analyzed, one with co-milled GO and Sn, the other with graphite and Sn. Both were prepared by milling first with 10 mm balls for 22 h at 400 rpm, followed by a 2 h session at 600 rpm with 2 mm balls. The samples were kept in airtight containers filled with Ar gas until the moment of the analysis, when they were exposed to air.

They were mounted on a Si sample holder with the help of conductive carbon tape. Survey scan spectra were recorded at 100 eV energy pass. High-resolution spectra were recorded at 20 eV energy pass. All spectra were recorded at a takeoff angle of 45° relative to the sample surface (90° between source and collector). The graphene-oxide-based films presented earlier had the same chemical composition throughout the material and a layered structure of stacked sheets. Furthermore, because carbon atoms are small and the material is not very dense, the ejected photoelectrons can travel along a longer mean free path, resulting in a greater probing depth of the material. In contrast to that, the polydisperse nanoparticle samples presented a rugged surface to the incoming beam and because tin's atoms are larger and the material denser, the mean free path of the photoelectrons is limited and consequently, so is the probing depth. For these reasons, the results presented here refer to the composition of the surface of the nanoparticles and the bulk of the smallest NPs probed by the beam.

In the survey scans of Figure 2.46 the main recorded signals and the corresponding orbitals have been noted. Orbitals with an angular spatial distribution (i.e. all except s orbitals) exhibit spin-orbit splitting and appear as doublets, with each of the two possible states having a different binding energy. The nomenclature used to describe them takes the form kl i , with k the principal quantum number, l the angular momentum quantum number and j = l + s, where s is the electron spin angular momentum (s = ± ½). Case in point, in the survey scans below, tin's 3p and 3d orbitals give two contributions each, 3p 1/2 , 3p 3/2 and 3d 3/2 , 3d 5/2 , respectively. The areas of each peak of a doublet have specific areas based on the different spin combinations that produce the total i. It follows that for any given orbital (p, d, f) the ratios of the areas are fixed, regardless of the nucleus probed. In the case of the 3d 3/2 and 3d 5/2 orbitals, that ratio is 2:3. Both scans appear rather similar, with the only notable difference being the intensity of the signal from the C 1s orbital, which is higher in the sample of Sn with graphite. Both samples have a comparable oxygen content, with that of the Sn-GO sample being higher. The source of oxygen is obvious in the case of graphene oxide, but not so much for graphite. It was posited that a certain amount of oxidation occurred during handling; taking into account the stability of the particles in air, revealed by X-Ray diffraction, we tend to conclude that this may contribute to a lesser extent, if at all, and that the oxygen comes primarily from molecules trapped between the graphite sheets prior to milling.

Sn -GO

High-resolution scans of the Sn 3d 5/2 , C 1s and O 1s orbitals found in the sample are presented in Figure 2.47. Sn 3d 3/2 and 3d 5/2 yield the same information, so the strongest signal of the 3d 5/2 part of the doublet was chosen for the analysis.

The Sn 3d 5/2 peak (Fig. 2.47a) appears to consist of two components, the major one centered at a binding energy of 487.2 eV, belonging to Sn(II) and the smaller one centered at 485.1 eV, belonging to metallic tin -Sn(0). Deconvolution of the spectrum gives a third component, centered at 489.1 eV, attributed to Sn(IV), albeit with too small a contribution to 159 the signal. Clearly, the part of the sample probed by the beam is mainly oxidized tin.

The C 1s peak (Fig. 2.47b), centered at 284.9 eV resembles a lot that of reduced graphene oxide presented earlier, both in terms of shape as well as components, after deconvolution. This and the calculated composition confirmed that during the course of milling GO does get reduced. The spectrum was deconvoluted into six components: atoms in carboxylates at Deconvolution of the O 1s peak (Fig. 2.47c), centered at a binding energy of 531.2 eV, gave three components: oxygen atoms part of lattice oxides at 531.0 eV, atoms belonging to terminal hydroxides, such as those found on metal surface defects at 532.2 eV and finally oxygen atoms being part of organic functional groups (or water) at 533.5 eV. The presence of metal oxides in the sample rendered impossible the attribution of the oxygen content of that last component to specific functional groups. The detailed breakdown of atomic ratios is presented in Table 2.10: Looking at these results, it is confirmed beyond any doubt that a redox reaction takes place between GO and Sn during milling, with the majority of the oxygen atoms getting transferred to tin, forming SnO while the composition of GO comes really close to that of thermally reduced graphene oxide. The component of the Sn 3d 5/2 signal attributed to Sn(IV) appears at a level that could be an artifact of the analysis. In the scientific literature we were unable to find a single reference to tin carbide. Examples of compounds where carbon is bound to tin always contain at least a third type of atom linked to the tin atoms. For this reason, we have low confidence in the existence of Sn-C bonds, unless they are part of an oxide, i.e. something like C-Sn-O. Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid to the overall signal, centered at 489.3 eV, attributed to Sn(IV). While the X-Ray beam encounters more metallic tin in this sample, it interacts mainly with oxidized tin.

The C 1s peak (Fig. 2.48b), centered at 284.7 eV was deconvoluted to six components, same as before. The content of carbon atoms bound to oxygen appears low, but it is present.

The deconvolution of the spectrum and attribution to specific species was as follows: atoms in carboxylates at 289. The O 1s peak (Fig. 2.48c), centered at a binding energy of 531.6 eV, was deconvoluted into three components: oxygen atoms part of lattice oxides at 530.9 eV, oxygen atoms belonging to terminal hydroxides at 532.1 eV and oxygen atoms being part of organic functional groups (or water) at 533.3 eV. The atomic ratios of all three components are lower in this sample.

The composition of the sample is summarized in Table 2.11: The atomic ratio of carbon appears higher in this sample, which we expected because tin was co-milled with graphite and also because the volume fraction of graphite in the grinding Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid bowl was higher than that of GO. There is a presence of oxygen both as metal oxide and as part of organic functional groups. This reinforces the hypothesis that the oxidation takes place mainly during milling and not after, so its source most likely is oxygen molecules adsorbed on the materials themselves. As graphite is broken down to smaller fragments, the newly formed edges will react with anything there might be in the vicinity, hence the oxygen-bearing functional groups.

Experimental details. Same as in section 1.7.3.1.

Conclusions

We have demonstrated that co-milling tin with either graphene oxide or graphite can be a successful strategy for the production of tin nanoparticles at gram scale. To the best of our knowledge, this had not been tried before. Depending on the intended application, this could be a viable strategy for the size reduction of tin, when a cooled grinder is unavailable, impractical or too costly.

None of the techniques we employed to characterize our samples could give us a full view of the particle size distribution. We considered using dynamic light scattering, but we were unable to find a medium in which the particles could be suspended as they were. However, the combination of SAXS measurements, X-Ray diffraction and microscopy showed a good complementarity, permitting us glimpses of both the whole and the finer details. This allowed us to settle on the eventual milling protocol, consisting of grinding for 22 h with the 10 mm balls at 400 rpm, followed by 2 hours of further "homogenization" with the 2 mm balls at 600 rpm. The resulting product had dimensions that would easily fit in the graphenebased matrix and the graphene (oxide) sheet coating of the particles could prove beneficial in containing the migration of tin during the functioning of an actual battery, without blocking the diffusion of lithium ions towards the nanoparticles.

It is obvious that the end product is not pure tin nanoparticles. The most plausible description would be a tin core inside a thin/amorphous shell of tin oxide, coated in a carbon layer, i.e. Sn@SnO@C. However, both tin and tin oxide are active towards lithiation and as mentioned above, the (reduced) graphene oxide layer could prove beneficial to the functioning of a Li-ion battery with these NPs used to increase its capacity. The NPs could be useful in other applications as well, for instance as components of conductive inks 80 . The protection against further oxidation afforded by the carbon layer alleviates any problems related to e.g. the storage of the material.

The process can be easily scaled up; milling is a common industrial operation and in fact, it could be performed more efficiently than in our experiments. Comparatively, we were severely limited by the equipment available at our disposal. There were a number of discussions held with colleagues working in the pharmaceutical industry on the subject of ball milling and we were made aware of several ways the process would benefit from its application in an industrial setting. For example, 20 kg of feed with average particle size of 20 μm can be reduced to particles with sizes equal to or below 1 μm in just 5 minutes, when grinding with 0.2 mm balls. For feeds with larger particle sizes, up to a few cm, continuousflow segmented ball mills can reduce the same 20 kg of material to sub-micron sizes in a little over an hour.

Even at the scale we worked, there remain several facets of the process that could be improved, such as pinpointing the exact moment in time when it would become more efficient to switch from the 10 mm balls to the 2 mm ones. This could lead to more uniform samples, in a shorter amount of time. Cutting the GO films to the requisite size with scissors can hardly be deemed practical; however our alternative was to grind larger pieces of specific dimensions in advance and it would take a separate study to determine at which point it would be optimal to add the Sn powder and also ensure that it would get wrapped in the sheets and not just covered by small fragments of them. Eliminating the oxygen carried over by the materials to the grinding bowls, would also be a significant improvement.
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Amino-functionalized EMI⁺TFSI⁻

The last component required for the composite system is the functionalized ionic liquid consisting of the TFSI -anion and an imidazolium cation, with a short ethyl side-chain and an amino group attached to its extremity. In order to graft the EMI + cation onto graphene oxide, the amino group appeared much more versatile compared to other functional groups that have been used for the same purpose, such as trimethoxy silane 101 or phosphonic acid 102 , which can only bind to hydroxyl groups. It should be possible for it to react a) with epoxide groups, in a ring-opening reaction 103 , b) with carboxyl groups to produce amides 104 and c) with carbonyl groups, yielding imines 105 (Fig. 2.49). The optimal conditions are not the same for these reactions. Epoxide ring-opening can take place under both acidic and basic conditions and requires moderate heating 106 . Amide formation requires heating to high temperatures or prior activation of the carboxyl group 107 . Imine formation necessitates mildly acidic conditions, with precise control of the pH 108 . However, the addition of the amino group presented itself as the most reasonable strategy in order to maximize the amount of grafting under a range of settings. Since an IL with an amine-terminated EMI + cation was not commercially available, it would have to be synthesized. To accomplish that, Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid two different synthetic approaches were tried.

First synthetic route for the amino-functionalized ionic liquid

The most cited synthesis in the literature, which often involves the grafting of graphene oxide with an imidazolium-based ionic liquid, relies on the N-alkylation of 1methylimidazole, using 3-bromopropylamine hydrobromide, in an S N 2 reaction 109 , according to Fig. 2.50. In most of the published works 103,110-112 , the reaction is used to add an aminopropyl side chain to 1-methylimidazole. However, there exist a number of other studies [113][114][115][116][117] , claiming the addition of an aminoethyl side chain in a similar fashion, using 2bromoethylamine hydrobromide. It was decided to replicate the methodologies described in these works, as they proposed a facile and straightforward way to produce the modified EMI + cation.

Several attempts were made to reproduce the synthesis as reported. The desired ionic liquid could not be obtained. The synthesis was also performed by varying several parameters such as the solvent refluxed (EtOH, CH 3 CN), the reaction time (16, 20 and 24 h), the ratio of 2-bromoethylamine hydrobromide to 1-methylimidazole (1:1, 1:2) or controlling the addition of 1-methylimidazole in the course of the reaction. In every case, the result was a mixture of products. It appeared that 2-bromoethylamine may also react with itself, with the amino-functionalized imidazolium, or with 1-methylimidazole. The 1 H NMR spectra contained several methylene groups with different electronic environments, indicating polysubstitution. It should be mentioned that none of the cited works presented a characterization of the synthesized product, and different authors gave widely varying visual descriptions of it, ranging from "yellow viscous liquid" 116,117 to "white crystalline solid" 113,114 . A more expansive investigation of the literature revealed that the reaction had already been studied in CH 3 CN at 80°C for 4 h, leading to products A to D (Fig. 2.51) 118 . It yielded mostly protonated 1-methylimidazole (A in Fig. 2.51), which cannot react further and a mixture of substitution products with side chains of varying lengths -among them, the desired product (B in Fig. 2.51) as a minority product, but particularly difficult to isolate, following a simple purification process.

Interestingly, in a control experiment, the reaction of 1-methylimidazole with 3bromopropylamine hydrobromide allowed to synthesize the respective functionalized ionic liquid. This would suggest that electronic effects over the shorter alkyl chain are the driving force behind the different outcomes of the two reactions. Consequently, a new synthetic route had to be considered. Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid

Revised synthetic route

In order to circumvent the encountered problem during the first synthesis, the choice was made to decompose the preparation steps. First an ethyl-functionalized imidazolium had to be prepared. Then the amino group could be introduced at the end of the ethyl chain. The precursor could be modified by using symmetric functionalized dihaloalkanes. All the steps of the synthesis we eventually employed are presented in Figure 2.52. First, an S N 2 reaction between 1-methylimidazole and 1,2-dibromoethane produces 1-

(2-bromoethyl)-3-methylimidazolium bromide (Fig. 2.52-1). This undergoes another S N 2 reaction with sodium azide, yielding 1-(2-azidoethyl)-3-methylimidazolium bromide (Fig. Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid and especially with short side chains are rather difficult to purify and that difficulty increases with the addition of polar groups.

Here follows an overview and a discussion of the particular details of each step.

The very first step of the synthesis consists of an alkylation of 1-methylimidazole, that follows second-order kinetics. The reaction takes place in refluxed acetone, using three equivalents of 1,2-dibromoethane. However, as the nucleophilic substitution can occur on either end of 1,2-dibromoethane, if all of the equivalents of 1-methylimidazole are added at once, a compound consisting of two methylimidazolium rings joined by an ethyl bridge forms as the major product of the reaction. The slow introduction of 1-methylimidazole by means of a syringe driver works around that problem, hinting that the desired reaction pathway is under kinetic control. The targeted, monosubstituted 1-(2-bromoethyl)-3methylimidazolium bromide is obtained as a highly hygroscopic solid product. The same synthesis has been reported as taking place at room temperature by reacting 10 equivalents of 1,2-dibromoethane with 1 equivalent of 1-methylimidazole in diethyl ether, for 4 days 119 .

This was experimentally verified, suggesting that in those conditions, only the monosubstituted product is obtained, but at lower yields and much longer reaction time.

The second step is a bimolecular nucleophilic substitution reaction of the bromide introduced in the side chain during the first step by an azide anion. The azide anion provided by the dissociation of NaN 3 in the water-acetone solvent mixture contains four lone electron pairs confined in a relatively small space and as such, it is a very good nucleophile. Despite that and the fact that the azide salt is in small excess (1.5 eq.), the reaction rate is slow, necessitating prolonged heating (24 h) to complete. When stopped at 10, 12 or 18 hours, there would always remain unreacted (2-bromoethyl)-3-methylimidazolium bromide in the mixture. The excess of NaN 3 and the produced NaBr can be easily removed, as their solubility in acetonitrile is very low, whereas 1-(2-azidoethyl)-3-methylimidazolium bromide is perfectly soluble in it.

The third step is the reduction of the group. Because the azide-functionalized IL is insoluble in ethers where LiAlH 4 can be dissolved, the reaction system is heterogeneous.

Lithium aluminium hydride is pyrophoric and moisture sensitive, readily reacting with water to produce LiOH, Al(OH) 3 and hydrogen gas, in an exothermic reaction. For these reason, and since the azide-functionalized IL is also highly viscous, the last stage of its purification (e.g. lyophilization) is carried out in the reaction vessel. However, once the reaction starts, it advances rapidly and the system becomes homogeneous.

The lithium aluminium hydride used for the reduction of the azide to amine is in small excess, so as to neutralize any humidity that might find its way into the reaction mixture.

Neutralization of that small excess at the end of the reaction, requires very little water, no more than a few mL. However, at that point, the reduced species is found complexed with the aluminium ((R-NH) 4 AlLi) and requires workup with water in order for the complexes to break up and for the amine to get protonated 120 , hence the large amount of water added.

There is a delicate balance to be struck there, because if too little water is used, the majority of the metal hydroxides (LiOH, Al(OH) 3 ), which form a colloidal suspension, will precipitate fast, inevitably trapping some of the ionic liquid in the precipitate. On the other hand, if a large excess of water is added, a quantity of the hydroxides will remain solubilized and evade filtration, necessitating further purification. The azide α-methylene group is absent from 1 H NMR spectra of the product, so the reduction step appears to be quantitative, according to what is known about this type of reaction in the literature 120 .

By acidification of the aqueous phase with a solution of HBr in water and filtration was removed Al(OH) 3 . At this stage a small amount of Li + ions probably remains, most likely as LiBr, which requires confirmation by further analysis. As it cannot be separated from the ionic liquid, this prevented the determination of a yield for the reduction. These ions remain present at this point. At the same time, because of the acidic conditions, the terminal amine exists (at least in part) in ammonium form.
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Synthesis amino-functionalized EMI⁺TFSI⁻

The fourth step consists of exchanging the bromide anion for a bis(trifluoromethanesulfonyl)imide (TFSI -) one (Fig. 2.53).

In order to make sure that the added functional group existed in its amine form, the protons from any ammoniums had to be removed. It was decided to deprotonate the ammonium via basification (pH ~ 10) with LiOH just before the metathesis reaction. The mixture already contained Li + ions and the ionic liquid was soluble in water until the anion exchange.

The final step in the protocol is classical salt metathesis reaction between 1-(2aminoethyl)-3-methylimidazolium bromide and lithium bis(trifluoromethanesulfonyl)imide.

As soon as the LiTFSI salt is added to the ionic liquid in water, a phase change occurs, with the forming H 2 N-EMI + -TFSI -ionic pairs separating from water. The IL phase is repeatedly washed with H 2 O, so as to remove any bromides still present. During washing, a lot of ionic liquid leeches into the aqueous phase, as confirmed by 1 H NMR spectra.

The purification of H 2 N-EMI + TFSI -is concluded by dissolving in acetone the quantity collected after washing. The solution is transferred into a vial for lyophilization, the acetone is evaporated under air or Ν 2 flow and the ionic liquid is briefly dispersed in a small amount of water before being frozen in liquid nitrogen. After lyophilization, there would be two distinct components in the vial: the very viscous ionic liquid and a small amount of solid, Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid cobweb-like material, formed at the level of the interface in the vial prior to lyophilization. 1 H NMR analyses showed that this solid consisted of very little IL and larger amounts of water and acetone. Considering that some of the samples had been lyophilized for more than three days at a pressure below 10 -5 bar, the presence of these solvents was attributed to hydrogen bonding between them and the ionic liquid. Several studies have examined and confirmed such interactions, between molecular solvents and ionic liquids and with the EMI + TFSI -IL in particular 121 . A more recent study of the EMI + FSI -system found that methanol and DMSO are capable of breaking the ionic pair, through hydrogen bonding of the cation with the electronegative oxygen atoms of the solvents, forming stable complexes 122 . Given the presence of an added charge on the cation and the polar nature of both water and acetone, strong hydrogen bonds would seem highly plausible and would justify the persistence of the solvents.

1-(2-aminoethyl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide is collected as a very viscous, dark red-brown liquid. Some trace amounts of acetone and water would always be detectable in the 1 H NMR spectra, along with the ionic liquid (Fig. 2.60). In the end, the product that remains is down to 20% of what was expected based on the quantity of the azide.

The yield was considerably low, because of the solubility of the ionic liquid in water, due to it having a short side chain and an added polar amine group. At the same time, this could be advantageous for the next stage, grafting the ionic liquid to graphene oxide in an aqueous suspension. However, given the low yield after the metathesis step, proceeding from there was not satisfactory.

Before the metathesis step, the mixture consists of most of the amino-functionalized IL, plus some lithium ions, probably as lithium bromide. That last point, the presence of lithium might actually prove useful in the final composite material. The pre-lithiation of electrode materials of Li-ion batteries is an increasingly researched strategy, in which the loss of active lithium during the initial cycles of the batteries is offset by the inclusion of lithium metal or

Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid lithium sources the electrodes, before the battery is assembled and operated 123 . If the Li "contamination" does get carried over to the anode material, it could be beneficial to its performance. Because of this, it was decided to stop the purification after the removal of aluminium hydroxide. Unpurified 1-(2-aminoethyl)-3-methylimidazolium bromide, along with the Li + impurities will be used as-is, to be grafted onto graphene oxide. The anion exchange will be performed with the ionic liquid grafted on GO (see Chapter 3).

Experimental method 3.4.1. Synthesis of 1-(2-bromoethyl)-3-methylimidazolium bromide

In a 100 mL three-neck round-bottom flask 11 mL (~128 mmol) of 1,2-dibromoethane is mixed with 8.3 mL of acetone. The flask is connected to a vertical condenser and heated to reflux (60°C), while stirring at 500 rpm. With the help of a syringe driver, 3.3 mL (~41 mmol) of 1-methylimidazole is added to the above mixture at a speed of 0.7 mL/h. The mixture is left under reflux overnight. Heating is then stopped and the mixture is left to cool down to room temperature, while still being stirred. The majority of the solvent is decanted while the solid is kept submerged in the remainder. The product is washed 4 times with ~15 mL of acetone under vigorous stirring for at least 30 min at room temperature, to break up the aggregates that may form and liberate any remaining entrapped precursors. After the last Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid wash, the acetone that is left is in a rotary evaporator. The highly hygroscopic white solid is dried either in a vacuum oven at 60°C for ~12 h or by lyophilization for at least 24 h.

Yield: > 98 %. The azide synthesized in the previous step is lyophilized in a 500 mL flask for at least 48 h.

Once the liquid is free of water, 150 mL of anhydrous diethyl ether and 0.43 g (~11 mmol) of LiAlH 4 are quickly added to the flask, which is then connected to a vertical condenser fitted with a drying tube, filled with CaCl 2 , for the purpose of keeping the reaction system free of moisture. The system is brought to reflux while stirring and the reaction is left for 4 h. The reaction mixture turns from dark to light gray. The flask is then placed in an ice bath and a large excess of water (≥ 100 mL) is added to it to neutralize any unreacted LiAlH 4 and to The mixture is then filtered through cotton to remove the LiOH and Al(OH) 3 precipitate and the ethereal phase is discarded. The aqueous phase contains the desired product along with dissolved metal hydroxides. Water is removed in a rotary evaporator and the yellow residue is washed twice with 40 mL of isopropanol and filtered through paper, to remove any precipitate that forms. The solvent is removed in a rotary evaporator and the residue is redispersed in 30 mL of H 2 O. The pH is adjusted between 5 and 6 by the addition of HBr (aq.

solution), so as to force any remaining Al(OH) 3 to precipitate; this is removed by filtration.

The filtrate is once again condensed in a rotary evaporator and the resulting dark red-orange viscous liquid is dispersed in 30 mL of ethanol and refluxed for 1 h. It is left to cool to room temperature and filtered to remove the white precipitate that forms. The filtrate is condensed in a rotary evaporator. According to 27 Al and 7 Li NMR analysis, the resulting mixture still contains a considerable amount of Li (δ: -0.39 ppm), but no detectable quantity of Al. Yield: indeterminable. Note: After Li atomic absorption measurements conducted on two batches and under the assumptions that all of the lithium bromide is found as its monohydrate, LiBr•H 2 O (determined by TGA) and all of the aminated ionic liquid is found in its protonated form, the yield was determined to be 76 and 79% for the first batch and 85 to 87% for the other. This variance is probably due to the entrapment of IL in the precipitate.

Anion exchange

The lyophilized mixture from the previous step is dissolved in 5 mL of H 2 O and the pH is adjusted to ~10 by the addition of an aqueous solution of LiOH. Then, 2.87 g (~10 mmol) of LiTFSI salt is added to the solution which immediately separates into two phases. The system is left stirring overnight. The aqueous phase is then carefully removed and the remainder is washed repeatedly with 3 mL of water until a negative test for Br -is obtained with AgNO 3 .

The dark red-orange ionic liquid is dissolved in 7 mL of acetone, which is then transferred to a vial and left to dry in air. The remaining liquid is further purified by lyophilization. The presence of the amine group is also verified through a nitrous acid test (Appendix E). While the yield from the previous step could not be determined, assuming 100% conversion of the azide and product recovery at that point, the yield at this step is 20%. Experimental details and materials. 1) Materials: 1-methylimidazole (purity 99%), 1,2dibromoethane (purity ≥ 99%), sodium azide (purity ≥ 99.5%), lithium aluminum hydride (purity 95%), lithium hydroxide monohydrate (purity ≥ 98%) and hydrobromic acid aqueous 48%, were purchased from Sigma-Aldrich. Acetone (purity ≥ 99.8), acetonitrile (purity ≥ 99.8) and diethyl ether (purity ≥ 99%) were purchased from Merck. Lithium bis(trifluoromethanesulfonyl)imide (purity > 99%) was purchased from Solvionic. 2) Nuclear Magnetic Resonance (NMR) spectroscopy: the purity of the products at the various steps of the synthesis was verified through 1 H, 7 Li, 27 Al and 13 C NMR spectroscopy. The measurements were carried out using two Bruker Avance III narrow bore spectrometers, operating at 7.05 and 11.7 T, with BBFO probes, equipped with gradient coils (55 G/cm). 

. Thermogravimetric analyses

In order to verify the thermal stability of the functionalized ionic liquid (H 2 N-EMI + TFSI -) and hoping to gain some insights into the unpurified mixture of H 2 N-EMI + Br -with lithium compounds we intended to use for grafting to graphene oxide, we subjected them to thermogravimetric analyses. In Figure 2.61 the thermogravigram of the H 2 N-EMI + TFSI -ionic liquid and in Figure 2.62 that of the unpurified H 2 N-EMI + Br -ionic liquid are presented. It should be noted that the amine group of the purified IL should not be protonated, whereas the IL of the mixture could be, at least partially, in ammonium form, since it was recovered after acidification to a pH of 5.5 (for the sake of convenience, it shall be denoted as H 2 N-EMI + Br -with the caveat that, at least in part, it could actually exist as Br -+ H 3 N-EMI + Br -).

Furthermore, the anion is different (TFSI -for the purified IL and Br -for the IL in the mixture), which is known to affect thermal stability 124 .

The pure ionic liquid has a thermal decomposition profile that resembles a lot that reported for pristine EMI + TFSI -22 . The first difference is a slow weight loss with an onset temperature of approximately 132°C, which accelerates around 194°C and reaches its maximum at 238°C. The total weight loss at that point is 5.5 wt%. The amino group amounts to ~4% of the molar mass of the ionic liquid, so in all likelihood it is the decomposition of the amino group that takes place at that point. The onset temperature is also in the range reported for the thermal decomposition of amines 125 .

The main decomposition of the H 2 N-EMI + TFSI -ionic liquid is complex and has an onset temperature of approximately 275°C, reaching its maximum at 379°C. These temperatures are lower than those of pristine EMI + TFSI -, 300°C and 450°C respectively. The weight loss at the end of the process is 81.5 wt%, with the total weight loss reaching 87.0 wt% at the end of the measurement. Based on the derivative, a residual, slow decomposition takes place between 455°C and 537°C, corresponding to a weight loss of ~2.1 wt%.

It is followed by yet another decomposition step, beginning at 537°C, reaching a maximum at 716°C and continuing until the end of the measurement at 800°C. The weight loss at this segment is 22.6 wt%, while the total weight loss of the sample at that point is 89.9 wt%.

While the decomposition of the sample does not appear to be complete at 800°C -a temperature that could not be exceeded because of experimental limitations -the weight ratios of the two last segments would seem to suggest that the decomposition of an EMI + fragment takes place first, followed by the evolution of bromine gas. The coexistence of several different ions and water in the mixture appears to have an effect on the stability of 182 Chapter 2: Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid each decomposing or evaporating species and accordingly, to influence the temperatures at which the different processes occur. Based on the literature [126][127][128][129] and experiments conducted with lithium bromide hydrates (Appendix F), the first complex decomposition (50°C -198°C) is attributed to water released from a mixture of LiBr hydrates.

Differential scanning calorimetry

Differential scanning calorimetry was employed primarily to determine the melting point of the purified aminated ionic liquid -H 2 N-EMI + TFSI -. The measurement is presented in The melting point of the ionic liquid was near the lower operating limit of the device (-80°C). It is not very clear during freezing, but it appears as the maximum of the exothermic peak after heating starts, at -74°C.

According to the 1 H NMR analysis, the ionic liquid already contained some traces of 183 water. Furthermore, condensation of moisture inside the measurement chamber took place during the cooling cycle. Some of the condensate entered the crucible from the perforation in the cover once the temperature was again above 0°C. The small, sharp exothermic peak at 100°C is due to the water.

Two overlapping exothermic events take place in the range between 120°C and 260°C and coincide with the first weight loss measured in the TG analysis, attributed to the decomposition of the amino group. The first process has a maximum at 180°C, close to where the temperature at which the slow decomposition seems to accelerate in the thermogravigram of Fig. 2.61. The second process reaches its maximum around 222°C.

According to simulations of the thermal decomposition of primary amines, the bimodal decomposition of the amino group could be attributed to different decomposition pathways 130,131 , but also to interactions of the IL with the aluminum crucible 132 . The thermal decomposition of 1-(2-aminoethyl)-3-methylimidazolium imidazolide has also been reported in the literature 133 and a comparable weight loss as the one observed in the thermogravigram of Fig. 2.61 occurs at ~145°C, accompanied by an exothermic event, but the researchers did not comment on it.

Experimental details. The measurement was conducted on a Mettler Toledo DSC 3 STAR e calorimeter. The sample was spread evenly on the bottom of an aluminium crucible, in order to facilitate heat transfer and achieve homogeneous heating and cooling of the entirety of its mass. The crucible was sealed with a perforated cover and the sample was first cooled from ambient temperature to -80°C and then heated to 300°C. The temperature ramp was 3°C/min.

Conclusions

At the core of this study were the favorable interactions between tin nanoparticles and the EMI + TFSI -ionic liquid and how these could be put to use in the context of lithium ion batteries. The immobilization of the ionic liquid-tin nanoparticle system on a suitable matrix could help alleviate the problems associated with tin as an additive to Li-ion anodes, by containing its volume expansion and preventing the migration of tin atoms during cycling. Once the matrix was selected and its chemistry explored, the next step was the elaboration of the appropriate anchor for the ionic liquid.

The amino group was deemed the most compatible choice for grafting the cation of the ionic liquid to graphene oxide. To that end, a rational, reproducible synthetic protocol had to be devised and applied. The physicochemical properties of the EMI + cation coupled with the interactions induced by the introduction of a polar and at times charged functional group necessitated the adaptation of established methodologies, both for the synthesis and the purification of the products at every step. The final synthetic pathway consists of four distinct stages all with excellent yields, up to the point of the metathesis reaction, which was however necessary in order to produce and investigate the properties of the envisaged ionic liquid.

Once the final form of the aminated ionic liquid had been prepared and analyzed, the synthetic protocol was revisited. On one hand, the anion exchange proved wasteful, as the majority of the ionic liquid leeched away and on the other, the hydrophobicity of the purified product would pose problems to its grafting to graphene oxide. Then came the realization that the synthesis could be stopped after the reduction of the azide to an amine and the removal of the aluminium hydroxide impurities. A combination of NMR spectroscopy, and thermogravimetric analyses elucidated the composition of that mixture: it consists of hydrated lithium bromide mixed with the brominated ionic liquid. The ionic liquid is watersoluble at that stage and thus, easy to integrate with the graphene oxide matrix. Of the remaining impurities, the bromide anions and the lithium cations, the latter do not pose a problem, in view of the intended application. Once the ionic liquid was grafted to the substrate, the metathesis could take place then and there and subsequently, the bromide ions would too be removed.

These conclusions bode well also for the possibility of scaling up the synthesis, which would benefit from being conducted on a larger scale. While not all the materials and methods selected are cost-effective, they were the best available options while working at the laboratory scale. Possible improvements would be for instance, to perform the reduction of the azide in a solvent in which it is soluble, under milder conditions and forgoing the use of LiAlH 4 , e.g. by catalytic hydrogenation. This would eliminate the variability in the final composition of the mixture brought about by the entrapment of the ionic liquid in the precipitating metal hydroxides. Similarly, the synthesis of the azide from the bromide, could perhaps be achieved by supported catalysts, minimizing the work and cost required for purification.

Chapter 3: Chapter 3: Assembly of composite materials Assembly of composite materials

The goal was to prepare a self-supporting material with a high lithiation capacity, based on its tin content, with a form capable of adapting to the structural changes during cycling, that would also maintain a high electrical conductivity. Up to this point, the focus had been placed on establishing and optimizing the preparative methods and the various treatments for the three components of the ternary composite material: the graphene-based matrix, the tin nanoparticles and the functionalized EMI + TFSI -ionic liquid. In order to assemble the composite material to be used as a Li-ion battery anode, the first step consisted in preparing the ionic-liquid-functionalized graphene oxide matrix and the second step in incorporating the tin nanoparticles. For the first step, the aminated ionic liquid in its brominated form would be grafted onto graphene oxide. The bromide counter-ions would then be exchanged for TFSI -in situ, in order to obtain a system close to that in which the favorable interactions of the IL and the tin nanoparticles had been observed. For the second step, the tin nanoparticles would be mixed at several loading percentages with the IL-modified GO suspension, which would then be freeze-cast and afterwards annealed to produce the basic form of the electrode. Accordingly, tin content could allow a high lithiation capacity, and the graphene scaffolds should be able to buffer the structural modification during cycling as well as meet the high conductivity requirements. Subsequent improvements would have comprised grafting the aminated IL onto holey graphene oxide in order to enhance the diffusion of lithium ions, the treatment of the aerogels with hydrazine vapors to modify the structure and potentially increase the conductivity and/or a combination of the two.

Identifying the degree of compression of the material that would give the best balance between gravimetric capacity, volumetric capacity and adequate charge-discharge rates would be an integral part of the optimization process. Finally, a preparation of GO dough, made from the ionic-liquid-functionalized graphene oxide could also be attempted.

From the onset, a number of questions regarding the nature of the final material would be difficult to answer. The ionic liquid actually can be grafted, but it can also remain adsorbed via π-π interactions. A few similar systems, where an imidazolium-based ionic species has been grafted onto graphene oxide have been described in the literature [1][2][3] , yet Chapter 3: Assembly of composite materials they presented no evidence that the imidazolium cation was indeed grafted and not adsorbed. The exact amount of grafted IL would have to be determined. At last, the ternary material could retain its functionality after annealing, but the thermal treatment could also destroy the organic molecules and cause the tin to melt away.

Besides presenting the synthetic and experimental procedures employed in the preparation and characterization of ternary materials, this chapter attempts to provide answers to the above points.

GO -EMI⁺TFSI⁻ binary systems

Several experiments were conducted using mixtures of graphene oxide with the EMI + TFSI -ionic liquid. This was done in an attempt to anticipate the properties of the functionalized graphene oxide. These mixtures were used to prepare membranes and aerogels. For these experiments, the mixtures contained 10 wt% IL. EMI + TFSI -is immiscible with water. When it was added to aqueous suspensions of GO at

[GO] ≥ 8 mg/mL and after homogenization by shaking vigorously for a few seconds, emulsions 4 formed. It would appear that the coexistence of polar groups and sp 2 domains on the graphene oxide sheets enabled it to play the role of an emulsifier, with the water molecules attracted to the oxygen-bearing functional groups and the EMI + cation probably adsorbed on the conjugated systems. The amphiphilic character of GO has been reported in similar studies 5 . Upon addition of the IL at a 9:1 GO:IL mass ratio, suspensions of GO with a concentration of 8 mg/mL became much more viscous and suspensions with a concentration of 16 mg/mL nearly gelled. As a test, a series of GO suspensions at 8 mg/mL, but with higher mass loadings of IL, 30 wt%, 60 wt% and 80 wt% was also prepared. These mixtures were homogenized in a bath sonicator and within seconds, they all formed thick gels. After freeze-casting the IL and GO mixtures with initial concentrations of GO of 8 and 16 mg/mL, the obtained aerogel monoliths exhibited noticeably enhanced mechanical properties. They were less fragile and easier to handle and process. Aerogels made solely from GO had a gray-brown or gray-black color, depending on initial GO concentration, with the less concentrated suspensions producing lighter colored monoliths. Even though EMI + TFSI -itself is colorless, the aerogels made from the IL and GO mixtures had a greengray hue.

The mixed aerogels were subjected to thermal annealing at 200°C for 2 h under vacuum.

Samples of the aerogels before and after annealing were examined via several spectroscopic techniques (ATR-IR, Raman, solid state 1 H NMR), in order to confirm the presence of the EMI + TFSI -ionic liquid in the structures. However, that was not possible, as only the signals from graphene oxide were apparent and not those from the IL. The existence of S, N and F from the IL ions in the same samples was verified by EDX analyses of the monoliths, but the loose nature of the aerogels precluded obtaining accurate atomic counts, with the amounts of each element and the proportions between them varying widely in each of the targeted areas, so no meaningful conclusions could be reached. However, in samples that were thermally annealed at temperatures higher than 400°C, there would always be dark stains around the monoliths, which never happened for monoliths of pure GO. Also, the quartz tubes in which the samples were heated would always exhibit signs of hydrogen fluoride attack. Since neither was ever observed for samples reduced at 200°C, a temperature well below the reported decomposition threshold 6 for EMI + TFSI -, it was deduced that the selected thermal treatment did not affect the ionic liquid.

In order to make membranes, the same protocol as before was employed (Chapter 2, section 1.6.1), i.e. placing the suspensions of various GO concentrations (4 to 20 mg/mL) and 10 wt% IL in a wide container and heating them at a controlled temperature of 45°C under air, to evaporate the water. However, when most of the water had evaporated, the GO mixed with the IL begun to reorganize into uneven lumps, preventing the formation of membranes Graphene oxide aerogels were also moistened with EMI + TFSI -until they could be worked into a dough. The resulting malleable, disordered structures could be given virtually any form, but they exhibited no porosity, as revealed by SEM imaging. Furthermore, the simultaneous addition of water and ionic liquid, that could lead to an eventual porosity after drying or thermal reduction, was not possible. GO aerogels that had been wet with ionic liquid did not allow water to permeate their structure. Kneading them resulted in a friable dried-gel-like texture. The same result was obtained if the aerogels were wet first with water and then with the IL. It appeared that the ionic liquid, rendered the GO sheets waterproof as it prevented the incorporation of water into the dough.

Preparation of EMI⁺TFSI⁻ IL and GO suspensions

In a typical preparation, 5.9 μL or 11.7 μL of EMI + TFSI -(density: 1.52 g/cm 3 ) was added to 10 mL of a GO suspension of 8 mg/mL or 16 mg/mL, respectively. The mixtures were placed in vials, which were sealed and shaken vigorously by hand for a few seconds. The resulting 201 suspensions had a mass ratio of GO:EMI + TFSI -of 9:1.

Preparation of aerogels from EMI⁺TFSI⁻ IL and GO suspensions

The freeze-casting apparatus presented in Chapter 2.1 was used for the unidirectional freezing of the samples. The suspensions were set to equilibrate at 20°C and then they were frozen at a rate of 10°C/min, until they reached -80°C and they had completely solidified. The frozen suspensions were stored in containers submerged in liquid N 2 until they were lyophilized at a pressure of 0.01 mbar for at least 48 hours. Once all of the water had been removed, the samples were brought to ambient pressure and the aerogel monoliths were removed from the tubes with the help of a plastic piston.

Samples made from the 8 mg/mL suspensions that were to be thermally reduced, were placed as they were in Petri dishes and brought to the vacuum oven. Samples made from the 16 mg/mL suspensions were first sliced into approximately 2-mm-thick disks, in order to avoid explosive exfoliation during the treatment.

Materials. EMI + TFSI -(purity 99.9%) was purchased from Solvionic, aqueous suspensions of graphene oxide at concentrations of 8 mg/mL and 16 mg/mL were prepared as described in Chapter 2.1.

Structural investigations

To examine what effect -if any -the addition of the ionic liquid had to the microstructure of the aerogels, they were observed under a scanning electron microscope, after thermal reduction, to facilitate image acquisition. Chapter 3: Assembly of composite materials intact, the pore widths appear to be in almost the same range, between 21 and 48 μm. The pores, that have a rather oval cross section, are perfectly aligned with the applied temperature gradient. In all of the observed samples, almost all the pores run the entire length of the section. Again, the pores are interconnected through the lateral growth of the ice crystals at various points.

The rGO aerogels made from suspensions with [GO] = 16 mg/mL with 10 wt% EMI + TFSI - (Fig. 3.2c, 3.2d) exhibit the same "cellular" structure as their counterparts made just from graphene oxide at the same concentration (Chapter 2, Fig. 2.18). However, almost all of the anisotropy has disappeared, with the interconnected cavities being much more disordered and with similar dimensions in all directions. While the form made measurements difficult, cavity dimensions were measured in the range of 23 to 39 μm. Close inspection of the cavities reveals at times that they are only slightly elongated in the general direction of the ice crystal growth. Nevertheless, it is impossible to deduce the direction of the temperature gradient from the cross-sectional view of the structure (Fig. 3.2c).

Compared to aerogels made from GO suspensions, the sheets in the aerogels made from the IL and GO mixtures appear to be a little more wrinkled. This is true for both series of samples (8 and 16 mg/mL), regardless of concentration. Furthermore, the edges of the sheets and some of the smaller sheets appear rolled up, especially in the 16 mg/mL aerogel, where this is much more pronounced (Fig. 3.2d). A recent study on the use of binary solvent mixtures 8 with sufficiently different boiling points in the lyophilization of GO suspensions has shown that this is the result of uneven surface tension on the two sides of a layer, as one of the solvents sublimates (in this case water), while the solvent with the higher boiling point (here the ionic liquid) remains adsorbed on the sheets.
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N₂ porosimetry

The freeze-casting processing technique is known to produce macroporous structures 9 .

The porous system of the aerogels was even visible to the naked eye and much more so under the scanning electron microscope. Gas adsorption porosimetry does not provide for macroporous networks the same type of information that can be deduced for microporous and mesoporous systems (e.g. average pore size, pore size distribution, pore organization, etc.). It was nonetheless decided to analyze the disordered monoliths, i.e. aerogels via N 2 adsorption -desorption, in case there was some other organization at lower scales in the structure, that was not apparent in the SEM images. It should be noted that due to their kinetic diameter (3.64 Å 10 ), nitrogen molecules cannot probe the sp 2 stacked surfaces that are accessible to lithium ions (0.59 Å). For this reason, the specific surface area of graphite and related materials as determined by gas adsorption 11,12 is two to three orders of magnitude lower than the calculated specific surface area of graphene 13 .

The adsorption -desorption isotherms are presented in Figure 3. Chapter 3: Assembly of composite materials macroporous adsorbents (Type II according to the IUPAC classification 14 ). The knee at low P/P 0 -where the slope changes before the almost linear middle section -is rather welldefined, suggesting that monolayer coverage is almost complete before multilayer adsorption begins. The sharp uptake increase close to P/P 0 = 1 is indicative of unrestricted multilayer adsorption.

The desorption isotherm presents a hysteresis loop characteristic of narrow slit pores, formed by flexible, plate-like particles, which perfectly describes the GO sheets (resembling an H4 Type, according to the IUPAC classification). The pronounced uptake at low P/P 0 values is associated with the filling of micropores 14,15 .

According to the BET theory 16 , at low pressures, typically in the range of 0.05 ≤ P/P 0 ≤ 0. Perhaps the most interesting finding of the measurement is the presence of micropores, which are responsible for the desorption hysteresis at low pressures. These could be attributed to the interlayer spacing of stacked sheets with defects, or to folds and other deformations of the GO sheets up to 20 Å, that are large enough to accommodate N 2 molecules.

Experimental details. The porosity measurement was conducted at 77 K on a Micromeritics ASAP 2020 apparatus. After thermal reduction, a monolith that had been made from a suspension with a GO concentration of 16 mg/mL with 10 wt% ionic liquid, was cut into small (≤ 2 mm) pieces with a scalpel. These were then transferred to a sample tube. Before the measurement, the sample was degassed overnight at 110°C under high vacuum (10 -6 bar).

Conclusions

The improvement of the stability of the structures by the addition of the EMI + TFSI -ionic liquid was of note. A bridging effect through π-π interactions of an imidazolium-based IL on graphene sheets has already been reported 18 , albeit for 1-ethyl-3-methylimidazolium chloride. Perhaps the hydrophobic character of the EMI + TFSI -ionic pair could play an additional role in the stabilization of the monoliths, by excluding water molecules and thus creating larger contact surfaces between the bridged sheets.

In terms of their suitability as matrices for the composite anode material, the two aerogel structures -the ordered one made from GO suspensions with a concentration of 8 mg/mL and the disordered one obtained from suspensions of GO with a concentration of 16 mg/mL -present a different trade-off between structure tortuosity and exposed surface. The ordered structure provides straight paths for the lithium ions to diffuse, but they are too wide, leaving a lot of voids. Furthermore, the walls of the pores are made up of tightly packed sheets with lengths much longer than the typical dimensions of graphite particles used in anodes. On the other hand, the disordered cellular structure is much more tortuous. However, the available pathways are also micrometric and the cavities appear to be much more interconnected than the channels of the ordered structure. The disordered monoliths appear to have more of the sheets exposed and in thinner stacks. That could be a benefit for hosting lithium ions, as well as tin nanoparticles.

Chapter 3: Assembly of composite materials

Grafting of 1-(2-aminoethyl)-methylimidazolium bis(trifluoromethanesulfonyl)imide onto graphene oxide

The addition of an amino group to the side chain of EMI + was chosen as the means to graft the cation onto graphene oxide, as it could react with several of the functional groups present on GO. The XPS analyses revealed that the oxygen atoms belonging to epoxide groups were by far the most abundant oxygen species of the synthesized graphene oxide (almost 24% atomic ratio) and validated this choice. The ionic liquid would be grafted by a reaction between its amino group and the epoxides of GO.

Nucleophilic substitution to epoxides via ring-opening results in 1,2-disubstituted products. Because of the strain on the three-membered ring, the epoxide ring-opening reaction mechanism depends on the nucleophile strength and can be both acid-and basecatalyzed, despite ether oxygens being poor leaving groups. In general, the ring opening in neutral or basic conditions usually proceeds through an S N 2 mechanism, the nucleophile attacking the least substituted position. The exact mechanism of acid-catalyzed ring opening depends on the structure of the epoxide, i.e. the degree of substitution of the carbon atoms, so it could undergo an S N 1 like reaction, with the nucleophile attacking the more substituted carbon 19,20 . Acid-catalyzed ring opening can take place at lower temperatures, whereas basecatalyzed ring-opening usually requires heating 20 . The hydrolysis of epoxides, whether acidor base-catalyzed, produces anti vicinal diols (1,2-diols), also called glycols.

In the grafting reaction, the terminal amine group that has been added to the EMI + cation will attack the carbon atom on the least hindered side of the epoxide on GO, forming a C-N bond, effectively producing a secondary amine. The oxygen atom of the epoxide will remain attached to the other carbon atom and become protonated, producing an alcohol at position 2, with respect to the site of nucleophilic addition. The grafted species and the newly formed hydroxyl will be on opposite sides of the graphene sheet. While there are many works employing this reaction to graft amine derivatives 2,3,[21][22][23][24] and in particular, aminated imidazolium-based ionic liquids to graphene oxide there was only a single instance where the acid-catalyzed pathway was chosen 25 . Basic conditions are preferred so as to strengthen the nucleophilic character of the amine, by preventing its protonation in an acidic environment. The reaction has been carried out in both protic (usually in water 1 or ethanol 26 ) and aprotic solvents, such as DMF 21 .

As graphene oxide is produced in aqueous suspensions, redispersing it in another solvent would require drying it first. That in turn entails the restacking of the suspended sheets and then applying mechanical force to separate and disperse them in the new solvent, potentially damaging them in the process. Seeing no obvious advantage in that, it was decided to conduct the reaction in water. Furthermore, the amino functionalized bromide IL is soluble in water.

In the works where the reaction mixture is alkalinized by hydroxides, KOH or NaOH are used at several GO:IL:base weight ratios 2,3,21,23,24 . In the studies cited in the previous paragraphs, the reaction mixture was heated at temperatures ranging from ambient to 120°C, in open containers, under reflux or in autoclaves 21 . Reported reaction times were in the range from 2 to 24 hours.

Synthesis of bromide IL-functionalized graphene oxide

To perform the functionalization of GO, an excess of bromide amino-functionalized ionic liquid was added to an aqueous suspension of GO in a moderately basic environment, pH ≈ 10, alkalinized by the addition of LiOH, using an excess of ionic liquid. The reaction was conducted under reflux for 6 hours. The unreacted ionic liquid was removed by washing with deionized water.

As a means to verify the successful grafting of the EMI + cation onto GO, a control sample was also prepared, by refluxing the alkalinized GO suspension at the same dilution, for the Chapter 3: Assembly of composite materials same amount of time, without the presence of the unpurified ionic liquid. This control sample essentially underwent basic-catalyzed hydrolysis, with the epoxide groups becoming 1,2-diols. The amino-functionalized ionic liquid was then added to the mixture once it had cooled down to room temperature. The two reaction pathways are presented in Figure 3.5.

To facilitate comparisons, a third sample was prepared, that was subjected only to basecatalyzed hydrolysis, without the addition of any ionic liquid.

Synthesis of functionalized graphene oxide: 11.5 mL of a GO suspension with a concentration of 8.5 mg/mL (1.76 mmol of epoxide groups according to XPS analysis) was diluted with distilled water to 30 mL and transferred 211 Chapter 3: Assembly of composite materials to a 150 mL round-bottom flask, equipped with a stir bar. An excess of 3.19 mmol (determined via Li + AAS as discussed in Chapter 2.3) of 1-(2-aminoethyl)-methylimidazolium bromide in 35 mL of water, was added to the above. Upon addition, the mixture started to flocculate, but was homogenized by stirring vigorously. The pH of the mixture was brought to 10, by the addition of LiOH 2M solution in water. The system was brought to reflux and heating was maintained for 6 h. Then, it was left to cool to ambient temperature while being stirred. The mixture was brought to a filtering apparatus equipped with a PTFE membrane (450 nm pore diameter) where it was washed with deionized water, until the filtrate was colorless. At the end, the pH of the wash water was a little under 6. The material was kept in aqueous suspension.

Preparation of the physical mixture of hydrolyzed GO and ionic liquid (control sample): 11.5 mL of a GO suspension with a concentration of 8.5 mg/mL was diluted with distilled water to 30 mL and transferred to a 150 mL round-bottom flask, equipped with a stir bar. The pH of the suspension was brought to 10, by the addition of LiOH 2M solution in water. The system was brought to reflux and heating was maintained for 6 h. Then, it was left to cool to ambient temperature while being stirred. At that point, an excess of 3.19 mmol of 1-(2aminoethyl)-methylimidazolium bromide in 35 mL of water with its pH also adjusted to 10 by the addition of LiOH 2M aqueous solution, was added to the above and the mixture was left stirring overnight at room temperature. The next day, it was transferred to a filtering apparatus equipped with a PTFE membrane (450 nm pore diameter) where it was washed with deionized water, until the filtrate was colorless. At that point, the pH of the filtrate was approximately 6. The material was kept in aqueous suspension.
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Preparation of hydrolyzed GO: 11.5 mL of a GO suspension with a concentration of 8.5 mg/mL was diluted with distilled water to 30 mL and transferred to a 150 mL round-bottom flask, equipped with a stir bar. The pH of the suspension was brought to 10, by the addition of LiOH 2M solution in water. The system was brought to reflux and heating was maintained for 6 h. Then, it was left to cool to ambient temperature while being stirred. It was transferred to a filtering apparatus equipped with a PTFE membrane (450 nm pore diameter) where it was washed with deionized water, until the pH of the filtrate was approximately 6. The material was kept constantly in aqueous suspension.

Br⁻ -TFSI⁻ anion exchange

After grafting the bromide amino functionalized ionic liquid on graphene oxide, the last step to realize was the metathesis which consisted in exchanging the bromide with the bis(trifluoromethanesulfonyl)imide anion. This was performed using an excess of LiTFSI salt in aqueous solution at room temperature. The suspension of functionalized GO was transferred to a 100 mL round-bottom flask, equipped with a stir bar. 2.032 g (7.08 mmol, 4 eq. vs. epoxide groups on GO) of Li + TFSI -salt was added to it and the mixture was diluted to a final volume of 60 mL. It was left under vigorous stirring for 48 h, at room temperature.

The mixture was brought to a filtering apparatus equipped with a PTFE membrane (450 nm pore diameter) where it was washed with deionized water, until the filtrate gave a negative test for Br -with AgNO 3 . The functionalized material was kept in suspension throughout the metathesis reaction and washing and was recovered as such.

The exact same procedure was followed to perform the anion exchange with the control sample, using the same quantities.

For brevity, in the following sections the ionic-liquid-functionalized graphene oxide and the physical mixture of graphene oxide with the ionic liquid, both after the anion exchange with TFSI -shall be termed IL-GO and PM respectively. Similarly, the base-treated graphene oxide shall be termed BT-GO.

Materials. LiOH•H 2 O (purity ≥ 99%

) was purchased from Fluka, Li + TFSI -(purity ≥ 99%) was purchased from Solvionic. The preparations of the 8.5 mg/mL aqueous suspension of GO and of the unpurified H 2 N-EMI + Br -ionic are presented in Chapter 2.1 and 2.3, respectively.

Verification of grafting

Some differences were apparent between the functionalized sample and the physical mixture. IL-GO appeared to possess a higher surface tension than PM and it exhibited a decreased affinity towards glass. The washing and filtration of the PM sample on the PTFE membrane took almost 12 times as long as the IL-GO sample, probably due to the increase of hydrogen bonding after hydrolysis of the epoxide groups. With the nature of graphene oxide already being rather complex, the addition of another species further complicated analyses.

In order to verify that the amino-functionalized ionic liquid had been covalently bonded to graphene oxide and to investigate the composition of the functionalized solid material, several techniques were combined, namely solid-state NMR spectroscopy ( 13 C, 19 F and 7 Li), thermal analyses (TGA and DSC) and EDX spectroscopy.

Solid-state NMR spectroscopy

13 C magic-angle spinning (MAS) NMR spectroscopy was used to examine the state of the GO substrate before and after functionalization. The presence of the TFSI -anion on the functionalized material was verified by 19 F MAS NMR spectroscopy. Finally, 7 Li MAS NMR spectroscopy was used to check if any Li remained in the functionalized material and if yes, in what form. The solid-state 13 C NMR spectra of unmodified GO and that of the functionalized ionic liquid (IL-GO) are presented in Figure 3.6. The conductive sp 2 domains of the material are responsible for the "noisy" aspect of the spectra. Because of the inhomogeneity of GO, carbon atoms of the same chemical species have many different electronic environments.

Due to the relative amounts of the different types of carbon atoms, it is impossible to make out a signal that could be attributed to the carbons in the structure of H 2 N-EMI + TFSI -in the spectrum.

In the GO spectrum, a number of signals of various intensities can be distinguished.

According to the literature [27][28][29][30] , starting from chemical shifts at low field values, the weak signals at 189.7 and 168.0 ppm are attributed to carbonyl and carboxyl groups; the strong signal at 129.7 ppm originates from sp 2 -hybridized domains; the weak signal at 97.7 ppm corresponds to lactol-like structures; finally, the intense signals at 71.45 and 61.95 ppm are due to carbon atoms in alcohol and epoxy groups respectively.

In the spectrum of the ionic-liquid-functionalized GO sample, the signal from the epoxide carbons has practically disappeared (δ = 62 ppm in GO signal). Had the epoxide groups been hydrolyzed without reacting with the amino group of the ionic liquid, the signal due to C-OH groups would have increased. That does not seem to be the case. In fact, the signal due to hydroxyl groups appears to have decreased and the same is observed for the signals belonging to carbonyl and carboxyl groups, which are now very difficult to distinguish from the noise. In the IL-GO spectrum, the signal from the sp 2 carbon atoms has shifted upfield (δ = 124 ppm), compared to that in the GO spectrum. This suggests that the 13 C nuclei are more shielded, providing a hint as to what might have happened. This would be the result of an increase in size of the conjugated systems, brought on by a partial reduction of graphene oxide as it was heated in solution, an observation that has already been reported 31 .

¹⁹F NMR

A sharp intense peak is observed in the 19 F NMR spectrum of the functionalized material.

Its chemical shift is δ = -84.65 ppm, in good agreement with what has been reported in the literature 32 corresponding to the fluorine atoms of TFSI -. This confirmed the presence of the TFSI -anion in the composite.

⁷Li NMR

It has been reported 33 that the formation of LiOH in Li-ion batteries with TFSI -anions, results in the degradation of the latter, as the nucleophilic OH -species react with the sulfur atoms. While the study did not conclude as to whether the SEI formed by the decomposition products of the reaction was beneficial or not to the functioning of the battery, it was Chapter 3: Assembly of composite materials important to determine whether lithium existed in the functionalized material and if yes, in which form. As the composite material had been in contact with several lithium compounds at various steps of the synthesis of the functionalized GO: LiBr was mixed with the unpurified ionic liquid, LiOH was used to alkalinize the reaction mixture and Li + TFSI -was used for the anion exchange, it was quite possible that Li + would be present in the composite.

First, it was confirmed that some amount of lithium was present in the functionalized GO, albeit in very small concentration, as its peak (δ = 0.9928 ppm) was barely distinguishable after ~2000 scans (4800 scans were performed for the spectrum shown in Fig. 3.7). Then, a series of lithium-containing standards was prepared and measured, in order to compare the Chapter 3: Assembly of composite materials ppm), LiTFSI (two peaks at -0.7043 and -1.1980 ppm), LiOH•H 2 O (convoluted signal with two peaks at 0.1501 and 0.3129 ppm), lithium acetate dihydrate (convoluted signal, peak centered at δ = 0.8020 ppm) and lithium ascorbate (δ = 0.1765 ppm). Because of the vinylogous acids present on graphene oxide, it was reasoned that ascorbic acid would provide a reasonable approximation of such a system. All the spectra are presented in Figure 3.7.

From the chemical shift of the observed peaks, it can be immediately inferred that the lithium present in the IL-GO sample is neither in LiBr nor in LiTFSI form. The temperature at which the sample was dried would not be sufficient to dehydrate LiOH•H 2 O, the signal of which is contorted due to the asymmetry of the interactions. Since the signal from the sample is rather symmetrical, the presence of LiOH can probably be excluded.

Peak broadening can be induced by the 1 H neighbouring around 7 Li. Indeed, the linewidth is inversely proportional to the relaxation time T 2 *, which is driven for 7 Li by the quadrupolar interaction and by the dipolar coupling with 1 H. Large peaks are hence observed for lithium hydroxide and ascorbate. Given that and the proximity of the chemical shift of the IL-GO sample to that of CH 3 COOLi•H 2 O, it was surmised that the lithium in the IL-GO sample was bound to oxygen. In all likelihood it is bound to alkoxy groups and the difference in shift (compared to the ascorbate) is due to the influence of conjugated systems in graphene oxide, without excluding the possibility that some of it is bound to carboxylates on the edges of graphene oxide.

Experimental details. Magic angle spinning (MAS) NMR spectra were collected on a Bruker 500WB (500.07 MHz) -Avance III spectrometer, operating at 11.7 T, equipped with 2.5 mm or 4 mm H-X MAS probes, operating at a frequency of 194.51 MHz ( 7 Li), 125.85 MHz ( 13 C) and 470.94 MHz ( 19 F). For the 13 C and 19 F measurements, a rotor with an outer diameter of 4 mm was used, while for the 7 Li measurements the samples were inserted in a 2.5 mm rotor. The rotors were spun at 14 kHz for the 13 C measurements and at 20 kHz for the 19 F and 7 Li measurements. Adamantane (δ = 37.77 ppm), LiF (δ = -203 ppm) and LiCl (δ = 0 ppm) were used as external references for the 13 C, 19 F and 7 Li spectra, respectively. Acquisition and processing were performed through the TopSpin software suite. Finely cut pieces of film, made by drying a quantity of the suspension of the GO offset of heat flow could indicate some hindrance in the heat transfer between the graphene oxide sheets, induced by the ionic liquid present. However, the difference between the functionalized material and GO and BT-GO in that regard, is rather small. Some very small endothermic peaks appearing towards the maximum of the thermal envelope, could not be investigated further, as the instrument lacked sufficient resolution, nor could they be attributed to a specific event.

The physical mixture of ionic liquid and graphene oxide has a markedly different behavior, starting with the amount of energy required to bring it to equilibrium and start the measurement. It is fairly probable that the mobility of the ionic liquid plays an important role in heat transfer in the system. Accompanying the exothermic decomposition of the hydroxyl groups, there appear to be two minor exothermic events at 165°C and 185°C, again too small to investigate given the instrument's resolution.

EDX

It was expected that EDX measurements could provide quantitative information about the composition of each sample, so films made from the ionic-liquid-functionalized graphene oxide and the physical mixture of amino-functionalized ionic liquid and GO were analyzed as prepared and after thermal reduction at 200°C, under vacuum for 2 h. Another reason to conduct the EDX measurement, was to examine the distribution of the ionic liquid on the GO sheets. The GO matrix of the sample is made of carbon and oxygen atoms and their abundance is reflected in the corresponding maps. The cation of the functionalized ionic liquid possesses three nitrogen atoms and the TFSI -anion possesses one nitrogen atom, two sulfur atoms and six fluorine atoms that could stand out against the backdrop of C and O. An elemental analysis of the samples was not carried out, because there would always be strong signals from the metal sample holder, making an accurate atom count impossible. It was however possible to perform an elemental mapping of the surface of the films. During the Chapter 3: Assembly of composite materials analysis, it was noted that sulfur was consistently over-detected, probably because of an issue with signal to noise ratios in the sample. As a result, the image maps of S, should not be considered accurate.

IL-GO sample

Elemental mapping images of the IL-GO sample are presented in Figure 3.12, along with the layered (composite) image of the same area. At the scale examined by the scanning electron microscope, the surface of the IL-GO sample appears to be homogeneous. It has a grainy aspect, which could reflect the localized character of the disorder in graphene oxide itself. Areas where previously epoxide groups existed, should now have the cation of the ionic liquid grafted in place and in its vicinity, the anion. Conversely, in areas where mostly sp 2 domains are present, no any ionic liquid should be present, unless of course it is adsorbed. The overall uniformity of the sample is reflected in the composite image. This "grainy" uniformity is for the most part maintained after thermal reduction (Figure 3.13). There are a few areas that appear almost empty of IL, e.g. a patch on the lower left of the composite image. This could be due to the expansion of sp 2 domains and/or increased heat transfer through certain points of contact during thermal reduction. It is also possible that area had never been oxidized. However, the rest of the surface appears to exhibit the same coverage as before.

PM sample

The physical mixture of graphene oxide and the amino-functionalized ionic liquid presents a different image (Figure 3 First, the amount of heteroatoms appears to be lower, compared to the IL-GO sample. This was not unexpected, considering the results of the thermogravimetric analyses. Second, large parts of the surface of the sample have little to no ionic liquid present. This is more striking in the composite image. Compared to the nitrogen atom signals, fluorine atom signals from the TFSI -anion appear less dispersed and more aggregated in certain locations.

This could indicate a separation of the ionic pair on the surface of the sheets.

After thermal reduction (Figure 3.15), the inhomogeneity is maintained. In addition to the aggregation of fluorine signals, some aggregation can also be observed for the signals from the nitrogen atoms as well. This could be attributed to the mobility of the ionic liquid, which should have increased during the thermal treatment.

Conclusions

The grafting of the amino-functionalized ionic liquid onto graphene oxide via an epoxide ring-opening reaction, was carried out in basic conditions, with water as a solvent, under A sample of the functionalized material was characterized via NMR spectroscopy of 13 C, 19 F and 7 Li nuclei. The 13 C NMR analysis showed that the epoxide groups on the graphene oxide sheets had practically disappeared after the reaction, in line with what was expected from the mechanism of the nucleophilic addition of the amine to the epoxide group under these conditions. Through the same analysis, it was evident that some reduction of graphene oxide had taken place, as the reaction was carried out at 100°C for 6 h.

The 19 F NMR analysis confirmed the presence of the TFSI -anion in the final material.

Since the metathesis reaction was followed by washing with comparatively copious amounts of deionized water until all the bromide anions had been removed, there was a question whether TFSI -too had been removed by washing. Through the 7 Li NMR analysis, the presence of trace amounts of Li + in the final material was confirmed. By comparing the signal from the sample to that of several lithium compounds, it was deduced that the lithium ions are bound in salts with carboxylic and vinylogous acids of the GO sheets and are not hosted as separate species (e.g. LiBr, LiTFSI, LiOH, etc.).

By conducting thermal analyses on the functionalized material and control samples, it was shown that the amino-functionalized ionic liquid was grafted and not just adsorbed on the final material. While some amount of IL adsorption cannot be excluded, the very different thermal profiles of the physical mixture and the functionalized material rule out that adsorption has occurred at an appreciable degree. It would appear that the majority of the ionic liquid present on the functionalized material is indeed covalently bonded. The exact determination of the amount of IL grafted was not possible, but TGA analyses provided a reasonable estimate, close to 8 wt%. XPS analysis of GO had determined the atomic ratio of ether oxygens at 23.9% (Chapter 2, section 1.7.3), which -assuming they are all found as epoxides -translates to a quantity of 0.018 mmol of epoxide groups per mg of GO. If an equimolar amount of IL had been grafted, the IL content in the functionalized material would be ~88 wt%. Based on the TGA estimate, that content was 7.7 -7.9 wt% -a full order of magnitude lower. Even if some amount of TFSI -anions had leached during washing, that would not suffice to explain the discrepancy. Furthermore, if some epoxide groups had remained unreacted, they would have shown up in the TG analysis. Similarly, if the amino-functionalized IL was in competition with the other nucleophiles in the mixture, HO -and H 2 O, there would be an increase in the quantity of decomposing hydroxyl groups. Since neither was observed, it was deduced that the interpretation of the XPS spectrum had overestimated the amount of oxygen atoms belonging to epoxide groups.

Thermal analyses also appear as a viable method to be used in the verification of the reproduction of the synthetic protocol. Finally, it was shown that the thermal reduction of the composite material at 200°C does not affect the grafted ionic liquid, as the weight losses attributed to it, do not occur before ~230°C.

Chapter 3: Assembly of composite materials mg/mL are presented in Table 3.1: The samples were named based on the matrix material (IL-GO or GO) and the mass loading in tin. For example, the sample named IL-GOSn40 corresponds to a material prepared using an IL-GO suspension, with a tin loading of 40 wt%, while GOSn80 was made using a GO suspension, with a tin loading of 80 wt%. As a reminder, the IL in the name refers to the grafted aminated EMI + cation, paired with the TFSI -anion.

To further distinguish between samples at the stages after the formation of the aerogel and after thermal reduction, an "r" is added to the name, e.g. IL-GO60 and IL-rGO60 refer to the same sample, but before and after annealing respectively.

Preparation of the suspensions

According to the quantities reported in Table 3.1, six samples were prepared. The Sn-GO nanoparticles were transferred to 8 mL of IL-GO or GO suspensions and then they were homogenized by stirring. The addition of the nanoparticles to the already viscous suspensions resulted in the formation of dense, thixotropic gels, with those of IL-GO appearing denser. As a consequence and because of the relatively small quantities, homogenization was achieved by stirring by hand since via ultrasonication, magnetic stirring or with an overhead stirrer it was not possible. The black color of both the particles and the medium made determining that homogenization was complete difficult. After a few hours, the nanoparticles would begin to precipitate in the GO suspensions, whereas the IL-GO suspensions with tin nanoparticles appeared stable.

Freeze-casting IL-GO-Sn and GO-Sn aerogels

The freeze-casting apparatus presented in Chapter 2.1 was used for the unidirectional freezing of the samples. Because of the very high viscosity of the mixtures, pipetting, or transferring them to the cold fingers of the apparatus with a syringe was not feasible.

Instead, the material was transferred with a spatula and then it was compacted with the help of a syringe plunger. The samples were set to equilibrate at 20°C and then they were frozen at a rate of 10°C/min, until they reached -80°C and they had completely solidified. The frozen samples were stored in a container submerged in liquid N 2 until they were transferred to the lyophilizer, where they were exposed to a pressure of 0.01 mbar for at least 48 hours. Once all of the water had been removed, the samples were brought to ambient pressure and the monoliths were removed from the tubes with the help of a plastic piston.

Thermal reduction of the composite aerogels

The aerogel monoliths were cut into 2-mm-thick disks using a razor blade. The disks were placed in Petri dishes, which were then introduced into a vacuum oven. They were annealed by heating under vacuum, at a heating rate of ~1.5°C/min until a temperature of 200°C was reached, which was then maintained for 2 h. Once the oven had cooled to ambient temperature, the samples were removed and stored in sealed containers.

Characterizations of the ternary composite material

A concern in the thermal reduction of the composite material had been the melting point of tin nanoparticles, which was expected to be lower 34 than that of bulk tin, 232°C. A visual Chapter 3: Assembly of composite materials presence of the metal nanoparticles throughout the mass of the material is also verified. The images in Fig. 3.16c and Fig. 3.16d show the view down a pore from the top of the monolith, with only backscattered electrons (BSE) collected in Fig. 3.16d, which provide information about the chemical composition in view. Dark areas correspond to material made up of lighter atoms, in this case mostly carbon, whereas the whiter areas indicate the presence of tin. One thing that is immediately apparent at higher magnifications, is that there are a lot of aggregates of nanoparticles of various sizes, larger than those observed through TEM (Chapter 2, section 2.3.1). This suggests that homogenization by hand was not optimal. In the IL-rGO80 sample, some needle-like crystals had grown from such aggregates.

Furthermore, in some of the sections examined there were voids. These were due to the entrapment of air as the viscous mixtures were transferred to the freeze-casting apparatus.

In that regard, the use of a positive displacement pipette or some similar device might have prevented such defects.

Crystalline structural evolution

The diffraction patterns of the composite aerogel made from IL-functionalized GO with a tin loading of 80% before and after thermal reduction are compared in Figure 3.17.

In the diffractogram of the as-lyophilized aerogel, peaks belonging to diffraction from SnO are faintly visible. While the Sn-GO nanoparticles were stable in air and there was no further oxidation beyond the initial amorphous oxide layer that had formed during comilling, it appears that their introduction into the aqueous suspensions of IL-GO induced some more oxidation.

The diffraction pattern of the same slice of material after thermal reduction shows clearly the presence of both phases, β-Sn and SnO. While metallothermic reduction reactions 35 have been employed to reduce graphene oxide, it seemed that the most plausible explanation for Chapter 3: Assembly of composite materials

Battery tests

The chemical, structural and morphological characterization of the synthesized materials can provide many clues as to their potential behavior in the Li-ion system. Ultimately though, their performance as actual Li-ion electrodes had to be evaluated in electrochemical cells. The selection of the most suitable structure for the matrix, among the various candidate forms, was made on the same basis.

For that, the materials were integrated into so-called "lithium half-cells" 36 . These are electrochemical cells with a lithium metal electrode acting as both the counter and reference electrode. This means that when a material intended for the anode of Li-ion batteries is tested in a half-cell configuration against lithium, the actual anode is the lithium metal and the cathode is the host material. The first discharge entails the oxidation of metallic lithium and the migration of lithium ions towards the cathode. At the same time, a quantity of electrolyte is decomposed, as the solid-electrolyte interphase forms on the exposed surfaces of the cathode material. When the current draw is reversed, the lithium stored in the tested material returns to the metal electrode. The reason why lithium half-cells are used for testing is that the amount of lithium ions that can be released from metallic lithium and be integrated into an active material is practically limitless, which allows to determine the specific capacity of that material. In full-cells, the capacities of both active materials (in the anode and cathode) have to be known in advance, in order to match their quantities and capacities.

The half-cells are tested using a galvanostatic circuit, which is capable of maintaining a current through an electrochemical cell constant, regardless of the load. The testing apparatus cycles the cells between two preselected voltage values, applying the specified current in one direction to discharge the batteries and in the opposite, to charge them.

The measuring apparatus records the applied current and the corresponding time, which where I is the applied current (in amperes), t is the time during which the current was applied (in hours) and m is the mass of the active material (in grams). The expected, theoretical capacity of a material can then be compared to the experimentally determined capacity. The theoretical capacity (in mAh/g) of a material is calculated by the following equation:

C theo = z⋅F 3.6⋅M (Equation 3.2)
where z is the number of electrons exchanged in the electrochemical reaction, F is the Faraday constant (C/mol) and M is the molar mass (g/mol) of the active material. It is easily deduced from the above equation or from the definition of the coulomb in the International Sytem of Units, that 1 Ah = 3600 C, i.e. the electric charge transferred by a steady current of one ampere flowing for one hour is equal to 3600 coulombs.

In addition to the determination of the capacity of the active material, galvanostatic measurements also allow to determine the coulombic efficiency of the electrochemical system, a measure of its stability. Coulombic efficiency (CE), also called faradaic efficiency or current efficiency, is defined as follows:

CE(%)= C charge C discharge ×100 (Equation 3.3)
with C charge and C discharge the measured capacity during charge and discharge, respectively. A coulombic efficiency of 100% would mean that it is possible to retrieve all of the energy that was stored in the battery over a full cycle. While a CE nearing 100% is feasible and even more so for Li-ion batteries 37 , it is impossible to attain 100%, as at least ohmic losses will always be by compressing a freshly cleaned and cut disk of lithium foil against another spacer. A stainless steel spring between the last spacer and the top cap is used to maintain the contact of the cell with the battery terminals throughout any volume changes of the active materials.

The ionic flow between the electrodes is ensured by the addition of electrolyte solution to both electrode-separator interfaces. Porous materials are also saturated with the electrolyte solution. Once all the components are in place, a crimping press seals the battery by deforming the rim of the top cap around the edges of the bottom cap.

Evaluation of the matrix form

To decide between the matrix forms that had been prepared -membranes, ordered porous network and disordered porous network -they were used as electrodes in coin cell batteries. The objective was to prepare a scaffold that would not only provide support and conductive pathways to the tin nanoparticles, but also facilitate the diffusion of lithium ions and be active in hosting lithium itself.

As this was going to be a comparative study, the materials were not tested exhaustively and the batteries were left to run only for a few cycles. The batteries were cycled between 0.05 and 3 V, at relatively low currents of 5 -10 mA/g.

In the following plots, the lithiation of the material corresponds to the discharge curves

(starting left at higher potential and moving downward and to the right) and the delithiation to the charge curves (starting left at lower potential and moving upward and to the right). For each of the tests, only the first three cycles are shown. As expected, the formation of the SEI during the first cycle leads to an irreversible capacity loss of ~400 mAh/g. In the next two cycles, the capacity loss continues, but decreasing, 100 mAh/g and then 45 mAh/g, indicating that the formation of the SEI is not completed upon the first discharge. The coulombic efficiency evolves accordingly, 28.6% (1 st cycle), 66.7% (2 nd cycle) and 81.6 (3 rd cycle), reflective of the progressive stabilization of the exposed surfaces. The attained capacity of the material is below that of graphite (372 mAh/g),

Membrane

staying almost constant at 200 mAh/g during these three cycles. A possible interpretation would be that the size and the layering of the rGO sheets limits the amount of Li that can penetrate the structure, with lithiation taking place only on the outer layers of the membrane. Interestingly, the irreversible capacity loss of this material is lower than that of the membrane, suggesting a decreased amount of exposed rGO surface in the ordered aerogel. However, since the specific capacity is higher than that of the membrane, some amount of the hosted lithium must be intercalated. Still, the specific capacity of the material is lacking, compared to that of graphite, going from 285 mAh/g in the first cycle, to 260 mAh/g in the third. The disordered aerogel exhibits a much higher initial irreversible capacity loss of 530 mAh/g, indicating a much higher exposed surface area. The coulombic efficiency recovers slightly faster than in the ordered structure: 51.8% (1 st cycle), 89.7% (2 nd cycle) and 95.2% (3 rd cycle). This could mean that all of the reactive sites of the matrix are easily accessible, so passivation is completed sooner. The most striking aspect of the measurements though, is that the attained capacity is considerably higher than that of graphite, 570, 520 and 495 mAh/g in the 1 st , 2 nd and 3 rd cycles, respectively. The only possible explanation for this would be the reversible multilayer deposition on the structure. been reported for graphene-based nanostructures 38 . As expected, the three different forms of reduced graphene oxide are conductive and capable of reversibly hosting lithium, meaning that they could play an ancillary active role while supporting nanostructured tin as the main active material. Their self-supporting forms render the use of binders redundant.

Furthermore, they can be cut in the desired dimensions and be used as they are, forgoing the typical preparation methods used in electrode fabrication.

The expanded rGO sheets in the membrane are much larger than the lateral dimensions of graphite particles typically used in batteries. As such, lithiation appears to take place mostly by adsorption on the outer surface and perhaps by some intercalation between the first layers accessible through the gaps where the outermost sheets end. Inevitably, as the sheets are ordered perpendicularly to the diffusion path of lithium ions, the inner parts of the membrane remain inaccessible.

The ordered aerogel can be seen as marginally better. More of its mass is available to lithium ions, as reflected in its increased specific capacity. The lower irreversible capacity loss compared to the membrane, implies a smaller amount of reactive surfaces, so at least some of the hosted lithium ends up intercalated in the structure. However, the gravimetric capacity is lower than that of graphite, indicating that not all of the sheets are available to lithium ions.

Despite the considerable initial irreversible capacity loss, related to an increased surface availability, the disordered aerogel appears as the best choice among the three candidate forms. Not only is all of the theoretical rGO surface exploited during lithiation, but the nature of the structure appears to induce the multilayer deposition of lithium, resulting in a specific capacity exceeding by more than 35% that of graphite. These results, combined with those of the morphological investigations carried out earlier, favored the disordered aerogel as the most suitable form for the matrix of the composite material.

Experimental details. All three materials were placed in contact with a disc cut from Cu foil as a current collector and were used in coin cell batteries assembled as shown in Fig. 3.18. A solution of 1 M LiPF 6 in ethylene carbonate and dimethyl carbonate 1:1 (v/v) (purity 99.9%) purchased from Solvionic was used as the electrolyte. Li foil (purity > 99.9) was purchased from Sigma-Aldrich. rGO membrane: a disk with a diameter of 10 mm, weighing 1.6 mg was cut from an rGO membrane with a thickness of 0.055 mm. Ordered aerogel: a disk with a diameter of 10 mm, weighing 3.1 mg was cut from a disk with a thickness of 2 mm, which was compressed to 0.4 -0.5 mm inside the battery. Disordered aerogel: a disk with a diameter of 10 mm weighing 2.4 mg was cut from a disk with a thickness of 2 mm, compressed to 0.4 -0.5 mm inside the battery. The membrane was wet with 6 drops of electrolyte solution, while the aerogels were saturated with 25 drops of solution. Batteries were sealed using an electronically controlled hydraulic crimping press purchased from MTI Corporation. Between charging and discharging states, a pause of 5 minutes was imposed.

First assessment of the ternary composite materials

Having two components capable of hosting lithium in the composite materials, it follows that their combined capacity will be the sum of the products of each material's mass and its individual capacity. Assuming that the entirety of the mass of the matrix can host lithium, its theoretical capacity is 372 mAh for every gram of material. By making the approximation that all of tin exists in its metallic form and assuming that the most lithiated alloy of tin, Li 4.4 Sn can form, the capacity afforded by tin will be approximately 993 mAh per gram of material. Consequently, the theoretical capacities of the composites (with a given %wt of tin) should be:

• IL-rGOSn40: 620 mAh/g (223 mAh/g from the matrix and 397 mAh/g from tin)

• IL-rGOSn60: 745 mAh/g (149 mAh/g from the matrix and 596 mAh/g from tin)

• IL-rGOSn80: 868 mAh/g (74 mAh/g from the matrix and 794 mAh/g from tin)
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The same capacities would be expected for the control samples (rGOSn40, rGOSn60 and rGOSn80), prepared by mixing tin nanoparticles with graphene oxide at the same proportions.

Composite aerogels made from ionic-liquid-functionalized GO and tin nanoparticles were prepared as already described (Chapter 3, section 3). After sectioning the aerogels and discarding the discs with visible defects -mainly voids due to the entrapment of air prior to freeze-casting -a number of batteries were assembled. This time the electrolyte used contained fluoroethylene carbonate (FEC), an additive that has been shown to form stable solid-electrolyte interphases 39,40 . Some of these were malfunctioning right after assembly, as materials can move around while the battery is being crimped in the crimping press, resulting in short-circuits. The control samples made from rGOSn40 and rGOSn80 were lost this way. Complicating matters further, a failure with the instrumentation prevented applying the selected current, 50 mA/g to all but a single of the remaining samples, without any indication that a different current was being applied. As soon as the error was discovered, all the samples were switched to a current regime decreased by a factor of 10, i.e. 5 mA/g, prolonging the duration of the measurements. On account of these issues, the results that will be presented in this section have little comparative value and should be considered as a first indication of the potential behavior of the composite materials.

IL-rGOSn40

This composite with a loading of tin nanoparticles of 40 wt% was the only one that was actually cycled at 50 mA/g, shown in Figure 3.22a. Lithium insertion started at a low potential vs. Li + /Li, ~0.25 V, which was unexpected. Lithiation reached a capacity of 50 mAh/g, less than a quarter of the theoretical capacity of the matrix alone. During lithium extraction from the composite all of the stored energy was recovered and the potential appeared to reach a plateau, around 0.36 V. This plateau was maintained (with occasional spikes), suggesting that a redox equilibrium of some sort had been reached.

When the battery was switched to the lower current setting, 5.0 mA/g, Figure 3.22b, the result was rather similar. Lithiation started at the low potential of 0.125 V and stopped after ~5 mAh/g. Current reversal had the same result as before, with a potential plateau being reached at ~0.12 V.

IL-rGOSn60

Similar results were obtained from the composite with a tin loading of 60 wt% shown in 248 

IL-rGOSn80

The first discharge-charge cycle of the composite with a tin loading of 80 wt% at 13.5 mA/g began at a relatively higher potential than the other samples vs. Li + /Li, almost 0.8 V (Figure 3.24a). The energy stored reached 500 mAh/g, which corresponds to 58 % of the theoretical capacity of the composite. However, once more, during lithium extraction the potential rose to 0.49 V before reaching a plateau.

Cycling at a current of 5 mA/g (Figure 3.24b) gave fainter capacities during lithiation, approximately 150 mAh/g for the first discharge and 50 mAh/g for the second. In the same cycles, the potential plateaued around 0.41 V and 0.32 V, respectively. 

rGOSn60

Charge-discharge curves of the control sample made from GO with a tin loading of 60 wt % at 32.5 mA/g (Figure 3.25a) and 5 mA/g (Figure 3.25b) appear markedly different. The first discharge appears rather "bumpy", which could be due to reactions taking place during lithium insertion. In this sample, discharge and charge are performed between the selected potential values, 0.05 V and 3.00 V. The first lithium insertion reaches a capacity which corresponds exactly to the capacity of the matrix. Oddly, after the second discharge, both charge and discharge capacities increase instead of decreasing. One plausible explanation would be that the electrode material is metastable at the given operating conditions and it is 251 subjected to transformations as cycling progresses, becoming capable of hosting more lithium in the process. At the tenth cycle, some "steps" start to become apparent in the charge curve, which could indicate some reversible conversion taking place, as would be expected for the reaction of SnO with Li + . At 5 mA/g (Figure 3.25b), these "steps" are more clear. More strikingly, the capacity of the material has exceeded the slightly overestimated, theoretical value. This could once more indicate that multilayer lithium deposition takes place in the structure.

While the size of the sample does not allow safe conclusions to be reached, there appears to be a correlation between Sn content in the samples and the potential at which lithiation takes place. The latter seems to be increasing with Sn loading, at least in the measurements conducted at the same current draw per mass for all samples, 5 mA/g. Conversely, this could be seen as an inverse relationship between the amount of functionalized GO and lithiation potential. The fact that the sample with the non-functionalized matrix exhibits a completely different behavior -always with regard to the lithiation potential -would suggest that the functionalized material is responsible for what is observed.

Experimental details. A solution of 1 M LiPF 6 in ethylene carbonate and ethyl methyl carbonate 1:1 (v/v) ) with 2 wt% fluoroethylene carbonate (purity 99.9%) purchased from Solvionic was used as the electrolyte. All of the materials were cut into disks with a diameter of 13 mm and a thickness of 2 mm. All the other parameters were the same as in section 4.2.
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Conclusions

Experimentation with binary mixtures of the EMI + TFSI -ionic liquid and graphene oxide early on was helpful in understanding the interplay between them and to anticipate practical problems, most of them stemming from the viscosity of the resulting systems. It showed that the ionic liquid had a beneficial effect in the cohesion of the aerogels, most likely through ππ and cation-π interactions. The sturdiness of the binary structures was key in identifying and assessing the eventual disordered porous matrix in a rational design. Despite its macroporosity, that form was capable of achieving a higher gravimetric capacity than graphite, in all likelihood by favoring the reversible multilayer deposition of lithium.

The grafting of the amino-functionalized ionic liquid onto graphene oxide through the epoxide ring-opening reaction did not present any particular challenges, even though the backing literature lacked some precision with regard to synthetic protocols. Performing the grafting with the unpurified mixture of the ionic liquid (as it was recovered after the reduction of the azide precursor) proved to be a viable and above all, economical strategy.

While it was not possible to obtain direct evidence of the formation of the N-C bond in the functionalized material, through comparisons with the corresponding physical mixture and GO and base-treated GO, its demonstrably different behavior was shown and indirect evidence was obtained. The functionalized material possessed a markedly different thermal profile and also, the spatial distribution of the species belonging to the ionic liquid was much more uniform on its surface than in the physical mixture. Another conclusion that was reached through these analyses, was that the XPS analysis had overestimated the amount of epoxide groups on graphene oxide. Thermal and 13 C analyses did not show any epoxide groups present nor an increase in hydroxyl groups after the reaction. If the grafting reaction was incomplete, either of these should have been true. While this sort of error is not unexpected 41 , future work should focus on a more accurate determination of the functional groups present on graphene oxide. The addition of the Sn-GO nanoparticles to the suspensions of the functionalized graphene oxide, while seemingly simple, had some unforeseen consequences. It was expected that the outer layers of amorphous oxide and reduced graphene oxide could sufficiently shield the metal core of the particles from further oxidation in suspension, as they did in air. Clearly, that was not the case, as evidenced by the diffraction pattern of the composite after lyophilization. In the same vein, the wrapping of the nanoparticles was once more unable to protect them from oxidation during thermal annealing. Perhaps a more serious issue was the incomplete homogenization of the final mixtures, which could prove detrimental in battery cycling. A different handling/engineering solution should be devised to achieve better results. Another interesting finding from the incorporation of the nanoparticles to the suspensions was the stabilizing effect of the grafted ionic liquid to the system. While there was more available supporting surface (in the form of graphene oxide sheets) in a suspension of pristine GO than in a suspension of functionalized GO of the same concentration, the former was not stable over time and the nanoparticles eventually precipitated.

The behavior of the composites as electrode materials in batteries, was utterly unanticipated. While the experiments will be repeated taking into account all the potential points of failure of the testing system, the fact of the matter remains that all of the samples that were measured exhibited the same behavior. Very little lithium was inserted in the structure and upon its release, a continuous redox reaction at near-equilibrium took place.

With the data available at the moment, it is impossible to identify the root cause. However, the different behavior of the control sample, with the non-functionalized rGO matrix points to the grafted ionic liquid as the culprit. In addition, the low potential at which lithiation takes place suggests an increased lithiation/delithiation potential against Li + /Li. In further experiments, the functionalized rGO will be examined in cyclic voltammetry measurements with solutions of the battery electrolyte. Perhaps a combination of XPS and UV photoelectron spectroscopy (UPS) might be able to provide some more insights by comparing the surface energy of the IL-functionalized material to that of pure rGO. 

Conclusions

While tin as an anode material could endow Li-ion batteries with considerably increased capacity and faster charge-discharge rates, its practical use is limited by the fact that the alloying process with lithium entails extreme volume changes. The first step in tackling this problem is the nanostructuring of tin and its enmeshment in another material that can adapt to the repeated expansion and contraction, all the while maintaining contact with the tin particles. The starting point of this work was the synthesis of tin nanoparticles in the EMI + TFSI -ionic liquid and the elucidation of the stabilizing influence that the latter holds on the forming nanoparticles. The present research work focused mainly on the harnessing of these favorable interactions between tin and the ionic liquid, in the form of a ternary composite material, comprising the above and a suitable matrix, to be used as an anode in Li-ion batteries.

Another objective parallel to the main focus, was the rational design of this ternary composite material in a way that eschews the conventional battery electrode fabrication practice. The latter involves the use of binders and additives to provide conductive pathways between the particles of the active material and to help it retain its shape, but this in part also increases the dead weight of the batteries. It was deemed feasible to create a structure grafted with the ionic liquid that could contain the tin nanoparticles and simultaneously be self-supporting, conductive and participating in hosting lithium itself.

Graphene oxide had been identified as a substrate amenable to functionalization and also capable of forming self-supporting macroscopic structures. As it is a derivative of graphene, the electrical conductivity of the parent material could be regained to an extent via reduction after grafting, something which would be a boon for its role in the envisaged electrode. For the synthesis of graphene oxide, graphite flakes with a rather large size (< 2 mm) were used. This was done with the intent of having sufficiently long conductive pathways in the composite material and had an effect on various properties, such as the viscosity of the GO Chapter 4: Conclusions and perspectives suspensions as a function of concentration. While work on the synthesis of the other two components was ongoing, several post-synthetic modification and shaping techniques for GO were tested and examined with regard to how they could be incorporated in the overall assembly of the composite, and their compatibility with the other components. In regard to that last point, the conditions for the thermal reduction of the material, were chosen.

Thermal annealing of graphene oxide at 200°C for 2 hours under vacuum removed a lot of oxygen-bearing species and restored sp 2 domains, without damaging the ionic liquid or causing tin to melt. In terms of post-synthetic modifications, the introduction of mesopores in the GO sheets by treatment with hydrogen peroxide and the chemical and structural alterations induced by the treatment with hydrazine vapors were identified as of particular interest for the intended application and they were investigated accordingly. Microscopy was used to examine the structural changes and XPS the chemical ones. As for shaping the material in tangible architectures, membranes, gels and foams were prepared. This work is detailed in the first part of the second chapter.

Freeze-casting qualified as a versatile technique, that can produce different structures, by tuning the parameters that drive the formation of ice crystals and was ultimately employed in the preparation of the final matrix form. While aerogels (foams) at first glance would seem to be lacking in terms of volumetric capacity as electrode materials, they are compressible and so their porosity can be varied. Some preliminary battery tests were conducted using membranes, aerogels with a wellordered internal structure and aerogels with a disordered structure, in order to decide on a form for the composite material. The first two had subpar performance characteristics compared to graphite, but the latter exhibited a higher gravimetric capacity, probably because it allowed the reversible multilayer deposition of lithium. Microscopy observations had already left the impression that the disordered porous network might be the most suitable for the role of an electrode matrix and the electrochemical tests confirmed that suspicion.

At the onset, it was expected that the aforementioned synthesis of tin nanoparticles in EMI + TFSI -would be used for the main material of the composite. However, the scale at which the synthesis had been optimized and importantly, the cost, rendered it incompatible with the fabrication methods and the quantities that were eventually envisioned for the composite material. As a result, several alternative methods and their advantages and disadvantages were examined. Not finding any of them particularly appealing, it was decided to try producing tin nanoparticles by size reduction. Since tin has a low melting point and a cooled ball mill was not available, it was co-milled with graphene oxide as a means to prevent the welding of the ground particles, without introducing a foreign element to the composite material. Parameters such as milling time, speed and grinding medium size were examined, as well as the effect of co-milling tin with graphite instead of graphene oxide. The results of these tests were assessed via TEM and SAXS measurements. Even though a thin layer of amorphous tin oxide forms on the nanoparticles during milling, their being wrapped in sheets of graphene oxide protects them from further oxidation in air, which simplifies considerably their handling. The nanoparticles produced via the selected protocol are polydisperse, ranging in size from 4 to 200 nm, with the smaller ones being perfectly spherical and the larger ones having slightly irregular shapes. A lot of the nanoparticles are found in loose aggregates, enveloped by graphene sheets. It is worth mentioning that in this manner, the nanoparticles are produced at gram scale. These endeavors were presented in the second part of the second chapter. This method of producing tin nanoparticles via comilling had not been encountered in the scientific literature.

Arguably, the principal component of the composite material was the ionic liquid, whose interactions with tin were to be exploited in the fabricated electrode. The interactions of EMI + TFSI -with tin nanoparticles were mainly via the aromatic heterocyclic ring and secondarily via the shielding effect of the anion. Considering that and since the ethyl side chain of the imidazolium had a lesser role, it was decided to use it for the introduction of a functional group that would enable the covalent grafting of the cation. Next came the selection of the functional species and after referring to the literature and analyzing the The addition of the nanoparticles to aqueous suspensions of functionalized graphene oxide produced thixotropic gels. While the increased viscosity was a desired property for tuning the porosity of the material during freeze-casting, homogenization had to be performed by hand and visually verifying that a black powder was homogeneously dispersed in a black paste was not an easy task. Furthermore, when the viscous suspension was transferred to the freeze-casting container, some air got trapped with it, which led to a quantity of shaped material being discarded, as it presented discontinuities. The contact of the nanoparticles with water and the subsequent thermal annealing caused further oxidation, which has not been quantified up to this point and which would lead to a decrease of specific capacity of the final material. Despite these shortcomings, the ternary composite was prepared and with the targeted morphology, consisting of a cellular network of interconnected cavities, a few tens of nanometers wide, formed by the graphene oxide sheets, with the nanoparticles interspersed throughout the volume of the material.

The results of the tests with the ternary material in half-cells with lithium were surprising. Lithium insertion and extraction seem to take place at an elevated potential versus Li + /Li, which would account for the low voltages of the cells and the low amount of lithium transferred. According to the galvanostatic measurements, once almost all of the lithium has been extracted from the material, it undergoes a redox reaction at nearequilibrium. The potential value at which the plateau occurs may be either proportional to the amount of Sn nanoparticles or inversely proportional to the amount of functionalized rGO. Without a postmortem analysis of the cycled cells, it is impossible to identify the species that are oxidized/reduced in such a complex system. While the measurements were not conducted at the intended operating parameters, four different samples with three different Sn loadings exhibited the same behavior. It was markedly different from that of the control sample with the non-functionalized rGO matrix. From the latter, a possible conclusion that could be drawn would be that the material exhibits chemical/structural transformations during cycling, which allow it to progressively reach and exceed its theoretical capacity. by Herold and Radermacher 10 , the hemihydrated salt corresponds more likely to a mixture of anhydrous LiBr and its monohydrate. 
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 2 Figure 2: Evolution of the cost (blue, left axis) and the gravimetric energy density (red, right axis) of Li-ion batteries during the period of 1970-2015. The gravimetric energy densities of Li-or LiAl-metal anode batteries against four cathodes, commercialized in the years indicated and withdrawn from the market for reasons of safety or market appeal, are shown in gray. Adapted from [6].
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 11 Figure 1.1: Operating principle of Li-ion batteries.
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 12 Figure 1.2: Ethylene carbonate (left) and propylene carbonate (right)
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 14 Figure 1.4: Anions which are widely used for ionic liquids. Adapted from [42].
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 13 Figure 1.3: Cations which are widely used for ionic liquids.
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 151 Figure 1.5: The EMI + TFSI -ionic liquid.
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 16 Figure 1.6: Representation of the different types of interactions present in imidazolium-based ILs. Reprinted from[54] 
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 18 Figure 1.8: Crystalline structure of α-Sn (a) and β-Sn (b). Adapted from [119]
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 119 Figure 1.9. Graphite is made of stacked graphene sheets held together by Van der Waals forces, with an interlayer distance of 3.35 Å. In the most stable form, α-graphite, the sheets adopt an ABAB-type arrangement, resulting in a hexagonal lattice. The insertion of the lithium ions in the structure causes a slight shift in the sheets, which then adopt an AIAIA arrangement (I: intercalated species) and the interlayer distance increases to 3.70 Å.
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 191 Figure 1.9: Formation of the intercalation compound LiC 6 at the battery anode.
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 110 Figure 1.10: SEM images of natural graphite flakes.

  considered the flexibility of the unfilled graphene layers around partially filled domains in the structure. That way, the periodicity of the older model was maintained -albeit locallyand the intercalated species would just need to diffuse between different domains for the structure to move towards the next stage. Both models are presented in Figure 1.11.
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 1111 Figure 1.11: Graphite intercalation mechanisms proposed by Rüdorff and Hofman (top) and Daumas and Herold (bottom). Graphite is represented by the black lines and the purple spheres represent the intercalant. Reprinted from [136]
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 1 Introduction -state of the art option for the reduction of GO exists in the form of electrochemical reduction. This has been used for example for the simultaneous reduction of GO and the surface modification of electrodes by the deposition of the rich in electrochemically active sites rGO sheets 161 .
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 1 functionalized sheets of mechanically cleaved highly-oriented pyrolytic graphite(HOPG) with sulfophenyl and aminophenyl groups via diazonium reactions188 . These grafted groups served as the nucleation sites for Sn nanoparticles and microplatelets deposited from a solution of SnCl 2 . Borude et al.189 also started with graphite, which was used as an electrode for in-liquid plasma discharge in a solution of SnCl 2 in ethanol. With each discharge, simultaneous exfoliation of graphene sheets and deposition of SnO 2 particles took place. Yan et al. 190 developed a composite based on the self assembly of a planar complex of Sn with 1,2,4,5-benzenetetracarboxylic acid on rGO sheets. Xie et al. 191 prepared an ultrathin film of SnO 2 via atomic layer deposition onto thermally exfoliated rGO. The as-deposited SnO 2 was Introduction -state of the art amorphous, which contributed to low structural deformation during lithiation and delithiation of the composite anode. Huang et al. 192 irradiated GO suspensions with an electron beam, which induced the exfoliation of nanosheets, their amorphization and introduction of defects, while partially eliminating oxygen-containing functional groups. The final composite was formed after a hydrothermal reaction with the GO nanosheets with SnCl 4 . For the most part, graphene-based composites where tin is supported on the surface of the structure exhibit a low morphological complexity. They consist of 2D sheets, more or less wrinkled, with tin/tin oxide nanoparticles dispersed on their surface. There are a few exceptions to this. Pan et al. 193 prepared a composite aerogel, which later in the process was crushed, leading to a disordered, mesoporous structure. Ji et al. 185 reported the synthesis of nitrogen-doped rGO composite hydrogels, with dense coverage of the sheets with SnO 2 nanoparticles and a disordered 3D structure. Lastly, it is worth mentioning two more materials, that differ significantly from what has been presented so far. Kim et al. 194 subjected a mixture of GO and Sn nanometric (150 nm) powder to treatment with NH 4 OH and hydrazine, resulting in the etching of the nanoparticles and their transformation into echinoid (sea urchin-like) nanostructures, supported on wrinkled rGO sheets. Jiang et al. 195 created heterostructures of alternately stacked SnO 2 and graphene sheets. This was done by exfoliating SnO 2 particles via sonication and mixing them with a suspension of expanded and exfoliated graphite. The 2D materials reassembled in microparticle-sized stacks.
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Figure 2 . 1 :

 21 Figure 2.1: Possible reaction scheme for the oxidation of graphene to graphene oxide.

  is a remnant of the peak at 26.5°, due to the stacking of remaining sp 2 domains. The breadth of the peaks and the form of the pattern between 11.16° and 26.5° are evidence of the extensive distortion of the planes in graphene oxide. Experimental details. PXRD patterns were recorded on a Rigaku Ultima IV diffractometer with a CuKα source, operating at 40 kV and 40 mA, configured in a Bragg-Brentano (2θ/θ) geometry. The patterns were typically recorded at 1°/min scanning speed, with a 0.02° step. Graphite flakes and the pre-oxidized material were measured as prepared, after being brought to level with the sample holder. Graphene oxide was measured as a film, prepared by the slow evaporation of the 81

Figure 2 . 2 :

 22 Figure 2.2: Diffractograms of graphite, pre-treated graphite before the oxidation step and graphene oxide. Peak intensities have been normalized for the sake of comparison. Inset: the same diffractograms at their actual measured intensity (in counts per second).

Figure 2 . 3 :

 23 Figure 2.3: Transmission electron micrographs of the pre-treated graphite, i.e. the dried material just prior to oxidation.

Figure 2 . 4 :

 24 Figure 2.4: TEM images of graphene oxide supported on carbon film.

Figure 2 . 5 :

 25 Figure 2.5: SEM image of a GO film during EDX measurements. The areas that have been selected for analysis are delimited by numbered squares.
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Figure 2 . 6 :

 26 Figure 2.6: EDX spectrum of area #10 from Fig. 2.5 and extrapolated atomic percentages of elements found in it. Na and Cl are marked in red because of the very low confidence level of the analysis.

Figure 2 .

 2 Figure 2.7: a) Laser excitation of the surface of a single sheet of pristine graphene and b) laser excitation of an area that includes overlapping borders of three graphene sheets with edge defects and the corresponding spectra below.

Figure 2 . 8 :

 28 Figure 2.8: Raman spectra of graphene oxide (black curve) and thermally reduced graphene oxide (red curve). The spectra have been vertically displaced for the sake of comparison.
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Figure 2 . 9 :

 29 Figure 2.9: Thermogravimetric analysis of a GO sample under inert atmosphere (N 2 ). The first (red) and second (blue) derivatives of the TGA curve (black) have also been plotted. The dashed vertical lines indicate the onset of additional events.
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Figure 2 .

 2 Figure 2.10: TG analysis of a GO sample under N 2 flow, coupled with mass spectrometry.

Chapter 2 : 95 Figure 2 . 11 :

 295211 Figure 2.11: Thermogravimetric analysis (in black) of a GO sample simulating the thermal treatment protocol selected for reducing it to rGO under N 2 flow. Heating at 3°C/min up to 200°C is followed by an isotherm for 2 h (in red).

Figure 2 .

 2 Figure 2.12 shows how the ζ-potential of GO suspensions varies according to their pH. It is a diagram typical for an acidic material, with an isoelectric point at pH = 0.66, at which

Chapter 2 :

 2 Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid flocculation was observed. The suspensions are very stable50 , almost over the entire pH range, with the ζ-potential value going above -30 mV for pH < 2, approximately.

Figure 2 .

 2 Figure 2.12: pH dependence of ζ-potential of aqueous suspensions of GO at 76.5 μg/mL.
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Figure 2 . 13 :Chapter 2 :

 2132 Figure 2.13: Drops of GO suspensions in water deposited onto strips of pH indicator paper. Top: [GO] = 8.5 mg/mL. Bottom: [GO] = 85 μg/mL.
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 2 Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid annealing without requiring any other processing (Figure 2.14c).
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Figure 2 .Chapter 2 :

 22 Figure 2.14: a, b) A thin, flexible GO membrane. c) Another membrane after thermal reduction at 200°C for 2 h under vacuum (c).

Figure 2 .

 2 Figure 2.15: SEM images of a GO film. a) Area damaged by a pair of forceps, showing details of the inner layers. b) Higher magnification of the pleats and the wrinkles on the sheets.
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Figure 2 . 16 :

 216 Figure 2.16: The basic steps of freeze casting: a) preparation of the suspension, b) solidification and c) sublimation. Adapted from [ 54 ].

Figure 2 .

 2 Figure 2.17a. It consisted of copper rods, partially submersed in a reservoir filled with liquid

Figure 2 .

 2 Figure 2.17: a) The experimental set up used for freeze-casting: 1. sample to be frozen, 2. copper rod ("cold finger") 3. resistor 4. N 2 reservoir. b) A close-up of a GO aerogel (height ~4 cm, diameter 1.3 cm) after lyophilization.
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Figure 2 .Figure 2 .

 22 Figure 2.18 shows views of a sliced GO monolith, made from a suspension with a GO concentration of 16 mg/mL. The cut in Fig. 2.18a has been made parallel to the temperature

Figure 2 .Chapter 2 :

 22 Figure 2.19: SEM images of fragments of rGO aerogel made from a suspension with [GO] = 8 mg/mL. a) Low magnification view of a piece of aerogel deformed during mounting on the sample holder. The different orientations of the pores are visible in several areas of the image. b) Close-up view of a fragment with the porous system mostly intact. The arrows denote the direction of freezing.

Figure 2 . 20 :

 220 Figure 2.20: Controlled hydration and shaping of lyophilized graphene oxide into dough. Reprinted from [ 57 ].
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 2 Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid 1.7.1.1 Synthesis 50 mL of hydrazine monohydrate (98%, Sigma-Aldrich) was introduced in a two-neck round-bottom flask, along with a magnetic stir bar. A compressed air inlet was connected to one of the necks of the flask and to the other, a horizontal glass cylinder containing the GO monolith. The aerogel was supported on a glass spiral, so as not to come in direct contact with condensed vapors in the tube (Fig.2.21). The other end of the cylinder was connected to a condensation apparatus with a collection flask. The solution was heated to 110°C (b.p. of hydrazine monohydrate: 119°C) while slowly being stirred and once vapors started appearing in the flask, the compressed air was turned on, to aid the vapors to course through the chamber with the aerogel. The airflow and heating were stopped after 8 hours and the sample was left to dry in air for 3 days.

Figure 2 . 21 :

 221 Figure 2.21: Part of the experimental setup used for reduction with N 2 H 4 vapors, showing the cylinder with the aerogel mounted on a glass spiral.

Figure 2 .Chapter 2 :

 22 Figure 2.22: SEM cross-sectional views of an aerogel made from a 8 mg/mL GO suspension, after treatment with hydrazine vapors. The arrows denote the freezing direction.

Figure 2 .

 2 Figure 2.23: TEM images of holey graphene oxide supported on a lacy carbon substrate. The yellow arrows delineate some of the holes in the sample and the red arrows indicate strands of material.

Figure 2 Figure 2 . 24 : 2 :

 22242 Figure 2.25:

  C=C bonds at 284.1 eV, atoms in sp 3 C-C bonds at 284.8 eV, C-O (as in C-OH and C-O-C) bonds at 286.7 eV, carbonyl carbons at 287.6 eV and finally carbons in carboxylates (O-C=O) at 288.7 eV. Similarly, the O 1s peak (Fig. 2.25b), centered at 532.2 eV, consists of three components: carbonyl oxygens at 530.7 eV, epoxide oxygens at 532.1 eV and atoms in hydroxyls at 533.0 eV.

Figure 2 . 26 :Chapter 2 :

 2262 Figure 2.26: Deconvoluted XP spectra of a) C 1s and b) O 1s of the rGO sample

  2.27a) bears some resemblance to that of the parent GO, in that there is a doublet peak present, though the relative intensities of the two peaks centered at binding energies 284.5 eV and 286.7 eV are different. The peaks consist of five components: atoms in sp 2 C=C bonds at 284.3 eV, atoms in sp 3 C-C bonds at 284.8 eV, C-O (as in C-OH and C-O-C) bonds at 286.7 eV, carbonyl carbons at 287.9 eV and carbons in carboxylates (O-C=O) at 289.0 eV. The O 1s peak (Fig. 2.27b), centered at binding energy 532.2 eV, was deconvoluted into three components attributed to carbonyl oxygens at 530.2 eV, epoxide oxygens at 532.1 eV and atoms in hydroxyls at 533.5 eV.

Figure 2 . 27 :Chapter 2 :

 2272 Figure 2.27: Deconvoluted XP spectra of a) C 1s and b) O 1s of the HGO sample

121 Figure 2 . 28 :

 121228 Figure 2.28: Deconvoluted XP spectra of a) C 1s, b) N 1s and c) O 1s of the NGO sample

Figure 2 . 29 :Chapter 2 :

 2292 Figure 2.29: Atomic composition of GO, rGO, HGO and NGO. The different nitrogen atom types are represented by shades of blue, between the C and O stacks -adsorbed N 2 in dark blue. GO rGO HGO NGO

Chapter 2 :

 2 Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid

Figure 2 .

 2 Figure 2.30, it appears that chemical reduction with hydrazine is almost as good as thermal reduction. If the process proves compatible with the grafted GO (or HGO), the subsequent annealing would have much less defects to eliminate, potentially yielding a betterconducting material, with the added benefit of electron-rich nitrogen atoms doped into the lattice.

Figure 2 .

 2 Figure 2.30: Normalized C content in GO, rGO, HGO and NGO samples.
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 2 Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid1.8. ConclusionsGraphene oxide is a truly versatile material, capable of being shaped in radically different structures and of being chemically modified in a multitude of ways. The two last decades of intensive research into the family of graphene-based materials have produced an arsenal of methodologies one can choose form, to create a host of forms and fine tune their functional, morphological and physicochemical aspects. From this plethora of options, several were selected and tested, based on the criteria set forth during the bibliographic stage of this study.

Figure 2 . 31 :

 231 Figure 2.31: TEM images of Sn nanoparticles synthesized in EMI + TFSI -. Reprinted from the doctoral thesis of N. Soulmi 78 .

Figure 2 .

 2 Figure 2.32: a) Side view of a horizontally-rotating ball mill and b) top view of a planetary ball mill, showing the rotational direction of the disk (1) and of the grinding bowls (2). The direction of movement of grinding balls in both systems is also indicated.

Figure 2 .Chapter 2 :

 22 Figure 2.33: a) The planetary ball mill and b) the grinding bowls and 10 mm balls used in our experiments.

Chapter 2 :

 2 Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid remain large bits of unground material. Tin being denser and heavier than carbon facilitated observations; Sn particles present as dark spots in the micrographs, whereas graphene/graphene oxide sheets and fragments are barely distinguishable from the carbon film with which the TEM grids are coated. However, two problems were encountered with regard to the technique.

Figure 2 .Figure 2 . 34 :Chapter 2 :

 22342 Figure 2.34: TEM grids on Parafilm left to dry after the deposition of suspensions of co-milled material. a) sample SnGR06 -deposition of a single drop, b) sample SnGR07 deposition of five drops.

Figure 2 . 35 :

 235 Figure 2.35: TEM images of sample SnGO02 (900 mg Sn, 100 mg GO, 24 h, 10 mm balls, 400 rpm).

Figure 2 . 36 :Chapter 2 :

 2362 Figure 2.36: TEM images of sample SnGR01 (900 mg Sn, 100 mg graphite flakes, 12 h, 2 mm balls, 400 rpm).

Figure 2 . 37 :

 237 Figure 2.37: TEM images of SnGO06, prepared by milling films of pre-mixed GO and Sn.

Figure 2 . 38 :

 238 Figure 2.38: TEM images of sample SnGO08 (2700 mg Sn, 300 mg GO; 22 h, 10 mm, 400 rpm, followed by 2 h, 2 mm, 600 rpm) embedded in resin.
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Figure 2 . 39 :

 239 Figure 2.39: TEM images of sample SnGO04, ground for 12 h with 10 mm balls at 400 rpm.
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Figure 2 .

 2 Figure 2.40: Intensity -scattering vector plots (logarithmic scales) of samples of Sn co-milled with graphene oxide (a, b) and graphite (c, d). The orange lines denote the crossover distance. The spike after q=2 is the diffraction signal from β-Sn.
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Figure 2 . 41 .

 241 Figure 2.41. This q range allowed us to get a comparative estimate of the number of the coherent crystalline domains in each sample, tied directly to the measured intensity, as well as the average crystallite size, as calculated through the Scherrer equation.

Figure 2 . 41 :Chapter 2 :

 2412 Figure 2.41: Diffraction signals from graphite and tin in sample SnGR10.

Figure 2 .Figure 2 . 42 :

 2242 Figure 2.42: Sn-graphite samples co-milled for 23 h at 400 rpm with 10 mm balls, then 1 h at 600 rpm with 2 mm balls.

Figure 2 .

 2 Figure 2.43: Co-milled Sn-graphite samples. The grinding speed is represented by bubble size: 400 rpm (small bubbles) or 600 rpm (big bubbles).

Chapter 2 :

 2 smaller balls. Besides, that is what happens in continuous flow, industrial ball mills with segments: each segment holds grinding balls of progressively smaller size and the sample moves to the next segment once it has been reduced to a sufficiently small size. The ball Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquid milling yields different composite morphology with graphene and graphite: dense aggregates of small Sn particles within looser and larger objects for graphene, larger polycrystalline Sn particles embedded in the carbon sheets for graphite.

Figure 2 . 44 :Chapter 2 :

 2442 Figure 2.44: Diffraction patterns of the commercial micrometric tin powder (blue), of sample SnGO07 (red, sealed in an airtight sample holder) and bulk metallic β-Sn (inset). The arrows denote the diffraction peaks of the polymeric film on the sample holder. Peaks beyond ~40° appear split because of poor filtering of the Cu K β radiation.
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Figure 2 . 45 :

 245 Figure 2.45: Diffraction pattern of a sample of Sn co-milled with GO, left in air for 3.5 months. In blue, the powder diffraction file (PDF) of β-Sn from the ICDD.

Figure 2 . 46 :Chapter 2 :

 2462 Figure 2.46: Survey scans of co-milled Sn-GO and Sn-graphite nanoparticle samples.

Figure 2 . 47 :

 247 Figure 2.47: Deconvoluted XP spectra of a) Sn 3d 5/2 , b) C 1s and c) O 1s signals of the Sn-GO sample (co-milled with 10 mm balls at 400 rpm for 22 h, then for 2 h with 2 mm balls at 600 rpm).

289. 6

 6 eV, carbonyl carbons at 288.4 eV, carbon atoms in C-O bonds such as C-OH and C-O-C at 286.9 eV, atoms in sp 3 C-C bonds at 285.8 eV, atoms in sp 2 C=C bonds at 284.9 eV and the final component at 283.8 eV attributed to Sn-C bonds.

2. 3 Figure 2 . 48 :

 3248 Figure 2.48: Deconvoluted XP spectra of a) Sn 3d5/2, b) C 1s and c) O 1s signals of the Sn-graphite sample (co-milled with 10 mm balls at 400 rpm for 22 h, then for 2 h with 2 mm balls at 600 rpm).

  2 eV, carbonyl carbons at 287.8 eV, carbon atoms participating in C-O bonds like C-OH and C-O-C at 286.6 eV, atoms in sp 3 C-C bonds at 285.5 eV, atoms in sp 2 C=C bonds at 284.7 eV and the sixth component at 283.8 eV attributed to Sn-C bonds.
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 249 Figure 2.49: Possible grafting targets for amines on graphene oxide and the corresponding reactions.
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 2502 Figure 2.50: The synthesis of 1-(alkyl-n-ammonium hydrobromide)-3-methylimidazolium bromide

Figure 2 . 51 :

 251 Figure 2.51: Reaction between 1-methylimidazole and 2-bromoethylamine hydrobromide. Reprinted from [ 118 ].

2. 52 Figure 2 . 52 :

 52252 Figure 2.52: The main steps of the new synthetic route for the preparation of 1-(2-aminoethyl)-3methylimidazolium bromide.

Figure 2 . 53 :

 253 Figure 2.53: Salt metathesis reaction between 1-(2-aminoethyl)-3-methylimidazolium bromide and lithium bis(trifluoromethanesulfonyl)imide.

Figure 2 . 54 :

 254 Figure 2.54: Synthesis of 1-(2-bromoethyl)-3-methylimidazolium bromide.

1 H

 1 NMR spectrum of Br-EMI + Br -(300 MHz, DMSO-d 6 ): δ = 9.30 ppm 1H (s) C 2 -H; δ = 7.88 ppm 1H (dd), J 54 = 2.06 Hz, J 52 = 1.77 Hz C 5 -H; δ = 7.79 ppm 1H (dd), J 45 = 2.10 Hz, J 42 = 1.75 Hz C 4 -H; δ = 4.65 ppm 2H (t), J = 5.84 Hz NCH 2 CH 2 ; δ = 3.97 ppm 2H (t), J = 5.84 Hz CH 2 Br; δ = 3.91 ppm 3H (s) CH 3 N + (Fig. 2.55)
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 22256 Figure 2.55: 1 H NMR spectrum of 1-(2-bromoethyl)-3-methylimidazolium bromide DMSO-d 6 (300 MHz)

Figure 2 . 58 :

 258 Figure 2.58: Synthesis of 1-(2-aminoethyl)-3-methylimidazolium bromide.

Figure 2 .Chapter 2 :

 22 Figure 2.57: 1 H NMR spectrum of 1-(2-azidoethyl)-3-methylimidazolium bromide in DMSO-d 6 (300 MHz )

1 HFigure 2 . 59 :Chapter 2 :

 12592 Figure 2.59: Anion exchange between 1-(2-aminoethyl)-3-methylimidazolium bromide and lithium bis(trifluoromethanesulfonyl)imide.

Figure 2 .

 2 Figure 2.60: 1 H NMR spectrum of 1-(2-aminoethyl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide in DMSO-d6 (300 MHz)

Figure 2 . 61 :

 261 Figure 2.61: Thermogravigram of the H 2 N-EMI + TFSI -ionic liquid under inert atmosphere (N 2 ). The first derivative of the TGA curve has been plotted in red.

Chapter 2 :

 2 Preparation of a graphene-based matrix, tin nanoparticles and the functionalized ionic liquidThe main decomposition of the unpurified H 2 N-EMI + Br -ionic liquid begins at 259°C, reaches a maximum at 340°C and almost stabilizes at 455°C. It is accompanied by a weight loss of 37.2 wt%.

Figure 2 . 62 :

 262 Figure 2.62: Thermogravigram of the unpurified H 2 N-EMI + Br -ionic liquid under inert atmosphere (N 2 ). The first derivative of the TGA curve has been plotted in red. The dashed vertical lines indicate the onset of additional events.

Figure 2

 2 Figure 2.63.

Figure 2 .

 2 Figure 2.63: DSC thermogram of the H 2 N-EMI + TFSI -ionic liquid. Endothermic processes are downward.
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 3 Assembly of composite materials(Figure 3.1). The same results were obtained for various GO concentrations (4 to 20 mg/mL) and also when trying to obtain films by filtration of the suspensions7 (which can accelerate the assembly of the membranes, compared to evaporation) onto PTFE or cellulose membranes.

Figure 3 . 1 :

 31 Figure 3.1: An almost dried 8 mg/mL aqueous suspension of GO with 10 wt% EMI + TFSI -, set to evaporate in a Petri dish, placed on a hotplate at 45°C.

Chapter 3 :Figure 3 . 2 :

 332 Figure 3.2: SEM images of rGO aerogels made from (a, b) 8 mg/mL and (c, d) 16 mg/mL GO suspensions in water with 10 wt% EMI + TFSI -. The arrows mark the direction of the ice crystal growth.

3 .Figure 3 . 3 :

 333 Figure 3.3: Adsorption (orange curve) -desorption (light orange curve) isotherms of an aerogel with disordered structure made from a GO and EMI + TFSI -mixture.

  35, only monolayer adsorption of the adsorbate takes place, which allows to estimate the surface area of the absorbent, based on the projection of the volume of the molecule used as a probe on a surface. The experimental points in the range of relative pressures of 0.05 to 0.35 and the corresponding linear regression are shown in Figure 3.4. Using a value of 0.162 nm 2 for the cross-sectional area of the N 2 molecule 17 and based on

Figure 3 . 4 :

 34 Figure 3.4: Quantity of N 2 adsorbed at relative pressures P/P 0 up to 0.35 and linear regression of the experimental points.

Chapter 3 :

 3 Assembly of composite materialsthe linear fit of the measured values, the specific surface area of the sample is estimated to be 12.5 m 2 /g, in line with what was expected for the porosity of freeze-cast materials.

Figure 3 . 5 :

 35 Figure 3.5: Nucleophilic substitution of the epoxide groups of GO by H 2 N-EMI + Br -produces the desired, functionalized product (A). Base-catalyzed hydrolysis of the epoxide groups in the control experiment produces 1,2-diols (B).
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 3 Assembly of composite materials 2.3.1.1 ¹³C NMR

Figure 3 . 6 :

 36 Figure 3.6: 13 C NMR spectra of GO (blue) and IL-GO (red). The chemical shifts of the different carbon atom types have been marked on the GO spectrum. The asterisks denote spinning sidebands.

Figure 3 .

 3 Figure 3.7: 7 Li NMR spectra of the functionalized binary material and the standards used for comparison (LiBr, LiTFSI, LiOH•H 2 O, lithium ascorbate and CH 3 COOLi•2H 2 O). The intensities of the signals have been normalized for the sake of comparison.

Figure 3 . 9 :

 39 Figure 3.9: Thermogravigrams of IL-GO (in blue), PM (in red) and BT-GO (in gray) and the corresponding DTG curves (dotted lines). Analyses were conducted under inert atmosphere (N 2 ).

Figure 3 . 10 :

 310 Figure 3.10: Thermogravigrams of three different IL-GO samples: IL-GO1 (in blue), IL-GO2 (in green) and IL-GO3 (in orange) and the corresponding DTG curves (dotted lines). The red vertical dashed lines delimit the decomposition of hydroxyl groups and the teal vertical lines the decomposition attributed to the IL. Analyses were conducted under inert atmosphere (N 2 ).

Figure 3 .

 3 Figure 3.11: DSC thermograms of IL-GO (blue), PM (red), BT-GO (gray) and GO (black). Endothermic processes are downward. Temperature ramp 3°C/min.

Figure 3 . 12 :

 312 Figure 3.12: Elemental mapping images of a) C, b) O, c) N, d) F and e) S on the surface of an IL-GO film. f ) composite image of all the previous elements together.

.14). 228 Figure 3 . 13 :

 228313 Figure 3.13: Elemental mapping images of a) C, b) O, c) N, d) F and e) S on the surface of an IL-GO film after thermal reduction. f ) composite image of all the previous elements together.
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 3143 Figure 3.14: Elemental mapping images of a) C, b) O, c) N, d) F and e) S on the surface of an PM film. f ) composite image of all the previous elements together.

Figure 3 . 15 :

 315 Figure 3.15: Elemental mapping images of a) C, b) O, c) N, d) F and e) S on the surface of an PM film after thermal reduction. f ) composite image of all the previous elements together.

Figure 3 .

 3 Figure 3.16: a) Side view and b) detail of a section of the IL-rGOSn80 composite aerogel. The arrows denote the direction of freezing. c) Top view of a pore and d) BSE image of the same pore.

Figure 3 . 17 :

 317 Figure3.17: Diffraction patterns of a slice of a composite aerogel monolith with 80% Sn loading before (black) and after thermal reduction (orange). In blue, the powder diffraction file of β-Sn and in red that of SnO (both from ICCD).

  are combined with the mass of the active material in the following equation to yield the specific (per mass) capacity:

Figure 3 . 18 :

 318 Figure 3.18: Exploded view drawing of a coin cell battery used for electrochemical tests, displaying all the components employed.

Figure 3 .

 3 Figure 3.19 shows the charge-discharge curves of a battery with an rGO membrane electrode.

Figure 3 . 19 :Chapter 3 : Assembly of composite materials 4 . 2 . 2 .

 3193422 Figure 3.19: First three cycles of a battery with an rGO membrane electrode.

Figure 3 .

 3 Figure 3.20 shows the charge-discharge curves of a battery with an aerogel electrode made from EMI + TFSI -and rGO with an ordered internal structure. Similar structures made from GO, without the addition of IL, were too fragile to be used.

Figure 3 . 20 :Chapter 3 :Figure 3 .

 32033 Figure 3.20: First three cycles of a battery with an ordered aerogel made from EMI + TFSI -and rGO as electrode.

Figure 3 . 21 :Chapter 3 :

 3213 Figure 3.21: First three cycles of a battery with a disordered aerogel made from EMI + TFSI -and rGO as electrode.

Figure 3 .Chapter 3 :

 33 Figure 3.22: a) Lithiation (blue) and delithiation (red) curves of IL-rGOSn40, cycled at 50 mA/g. b) Lithiation (green) and delithiation (orange) curves of IL-rGOSn40, cycled at 5 mA/g.

Figure 3 .

 3 Figure 3.23a. The energy stored during discharge was approximately 70 mAh/g, with lithiation beginning at a low potential vs. Li + /Li, 0.22 V. Lithium extraction momentarily exceeds 0.3 V, with the potential plateauing close to 0.25 V.
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Figure 3 .

 3 Figure 3.23: a) Lithiation (blue) and delithiation (red) curves of IL-rGOSn60, cycled at 22 mA/g. b) 1 st (blue) and 2 nd (green) lithiation and 1 st (orange) and 2 nd (pink) delithiation curves of IL-rGOSn60, cycled at 5 mA/g.
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Figure 3 .Chapter 3 :

 33 Figure 3.24: a) Lithiation (blue) and delithiation (red) curves of IL-rGOSn80, cycled at 13.5 mA/g. b) 1 st (blue) and 2 nd (green) lithiation and 1 st (orange) and 2 nd (pink) delithiation curves of IL-rGOSn80, cycled at 5 mA/g.

Figure 3 .

 3 Figure 3.25: a) 1 st (blue), 2 nd (light green) and 10 th (green) lithiation and 1 st (red), 2 nd (dark red ) and 10 th (purple) delithiation curves of rGOSn60, cycled at 32.5 mA/g. b) Lithiation (blue) and delithiation (orange) curves of rGOSn60, cycled at 5 mA/g.
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Figure 4 :

 4 Figure 4: A photograph showing nitrogen bubbles forming on the interface between H 2 N-EMI + TFSI -and water during a nitrous acid test.

Figure 5 :

 5 Figure 5: Thermogravimetric analyses (solid lines) and DTG (dotted lines) of LiBr hydrates Sample 1 (black curves) and Sample 2 (red curves) under inert atmosphere (N 2 ).

Figure 6 :

 6 Figure 6: Aqueous lithium bromide phase diagram. Reprinted from [10].

  

  

  

  Chapter 1: Introduction -state of the art of energy density, safety and manufacturing costs have led to NMC being the dominant cathode chemistry used in car batteries. Also part of the group of lamellar oxides, lithium nickel cobalt aluminium oxides (NCA), LiNi x Co y Al z O 2 , with x + y + z = 1, are seeing increased

Chapter 1: Introduction -state of the art preferred

  solvent in most studies, as its melting point, -49.2°C, is lower than that of EC (36.4°C)21 . Dey and Sullivan discovered in 1970 that propylene carbonate cointercalates with

Chapter 1: Introduction -state of the art 3

  . Tin and its oxides as anode materialsThe packing of lithium atoms in the most lithium-rich alloy, Li 4.4 Sn, is close to that in pure lithium metal, 75.46 mol/L vs. 76.36 mol/L respectively 114 . Based on this value, the volumetric capacity of tin would be 7262 mAh/cm 3 , more than ten times the 719 mAh/cm 3 , the volumetric capacity of graphite 112 . Crystallographic studies suggested that the realistic form Chapter 1: Introduction -state of the art of this end phase could be Li 17 Sn 4 (thus 4.25 Li atoms per Sn atom)

	Tin and its oxides, SnO and SnO 2 have been proposed and studied extensively as potential
	anode materials in Li-ion batteries, due to their theoretical capacities being superior to that
	of graphite (372 mAh/g). The estimated gravimetric capacities for Sn, SnO and SnO 2 are ~993
	mAh/g, ~875 mAh/g and ~782 mAh/g respectively 112,113 . Unlike intercalation materials, tin
	hosts lithium ions reversibly into its volume via electrochemical alloying. This process
	produces ordered, stoichiometric structures at different potentials (Figure 1.7), according to
	the reaction:	
	Sn + x Li + + x e -→ Li x Sn	(0 ≤ x ≤ 4.4)

Figure 1.7: The theoretical formation potentials (black), specific capacities (orange), and volume changes (blue) of Li x Sn phases. Adapted from [114].

Chapter 1: Introduction -state of the art because

  it appears that the formation of this passivating layer is unavoidable, since Sn NPs have a propensity for oxidation, once they come in contact with air109,132 . Even if care is taken to avoid oxidation, reactions between the electrolyte, tin and lithium will lead to Li 2 O

	Chapter 1: Introduction -state of the art
	production 114,120 .
	Given all of tin's idiosyncrasies, working with them or around them, rather than trying to
	prevent them, would seem like a more effective approach in the manufacturing of tin-based
	anodes. Nanostructuring the anode is a good strategy, but it is not enough and it cannot even
	guarantee the structural integrity of the particles 133 . The nanoparticles already require the
	addition of other materials to provide form, such as binders and conductive pathways
	between them (e.g. carbon black) and the electrode contacts. It would make sense to
	combine them with a suitable, flexible and conductive matrix that could contain them and
	that could remain in contact with them regardless of them being in the α or β form, devoid of
	lithium and compact or fully lithiated and expanded. This approach, which has been the
	point of focus of several research efforts and appears as the most promising, has already
	yielded a commercial battery. The "Nexelion" cells by Sony, were made with the active
	material consisting of an intermetallic alloy of Sn and Co -with Co being inactive towards Li
	-within a carbon matrix 112,131,134 .
	2 O irreversibly while simultaneously
	generating metallic Sn in situ 131 :
	SnO 2 + 2 Li + + 2 e -→ SnO + Li 2 O
	SnO + 2 Li + + 2 e -→ Sn + Li 2 O
	These reactions consume lithium ions from the electrolyte, hence induce differences in
	capacity of the oxides compared to metallic tin. However, the lithium oxide phase that
	forms, can have a stabilizing effect on the anode material, buffering the volume expansion
	induced by Sn-Li alloying 114 and while the phase is electronically insulating, it does not
	prevent the diffusion of ions. This bodes well for the future of Sn-nanoparticle-based anodes,
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  . Just as importantly, graphite is abundant, inexpensive and also easily synthesized, with a relatively low increase in cost112,136 .

	The same is true for its volumetric
	capacity, which is on par with that of LCO in the cathode. It has a very low lithiation-
	delithiation potential (on average 0.2 V vs. Li/Li + ), which means that graphite-based cells are
	capable of high voltages, very close to that of pure Li. Its rate capability has proven adequate
	for most of the applications where it is being used. The first cycle irreversible capacity, or
	initial coulombic efficiency, i.e. the amount of lithium from the electrolyte consumed during
	SEI formation, is also good by comparison. The volume increase during lithiation is
	approximately 10.4% and when considering the mass transfer from the cathode, the actual
	variation in a full cell is even smaller, which results in low mechanical stress during
	operation, with everything that implies for the structural integrity and safety of a battery.
	Both the thermal and electrical conductivity of graphite are also quite good. The effect of
	graphite on capacity fade, i.e. how much the capacity is reduced after each cycle, is rather

  Kühne et al., 

	who observed the superdense ordering of lithium in bi-layer graphene, postulated that the
	two sheets can spread more easily since they were not constrained as they would be in a
	graphite crystal and perhaps for that reason they were capable of accepting that amount of
	Li. They also pointed out that Li-graphite compounds occupy only a small region of the C-Li
	binary phase diagram 139 . Flexible layered structures made from reduced graphene oxide and
	lithium have demonstrated capacities close to that of pure metallic Li and rate capabilities
	up to 10C, with reversible capacity loss 150 . A flexible host material could not only accept more
	lithium, but it could also help contain volume changes during cycling and prevent the
	unwanted growth of dendrites, while at the same time maintaining structural integrity and
	electrical conductivity.
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	large enough sheets, with relatively few defects. Graphene can be made by annealing SiC
	crystals under vacuum. It can be synthesized chemically through polymerization reactions
	of suitable monomers, or via the oxidation of polyaromatic precursors, in
	cyclodehydrogenation 155 . It can also be formed by the pyrolysis of carbon-based precursors
	on catalytically active substrates, under vacuum or inert atmosphere. Through CVD or
	pyrolysis on templates, graphene can be made directly in specific shapes, e.g. graphene foam
	grown on metal foam, which is then etched away 156 . Also, by adding specific precursors in
	the CVD or pyrolysis chambers, it is possible to dope the lattice of graphene with
	heteroatoms, e.g. nitrogen or boron 157 .
	unique traits of graphene have made it an ideal candidate for a plethora of
	applications and particularly in the context of the present study, i.e. electrochemical energy
	storage. Graphene has excellent mechanical properties: a breaking strength of 42 N/m and
	Young modulus close to 1 TPa 151 . A valence electron of each carbon atom is delocalized in the
	extended conjugated system formed by the sp 2 -hybridized orbitals, endowing graphene with
	a high intrinsic mobility of 200000 cm 2 /V•s and a thermal conductivity of approximately 5000
	W/m•K 152 . Graphene can be obtained by exfoliating graphite or it can be synthesized in
	several different bottom-up methods 153,154 . It can be grown by chemical vapor deposition
	(CVD) from carbon-containing gases on metal surfaces or other substrates. This is the
	method currently used in industrial processes for electronics applications, as it can produce
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  metal-ion host and provides an electron conduit between it and the electrode contact, it prevents the aggregation of the host material, mitigates its volume expansion and facilitates the diffusion of metal ions in the structure. A wide variety of active materials (intercalation,

	conversion and alloying hosts, e.g. TiO 2 , SnS 2 , SnS, Si, Ge, etc.) have been studied in tandem
	with such structures, again with very good results, especially compared to the performance
	of the active material by itself 168 . For instance, one of the early nanocomposites of tin
	nanoparticles anchored on graphene exhibited a reversible capacity of 795 mAh/g at 55
	mA/g, with a retention of 64% after 100 cycles 171 . While early results have been encouraging,
	great challenges still lie ahead. Self-assembled graphene-based structures usually contain a
	lot of defects and oxygen groups that require removal, accomplished by thermal treatments
	at high temperatures, which are not compatible with every system and increase the costs.
	The porosity of many systems is random and that poses homogeneity problems for the
	electrodes, that accumulate over cycles. A number of techniques employed in the
	preparation of 3D structured graphene are difficult to scale up. Perhaps more importantly,
	irrational design and poor control of the porosity of the structures lead to low volumetric
	energy densities, rendering such materials impractical.
	+ , Na + , K + ,
	the presence of defects, heteroatoms and the spatial arrangement of the graphene layers can
	significantly increase the capacity of the batteries. A sulfur-doped, interconnected cellular
	structure developed by Islam et al. 170 when used as an anode in Li-ion and Na-ion batteries
	demonstrated high specific capacities of 1697 mAh/g at 100 mA/g and 472 mAh/g at 50 mA/g,
	respectively. In composite anodes and cathodes where 3D-structured graphene serves an
	accessory function to the main active material, its role is nonetheless important: it supports
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Table 2 .

 2 1: Atomic percentages of O and C atoms in GO, participating in different types of chemical bonds and their corresponding binding energies

		species	binding energy (eV)	At%
		C-OH	533.0	3.6
	O 1s	C-O-C	532.1	23.9
		C=O	530.7	1.1
		O-C=O	288.7	2.9
		C=O	287.6	4.8
	C 1s	C-OH, C-O-C	286.7	32.5
		C sp 3 bonding	284.8	21.9
		C sp 2 bonding	284.1	8.7

Table 2 .

 2 

	2: Atomic percentages of O and C atoms in rGO, participating in different types of chemical bonds and their corresponding binding energies
		species	binding energy (eV)	At%
		C-OH	535.0	0.6
	O 1s	C-O-C	532.6	9.3
		C=O	531.0	10.4
		O-C=O	288.1	3.6
		C=O	287.0	2.9
	C 1s	C-OH, C-O-C	285.7	5.4
		C sp 3 bonding	284.8	4.5
		C sp 2 bonding	284.0	62.1

Table 2 .

 2 

	3: Atomic percentages of O and C atoms in HGO, participating in different types of chemical bonds and their corresponding binding energies
		species	binding energy (eV)	At%
		C-OH	533.5	1.5
	O 1s	C-O-C	532.1	22.6
		C=O	530.2	0.7
		O-C=O	289.0	2.4
		C=O	287.9	7.0
	C 1s	C-OH, C-O-C	286.7	30.0
		C sp 3 bonding	284.8	13.7
		C sp 2 bonding	284.3	21.2

  The peak centered at binding energy 283.8 eV was deconvoluted into five components, attributed to atoms in sp2 

	C=C bonds at 283.8 eV, atoms in sp 3 C-C bonds at 284.8 eV, C-O bonds at 285.7 eV, carbonyl
	carbons at 286.8 eV and carbons in carboxylates (O-C=O) at 287.9 eV. It must be noted that C-
	O bonds are virtually indistinguishable from C-N bonds in terms of binding energy, so the
	component at 285.7 eV certainly contains an amount of nitrogen-bonded carbons. That
	amount can only be estimated after the analyses of the N 1s and the O 1s spectra.

Table 2

 2 
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 2 4: Atomic percentages of O, N and C atoms in NGO, participating in different types of chemical bonds and their corresponding binding energies

		species	binding energy (eV)	At%
		C-OH	532.9	1.4
	O 1s	C-O-C	531.5	9.2
		C=O	530.2	2.2
		amine/amide/pyrrolic	400.1	2.4
	N 1s	NOx	401.4	0.6
		pyridinic	399.1	6.6
		O-C=O	287.9	2.0
		C=O	286.8	3.4
	C 1s	C-OH, C-O-C	285.7	7.6
		C sp 3 bonding	284.8	9.1
		C sp 2 bonding	283.8	55.4

Table 2 .

 2 5: Atomic percentages of O, N and C atoms in GO, rGO, HGO and NGO

		species	GO At%	rGO At%	HGO At%	NGO At%
		C-OH	3.6	0.6	1.5	1.4
	O 1s	C-O-C	23.9	9.3	22.6	9.2
		C=O	1.1	10.4	0.7	2.2
	N 1s	amine/amide/pyrrolic NOx pyridinic	0.6 (adsorbed N2)	1.2 (adsorbed N2)	0.9 (adsorbed N2)	2.4 0.6 6.6
		O-C=O	2.9	3.6	2.4	2.0
		C=O	4.8	2.9	7.0	3.4
	C 1s	C-OH, C-O-C	32.5	5.4	30.0	7.6
		C sp 3 bonding	21.9	4.5	13.7	9.1
		C sp 2 bonding	8.7	62.1	21.2	55.4

Table 2 .

 2 6: Sn-GO co-milled samples and the corresponding grinding parameters

	sample name	Sn (mg) GO (mg)	total solids (mg)	ball (mm) ⌀	rpm	time (h)
	SnGO01	900	100	1000	10	400	12
	SnGO02	900	100	1000	10	400	24
	SnGO03	900	100	1000	2	600	6
	SnGO04 2700	300	3000	10	400	12
	SnGO05 2700	300	3000	2	400	12
	SnGO06 2700	300	3000	10 2	400 600	23 1
	SnGO07 2700	300	3000	10 2	400 600	23 1
	SnGO08 2700	300	3000	10 2	400 600	22 2

Table 2 .

 2 

	sample name	Sn (mg) graphite (mg) total solids (mg) ball (mm) ⌀	rpm time (h)
	SnGR01	900	100	1000	2	400	12
	SnGR02	900	100	1000	2	400	16
	SnGR03	900	100	1000	2	600	6
	SnGR04	2700	300	3000	2	600	6
	SnGR05	2700	300	3000	2	600	8
	SnGR06	2700	300	3000	2	600	12
	SnGR07	2700	300	3000	2	600	20
	SnGR08	2700	300	3000	10 2	400 600	12 12
	SnGR09	2700	300	3000	10 2	400 600	18 6
	SnGR10	2700	300	3000	10 2	400 600	23 1
	SnGR11	1800	200	2000	10 2	400 600	23 1
	SnGR12	900	100	1000	10 2	400 600	23 1

7: Sn-graphite co-milled samples and the corresponding grinding parameters

Table 2 .

 2 8: Sn-GO co-milled samples with corresponding grinding parameters and data from SAXS measurements.

	sample name	Sn (mg)	GO (mg)	total solids (mg)	ball ⌀ (mm)	rpm	time (h)	slope 1 slope 2	crossover distance (Å)	intensity (a.u.)	crystallite size (nm)
	SnGO01 900	100	1000	10	400	12	-2.2	-3.7	630	58	28.3
	SnGO02 900	100	1000	10	400	24	-2.4	-3.4	630	11	26.2
	SnGO03 900	100	1000	2	600	6	-2.0	-4.0	400	60	27.7
	SnGO04 2700	300	3000	10	400	12	-2.7	-3.7	520	48	22.2
	SnGO05 2700	300	3000	2	400	12	-2.7	-3.8	520	12	26.6
	SnGO06 2700	300	3000	10 2	400 600	23 1	-2.6	-3.7	800	120	24.8
	SnGO07 2700	300	3000	10 2	400 600	23 1	-3.0	-3.7	630	115	26.0
	SnGO08 2700	300	3000	10 2	400 600	22 2	-2.9	-3.7	630	15	25.0

Table 2 .

 2 

	sample name	Sn (mg)	graphite (mg)	total solids (mg)	ball ⌀ (mm)	rpm	time (h)	slope 1 slope 2	crossover distance (Å)	intensity (a.u.)	crystallite size (nm)
	SnGR01 900	100	1000	2	400	12	-2.2	-3.9	520	105	28.7
	SnGR02 900	100	1000	2	400	16	-2.7	-3.7	315	36	18.8
	SnGR03 900	100	1000	2	600	6	-2.2	-3.7	520	78	26.0
	SnGR04 2700	300	3000	2	600	6	-2.8	-3.7	160	23	24.1
	SnGR05 2700	300	3000	2	600	8	-2.8	-3.9	100	17	25.4
	SnGR06 2700	300	3000	2	600	12	-2.6	-3.8	315	11	23.3
	SnGR07 2700	300	3000	2	600	20	-2.6	-4.0	800	85	35.7
	SnGR08 2700	300	3000	10 2	400 600	12 12	-2.6	-4.0	160	7	21.1
	SnGR09 2700	300	3000	10 2	400 600	18 6	-2.4	-3.7	160	600	21.2
	SnGR10 2700	300	3000	10 2	400 600	23 1	-2.4	-3.7	450	130	19.1
	SnGR11 1800	200	2000	10 2	400 600	23 1	-2.2	-3.9	160	26	24.0
	SnGR12 900	100	1000	10 2	400 600	23 1	-2.5	-3.7	350	95	24.6

9: Sn-graphite co-milled samples with corresponding grinding parameters and data from SAXS measurements.
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Table 2 .

 2 10: Atomic percentages of Sn, O and C atoms in the Sn-GO co-milled sample, participating in different types of chemical bonds and their corresponding binding energies.

		species	binding energy (eV)	At%
		Sn(IV)	489.1	0.53
	Sn 3d5/2	Sn(II)	487.2	16.5
		Sn(0)	485.1	0.9
		Organic O, H2O	533.5	2.4
	O 1s	OH	532.2	11.3
		Lattice oxide	531.0	13.7
		O-C=O	289.6	1.3
		C=O	288.4	1.2
	C 1s	C-OH, C-O-C C sp 3 bonding	286.9 285.8	2.6 5.5
		C sp 2 bonding	284.9	43.5
		Sn-C	283.8	0.5
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Table 2 .

 2 11: Atomic percentages of Sn, O and C atoms in the Sn-graphite co-milled sample, participating in different types of chemical bonds and their corresponding binding energies

		species	binding energy (eV)	At%
		Sn(IV)	489.3	0.34
	Sn 3d5/2	Sn(II)	487.1	9.8
		Sn(0)	485.1	1.4
		Organic O, H2O	533.3	1.6
	O 1s	OH	532.1	5.6
		Lattice oxide	530.9	6.7
		O-C=O	289.2	1.4
		C=O	287.8	1.6
	C 1s	C-OH, C-O-C C sp 3 bonding	286.6 285.5	3.2 7.2
		C sp 2 bonding	284.7	58.3
		Sn-C	283.8	2.7

Table 3 . 1 :

 31 Quantities of the different components used in the preparation of composite aerogels and the corresponding sample names.

	Sample	suspension	[IL-GO]	[GO]	Sn loading	Quantity of Sn-GO NPs
	name	volume (mL)	(mg/mL)	(mg/mL)	(wt%)	(mg)
	IL-GOSn40	8	16		40	102
	IL-GOSn60	8	16		60	256
	IL-GOSn80	8	16		80	1024
	GOSn40	8		16	40	102
	GOSn60	8		16	60	256
	GOSn80	8		16	80	1024

Li spectrum of the IL-GO sample to them. The standards prepared, were: LiBr (δ = -1.1154
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In the course of our experiments, a quantity of a sample prepared in the same manner as SnGO08 (3g, 22 + 2 h) was left exposed in air for 3.5 months. Assuming that it would have been oxidized, it was decided to examine it through X-Ray diffraction, in order to see the extent of the oxidation and which of tin's oxides, SnO or SnO 2 , had formed. The diffraction pattern is presented in Figure 2. 45. Besides the signals belonging to β-Sn, no other peaks are present in the diffractogram. It appears that the layer of GO does indeed have a protective effect, since it has been shown that pure tin nanoparticles readily oxidize in air 78 .
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The unpurified H 2 N-EMI + Br -ionic liquid has a more complex decomposition profile, with more steps present (Fig. 2

.62).

A first weight loss starts at 50°C and continues up to approximately 198°C, where it overlaps with another process. The decomposition rate seems to fluctuate, exhibiting several local maxima between 130°C and 153°C. The weight loss at the point of overlapping is approximately 25.2 wt%. Given the low onset temperature and the amount of weight loss, this process was attributed to water trapped in the mixture. The fluctuations of its rate could be due to water molecules bound to different species in the mixture departing at different times.

The second process continues up to 232°C, exhibiting two maxima at 211°C and 224°C approximately. The accompanying weight loss is 2.8 wt%, though that estimate could be off because of the overlapping with the previous step. Based on the weight loss and when it occurs, it could be attributed to the amino group, while the two maxima in the derivative of the curve could point to the coexistence of the protonated and deprotonated forms of the group.

Chapter 3: Assembly of composite materials grafted with IL (and a suspension of GO) at 45°C in a drying oven, were tightly packed in zirconia rotors. The salts used for comparison in 7 Li measurements were finely ground in an agate mortar before being loaded into the rotors.

Thermal analyses

In order to obtain further indications that the covalent functionalization of GO with the amino-functionalized ionic liquid was successful, the thermal decomposition of the functionalized material was examined through TGA and DSC. Because of the complexity of the system, it was compared with the physical mixture, the base-treated GO sample and pristine GO. Additionally, three batches of functionalized material, prepared under different synthetic conditions, were compared with each other. Moreover, thermal analyses were also crucial in verifying that the functionalized material would be stable during the thermal reduction treatment.

Thermogravimetric analyses

BT-GO sample vs. GO

First was analyzed the base-treated GO sample, to examine the effect of basic hydrolysis on GO. In Figure 3.8, its thermal decomposition profile is contrasted to that of pristine GO.

The decomposition profiles of both materials are rather similar up to 151°C, at which point GO exhibited a thermal event that overlapped with the previous one, which had started at 129°C. No such segment exists in the thermogravigram of BT-GO, with the step that begins at 129°C seemingly reaching a point of completion around 196°C where the rate of weight loss changes. This allowed the attribution of the first event (129°C -196°C) to the decomposition of hydroxyl groups and the second event (151°C -213°C), observed only for GO, to the decomposition of epoxide groups. Between approximately 387°C and 588°C, the decomposition of both materials proceeds at the exact same rate.

From 588°C onward, the decomposition of BT-GO accelerates and its total weight loss approaches that of GO. It could be posited that some of the reactive species that form as the epoxide groups are pyrolyzed, are responsible for the degradation of other moieties, that by themselves would decompose at higher temperatures.

At the end of the measurement, the weight loss of BT-GO is slightly smaller, with the weight difference between the two materials being 1.8 wt%. Taking into account the adsorbed water content, it can be estimated that the treatment of GO with base under reflux induced a weight loss of approximately 3 wt%. 

IL-GO and PM samples

Thermogravigrams of the ionic-liquid-functionalized GO (IL-GO) and the physical mixture of the ionic liquid with GO (PM), contrasted with the base-treated GO are presented in Figure 3.9.

Up to 227°C, the general shape of all three thermogravigrams appears similar, with the evolution of IL-GO and PM being identical until ~110°C. However, there is a notable difference in the segment between 129°C and 227°C, which corresponds to the decomposition of the hydroxyl groups. The weight loss of the functionalized material is 8.4 wt%, whereas those of the physical mixture and the base-treated GO are 15.2 wt% and 17.13 wt% respectively. This is a direct indication that half the hydroxyl groups that formed during the hydrolysis of the BT-GO sample, are not found in the IL-GO sample, while almost all of them are measured in the physical mixture. This would be the expected result if during the epoxide ring-opening reaction a nucleophile other than the hydroxyl anion was added to one of the epoxide carbon atoms.

In conclusion, a first, perhaps encouraging, indication that the functionalization was completed successfully, is the different decomposition profile exhibited by IL-GO and PM.

Compared to the base-treated GO, both the functionalized sample and the physical mixture start showing an accelerated weight loss at around 230°C and the derivatives of the TG curves show two consecutive events, with their maxima at approximately 315°C and 415°C, reaching completion at 478°C. The weight loss of the IL-GO sample for that segment is 15.37 wt%, whereas that of the PM is 10.61 wt%. The decomposition rate of the functionalized sample remains steady from there on until the end of the measurement. The physical mixture exhibits another event, from 478°C to 565°C, before its rate stabilizes, that could not be identified, corresponding to a weight loss of 2.76 wt%.

In comparison with the base-treated GO, if it is assumed that all of the aminofunctionalized ionic liquid (grafted or adsorbed) is broken down to gaseous products in the segment from 230°C to 478°C, then the loading in IL of the functionalized material would be 7.7 wt%. Similarly, the adsorbed IL in the physical mixture would be 3.0 wt% of its mass.

Comparing the weight loss of the two materials with that of pristine GO in that same segment, the results are almost the same, with 7.9 wt% loading for IL-GO and 3.2 wt% for PM.

Because both the matrix (GO) and the graft (IL) are organic and their thermal evolution is constant, it is difficult to precisely determine the ratio of the one to the other. Moreover, the decomposition products of the ionic liquid, be it grafted or adsorbed, have an effect on the course of the pyrolysis, they do not just depart the system "cleanly". Otherwise, the weight evolution of the physical mixture for example, would follow the same trend as that of basetreated graphene oxide after the decomposition of the ionic liquid. This is clearly not the case. The weight losses of the two materials differ by 2.5 wt% in the segment corresponding to the decomposition of the hydroxyl groups, but at the end of the measurement, their difference is 6.7 wt%. Their difference cannot be correlated to the IL content of the mixture.

Chapter 3: Assembly of composite materials

The pure H 2 N-EMI + TFSI -ionic liquid exhibited two decomposition events (Chapter 2.3.5).

The first one, which was attributed to the decomposition of the amino group and which was accompanied by a weight loss of 5.5 wt%, took place between 132°C and 238°C. This was not observed in either the functionalized material nor the physical mixture. One hypothesis was that the event was masked by the decomposition of the hydroxyl groups. However, as the weight loss rate in that segment does not indicate the presence of a separate event, another hypothesis was that the GO matrix had a stabilizing effect on the amino group, either through the covalent bond, or via electrostatic interactions with the polar groups of GO. The second, complex decomposition event in the thermogravigram of the pure H 2 N-EMI + TFSI - IL, with a weight loss of 81.5 wt%, had an onset temperature of 275°C, reaching completion around 490°C. This is more or less in line with the observations made with both the physical mixture and the functionalized material, with the onset temperature appearing earlier, at 230°C. Evidently, the ionic liquid species adsorbed or grafted on GO did not exhibit the same stabilizing interactions as in the mass of pure IL.

IL-GO1, IL-GO2 and IL-GO3

Finally, three different batches of functionalized material were compared. The functionalized sample already presented, IL-GO1, is compared in Figure 3.10 to IL-GO synthesized in a more concentrated, viscous suspension, IL-GO2 and to IL-GO3, an IL-GO synthesized using equimolar quantities of IL and GO and not an excess of IL as in IL-GO1. All the other parameters of the three syntheses were the same.

Besides the more pronounced initial weight loss of sample IL-GO3, due to adsorbed humidity, the three thermogravigrams present almost exactly the same profile. Their comparison was made while trying to correlate the amount of decomposing hydroxyl groups to the amount of grafted ionic liquid. Unfortunately, that was not as straightforward as it was thought at first. The weight losses during decomposition of hydroxyl groups were 8.4 wt%, 11.6 wt% and 5.9 wt% for IL-GO1, IL-GO2 and IL-GO3 respectively. In the segment attributed Chapter 3: Assembly of composite materials to the decomposition of the ionic liquid, the respective weight losses were, 15.4 wt%, 13.4 wt % and 15.2 wt%. While a higher hydroxyl group content was accompanied by a lower ionic liquid loading, there does not appear to be a linear correlation of the two. Furthermore, all three samples converge to the same weight towards the end of the measurement, with 61.9 wt%, 61.4 wt% and 61.5 wt% measured for IL-GO1, IL-GO2 and IL-GO3 respectively.

Differential scanning calorimetry

The ionic-liquid-functionalized material and the physical mixture of IL and GO were also examined via DSC. Their respective thermograms, as well as those of pristine graphene oxide and base-treated graphene oxide are presented in Figure 3.11. The measurements were conducted on pieces of film of each material.

All the DSC curves begin with a small endothermic process, the evaporation of adsorbed water. The main thermal event in all of the thermograms is the exothermic decomposition of the hydroxyl groups and in the case of pristine graphene oxide, that of epoxide groups as well, confirming what had been deduced for the two processes from TG analyses.

Graphene oxide and base-treated graphene oxide exhibit very similar behaviors, except for the decomposition of epoxide groups in the first and an increased heat release during the decomposition of hydroxyl groups in the second. The general aspect of the curves suggests that in terms of thermal conductivity and heat capacity, the two materials are very close. A rather important difference is that after the decomposition of hydroxyl and epoxide groups, GO continues to slowly release heat, whereas BT-GO (and the other samples) proceed to absorb heat for the rest of the measurement.

The functionalized material shows a profile that resembles that of BT-GO. The initial

Adding the final component

After the functionalization of graphene oxide with the ionic liquid, what remained in the preparation of the ternary composite material was the addition of the tin nanoparticles.

From the different protocols studied to prepare Sn-GO co-milled nanoparticle samples (Chapter 2, section 2.2.4), one was ultimately selected, based on TEM observations and SAXS measurements. This was the sample prepared by co-milling 2700 mg of tin with 300 mg of GO for 22 h with the 10 mm balls at 400 rpm, followed by 2 h of fine grinding with the 2 mm balls at 600 rpm (sample SnGO08). The average crystallite size in the sample was 25 nm, with the largest nanoparticles reaching 200 nm. The nanoparticles would be mixed with the aqueous suspensions of GO, which would be freeze-cast and then thermally annealed, to produce the final form of the material.

Synthesis of the ternary composite material

Initially, two series of samples were prepared using suspensions of the ionic-liquidfunctionalized GO in water at concentrations of 8 mg/mL and 16 mg/mL. To these, Sn-GO comilled nanoparticles were added in such quantities as to obtain aerogels with final mass loadings in tin of approximately 40 wt%, 60 wt% and 80 wt%. The amount of nanoparticles to be added to each sample was calculated taking into account the Sn and GO content in the ground mixture. Furthermore, control samples were prepared using aqueous suspensions of GO at the same concentrations, 8 and 16 mg/mL and the same amounts of Sn-GO nanoparticles, again producing aerogels with loadings in tin of 40 wt%, 60 wt% and 80 wt%.

The series of samples based on aqueous suspensions with a concentration of GO or ILfunctionalized GO of 8 mg/mL collapsed during lyophilization and were discarded. The remaining samples made from the suspensions of IL-GO and GO with concentrations of 16

Chapter 3: Assembly of composite materials inspection of the thermally reduced disks revealed the formation of very few sub-millimeter particles on their outer surface after annealing. However, after observing sections of the monoliths, no such particles were discernible in their internal structure. It appeared that the segmentation of the nanoparticles in the composite had prevented the aggregation of melting tin. In order to verify if that were true at scales not visible to the naked eye, samples of the annealed disks were examined via SEM. Furthermore, to confirm that the crystallinity of the metal nanoparticles in the samples had been retained, the diffraction patterns of thin slices of material were recorded before and after annealing.

Macroscopic morphology

Some representative SEM images of the samples are shown in Figure 3.16. The micrographs reveal the disordered, cellular structure of the aerogels that was expected. The the development of the SnO phase would be that as the graphene oxide matrix is reduced, the reactive oxygen-bearing species that form, oxidize the nanoparticles.

Chapter 3: Assembly of composite materials present. Suboptimal operating conditions, e.g. fast charging or use outside the specified temperature range of a battery, will also lead to a lowered CE. Also, parasitic reactions will consume some of the electrons provided during charging. More importantly, for Li-ion batteries, the SEI formation during the first cycle (or cycles), will obviously cause a decrease in CE for that cycle.

Battery assembly

The half-cells used for the measurements were assembled into batteries using the CR2032 coin cell format. According to the IEC 60086-3:2021 standard for "watch batteries", the CR2032 casing has a 20 mm diameter and a height of 3.2 mm, both reflected in the naming. synthesized graphene oxide, it was decided to add an amino group, which could react with the relatively abundant epoxide groups of graphene oxide. In hindsight, the interpretation of the XPS spectrum overestimated the quantity of the epoxides, yet the amount introduced had an appreciable effect on the cohesion of the final composite and the C-N bond that formed could withstand the thermal treatment protocol, as evidenced by thermal analysis.

The synthesis of the amino-functionalized ionic liquid turned out not to be exactly as described in several publications. Ultimately, a new three-step protocol had to be devised, starting with the nucleophilic substitution of 1,2-dibromoethane by 1-methylimidazole to produce 1-(2-bromoethyl)-3-methylimidazolium bromide. The bromide of the ethyl chain was then substituted with an azide, which upon reduction yielded an amine. A metathesis reaction with LiTFSI salt produced the desired amino-functionalized ionic liquid. This synthetic protocol was accompanied by all the purification challenges that are typically encountered with imidazolium-based ionic liquids with short side chains, which were exacerbated by the addition of polar functional groups. While adhering to the protocol and purifying the intermediates was necessary to characterize them, it was possible to use the unpurified ionic liquid after the reduction of the azide for the functionalization of graphene oxide, thus minimizing losses.

The functionalization of graphene oxide with the modified ionic liquid was perhaps the most straightforward part of this work. However, the characterization of the material and the verification of grafting was much more involved, as is often the case for graphene oxide composites. 19 F and 13 C NMR spectroscopy showed respectively the presence of the TFSI - anion in the final material and that the functional groups on the surface of graphene oxide had changed, in accordance with what was expected for the functionalization through the epoxide ring-opening reaction. Ultimately, the strongest -but always indirect -evidence came from comparative thermal analyses of the functionalized material and a physical mixture of the ionic liquid and graphene oxide, as well as elemental mapping of the same via EDX.

Chapter 4: Conclusions and perspectives

Perspectives

A lot of open questions remain at the conclusion of this study. The first and most pressing one being if the functionalization of the matrix with the EMI + TFSI -ionic liquid does indeed hamper the functioning of the material as an electrode and if yes, by what mechanism. To keep things simple, cyclic voltammetry with functionalized rGO as an electrode might be able to provide some fast answers. If the results of the first tests are indeed reproducible, and the mechanism is identified, the next logical question would be if that effect could be somehow alleviated.

It was mistakenly assumed that the protection afforded against oxidation to the nanoparticles by the coating of rGO would also protect them from oxidation in aqueous suspensions. Quantifying the amount of SnO that forms during that step and during thermal annealing, at least on average, should be fairly easy to accomplish, e.g. via TG analyses under inert atmosphere and air.

The evolution of the capacity of the control sample during cycling is indicative of the material undergoing electrochemically induced changes. Considering the commonalities of the IL-rGO-Sn and the rGO-Sn systems, an explanation of the observed behavior is worth pursuing.

If the issue with the functionalized matrix can be resolved, the protocols established for the treatments with hydrazine and hydrogen peroxide at different stages of the preparation of the material could be applied. The treatment with hydrazine vapors was found to enhance the mechanical stability of the matrix, while decreasing the pore size. After thermal reduction, the integration of nitrogen atoms in the lattice could prove advantageous to the functioning of the anode, as it can facilitate electron transfer. Carving mesopores to the structure via the treatment with H 2 O 2 might make more material readily available to the incoming lithium ions and also lead to increased C-rates, by multiplying the paths available to the ions.

The tin nanoparticles wrapped in graphene oxide or graphite could be used in other applications, for instance conductive inks. It would be interesting to optimize further their production, by performing the fine grinding with smaller media, e.g. grinding balls with a diameter of 0.5 or 0.2 mm. Preparing oxygen-free nanoparticles, perhaps by degassing graphite under elevated temperature, would also be worthwhile.

The degree of compression of the ternary composite material that would achieve the best compromise between gravimetric capacity and volumetric capacity was meant to be investigated once the material had been prepared, but there was no time. Also, as the material gets compressed, the contact surfaces between graphene sheets increase, which should have an appreciable effect on electrical conductivity.

Touching once more on the subject of porosity, a scheme that could be employed to create hierarchical porosity in the aerogels would be the use of binary solvent mixtures. In short, the addition of a second solvent that interacts with water can influence the organization and growth of ice crystals during freeze-casting. This was briefly investigated, but was not attempted, out of concern for the lyophilizer, which was not suitable for working with solvents other than water.

Appendix A: Principle of X-ray photoelectron spectroscopy

The basis of XPS is the photoelectric effect. When electromagnetic radiation of sufficiently high energy hits a material, electrons are emitted. It stands to reason that the binding energy of the electrons in the orbital from which they were ejected will be equal to the energy imparted by the incoming photons minus the kinetic energy of photoelectrons (electrons emitted in this manner):

As the name implies, the electromagnetic radiation employed in XPS is X-Rays and their energy can be high enough to tear off core electrons from the atoms in a sample. Collecting these photoelectrons and measuring their energy and number can produce useful information about the composition of a material, such as the relative atomic abundance and the types of chemical bonds. In practical applications such as XPS and related photoemission spectroscopies, the above equation will contain an extra term, a work function φ related to energy losses in the instrument as the photoelectrons are driven to an appropriate detection system. This term is constant for a given instrument configuration and does not vary in a set of consecutive measurements, but it must be accounted for in all calculations, so as to obtain meaningful results from the spectral analyses. Consequently, the previous equation is modified to this:

Instrumentation

The basic components of an XP spectrometer are the X-Ray source, the chamber in which the sample is placed and which is kept at high or ultra-high vacuum during the measurement, an electromagnetic lensing system that gathers, focuses and guides the emitted photoelectrons and the analyzer. These are presented in Figure 1. An XPS system at Appendices the Institute of Chemical Engineering Sciences in Patras, Greece is shown in Figure 2.

The X-Ray source consists of a metallic or sometimes bimetallic anode, usually made of Cu, Al, Mg, Ag or less frequently Zr, Y, Ti or other metals. In all recent hardware, the radiation is monochromated.

The most employed analyzer is the hemispherical type, which is made of two concentric, hemispherical metal plates. A voltage is applied between them, creating an electric field which forces incoming photoelectrons to follow a circular trajectory. As a result, photoelectrons with higher kinetic energies will land further than those with lower energies.

At the antipodal zone to the entryway, there is a series of detectors, which record the number of photoelectrons.
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Measurement

The sample to be analyzed, which is usually solid, as the measurement takes place in high vacuum, is inserted in the main chamber of the instrument. The angle of the incoming Xrays can be selected so as to achieve the desired probing depth; beams nearly parallel to the sample surface (at a grazing angle) will expel electrons only from the outermost layer of the sample, whereas beams almost perpendicular to its surface will result in the extraction of electrons from as deep as the radiation wavelength and the composition of the sample (which dictates the mean free path length) permit. In practice, the different combinations of incidence angles and material compositions result in probing depths of a few to a few hundred nanometers. Measuring the same sample at different angles can be useful for 270 Photo-emitted electrons may take part in inelastic collisions, they might recombine with electron-deficient areas of the material or otherwise get trapped or deflected. The probability of such events increases with the depth, so the signal from analytes in the lower strata will be attenuated with respect to that from layers closer to the surface. This has to be taken into account when performing an analysis, but at the same time it can be used to estimate the depth at which different species are located within a layered sample.

The photoelectrons that escape from the bombarded material are gathered and focused by an electromagnetic lensing system, which guides them towards the analyzer. There, they are separated based on their kinetic energies and their number is counted depending on which of the concentric series of detectors they land on.

The samples are first scanned at a high pass energy (survey scan), in order to locate and identify the different signals emitted from all the analytes that are present. A subsequent scan at low pass energy (high-resolution scan) is conducted to get a more precise image of each signal and to allow quantification.

Within the structure of the materials, the atomic ratios can be calculated by dividing the peak area of each core-level signal by the corresponding relative sensitivity factor (RSF), after making the appropriate corrections related to the nature of the sample, the instrumentation and operating conditions. Complex signals are deconvoluted into separate components, which in turn yield the ratios of atoms of the same element that take part in different bonds, as the position (chemical shift) of each constituent signal depends on the degree of electron bond polarization between nearest-neighbor atoms 1 .

Appendix B: Synthesis of Sn nanoparticles in EMI⁺TFSI⁻

Anhydrous tin(II) chloride (purity ≥ 99.99%) and sodium borohydride (purity 99%) were purchased from Sigma-Aldrich, 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl) imide (purity 99.9%) was purchased from Solvionic. A typical synthesis was carried out as follows:

Everything was prepared in a glovebox with Ar gas atmosphere, with O 2 and H 2 O levels kept below or up to 1 part per million. 7.6 mg of SnCl 2 (~0.04 mmol) was introduced in a 10 mL vial and dispersed via stirring in 1 mL of EMI + TFSI -. In another vial, 15.2 mg of NaBH 4 (~0.4 mmol) was dispersed in 1 mL of EMI + TFSI -. The two solutions were left stirring on a magnetic stirrer overnight.

The following day, the solution of SnCl 2 was siphoned to that of NaBH 4 , under constant stirring. Within seconds, the resulting solution turned brown and during the first minute, one could observe the formation of black "clouds" in the suspension.

After six hours, the mixture was siphoned into two 1.5 mL eppendorf tubes, which were sealed and removed from the glovebox. The two tubes were centrifuged for 10 minutes at 10000 rpm and then a series of washing steps was performed under N 2 flow, in order to prevent the oxidation of the nanoparticles:

• After discarding the supernatant, the solid in each tube was redispersed in 1 mL of acetonitrile using a vortex mixer (1 min), in order to wash off the remaining ionic liquid. The tubes were centrifuged at 6000 rpm for 5 minutes, after which the supernatant was again discarded. This was repeated a total of seven times. Three more washes were performed in acetone (1 mL in each tube).

• Next, in order to remove the inorganic salts (NaCl and NaBH 4 ) that remained with the nanoparticles, the solid in each tube was redispersed in 0.5 mL of ultra-pure water
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with the help of a vortex mixer and then isolated by centrifugation at 10000 rpm for 5 minutes.

• Finally, the solid in each tube was redispersed in 1 mL of acetone with the aid of a vortex mixer and recovered by centrifugation at 6000 rpm for 5 minutes. This was repeated twice, so as to remove any traces of water from the previous washing step.

The solid was then dried by flowing N 2 gas through the residue.

The recovered nanoparticles were returned to the glovebox and stored there. At the end of the synthesis, we would usually obtain 2.1-2.5 mg of Sn nanoparticles, so the yield of the synthesis was up to 52%.

Appendix C: On size reduction

The observation that size reduction leads to surface area increase, which is often the intended purpose, can be viewed as the starting point of the basic laws that govern size reduction processes. The thermodynamic work (dW) required to create new surface area (dA) is equal to the decrease of the Gibbs free energy (dG): dW = -dG or ΔW = -ΔG (Equation 3)

If σ is the surface energy, or, equivalently, the work required per unit of surface area increase (J/m 2 ), then: dG = σdA or ΔG = σΔA (Equation 4)

Since σ is a constant and ΔA > 0, then ΔG > 0, which means that the phenomenon of surface area increase is not spontaneous, something also confirmed by experience. As a result, it requires a work expenditure of ΔW = -ΔG.

Even if the energy losses in the mechanisms of each size-reduction apparatus are not taken into account, the calculations of energy requirements remain incredibly complex. A lot of the energy provided to the material is absorbed by elastic deformations or wasted as heat by the friction between particles or between the particles and the machine. Besides, a volume deformation always precedes fracturing. Leaving friction losses aside, the total useful work required for size reduction should be equal to the sum of the deformation work 5)

and the work required to form new surface area:

W S = σΔA (Equation 6)

which results in the Rebinder equation: 7)

where k is a constant, equal to the deformation work per unit of material volume V.

During the fracturing of large pieces more energy is spent in elastic deformation than size reduction, so kΔV σΔA. In that case, the term σΔA can be omitted and the Rebinder ≫ equation transforms into equation 5, which is essentially Kick's hypothesis. Kick's Law (1885) -a semi-empirical model -states that the work required to reduce the size of a given quantity of material is constant for the same reduction ratio and is usually presented in the form:

x 2 )

(Equation 8)

where: N is the axial power of the machine in Watts, M is the feed rate in kg/s, K K is the Kick constant for a given machine/product system in J/kg and x 1 , x 2 are the average particle sizes before and after fracturing.

Conversely, during fine grinding, where the ratio of reduction is great, the term kΔV is much smaller than σΔA, so it can be omitted from the Rebinder equation, which then becomes equation 6. This is the hypothesis behind Rittinger's Law (1867), which states that the work consumed for size reduction is proportional to the new surface created and is usually stated as:

) (Equation 9)

The Rittinger constant K R (J•m/kg) for a given system can be calculated from the formula: 10)

with α SV the shape factor (dimensionless), E c , E m the efficiency ratio of crushing (size reduction) and the efficiency ratio of the machine respectively (both dimensionless) and ρ s the density of the material.

The applicability of Kick's and Rittinger's Laws is scale-dependent. Kick's equation can meaningfully approximate real-world results with particle sizes above ~10 cm, whereas the same holds true for Rittinger's equation when it is applied to systems below ~1 mm. For systems in between these two edge cases, both the deformation and the created surface in the Rebinder equation have to be taken into consideration. Bond (1952) proposed that the work required to form particles of size x 2 from a large feed is proportional to the square root of the surface-to-volume ratio of the product, from which it follows that the work is proportional to the square root of the particle diameter:

) (Equation 11)

Bond's constant, K B , is tied to the work index, W i , through the equation K B = 10W i . The work index itself is defined as the gross energy required in kilowatt-hours per ton (also called "short ton" = 2000 lb = 907.18474 kg) of feed needed to reduce a very large feed for exponent n values of n = -1, n = -2 and n = -3/2 respectively. Accordingly, for each case, Appendices constant C will be equal to K K , K R and 5W i . Near the limits of applicability of each law, there is some overlap and for a given equipment-material-combination in that range, one may produce more realistic results than the other.

There is an important caveat regarding all of the above equations that contain average particle sizes: how exactly these are defined. The processes employed for size reduction usually produce irregularly-shaped particles and as it has already been mentioned, the smallest particles in a sample may differ from the largest ones by up to four orders of magnitude. There exist a number of definitions of the average size in use: these could be the volume-surface mean diameter, the arithmetic mean diameter, the mass mean diameter, the volume mean diameter and others. The particle sizes in different mass or volume fractions of a sample, their number, their shape, etc. may be taken into account in these definitions, but presenting them here is beyond the scope of this text; they can be found in most Chemical

Engineering and Unit Operations textbooks and manuals. For systems consisting of uniform particles these average diameters would all be identical, but in any other case, they may differ widely. It is therefore crucial to take note which of these is being used each time, e.g.

when trying to reproduce the results of a documented process.

Finally, the Kick, Rittinger and Bond equations work when a single-component, hard and brittle solid is being comminuted. If the solids are elastic, fibrous or if they are composed of more than one components, they can not be expected to yield meaningful results. This makes it nearly impossible to estimate beforehand the energy requirements and by extension, the processing time required for a desired size-reduction ratio of such samples, that have not been processed before. A study needs to be conducted under a set of operating conditions and consequently, corrective terms should be introduced to the equations.

The actual measurement of the size of the particles before and after size reduction depends on the scale. For macroscopic samples, this is accomplished by sifting the particles through stacks of consecutive screens. These are standardized sieves made of woven wire, with progressively smaller square openings of known dimensions. Dry screening is usually Appendices employed for samples with particle sizes down to a few tens of micrometers. Wet screening, i.e. passing the samples through the sieves after they have been dispersed in a liquid, can be of help for smaller particles, typically around 10 μm. However, as the particle size decreases screening is no longer possible, as the electrostatic forces start competing with gravity and in the case of dispersions, the surface tension and capillary forces become important. For these reasons, the analysis of samples consisting of finer particles is performed with the help of other techniques, such as light-scattering or electron microscopy or SAXS. 3,4 Appendix D: Basics of small-angle X-Ray scattering Monochromated radiation with a wave vector k i and intensity I is shone onto a sample and the intensity of scattered radiation is recorded as a function of the scattering angle.

Since elastic scattering by definition does not involve any transfer of energy, the magnitudes of the wave vector k s of the scattered radiation and that of the incident radiation, k i , will be equal (|k s | = |k i |). The intensity of scattered radiation I(q) will be a function of the wave vector transfer (also called scattering vector), q = |k i -k s | (Fig. 3).

The magnitude of the scattering vector is defined as: where λ is the wavelength of the incident beam and 2θ, the scattering angle.

The intensity of the scattered radiation I(q) for a given system (mixture, suspension, etc.)

of particles depends on a number of factors, included in the following equation: I(q)=Δ ρ 2 Φ V V p P(q )S (q) (Equation 14)

where: Δρ 2 is the contrast, Φ V is the volume fraction of the particles in the system and V p is the volume of a single particle. P(q) is the shape factor of the particles and is dependent on their geometry (spherical, cubic, needle-like, etc.). S(q), the static structure factor (or Appendices structure factor for short) relates the observed diffracted intensity per atom to that produced by a single scattering unit. It can provide useful information about the organization of matter in a sample, such as the arrangement and orientation of scattering particles. 5,6 Appendix E: Nitrous acid test

To verify the presence of the amine group on the ionic liquid after reduction of the azide, we conducted a nitrous acid test. Primary amines react with nitrous acid to produce unstable diazonium salts, which at room temperature decompose to nitrogen gas.

Two drops of the purified IL were placed in a test tube. To that, 2 mL of HCl 2M was added and the tube was placed in an ice bath. When the mixture had sufficiently chilled, 5 drops of sodium nitrite (NaNO 2 ) aqueous solution 20 wt% were added, in order to generate nitrous acid in situ. Soon afterwards, bubbles started to form around the globules of the ionic liquid (Figure 4). The fact that the IL is insoluble in water facilitated the detection of the bubbles, as they formed only on the interface between the two liquids and their evolution lasted a considerable amount of time.

Appendix F: Thermogravimetric analyses of LiBr hydrates

The thermal decomposition profiles of lithium bromide monohydrate dried at high temperature and further hydrated lithium bromide monohydrate are presented in Fig. Based on the weight loss, Sample 1 could be identified as the hemihydrate (7.58 wt%) and Sample 2 as the dihydrate (31.71 wt%). However according to the literature [7][8][9] , it is very likely that different hydrates coexist in the sample and there does not seem to be an agreement on whether the hemihydrate form actually exists. Based on the phase diagram (Fig. 6) compiled