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One-Step Synthesis of Highly Reduced Graphene Hydrogels for High Power Supercapacitor Applications

Graphene hydrogels with high electrical conductivity were prepared by a one-step process using hydrazine hydrate as gel assembly agent (GH-HD). Conventional two-step process of gel formation and further reduction to prepare highly conducting gels was replaced by a single step involving equivalent amount of hydrazine. Optimized graphene oxide concentration was established to facilitate such monolith formation. Extensive characterization and control
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General Introduction

Climate change and dwindling fossil fuels are among the major challenges that our societies are currently facing. 1 The increasing demand for energy from growing populations and higher standards of living is resulting in rapid consumption of the limited fossil fuels. Additionally, the burning of fossil fuels for energy production also produces large amounts of toxic SOx, NOx gases along with other greenhouse gasses such as CO2 and CH4. 2 Although energy security is at the core of the issue, the impact of the energy policies extends into far reaching realms of environment, health, jobs, and economic costs. As a result, scientists, businesses and policy makers are working extensively towards developing clean and sustainable solutions for energy production from inexhaustible sources such as solar, wind, tidal, geothermal, etc. However, the intermittent nature of these sources requires efficient energy storage systems.

Energy is typically stored in the form of chemical, mechanical or thermal energy, but conversion of such energy into electricity incurs further losses. In this context, electrochemical devices offer great potential with their ability to store and deliver electrical energy with minimum losses to conversion. 3 Rechargeable batteries and electrochemical double layer capacitors are two main electrochemical devices that offer safe on-board energy storage.

Batteries store electric charge in faradaic chemical reactions and offer high energy densities in the range of 50 -200 Wh/kg. 1 In fact, these high energy densities of batteries have facilitated the exponential growth of portable electronics from the early 1990s to the present day. However, the kinetics of the faradaic reactions in batteries limit faster delivery/uptake of the energy and result in lower power densities (rate of energy consumption) of ~ 1 kW/Kg. The next generation of portable electronics and development of electric vehicles require devices that could offer both high energy and power densities.

Electrochemical double layer capacitors, also known as supercapacitors (SCs), store energy through non-faradaic electrolytic ion sorption on charged electrode surfaces. 4 This nonfaradaic nature of the storage enables high power performance (15 kW/kg) and cycle life (>10 6 cycles), but suffers from low energy density (6 Wh/kg) as compared to batteries. 1 Hence, there is a huge interest in increasing the energy densities of supercapacitors. Higher energy densities could be achieved by using electrode materials that offer high electrochemical active surface 3 area and electrolytes with large voltage windows. 5 Porous carbons, such as activated carbons (ACs), are traditionally used as electrode materials due to their high surface areas and low costs.

Recently, various graphene derivatives (reduced graphene oxide (RGO), graphene hydrogels, etc.) have been proposed as potential electrode materials in SCs owing to their high electrical conductivities, large surface areas and mechanical flexibilities. 6 RGO, which is readily prepared from graphene oxide (GO), is extensively studied as a model graphene-like material. RGO displays good power capability but suffers from low capacitances as the reduced graphene sheets partially restack through π-π interactions. 7 Various three-dimensional (3D) architectures based on graphene (aerogels, films and fibers) are being evaluated to mitigate such restacking with a focus on tuning the material porosity. 8 Much of this current research in graphene derivatives is devoted to improving the porosity characteristics for higher surface areas, similar to the research on ACs. Surprisingly, little attention has been devoted to exploring the unique layered structures of graphene derivatives in SCs.

This thesis aims at achieving enhanced energy and power densities in supercapacitors using chemically functionalized graphene derivatives as electrodes. The specific idea is to explore the possibility of storing charges in between the layers of a graphene derivative. The naturally occurring graphitic stacking in graphene-derivatives has an inter-layer separation of 0.33 nm, which could be narrow for some ions in SCs. Hence, expanded layered structures of graphene derivatives were synthesized using alkyl diamines as spacers (pillars) and graphene oxide (GO) as a precursor. We speculated that such expanded layered structures could offer possible ion sorption sites through ion desolvation and confinement effects as earlier seen in ACs. We believed that this approach could be complementary to the 3D graphene architectures towards high energy densities in SCs, so we studied pillared 3D graphene assemblies.

The results obtained during the thesis are written in this document in the form scientific articles. The four articles based on this work are presented as four chapters (2 nd -5 th ) with an additional detailed account of the specific objectives and conclusions obtained. Each article is presented in the format of the respective scientific journal with abstract, introduction, results, etc. Nevertheless, the supplementary information of each article is embedded into the chapter in the proper sections for ease of reading.
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In the first chapter of this thesis, bibliographical background covering the following aspects is presented: basic principles of SCs, concepts for improved charge storage through design of cell elements, state-of-the-art electrode materials and electrolytes used in current SCs and their merits and demerits. Particular attention has been devoted to graphene-based material as this thesis work is mainly based on such materials. Charge storage mechanisms through desolvation and confinement in porous carbons are also presented from a fundamental point of view. Specific objectives of this thesis and the material design strategies adopted are discussed at the end.

The second chapter presents our initial approach towards synthesizing 3D graphene monoliths with varied inter-layer separation using short alkyl diamines (hydrazine (C=0), 1,2diaminoethane (C=2), 1,4-diaminobutane (C=4)) as gel formation agents. Various characterization methods were used to analyze the physicochemical properties of the synthesized monoliths. Among the different monoliths produced, a highly conductive graphene hydrogel was obtained in a single-step reaction using hydrazine hydrate as the gelation agent. The synthesized material, when used as an electrode in 6 M KOH electrolyte, delivered excellent power capability (190 at 0.5 A/g and 123 F/g at 100 A/g) in SCs owing to its high electrical conductivity of 1140 S/m. This initial study using different diamines gave further insights and perspectives into the gel formation ability and reducing nature of various diamines.

The shorter diamines (C=2, 4) used in the previous chapter showed little or no changes in the layered structures of graphene compared to a directly reduced graphene oxide (using hydrazine hydrate). In the third chapter various pillared graphene materials were synthesized using longer diamines (C=5, 6, 8). The syntheses and associated characterization studies of the pillared materials are described in detail. X-ray diffraction patterns confirmed formation of expanded layered graphene structure that have varied inter-layer separation depending on alkyl chain length. A comprehensive study of ion sieving in SCs using various electrolyte ion sizes in an organic electrolyte has shown that ions could access the inter-layer galleries when the naked ion sizes are smaller than the inter-layer gallery height (defined by d-spacing).

Electrochemical impedance spectroscopic (EIS) analyses of the pillared materials under positive and negative electrode polarization are presented in the fourth chapter. Extremely impeded ion transport dynamics were observed in the pillared graphene materials as the large number of pillars in between the layers sterically hinders the ion transport. This study gave important perspectives towards synthesis of pillared materials with favorable ion transport dynamics. Banking on the conclusions from the fourth chapter, fifth chapter presents pillared graphene materials with optimized number of pillars. The optimized materials have accessible surface areas and enhanced ion transport characteristics which resulted in both improved energy and power densities. A systematic lowering of the diamine pillars number of equivalents has improved ion access and transport to the adsorption sites. A 3D assembly (monolith) was also synthesized with low number of diamine pillars along with additional macro porosity. A simple drying procedure of this monolith allowed synthesis of the above material with high density (1.1 g/cm 3 ) which enabled high volumetric capacitances ~200 F/cm 3 .

The results obtained in all the chapters and the overall thesis work are summarized in the sixth chapter. The perspectives gained from this thesis work for the field of energy storage and beyond are also discussed. The seventh chapter describes the materials and methods used for all syntheses and characterizations in this thesis. Extensive details about the SCs electrode fabrication and analysis in two, three-electrode SC devices are also presented. Finally, the electrochemical techniques used in this thesis are described in an annex.

CHAPTER I:

Bibliography Chapter I. Bibliography 1. Supercapacitors

Interest in Supercapacitors

Climate change and depletion of fossil fuels are among the pressing challenges that require urgent and sustainable solutions. Release of greenhouse gasses such as CO2 and CH4 from using fossil fuels for electricity production and vehicular applications threaten to increase the global temperatures, rise the sea levels and cause extreme weather patterns. 1,2 Additionally, burning of fossil fuels also produces large amounts of toxic SOx and NOx gases leading to significant air pollution. Hence, scientists and policy makers are working extensively towards developing clean and sustainable energy solutions. Much effort has been put into studying renewable energy sources such as wind or solar to produce electricity for various applications.

However, the intermittent nature of these resources requires intermediate energy storage systems that could store energy when available and deliver when required. Electrochemical energy storage systems offer great potential with their ability to store and deliver electrical energy with minimum losses to conversion. 3,4 Figure I-1 Specific power versus specific energy plot, known as Ragone plot, for various electrochemical energy storage devices. Times shown are the time constants obtained by dividing the energy density by power density. 2 11 Ragone plot, a plot of specific energy densities vs specific power densities, is commonly used to evaluate the performances of various types of energy storage systems. 3 Specific energy quantifies the amount of energy stored in the device whereas specific power evaluates the rate at which the energy could be delivered. Three main types of energy storage devices i.e., batteries, electrochemical capacitors (commonly known as supercapacitors (SCs)) and capacitors are shown with their respective specific power and energy densities (Figure I-1). 5 Capacitors store energy through charge separation on two metallic surfaces placed in a dielectric medium and offer the highest power densities but have the lowest energy densities. 6 These specific properties of capacitors enabled their extensive application in electrical circuits.

Batteries offer highest energy densities and have facilitated the exponential growth of portable electronics from the early 1990s to the present day. 4 However, the kinetics of the faradaic reactions in batteries limit faster delivery/uptake of the energy and result in lower power densities. The next generation of portable electronics and development of electric vehicles requires devices that could offer both high energy and power densities. 3 From the Ragone plot, SCs could be seen as intermediate between batteries and conventional capacitors. SCs store energy through reversible electrostatic adsorption of electrolytic ions on the charged electrode surfaces. 6 When a voltage is applied across the electrodes in SCs, the electrolytic ions of the opposite charge accumulate on the surface of each electrode. Energy is stored through charge separation between an electrode charge and the layer of electroadsorbed ions. The non-faradaic nature of this charge storage enables rapid storage/delivery of the charge to/from the electrode-electrolyte interface and results in high power capabilities of ~ 15 kW/kg in SCs. 3 Additionally, this surface charge storage mechanism lets SCs sustain few millions of charge-discharge cycles with nominal losses in performances. However, as an undesired consequence, the non-faradaic charge storage also results in typically low energy densities of ~ 6 Wh/kg in SCs. 3 Batteries, on the other hand, store energy through reversible redox reactions in the electrodes and have high energy densities of ~ 200 Wh/kg but have low energy densities of 1 kW/kg. 4 The insertion or conversion mechanism associated with the faradaic charge storage process in the electrodes lead to expansion/degradation/pulverization of the electrode materials and result in limited cycling ability of few hundred cycles. Therefore, SCs can been seen as perfectly complementary devices to batteries in applications that require both high power and energy. 7 

Basics of Supercapacitors Brief History

The first capacitor, named as ''Leyden jar'' after the University of Leiden, was independently invented by Edward von Kleist and Pieter van Musschenbroek around 1745. 6 This rudimentary capacitor design involved charge storage on tin foils coated on the inner and outer walls of a glass jar filled with water. The inner tin foil in the jar is charged by an electrostatic generator by using a metallic rod/chain as the electrode contact (Figure I-2). Experimental studies on these jars by Benjamin Franklin led to conclusion that the charge is stored in the glass and not in the water. The mechanism of the electrical charge storage in capacitors was then studied and the first model of double layer capacitor was proposed by von Helmholtz in 1853. 8 Later in 1950s, General Electric and its engineer H. Becker used activated carbons with high specific surface area (SSA) as electrodes and developed a ''low voltage electrolytic capacitor with porous carbon electrodes''. 9 In 1969, the SOHIO corporation patented and produced a double-layer capacitor porous carbon-paste electrode in sulfuric acid electrolyte separated by ion-permeable separator. 10,11 However, SOHIO did not commercialize the cells and licensed the technology to NEC (Japan).

In 1971, NEC marketed the first supercapacitors in to provide backup power for computer memory. 12 Later Panasonic marketed its Goldcaps brand, which became a successful energy source for memory backup applications. 13 The first generation of SCs had relatively high internal resistance that limited the discharge current and hence were used for low current 6 14 applications. The first SC with low internal resistance was developed by PRI and were branded as PRI Ultracapacitor. In 1992, Maxwell laboratories took over PRI technology and named the devices as Boost Caps to signal their power performance. 14 Currently, SCs are widely used in various high power applications (see section 1.3). The commercial SCs use porous activated carbons as electrodes and solution of an organic salt dissolved in acetonitrile or propylene carbonate as electrolytes.

Types of Supercapacitors

SCs are largely classified into three different types depending on the charge storage mechanism at the electrode-electrolyte interface. (i) Electric double layer capacitors (EDLCs)

are the pure form of SCs, which store energy in electric double layers formed at the electrodeelectrolyte interface. 6 During charging and discharging of an EDLC no charge transfer occurs across the electrode-electrolyte interface. EDLCs are the most commonly available SCs and use activated carbons with high SSAs as electrode materials (Figure I-3a&c). [15][16][17] (ii) Another group of SCs is pseudo-capacitors that use electrode materials, which undergo fast redox reactions at the surfaces. This faradaic charge storage, called pseudo-capacitance, lead to much greater charge storage compared to EDLCs. Metal oxides such as RuO2 and Fe3O4 and electronically conducting polymers are examples of such redox materials (Figure I-3 b&d). 18,19 Pseudo-capacitors differ from batteries with their fast sequence of reversible processes and electron transfer with minimum structural phase changes at the electrodes. Pseudo- This type of devices is expected to benefit from high power and high energy properties of capacitor and batteries. This thesis work focuses on the first type of SCs (EDLCs) using carbonbased materials in which charge is stored in electrical double layers.

Applications of Supercapacitors

The range of commercial applications of SCs is expanding and novel materials are being constantly developed and tested as potential electrodes. SCs mainly find applications in systems that require high power input for a short time (low energy) owing to their characteristics described earlier. SCs are used in hybrid electric, electric vehicles, trams and buses as reliable high-power sources under various climate conditions as viable competitors to high-power Li-ion batteries. SCs provide enhanced power during acceleration, capture breaking energy and offer low maintenance operation costs in the long term. Additionally, the growing popularity of the automatic start-stop technology further expands the need of SCs SCs are most commonly used in industrial equipment including hybrid forklifts and hybrid cranes. The high power and good low operating temperature of SCs make them very viable for operation in forklifts that function in refrigerated warehouses. SCs are also viable for allelectric short distance ferries (5-20 min) or well-equipped military ships that have strong need for mobility and reliability. Uninterruptable power is critical to key applications where the cost of interruptions could be life/health threatening (ex. Hospitals, data centers, communication facilities etc.). Backup standby generators require few seconds to minutes to plug in. SCs could be used as backup power sources in such key applications. The backup power from SCs is also used to power wind turbine control systems that need to maximize the energy harvesting by controlling motor speed. SCs provide reliable supply in wind farms that are often in remote locations and have minimum maintenance costs.

Fundamentals of Electrical Double Layer Capacitors

In a conventional capacitor, two conductive metallic plates are separated by dielectric media such as glass, ceramics, paper or mica (Scheme I-1). Opposite charges are stored on the two metal plates (separated by a given distance d) by applying an external bias voltage. These opposite charges on the metallic plates are maintained by the insulating dielectric material and an electric field is thus developed between the two oppositely charged plates. The amount of charges stored (Q in Coulomb) is determined by the capacitance (C in Farads) and the voltage difference (V in volt) across the capacitor as defined in Equation I-1 .The ability of a capacitor to store energy in an electric field is quantified as ''capacitance''. Specifically, capacitance is described as the derivate of charge stored to the corresponding change in its electric potential. One Farad of capacitor signifies one Coulomb at a potential difference of one V. Capacitance depends on the geometry of the electrodes, permittivity of the dielectric material and the separation between the charged plates (Equation I-2). εo and ε are the permittivity of a vacuum (8.85 * 10 -12 F/m) and electrolyte dielectric constants respectively. A is the area of the plates and d is the distance of separation between the two plates. 

Electric Double Layer Theory

The basic charge storage mechanisms in EDLCs is similar to a parallel plate capacitor where the conductive plates are replaced with different active materials (ex. Porous carbons) and a polymeric separator immersed in electrolyte is used instead of the dielectric material.

Electronic charges accumulate at positive and negative electrode surfaces when an external bias is applied. The cations and anions in the electrolyte move towards the oppositely charged electrode surfaces due to electrostatic attraction and accumulate as layers. The charge separation at the electrode-electrolyte interfaces is referred to as ''electric double layer''

(EDL) giving rise to the term electric double layer capacitor. The concept of EDL was first described and modeled by von Helmholtz in 1853 and this model states that two layers of opposite charges form at the electrode-electrolyte interface and are separated by an atomic distance d (Figure I-5a). 8 The potential near the electrode decreases when the distance (m) between the ions and the electrode increases. The Helmholtz double-layer (DL) could be regarded as an electric capacitor of capacitance CH (Equation I-3) with an electrode surface area S (m 2 ). d is the effective thickness of the DL and is often approximated as the Debye length. Considering the very large SSA of the porous carbon electrodes and a Debye length < 1 nm, the resulting capacitance of DL's will be much higher than parallel plate capacitors. 

1 C = 1 C + + 1 C -
In order to compare the performances of various electrode materials, it has become a common practice in the literature to provide specific gravimetric capacitances of material relating to the capacitance of a single electrode (CSP). Specific volumetric capacitances can also be used as a measure of the compactness of the materials. In case of a symmetric system with equal electrode masses, sizes and thicknesses, CSP is given by Equation I-6, where mAM is the total mass of the active materials in both electrodes.

The specific energy stored (Wh/kg) and the deliverable specific power (W/Kg) of a SC are represented by Equation I-7 & Equation I-8 Vmax is the maximum electrochemical stable window, ESR is the equivalent series resistance and m is the total mass of the SC. The ESR of EDLC corresponds to the sum of ionic resistances, electronic resistances and the interface resistance between electrodes and current collectors.

Equation I-5

Scheme I-2 Schematic representation of a parallel plate capacitor and the equivalent circuit. 17 Chapter I Bibliography 

Cell Design Characteristics for SCs

SCs offer great power performance for various specific applications but suffer from low energy values for their application in large-scale applications like rechargeable batteries. Thus, the main challenge in the field of SCs has been to improve the energy densities and still maintain their high-power performances. Extensive research has been devoted towards finding new electrolytes and electrode materials that could offer such ideal performances. 17,22,23 The core strategies in this research arise directly from the specific energy and power equations described earlier.

Energy and power densities of SCs can be enhanced significantly by increasing the operational voltage window (Vmax) of the SC as they depend on Vmax through a square relationship (Equation I-7& Equation I-8). The maximum operational voltage of a SC is generally determined by the nature of the electrolyte. Electrolytes based on aqueous, organic and ionic liquid (IL) media all have different operational windows determined by the electrochemical stability of the solvents. 24 Specific electrolytic ions dissolved in the above solvents and the interactions with electrode surfaces could also determine the maximum possible operational window. While enhanced Vmax is a positive attribute of a SC, the equivalent circuit resistance (ESR) is also an important parameter for determining the power of a SC. ESR is the sum of various types of resistances including the intrinsic resistance of the electrode material, electrolyte solution, mass transfer resistance of the ions and the contact resistance between current collector and the electrode material. 24 Among the various resistances, the resistance of the bulk electrolyte solution and the electrolyte inside the electrode pores dominate the overall ESR. Unfortunately, often there is a trade-off between the Vmax and the ESR of a system.

Aqueous electrolytes such as H2SO4 or KOH have high ionic conductivities but the operational voltage window is low. In contrast, organic and IL electrolytes offer high Vmax but their ionic conductivities are at least one order lower than aqueous electrolytes.

The energy densities of pure double layer capacitors could be improved by increasing the surface area of the electrode that is accessible for electrochemical ion sorption (Equation I-2). 23,25 Thus, achieving higher electrochemically active surface area has been a well-defined and straightforward challenge. It was commonly assumed that increasing the overall specific surface area (SSA) of an electrode material would lead to enhanced electrochemical active surface area (A). 17,26 Hence, over the past two decades, several materials with high surface areas have been analyzed for application as electrode materials in SCs. 22 In the early 2000s, fundamental understanding of ion sorption on carbons surfaces has revealed the importance of the size, shape and distribution of pores in a particular material. [27][28][29] The energy densities of SCs could also be improved by using electrodes or electrolytes that offer additional attributes. The charge storage capability of an electrode material could be enhanced through addition of redox processes, 6 decreasing the distance (d) between ions and the carbon electrode surface and by modifying the permittivity of the EDL, which is mainly governed by the electrolyte. 30 Addition of redox reaction processes to an electrode material (pseudo-capacitance) is known to enhance the capacitance by nearly 10 fold as compared to double layer charge storage (ex. RuO2). However, such an addition also results in problems that rechargeable batteries typically face: poor cycle life and power performances. 3 Nevertheless, pseudo-capacitance offer great potential as an intermediate between batteries and pure capacitors with mixed attributes.

Specific attributes and types of electrolytes and electrode materials suitable for SC applications are detailed briefly in the following section.

Electrolytes

An electrolyte solution typically consists of a salt dissolved in a solvent. Broadly, the ions in the electrolyte solution provide charge compensation to the electronic charges accumulated on each electrode in a SC. As the two electrodes are oppositely charged, electrolytic ions of the opposite charges adsorb on the electrode surfaces to form electrical double layers. Hence, an electrolyte provides an ionic conducting media and insulating to flow of electrical charges.

Electrolytes such as those made with ionic liquids and solid-state polymers could differ from the traditional definition of salt + solvent (discussed in detail below). As electrolyte is a key component of the double layer charge storage process, it has to meet various key requirements to be considered as an ideal electrolyte. 30,31 An ideal electrolyte has: storage. 32,33 (ii) Neutral electrolytes have lower H + and OH -concentration compared to acidic and alkaline electrolytes, and enable higher stable voltage windows up to 2.2 V. 34 Specific demerits of the electrolytes include corrosive nature of acidic solutions towards current collectors and relatively low conductivities of neutral solution due to solubility issues. Despite all the merits and demerits, the low operating voltage windows of aqueous electrolytes has been the major hurdle towards commercial applications.

Organic Electrolytes

Although extensive academic studies have been focused on using aqueous electrolytes in SCs, organic electrolytes currently dominate the commercial applications owing to their high operational voltage window (~ 2.8 V). 30,31 Most organic electrolyte-based SCs use acetonitrile (AN) solvent while others employ propylene carbonate solvent (PC). 35 The increased voltage window provide significant improvements in energy and power densities. Additionally, the specific salts and solvents used in organic electrolytes enable desired performances in a wide range of temperatures. Typical organic electrolytes for commercial SCs use conductive salts (ex. Tetraethylammonium tetrafluoroborate salt (TEABF4)) dissolved in AN or PC, 36 it has been reported that the specific capacitance of a SC in 1 M TEABF4/AN did not have any obvious changes when the temperature is decreased from 45 to -30 o C (Figure I-7a). 37 However, the high operational cell voltages lead to concerns of aging and degradation of cell performances. 38,39 Wide cell voltage could cause accelerated oxidation of electrode materials and intercalation of electrolytic ions into layered materials. Both such cases lead to irreversible changes in the electrode materials and cause performance degradation with time. 36 Other important issues regarding organic electrolytes include higher costs, lower specific capacitances and safety concerns related to flammability, volatility and toxicity. [40][41][42][43][44] Another drawback of organic electrolytes compared to aqueous electrolytes is their low ionic conductivities. 36 For example, the ionic conductivity of the most commonly used 1 M TEABF4/AN is 0.06 S/cm, which is significantly lower than that of 1 M H2SO4 at 25 o C (0.8 S/cm).

Similar to aqueous electrolytes, the nature of salts and solvents in the electrolyte has a profound impact on the performances of SCs and needs optimization of various parameters.

Specific tests of SCs performed by Kotz et al. gave very different responses when 1 M

TEABF4/PC was used instead of 1 M TEABF4/AN. 42 The conducting salts in the electrolyte also have a profound impact on the Vmax, thermal stability and the overall capacitances of SCs.

Careful consideration should be given on the solubility, stability and conductivity of the individual salts. concentration values for achieving maximum ionic conductivities in each electrolyte. TEABF4

has limited solubility (up to 1 M) in PC whereas other salts show higher solubility above 2 M. 36

Ionic Liquid based electrolytes

Ionic liquids (IL) are generally defined as salts that are solely composed of ions with melting points below 100 o C. 45 An IL generally has a large asymmetric organic cation and an inorganic or an organic anion, and this special combination of certain cations and anions contributes to a low vapor pressure. 46 The intrinsic energetics involved in the interactions between the anions and cations are typically measured by the surface tension of the ILs. ILs offer several potential advantages including high thermal, chemical and electrochemical stability, negligible volatility and non-flammability (certain ILs). [START_REF] Zhou | Low-Melting, Low-Viscous, Hydrophobic Ionic Liquids: 1-Alkyl(Alkyl Ether)-3-Methylimidazolium Perfluoroalkyltrifluoroborate[END_REF] These positive attributes render ILs as safe for high-temperature applications (80 o C or more). Moreover, the physical and chemical properties of ILs are highly tunable and offer excellent opportunity for optimization. [START_REF] Huddleston | Characterization and Comparison of Hydrophilic and Hydrophobic Room Temperature Ionic Liquids Incorporating the Imidazolium Cation[END_REF] The major advantage of the IL electrolytes over organic and aqueous electrolytes is their high Vmax values of higher than 3 V.

Unfortunately, there are several main drawbacks with most ILs, such as high viscosity, low ionic conductivity and high costs, which can limit their practical use in SCs. Even for The main drawback of these electrolytes is their poor mechanical strength and narrow operational temperature range. Globally, solid electrolytes also suffer from limited contact surface area with electrode materials (especially for nanoporous materials), and lead to low specific capacitances and high ESR values. [START_REF] Fan | Improving the Energy Density of Quasi-Solid-State Electric Double-Layer Capacitors by Introducing Redox Additives into Gel Polymer Electrolytes[END_REF] With the merits and demerits of each class of electrolytes explained above, a choice of the electrolyte for a SC system should be made by considering the nature of charge storage (EDLC/pseudo-capacitance) and operational conditions (temperature) and requirements (energy and power) of a SC.

Electrode Materials

As described in the previous section, energy densities of SCs could be increased by choosing materials with high electrochemically active surface area as electrodes. Additionally, high electrical conductivity of the electrode materials is essential to maintain low ESR and achieve high power performances. Hence, the choice of electrode materials for supercapacitors requires high specific surface area (SSA) and good electrical conductivity (~ 1 S/cm).

Carbons are one among the most abundantly available and structurally diverse materials, making them the preferred choice of electrode materials in SCs. [START_REF] Zhai | Carbon Materials for Chemical Capacitive Energy Storage[END_REF] Abundantly available organic materials, such as food waste, are particularly attractive as natural sources for the production of carbon materials. Carbon materials also have desired attributes such as low cost, variety of form (powders, fibers, aerogels, and monoliths), ease of process ability, relatively inert electrochemistry and controllable porosity. Activated carbons (ACs) are the most commonly used porous carbons used in the commercial SCs owing to their high specific surface areas (SSA) and costs. [START_REF] Alonso | Activated Carbon Produced from Sasol-Lurgi Gasifier Pitch and Its Application as Electrodes in Supercapacitors[END_REF][START_REF] Raymundo-Piñero | Relationship between the Nanoporous Texture of Activated Carbons and Their Capacitance Properties in Different Electrolytes[END_REF] The specific surface area of an electrode material is an important parameter for ion sorption but other aspects such as pore sizes, shapes and their connectivity are also crucial for enhanced electrochemically active area. [START_REF] Simon | Capacitive Energy Storage in Nanostructured Carbon-Electrolyte Systems[END_REF] The International Union of Pure and Applied Chemistry (IUPAC) defines pores according to their sizes as micropores (< 2 nm), mesopores

(2-50 nm) and macropores (> 50 nm). [START_REF] Sing | Reporting Physisorption Data for Gas/Solid Systems with Special Reference to the Determination of Surface Area and Porosity (Recommendations 1984)[END_REF] The broad consensus on the role of different pores in SCs is that the micropores provide ion sorption sites, mesopores act as channels for electrolytes ions to the sites and the macropores act as electrolyte buffers. Thus, an inter play between different types of pores is crucial. [START_REF] Wang | 3D Aperiodic Hierarchical Porous Graphitic Carbon Material for High-Rate Electrochemical Capacitive Energy Storage[END_REF] Table I-2 Various dimensions of carbon materials and their specific properties. [START_REF] Simon | Capacitive Energy Storage in Nanostructured Carbon-Electrolyte Systems[END_REF] Different forms of carbons materials are known to offer varied porosity characteristics (pore shapes, size distributions, volume), diverse physical and chemical properties (Table 1.2).

Onion-like carbons, carbon nanotubes (CNTs), graphene, ACs, Carbide-derived carbons (CDCs)

and templated carbons are carbons with different dimensional arrangement in space that have been investigated for next generation SCs with potentially high energy and power densities. In this section, different carbon materials are briefly summarized and discussed with respect to their synthesis methods, characteristic structures and electrochemical performances in SCs.

Onion-Like Carbon

Onion-Like Carbon (OLC), also called as carbon onions or multi-walled fullerenes, consist concentric spherical graphitic sheets. [START_REF] Mcdonough | Carbon Onions: Synthesis and Electrochemical Applications[END_REF][START_REF] Alexandrou | Structure of Carbon Onions and Nanotubes Formed by Arc in Liquids[END_REF] It can be mass However, a proper balance between porosity and conductivity must be achieved in order to have both high capacitance and good rate performance. Another way to improve energy densities of CNTs is by decorating them with a thin layer of pseudo-capacitive materials on the surface as the tubular structures of CNTs also make them a good host for additional active materials. [START_REF] Boukhalfa | Atomic Layer Deposition of Vanadium Oxide on Carbon Nanotubes for High-Power Supercapacitor Electrodes[END_REF] In spite of having excellent properties, the limited surface area, high production costs and purity issues still hinder commercial application of CNTs. Additionally, the health and safety aspects of CNT fibers (probable carcinogenic agents) hinder their use in SCs. ACs are non-graphitized forms of carbons that are unable to restack even after treatment at 3000 o C. 3 The textural entanglement of ACs is explained by presence of structural fragments resembling fullerenes with pentagons and non-hexagonal rings, giving rise to curvatures. 22 ACs are the most widely used electrode materials in SCs due to their large surface area, relatively good electrical properties and moderate costs of synthesis. [START_REF] Zhai | Carbon Materials for Chemical Capacitive Energy Storage[END_REF] ACs are generally produced from thermal and/or chemical activation of various types of carbonaceous materials (e.g. wood, coal, nutshell, etc.). [START_REF] Sevilla | Energy Storage Applications of Activated Carbons: Supercapacitors and Hydrogen Storage[END_REF] Thermal activation usually involves treatment of carbon precursors at high temperature (from 700 to 1200 o C) in the presence of oxidizing gases such as steam and CO2. Chemical activation is usually carried out at relatively lower temperatures (from 400 to 700 o C) with activating agents like phosphoric acid, potassium hydroxide and sodium hydroxide. [START_REF] Wu | Effects of Pore Structure and Electrolyte on the Capacitive Characteristics of Steam-and KOH-Activated Carbons for Supercapacitors[END_REF] Depending on the activation methods as well as the carbon precursors used, ACs possessing various physicochemical properties with very high surface areas of 3000 m 2 /g are produced. The porous morphology of ACs have a broad distribution of micro, meso and macropores. [START_REF] Miguel | A Study of the Characteristics of Activated Carbons Produced by Steam and Carbon Dioxide Activation of Waste Tyre Rubber[END_REF] Despite their high surface areas, in general, specific capacitance values ranging from 150-300 F/g and up to 150 F/g are observed in aqueous and organic electrolytes respectively. 3 It was suggested that for carbons with high SSA, the pore walls might become too thin to provide complete charge screening of the ions in the pores. [START_REF] Stoller | Interfacial Capacitance of Single Layer Graphene[END_REF] Currently, ACs are applied as electrodes in commercial SCs restricted only to a certain niche markets due to their limited energy storage and rate capabilities. [START_REF] Raccichini | The Role of Graphene for Electrochemical Energy Storage[END_REF] The specific surface area is an important parameter for ion sorption but other aspects such as pore sizes, shapes and their connectivity are also crucial for enhanced electrochemically active area. [START_REF] Salanne | Efficient Storage Mechanisms for Building Better Supercapacitors[END_REF] Furthermore, excessive activation will lead to larger pore volume and results in the drawbacks of low material density and conductivity. 17 In addition, high surface areas may increase the risk of decomposition of the electrolyte at dangling bond positions. [START_REF] Presser | Flexible Nano-Felts of Carbide-Derived Carbon with Ultra-High Power Handling Capability[END_REF] Therefore, designing ACs to have narrow pore size distribution (accessible to electrolyte ions) with an interconnected pore structure would benefit the energy density of SCs without deteriorating their power density. [START_REF] Li | Functional Gels Based on Chemically Modified Graphenes[END_REF] 

Templated Carbons (3-D)

Templating method offers another effective way to produce nanostructured carbons with well controlled narrow pore size distributions, ordered pore structures, large specific surface areas and an interconnected pore network (Figure I-11). [START_REF] Zhao | Templating Methods for Preparation of Porous Structures[END_REF] These unique properties make them suitable for applications in SCs. In general, templated carbons are prepared by infiltration of a carbon precursor into the pores of a template, followed by a carbonization treatment and finally the removal of the template to leave behind a porous carbon structure. Various carbon structures with well-controlled micropores, mesopores and/or macropores produced from different types of template and carbon precursors have been studied for supercapacitor applications. [START_REF] Vu | Three-Dimensionally Ordered Mesoporous (3DOm) Carbon Materials as Electrodes for Electrochemical Double-Layer Capacitors with Ionic Liquid Electrolytes[END_REF][START_REF] Karthik | Effect of Mesopore Ordering in Otherwise Similar Micro/Mesoporous Carbons on the High-Rate Performance of Electric Double-Layer Capacitors[END_REF] A functionalized microporous carbon material was obtained by using zeolite Y as a template and the resultant carbon material possessed a high gravimetric capacitance of about 120-340 F/g in aqueous electrolyte and 60-150 F/g in organic electrolytes with good cyclability (over 10000 cycles). [START_REF] Nishihara | Investigation of the Ion Storage/Transfer Behavior in an Electrical Double-Layer Capacitor by Using Ordered Microporous Carbons as Model Materials[END_REF] Compared to ACs with disordered micropores and broad in-pore size distribution, the templated microporous carbons with a narrow pore size distribution, well adapted pore size to the electrolyte ions and the ordered straight pore channels are better for use as high-energy-density electrode materials. Relatively high cost of production of the sacrificial templates is the main drawback of the templated carbons. 22 Development of a simple, economical and environmentally benign template route would be advantageous for their future application. Despite the cost, templated carbons are a model class of materials which could provide valuable information about the effect of pore size, pore shape, channel structures and other parameters on the ion diffusion and charge storage in SCs.

(a) (b) (c)

Figure I-11 TEM images of different template-synthesized porous carbons. [START_REF] Vu | Three-Dimensionally Ordered Mesoporous (3DOm) Carbon Materials as Electrodes for Electrochemical Double-Layer Capacitors with Ionic Liquid Electrolytes[END_REF][START_REF] Karthik | Effect of Mesopore Ordering in Otherwise Similar Micro/Mesoporous Carbons on the High-Rate Performance of Electric Double-Layer Capacitors[END_REF] Carbide derived carbons (3-D) Carbon produced from extraction of metals from metal carbides is commonly known as carbide derived carbon (CDC). [START_REF] Presser | Flexible Nano-Felts of Carbide-Derived Carbon with Ultra-High Power Handling Capability[END_REF] Metal atoms from various carbides are etched out using treatments in supercritical water or halogens to produce carbon coatings, powders, fibers and membranes. [START_REF] Dash | Titanium Carbide Derived Nanoporous Carbon for Energy-Related Applications[END_REF] The carbon structure of CDC is found to contain various structures such as The specific capacity of CDC in aqueous electrolyte is moderately high. Depending on the precursor and the chlorination conditions, capacitances in the range of 100-220 F/g are observed. [START_REF] Korenblit | High-Rate Electrochemical Capacitors Based on Ordered Mesoporous Silicon Carbide-Derived Carbon[END_REF][START_REF] Rose | Hierarchical Micro-and Mesoporous Carbide-Derived Carbon as a High-Performance Electrode Material in Supercapacitors[END_REF] The specific capacitance in organic electrolytes is slightly lower than in aqueous with values from 70-160 F/g. CDC are also synthesized as fibers and through template assisted technique for enhanced power characteristics. Overall, CDCs offer a model class of materials that offer finely tuned porosity characteristics for fundamental studies on electrolyte ion sizes and pore sizes. In fact, CDCs with ultra-micropores and narrow pore size distribution have helped in understanding the role of pores that are smaller than the solvated electrolyte ions in ion sorption (described in section 3). 

Graphene-based Materials for SCs

Graphene, a one-atom thick layer of sp2 C atoms arranged in a honeycomb lattice structure, is among the various carbonaceous materials that are under study for this type of electrochemical storage. [START_REF] Novoselov | Electric Field Effect in Atomically Thin Carbon Films[END_REF] Graphene segments are considered to be the building blocks of many others regularly structured carbons (graphite and CNTs) and various irregular porous carbons with distorted structures (ACs, carbide derived carbons (CDC)). [START_REF] Bonaccorso | Related Two-Dimensional Crystals, and Hybrid Systems for Energy Conversion and Storage[END_REF] The specific capacitances of graphene vary in a broad range. Owing to the unique sheet arrangement of carbon atoms through sp2 bond renders several impressive properties to graphene. Graphene has a high electron mobility (> 150,000 cm 2 /V.s), mechanical flexibility (> 100 stronger than steel) and remarkable theoretical surface area of 2630 m 2 /g and is an ideal candidate for SCs. [START_REF] Zhu | Graphene and Graphene Oxide: Synthesis, Properties, and Applications[END_REF] Theoretical predictions assign that a high gravimetric capacitance of 550 F/g could be obtained if both surfaces of graphene were used for charge storage. [START_REF] Liu | Graphene-Based Supercapacitor with an Ultrahigh Energy Density[END_REF] However, later studies have revealed that a single sheet of graphene may be too thin to provide complete charge screening of ions on both sides and some reduction to the theoretical predictions is expected. 86

Production Methods of Graphene

The methods adopted for graphene production (Scheme I-3) play a crucial role in determining the properties of the final graphene-based material. [START_REF] Raccichini | The Role of Graphene for Electrochemical Energy Storage[END_REF] Limited scalability and high production costs of production methods such as mechanical exfoliation, [START_REF] Novoselov | Electric Field Effect in Atomically Thin Carbon Films[END_REF] synthesis on silicon carbide (SiC) [START_REF] Novoselov | A Roadmap for Graphene[END_REF] and bottom-up synthesis from organic precursors restrict the use of graphene to fundamental research. [START_REF] Cai | Atomically Precise Bottom-up Fabrication of Graphene Nanoribbons[END_REF] Likewise, chemical vapor deposition (CVD) of hydrocarbons, although a well-established technique in industry, seems unsuitable for mass-production of graphene for electrochemical energy storage because of its high cost and rather low yield. [START_REF] Novoselov | A Roadmap for Graphene[END_REF] The other two methods that are widely employed for the bulk production of graphene are liquid-phase exfoliation, and reduction of graphene oxide. In liquid-phase exfoliation, pristine or expanded graphite particles, obtained by thermal expansion of graphite intercalation compounds, are dispersed in a solvent and exfoliated using external driving forces. [START_REF] Cai | Methods of Graphite Exfoliation[END_REF][START_REF] Wei | Graphene from Electrochemical Exfoliation and Its Direct Applications in Enhanced Energy Storage Devices[END_REF][START_REF] Paton | Scalable Production of Large Quantities of Defect-Free Few-Layer Graphene by Shear Exfoliation in Liquids[END_REF] An external driving force such as ultra-sonication, electric field or shearing forces induce the exfoliation of graphite into high quality graphene sheets. Unfortunately, low yields of this process leaves a considerable amount of unexfoliated graphite. [START_REF] Paton | Scalable Production of Large Quantities of Defect-Free Few-Layer Graphene by Shear Exfoliation in Liquids[END_REF] The most commonly used bulk scale synthesis method is from graphene oxide (GO), a highly defective form of graphene with a disrupted sp2-bonding network (Scheme I-4). [START_REF] Zhu | Graphene and Graphene Oxide: Synthesis, Properties, and Applications[END_REF] GO is produced by strong oxidation of pristine graphite followed by stirring or ultra-sonication in liquid media to ensure the exfoliation of the oxidized graphene oxide sheets. Hummers and

Offeman's method of oxidation [START_REF] Hummers | Preparation of Graphitic Oxide[END_REF] (among others such as of Tour's 93 and Brodie's [START_REF] Botas | Graphene Materials with Different Structures Prepared from the Same Graphite by the Hummers and Brodie Methods[END_REF] ) is widely used to obtain the initial graphite oxide which are then exfoliated under different optimized conditions. Unfortunately, GO has very poor electrical conductivity as the sp2 C atoms conjugated network of the graphene sheets is disrupted with formation of various oxygen containing functional groups such as alcohols, epoxides and other carbonyls. [START_REF] Zhu | Graphene and Graphene Oxide: Synthesis, Properties, and Applications[END_REF] Hence, the sp2 network must be restored through reduction in order to be useful for electrochemical energy storage applications. Chemical, thermal and electrochemical processes are commonly employed for this purpose to eventually produce reduced graphene oxide. [START_REF] Zhu | Exfoliation of Graphite Oxide in Propylene Carbonate and Thermal Reduction of the Resulting Graphene Oxide Platelets[END_REF][START_REF] Stankovich | Synthesis of Graphene-Based Nanosheets via Chemical Reduction of Exfoliated Graphite Oxide[END_REF][START_REF] Toh | Graphene Production via Electrochemical Reduction of Graphene Oxide: Synthesis and Characterisation[END_REF][START_REF] Hantel | Partially Reduced Graphite Oxide for Supercapacitor Electrodes: Effect of Graphene Layer Spacing and Huge Specific Capacitance[END_REF][START_REF] Chua | Chemical Reduction of Graphene Oxide: A Synthetic Chemistry Viewpoint[END_REF] Despite the low-to medium quality of the obtained material due to the presence of both intrinsic defects Scheme I-3 Schematic of most common graphene production methods. Each method is evaluated with graphene quality (G), cost (C), scalability (S), purity (P) and yield (Y) of the overall process. [START_REF] Raccichini | The Role of Graphene for Electrochemical Energy Storage[END_REF] (edges and deformations) and extrinsic defects (O and H-containing groups), GO allows production of bulk quantities of graphene-based materials with high yield and contained costs.

The chemical structure of GO was extensively studied in the 1990s using X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR) [START_REF] Stankovich | Synthesis of Graphene-Based Nanosheets via Chemical Reduction of Exfoliated Graphite Oxide[END_REF] , X-ray photoelectron spectroscopy (XPS) [START_REF] Stankovich | Synthesis of Graphene-Based Nanosheets via Chemical Reduction of Exfoliated Graphite Oxide[END_REF] , electron-spin resonance (EPR) 100 and nuclear magnetic resonance (NMR) 101 spectroscopies. Among the several models proposed to describe GO 101 , Lerf-Klinowski's is characterized with randomly distributed oxygen-containing functional groups and it is believed that the epoxy and hydroxyl groups lie above and below each layer whereas the carboxylic groups are on the edges. Thanks to its surface functionalities, GO offers abundant chemical tunability for various applications.

Graphene-based 2D materials

In the context of SCs, graphene-based materials that were synthesized through reduction of GO, were analyzed as close graphene-like materials. These graphene-like materials contain two dimensionally arranged graphene sheets as electrodes in SCs. 103 One of the first studies of graphene for SCs was reported by thermal exfoliation of graphene oxide (GO) (Figure 104 This processing resulted in well-developed porosity and high BET SSA of 920 m 2 /g.

I-14a).
When tested in SCs using 1 M H2SO4 electrolyte, specific capacitance of 100-120 F/g were observed. This value was better than OLC and CNTs but was inferior to the more common ACs.

An alternative method for graphene synthesis was proposed by reducing graphene oxide sheets in water with hydrazine hydrate (Figure I-14b). 103 The synthesized reduced graphene oxide (RGO) has graphite structures with 15-20 µm size particles exhibiting moderately high SSA of 700 m 2 /g. RGO provides specific capacitance of 130 and 100 F/g in aqueous and organic electrolytes, respectively. 103 The low specific capacitances were due to the formation of stacked graphene sheets during reduction to strong π-π interactions. This restacking of graphene sheets during chemical reduction of GO has encouraged other methods of graphene synthesis.

Curved graphene 105 , partially reduced graphene [START_REF] Hantel | Partially Reduced Graphite Oxide for Supercapacitor Electrodes: Effect of Graphene Layer Spacing and Huge Specific Capacitance[END_REF] and in situ electrochemical reduction of GO [START_REF] Wei | Graphene from Electrochemical Exfoliation and Its Direct Applications in Enhanced Energy Storage Devices[END_REF] Recently 3D architectures based on graphene derivatives have been proposed as potential candidates with limited restacking and offering a 3D microporous network that can be synthesized at large scales. [START_REF] Li | Functional Gels Based on Chemically Modified Graphenes[END_REF] The next section describes the various proposed structures in more detail.

Graphene-based 3D structures

Reduced graphene oxide (RGO) has been extensively studied as a graphene-like material that can be synthesized in bulk quantities for SCs applications. [START_REF] Stankovich | Synthesis of Graphene-Based Nanosheets via Chemical Reduction of Exfoliated Graphite Oxide[END_REF] However, the two-dimensional structure and amphiphilicity of the reduced graphene oxide sheets make them restack easily into aggregates, which greatly reduces their accessible surface area, and thereby deteriorates their performance in SCs. Fortunately, the individual 2D graphene oxide sheets could be integrated into 3D macroporous sponges or monoliths. [START_REF] Li | Functional Gels Based on Chemically Modified Graphenes[END_REF] The 3D structures thus obtained limit graphitic stacking and offer several merits. (i) Interconnected graphene sheets can form a conductive and robust macroporous network, which facilitates ion and electron transfer inside the electrodes. (ii) The porous graphene structure with large SSA can increase the contact interface between the electrode and the electrolyte and decrease the diffusion resistance. (iii)

Binder-free and metal current collector free electrodes could be fabricated from the pieces of monoliths for flexible SCs (iv) Without the addition of inactive binders and current collectors, the overall device capacitances can be greatly improved.
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3D structures such as monoliths, films and foams are commonly synthesized using selfassembly techniques. A gel is usually defined as a non-fluid colloidal or polymer network expanded throughout its whole volume by a fluid. If the fluid is water and the network component is a polymer, it is referred to as a hydrogel. If the hydrogel is mechanically strong, it can result in formation of a monolith like a block of sponge. The monoliths normally take the shape of the container used for the synthesis and thus could be synthesized in various shapes. Typically, the polymer layers assemble at the water-air interface and gradually take the shape of the container.

GO is akin to a 2D amphiphilic polymer with presence of both hydrophilic and hydrophobic segments. The 2D laminated sheet morphology and the conjugated domains on the sheets could enable contact points and facilitate formation of a network. Indeed, GO sheets can selfassemble through van der Waals interaction or hydrogen bonding by subtly adjusting the hydrophilic/hydrophobic balances (Scheme I-5). A self-assembled gel through such noncovalent interaction would generally have little or no changes to the oxygen functionalities on the sheets. Several synthetic polymers (ex. Poly (ethylene oxide), Poly (vinyl pyrrolidone), etc.) 107 were found to be effective promoters of gel formation of GO through non-covalent hydrogen bonds. Further studies have found that amino acids, 108 nucleosides, polyamines, 109 multivalent cations (Ca 2+ , Mg 2+ ) 110 could also form GO gels by balancing the inherent electrostatic repulsion and hydrophobic interactions between GO sheets. Despite all the interesting synthesis procedures, GO gels are insulators and are not suitable for applications in SCs. The synthesized gels should be electrically conducting for high power SCs applications.

Moreover, the synthesized gels should be mechanically strong for easier fabrication and longterm cycling in SCs.

Gel Formation

GO aqueous dispersion

Graphene Hydrogel (GH)

Graphene oxide (GO)

Scheme I-5 Schematic representation of hydrogel formation from an aqueous GO solution.

The-assembly of GO sheets could also be achieved through either controlled chemical reduction or by covalent reactions of a guest molecule with the surface oxygen functionalities. 111 The monoliths thus formed usually have interconnected 3D porous networks with pore diameters ranging from sub-micrometer to several micrometers and their pore walls consist of few layers of stacked RGO sheets. 112 Additionally, monoliths synthesized in this method usually have suitable mechanical strength and can be cut into pieces for electrodes without any binders or support materials. Such monoliths ease the electrode fabrication process and are of great interest for SCs.

Alkyl diamines have been proposed as bi-functional linkers that could cross-link GO sheets through covalent interactions and concomitant reduction form a hydrogel (Figure I-15). [113][114][115] The rich surface chemistry of GO allows covalent bonding of sheets with an alkyl diamine.

Additionally, alkyl diamines are partially reducing in nature and cause simultaneous gel formation through partial reduction of GO sheets. However, the partial reduction is The hydrogels are characterized by their very low material density of ~ 0.02 g/cm 3 and thus have very low volumetric capacitances of < 10 F/cm 3 . In addition to the 3D graphene structures discussed here, ACs and templated carbons also suffer from low volumetric densities in SCs.

In the recent years, important breakthroughs have been made in improving the material densities of various 3D carbon materials for better volumetric performances. [118][119][120] Densifying 

Mechanical Compression

Mechanical compression is a straightforward way of improving the material densities (Scheme I-6). When put under pressure, materials undergo an irreversible compression of the large empty spaces that are in the size range of micrometers. Ruoff and co-workers employed simple mechanical compression to densify activated microwave exfoliated graphene oxide (aMEGO). 123 After compression with a force of 25 T, the density of the aMEGO sample increased to 0.75 g cm 3 with a SSA of 707 m 2 /g compared to that of the uncompressed sample (0.34 g cm 3 ), leading to a significant improvement in the volumetric capacitance from 54 to 110 F/cm 3 in an organic electrolyte. As another example, Xu and co-workers reported a 3D free-standing holey graphene framework (HGF) film with a hierarchical porous structure and efficient ion transport shortcuts and a high packing density through mechanical compression of the hydrothermally synthesized HGF (Figure I-17). 121 The compressed HGF films exhibited a specific surface area of 810 m 2 /g, close to that of the uncompressed HGFs 830 m 2 /g. With a large ion-accessible surface area, efficient electron and ion transport pathways as well as a high packing density, the compressed HGF films could deliver a gravimetric capacitance of 298 F/g and a volumetric capacitance of 212 F/cm 3 in an organic electrolyte. This method of mechanically compressing carbon materials can be easily employed in large-scale commercial applications. However, this method generally requires high pressure and specific equipment.

Scheme I-6 Schematic illustration of mechanical compression of various 3D graphene materials

Capillary Compression

Unlike mechanical compression, which relies on an external force, compression by capillary pressure through evaporation of solvents is a novel and effective liquid-mediated method to increase the packing density of carbon materials. Porous yet densely packed carbon electrodes with a high ion accessible surface area and low ion transport resistance are crucial to highdensity electrochemical capacitive energy storage devices. Researchers have independently reported evaporation of solvents to densify chemically modified graphene (CMG) films and graphene hydrogels in 2013 (Scheme I-7). 118,122 CMG films were put in a mixture of volatile and non-volatile solvents and later densified by capillary pressure during a controlled removal of volatile solvent trapped in the gel. By changing the ratio of volatile and non-volatile liquids, the packing density of the CMG flexible film was increased in a controlled manner from 0.13 to 1.33 g/cm 3 . This simple technique has resulted in exceptional volumetric values of 260 and 250 F/cm 3 in aqueous and organic electrolytes respectively.

Another simultaneous report on graphene hydrogels has used a simplified strategy of drying the hydrogels under ambient conditions and achieved an improvement in density from 0.02 g/cm 3 to 1.58 g/cm 3 (Scheme I-8). Conventionally, hydrogels are freeze-dried in order to retain the microporous structure whereas, in this report, researchers shrink the gels using simple ambient drying technique. During the evaporation process, water exerts a ''pulling force'' on the graphene layers and results in the shrinkage of the macroporous network as there is strong interaction between water and graphene nanosheets. The robust but elastic macroporous network of flexible graphene nanosheets shrinks but retains a porous structure inherited from the parent hydrogel. Thus, the final form of dried gel consists of curved and very compactly packed graphene nanosheets. The resulting gel delivered highest double-layer capacitances of 374 F/cm 3 in an aqueous electrolyte.

In summary, macroporous architectures of graphene (sponges, films, gels) have showed great potential for SCs applications with a conductive and robust network, which facilitates ion and electron transfer inside the electrodes. However, despite limiting the restacking of graphene sheets as compared to RGO, various 3D architectures of graphene still have significant restacking and do not offer the full potential of graphene.

Scheme I-7 Schematic representation of the capillary compression of a chemically modified graphene film. Densities of the films were increased from 0.13 to 1.33 g/cm 3 in a controlled fashion. 118

Role of Pore Sizes on Charge Storage

As described in the previous section, energy densities of SCs could be increased by choosing materials with high electrochemically active surface area as electrodes. Initially, it was assumed that the SSA of a material obtained from gas sorption analyses (using Brunauer-Emmett-Teller (BET) method) is the same as the electrochemically active surface area of charge storage. 124 Early studies trying to correlate SC performances to porosity of electrodes suggested a linear dependence between specific capacitance and the SSA. Typically, there is a general correlation for small SSA values, but the capacitance becomes almost constant for values higher than 1200 -1500 m 2 /g. The BET method often overestimates the SSA for carbons therefore, density functional theory (DFT) method was applied to estimate SSA and showed a slightly better correlation, but there is still a plateau for values higher than 1500 m 2 /g. 26 It was later understood that other porosity characteristics such as pore shapes, sizes and their distribution also have a strong influence on capacitance properties. 16 The relationship between pore sizes and electrolytic ion sizes on charge storage has been extensively studied over the years. Studies have suggested that the electrolytic ions enter pores with their solvation shells owing to large solvation energy of the ions. 125 Thus, considering that the solvated ion sizes for organic electrolytes is larger than 1 nm, pores in the range of 2-5 nm were thought as best suited for ion sorption. [START_REF] Raymundo-Piñero | Relationship between the Nanoporous Texture of Activated Carbons and Their Capacitance Properties in Different Electrolytes[END_REF]126,127 Essentially, mesoporous carbons with narrow pore size distributions were considered as materials with optimum charge storage in carbon materials. However, considerable effort in synthesizing mesoporous carbons using template techniques have only led to minor improvements. 128 Capacitances of 100-120 and 150-200 F/g were obtained in organic and aqueous electrolytes respectively. 129- 131 In the early 2000s, few researchers have independently observed high capacitances with carbons containing large amounts of micropores. [START_REF] Raymundo-Piñero | Relationship between the Nanoporous Texture of Activated Carbons and Their Capacitance Properties in Different Electrolytes[END_REF]125 One particular study had found a linear relationship between capacitance and microporous volume in the materials and raised several questions about the existing understanding of ion sorption at the time. [START_REF] Raymundo-Piñero | Relationship between the Nanoporous Texture of Activated Carbons and Their Capacitance Properties in Different Electrolytes[END_REF] 

Ion Sorption in Micropores

The difficulty in studying the individual effects of SSA, pore size, porosity and pore size distribution on the capacitive charge storage is mainly due to poor synthesis control on carbon pore characteristics. 17 New developments in synthesis of CDCs with sub-nanometer level control of average sizes has opened up opportunities for analysis in SCs. [START_REF] Dash | Titanium Carbide Derived Nanoporous Carbon for Energy-Related Applications[END_REF]132 CDCs have a narrow pore-size distribution with a mean value that is tunable with better than 0.05 nm accuracy in the range of 0.5 to 3 nm and a SSA up to 2000 m 2 /g, which make them attractive candidates for studying porosity in supercapacitor applications. This precise control of materials in the range of the sizes similar to the solvated electrolytic ions gave several insights into the contribution of micropores. Gravimetric and volumetric capacitances of the materials with respect to synthesis temperature. 125 49 studies have supported this size effect and signaled towards new fundamental understanding of the role of micropores. 133,134 Further studies using the same system (TEABF4/AN) were conducted in a three-electrode configuration to investigate the cation and anion behavior separately (Figure I-19). 126 The tested cation (TEA + ) is in the same size range as the pore sizes of TIC-CDC whereas BF4 -is smaller compared to all the pores. Results confirmed that both cations and anions are at least partially desolvated and the maximum capacitances or both the ions occur at different pore sizes. Moreover, anions exhibit higher capacitances than cations in all the pore sizes and indicate different effective ion sizes.

Subsequent studies on pore vs ion size relationship were done using cavity microelectrode (CME) by cyclic voltammetry and electrochemical impedance spectroscopy measurements in TEABF4/AN. 135 As compared to conventional electrodes, microelectrodes have very less real electrochemical interface area and the ohmic drop arising from the bulk of the electrolytes is negligible, enabling use of scan rates of few volts per second. From CV measurements in AN, ideal rectangular curves were observed for CDC with 1 nm pore size, despite the solvated ion sizes of TEA + and BF4 -being larger than 1 nm. 136 A gradual decrease in pore sizes from 1 nm to 0.68 nm has shown reduction in cation adsorption (in the negative polarization vs. open circuit voltage (OCV)) but the anion adsorption (in the positive polarization vs. OCV) remained unchanged. The pore size of the CDCs below which a reduction in current is observed for the cations is considered as the effective size of the cation in the pores. Thus, the effective size of the TEA + cation was found to be in between 0.76 -1.0 nm. Similarly, the effective size of anions was deduced to be < 0.68 nm. Similar experiments were later performed using TEABF4 in propylene carbonate (PC) solvent and the effective sizes from the CVs were found to be larger than those in AN (0.75 nm -anion and > 1 nm -cation). 137 These results highlighted the impact of nature of the solvent and the ion-solvent interaction on ion sorption and confirmed that the ions move in and out of micro pores with a partial degree of desolvation. 138

Ion Desovlation in Micropores

Although the observation of partial desolvation in small micropores (< 1 nm) is definitive, the quantitative information about the extent of desolvation was not available through CV studies. Levi and Aurbach have pioneered the use of electrochemical quartz crystal microbalance (EQCM) in porous carbons to study the changes in ion population as a function of charge accumulated on the electrode (Figure I-20). [139][140][141] EQCM is composed with a thin piezoelectric quartz crystal sandwiched between two metal electrodes used to create an alternating electric field across the crystal, causing vibrational motion of the crystal at its resonating frequency. This resonating frequency is sensitive to the electrode mass deposited on the crystal. The shift in the quartz resonating frequency can be converted into the mass change on the quartz crystal during the electrochemical processes. EQCM studies were performed on CDC (1 nm) using 1-ethyl-3-methyl-imidazolium cation (EMI) and bis(trifluoromethylsulfonyl)imide anion (TFSI) in AN solvent. 142 A solvation number between Additional studies were performed using ionic liquid electrolytes to analyze the pore sizes in a solvent free environment. CDCs with different pore sized were tested in neat EMI-TFSI ionic liquid and the highest capacitances were observed for pore sizes around 0.7 nm, close to long dimensions of cation and anions. 143 Thus, from the material point of view, it was suggested that adapting electrode pore sizes to electrolyte ion sizes is an efficient way of charge storage.

Hierarchical Porosity

Reports have suggested that if an electrode material contains only micropores, it would lengthen ion diffusion distances from the bulk electrolyte. This would lead to large IR drop and small accessible surface area at high currents and result in poor power performance. [START_REF] Wang | 3D Aperiodic Hierarchical Porous Graphitic Carbon Material for High-Rate Electrochemical Capacitive Energy Storage[END_REF]134,144 On the other hand, it has been proposed that the presence of small mesopores (2-10 nm) can accelerate the kinetic process of the ion transport in the electrodes and improve power performance. A report on designing carbon materials with hierarchical porous structure with a combination of macro, meso and micropores has provided interesting insights into the role of various pores (Figure I-21). 145,146 The 3D hierarchical porous texture combined macroporous cores, mesoporous walls, and micropores. Electrochemical studies using aqueous and organic electrolytes offered high power performance and provided further understanding about the roles of different pores in charge storage. [START_REF] Wang | 3D Aperiodic Hierarchical Porous Graphitic Carbon Material for High-Rate Electrochemical Capacitive Energy Storage[END_REF] The macroporous cores act as ion-buffering reservoirs and mesoporous provided low-resistant ion transport pathways. The micropores are the ion sorption sites that enable the charge accommodation in the electrodes during charge-discharge of a SC. Following this report, a new trend of electrode materials with focus on fabricating hierarchical micro-architecture was established. [START_REF] Wang | 3D Aperiodic Hierarchical Porous Graphitic Carbon Material for High-Rate Electrochemical Capacitive Energy Storage[END_REF] However, all porous carbons display a certain pore size distribution rather than just "one" pore size, which is characterized by with an average pore size. Synthesis of carbon materials with precisely tuned pores and narrow pore distributions is still hard and unfortunately, reliable determination of the pore sizes with gas sorption has been challenging as well. 147 Reliable determination of PSDs from gas adsorption studies remains a difficulty, as the density functional theory-based approaches require prior knowledge of the pore geometry and heat 52 of adsorption of the material. To that end, combinations of characterization and modelling techniques using small-angle X-ray and neutron scattering are being developed in complementarity to gas sorption analyses. [START_REF] Bonaccorso | Related Two-Dimensional Crystals, and Hybrid Systems for Energy Conversion and Storage[END_REF][148][149][150] 

Context & Objectives

Current Theme of Graphene Research for SCs

As discussed earlier, graphene-based materials have recently emerged as promising electrode materials for SCs owing to their high surface areas, electrical conductivities and mechanical flexibilities. [START_REF] Raccichini | The Role of Graphene for Electrochemical Energy Storage[END_REF] In the last few years, new developments in the synthesis of graphene-like materials have spurred their potential as candidates for SCs with high energy and power performances. 103 This thesis work is devoted towards designing and developing novel graphene-based architectures for SCs.

Since the first application of chemically reduced graphene oxide as electrode material for SCs, the problem of graphitic-stacking and the corresponding low electrochemical active surface areas in SCs has been well acknowledged in the scientific community. Researchers have since proposed macroporous 3D networks (hydro/aero gels, foams) to have higher active surface areas and interconnected porous structures for SCs. [START_REF] Li | Functional Gels Based on Chemically Modified Graphenes[END_REF] The 3D architectures of the materials have limited the graphitic restacking and provided multiple ion transport pathways in SCs with considerable success. Various forms of graphene-based 3D structures with varied porous structures are proposed in the literature (in previous section). Much of the current research in graphene derivatives is devoted to optimizing the morphology with a focus on the interparticular porosity, similar to the research on ACs. [START_REF] Li | Functional Gels Based on Chemically Modified Graphenes[END_REF] 

Our Proposed Theme of Graphene Research for SCs

Graphene-based materials differ from ACs with an ordered layered structure compared to the disordered and curved sheets in ACs (Scheme I-9a & b). Surprisingly, little attention has been devoted towards exploring the unique layered structures of the graphene-based materials.

Although the natural graphitic spacing of 0.33 nm, defined as the intrinsic intra-particular pore, could be narrow for some ions in SCs, graphene derivatives are known to potentially exhibit expanded layered structures (extrinsic intra-particular pores) (Scheme I-9c). Expanded layered structures could be obtained by intercalating a molecule of interest in between the graphene layers and the inter-layer separation (d-spacing) could be precisely tuned by controlling the length or dimensions of the intercalant. 151 We speculate that the expanded layered structures in graphene-based materials could offer additional ion sorption sites and yield maximum electrochemical active surface area. Moreover, the desolvation and confinement effects earlier seen in ACs could also be worth investigating in the expanded layers and as it could result in further efficient charge storage in graphene materials.

Fortunately, the d-spacing of such structures could be readily evidenced through X-ray diffraction (XRD) analyses and thus an informed choice could be made to choose electrolytes with suitable ion sizes for SCs.

Recent Reports in the Proposed Theme

Recently, few reports have attempted to describe the synthesis of graphene materials with expanded layered structures using organic molecules as pillars. 152,153 The described pillared graphene materials were then studied in SCs. Considerable improvements in charge storage were seen when a pillar is incorporated but the improved performances could not be directly related to changes in d-spacing. Instead, only the changes in the micro porosity of the material upon insertion of a pillar were identified as the reason behind the gains in capacitance values.

Moreover, no evidence of the electrolytic ions entering the inter-layer galleries was observed. 

Synthesis of Ion Accessible Inter-Layer Graphene Galleries

The broad objective of this thesis is to develop graphene-based materials with high energy and power densities for SCs. The main challenge in using graphene for SCs applications has been the low electrochemical active surface areas due to restacking. The specific objective of this thesis is to synthesize and analyze 3D graphene materials that have 3D arrangement at the nanoscale and macroscale for SC applications. A continuous arrangement of the 2D graphene sheets with an intercalant leads to formation of a 3D arrangement at the nanoscale. 

Pillared graphene sheets

Pillared graphene material Graphene oxide

Alkyl diamine

Scheme I-10 Schematic showing the formation if desired pillared graphene material from GO.

Methods to Obtain Macroporous Networks

As described earlier, alkyl diamines such as 1,2-diaminoethane or 1,4-diaminobutane are known to form monoliths from the GO solutions when appropriate synthesis conditions are used. 157 In parallel, treatment of GO under hydrothermal conditions is also known to form monoliths in a simple one-step process. 117 In this thesis, we analyze various synthesis conditions to prepare monoliths with simultaneous nanoscale pillaring of the graphene sheets (Scheme I-11).

At first, we try direct monolith formation with various diamines (as reported in the literature) and then we propose to use hydrothermal reaction conditions.

Electrochemical Analysis Protocols in SCs

Once a graphene-based material is synthesized with required attributes, its possible interest as an electrode material for SC applications is tested through a preliminary study of ion sieving (selection of ions based on sizes) to ensure that the electrolytic ions enter the inter-layer graphene galleries. Later, with the feedback from the ion sieving, graphene materials would be further optimized with the right choice of ion size and d-spacing for enhanced performances in SCs.

Additionally, the proposed pillared graphene materials could be of broader interest for fundamental understanding of ion sorption in SCs. The synthesized materials could be a model class of materials that could enable a study on ion desolvation and confinement effects seen in ACs and CDCs. Earlier studies on ACs and CDCs in the last decade have identified and gained rich understanding of the ion desolvation and sorption in the ultra-micro pores that are smaller than the fully solvated electrolyte ions. Nevertheless, the distribution of pores in such 59 materials and a reliable determination of the porosity characteristics using gas sorption analysis have been a considerable challenge. Graphene-based materials with expanded layered structures could alleviate this problem through precise tuning and facile determination of the d-spacing through XRD analyses. These inter-layer graphene galleries could be studied as analogous to an ultra-micro pore in CDCs, although with different shape, and enhance further understanding of ion sorption. 

CHAPTER II: Study of Graphene Hydrogels

Self-Assembled with Short Alkyl Diamines

Chapter II. Study of Graphene Hydrogels Self-Assembled with Short Alkyl Diamines

Objectives & Approach

As discussed in chapter I, we started out to synthesize graphene monoliths using alkyl diamines as gel formation agents. In this way, we expected to achieve materials that have both the nanoscale pillaring of the graphene sheets and the interconnected macroporous network of a hydrogel. Reports in the literature have described monolith formation from GO solution using short alkyl diamines such as 1,2-diaminoethane or 1,4-diaminobutane as excellent gel formation agents through covalent linkages. [23,24] However, the obtained monoliths still had several oxygen functional groups on the GO sheets and thus, had poor electrical conductivities. Alkyl diamines are partially reducing in nature but the reaction with GO does not ensure high electrical conductivities required for SC applications. Hence, another reaction step of chemical reduction of the monoliths is generally performed using a strong reducing agent, such as hydrazine hydrate.

We wondered if hydrazine, being the smallest possible diamine and strong reducing agent, could form a monolith with very high conductivity in a direct process. An earlier report attempted to prepare monoliths of reduced GO by using various reducing agents such as NaHSO3, Na2S, HI and hydrazine hydrate as gel formation agents. Except hydrazine hydrate, all the three reducing agents formed monoliths and led the authors to conclude that the residual nitrogen in hydrazine hydrate may prevent monolith formation. Eventually, later reports with 1,2-diaminoethane and 1,4-diaminobutane proved otherwise with monoliths containing 4-5 % atomic concentration of nitrogen. Hence, we attempted to try and optimize the reaction conditions of GO and hydrazine hydrate for a successful monolith formation.

Overall, we performed a preliminary focused study using three different diamines i.e.

hydrazine hydrate (the smallest diamine), 1,2-diaminoethane and 1,4-diaminobutane (the first two smallest alkyl diamines) (Scheme II-1). We expected to understand their gel formation capacity, pillaring ability, electrical conductivities and the virtues of their macroporous network for SCs. Reduced graphene oxide with a 2D arrangement, was also synthesized, as a control material to the synthesized monoliths. Electrochemical measurements were performed using an aqueous electrolyte (6 M KOH). Since the gels were F/g at very high current density of 100 A/g. Furthermore, excellent power capability and cyclic stability were also 3D macroporous morphology of GH-HD makes it ideal for high rate supercapacitor applications. 

+ -
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Introduction

Supercapacitors (SCs) based on electrochemical double layer capacitance have attracted great interest as electrochemical energy storage devices in the last decade [1,2] . Successful elaboration of SCs promise a wide range of applications in electric vehicles, memory back-up devices and large industrial equipment. While high power capability and long cycle-life of SC have been the driving force for this extensive scientific research, inferior energy densities compared to batteries has been a major shortcoming [3,4] . Considerable efforts on materials design have been made in attaining superior energy densities without compromising the power capability and cycle-life [5] . Graphene, a one-atom thick layer of graphite, is among the various carbonaceous materials that are under study for this type of electrochemical storage.

Graphene with its high electrical conductivity, mechanical flexibility and remarkable theoretical surface area of 2630 m 2 /g is an ideal candidate for SC [6] . It is noteworthy that theoretically a high gravimetric capacitance of 550 F/g could be obtained if both surfaces of graphene were used for charge storage [7] . While synthesis of pristine graphene for practical applications is challenging, Ruoff et al. have pioneered the bulk synthesis of reduced graphene oxide (RGO) as a graphene-like material [8,9] . This synthesis pathway is based on the oxidation of graphite powder to exfoliated graphene oxide (GO) that is subsequently reduced into RGO [8] . When tested in a SC, RGO demonstrated good power capability in both aqueous and organic electrolytes [10] . However, low specific capacitances of 130 and 99 F/g respectively were achieved owing to limited exposition of graphene sheets to the electrolyte. This unexpectedly lower accessible surface area was explained by the restacking of individual hydrophobic graphene sheets due to strong π-π interactions [10] .

Later, Shi et al. have first developed self-assembled graphene hydrogels (GHs) from aqueous graphene oxide (GO) solutions [11][12][13] . This assembly is achieved through careful modulation of the hydrophobic/hydrophilic balances in the GO solution through either non-covalent or covalent interactions [14][15][16][17][18][19][20][21][22] . Two interesting monolith assembly methods are the hydrothermal treatment of a graphene oxide solution, and the bridging of graphene oxide sheets by reaction with diamine [12,[23][24][25][26] . The first method can be considered as non-covalently based as the monolith formation is triggered by the GO sheets reduction under supercritical conditions followed by their physical cross-linking [12] . The second method concerns the reactivity of the terminal amines of an organic diamine structuring agent with the oxygen functionalities on the graphene oxide sheets [25] . The amine groups react with the electropositive carbons on graphene oxide and a covalent C-N bond is thus formed. Each diamine molecule could react twice and can thus bridge two graphene sheets together. In this method, the concomitant reducing nature of the diamine also plays a role in the monolith formation [25] . The covalent bond formation and the concomitant reduction of GO occur at a varied degree depending on the diamine used. It was shown that the assembly of 2D sheets into 3D monolith limits restacking of the layers, creates a unique macro porous network with pore diameters ranging from sub-micrometers to several micrometers that enables unobstructed transport of the electrolyte, and yield a 3D percolating network [17] . Hence, these GH have been tested in SC systems and indeed showed excellent electrochemical performances [27] .

In the case of the hydrothermally synthesized GH, discharge capacitance of 200 F/g was achieved at a low current density of 0.3 A/g with good cycle-life [12] . However, a great decrease in specific capacitance was observed upon increasing the current densities owing to low electrical conductivity. Nevertheless, a subsequent hydrazine-reduction of this gel allowed better capacitances at high current densities (222 F/g at 1 A/g) [28] . Similar enhancement in power performances is also reported with hydrazine treatment of 1,2-diaminoethane assisted GHs. These examples from literature emphasize that an additional reduction step of the monolith is essential to achieve the highest SC performances explained by a higher electrical conductivity of the percolating network [23-25, 28, 29] .

Interestingly, depending on the nature of the reducing agent and the reaction parameters, chemical reduction of GO in itself has been identified as an efficient gel assembly method. For example, reducing agents such as ascorbic acid, NaHSO3, Na2S and HI were proposed as assembly initiators to form high conducting gels in varying shapes [30] . Surprisingly, hydrazine hydrate, an excellent reducing agent, which originally instigated the development of RGO and was also used to further reduce the assembled gels, was shown to be ineffective for monolith assembly under specific conditions. [30] Yan et. al. have suggested that the presence of residual nitrogen in the gel may prevent monolith formation with hydrazine [30] . However, now it is well known that nitrogen doped gels are indeed possible [23,[24][25][26] . Hence, successful demonstration of a monolith using hydrazine is conceivable and promises an excellent conducting GH for high power supercapacitors.
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Herein, we demonstrate that the graphene monolith assembly using hydrazine monohydrate is indeed feasible. A simple one-step synthesis process under optimized reaction conditions enables exceptionally conducting gels (GH-HD) with excellent power capabilities.

Furthermore, instead of large quantities of hydrazine monohydrate as reported earlier, a molar equivalent of reagent corresponding to GO is used. For comparison and better understanding of the mechanisms involved, GH with other longer chain diamines such as 1,2diaminoethane (GH-ED) and 1,4-diaminobutane (GH-DB) have also been synthesized (Scheme II-2). The synthesized GH-HD demonstrates a high capacitance of 190 F/g at a current density of 0.5 A/g and a remarkable cyclic stability over 2000 cycles at 10 A/g. Moreover, a high capacitance of 123 F/g could be retained at a very high current density of 100 A/g. Although gravimetric capacitances were conventionally used as the evaluation criterion of a SC, volumetric capacitance is considered to be a crucial measure for portable applications with limited space [31][32][33][34][35][36] . By adopting a simple drying technique [31] , we could double the volumetric capacitance of 110 F/cm 3 for freeze dried GH-HD to 257 F/cm 3 at 0.5 A/g.

Results & Discussion

In this study, the graphene monolith assembly is obtained by reacting GO solution with a diamine structuring agent at 80°C for 24 h under no stirring condition (Scheme II-2).

Concentration of the GO solution and molar equivalents of the diamine used are two important parameters in the gel formation. An earlier report describing the effort to synthesize GH with 1.5 mg/mL GO and 41 mmol/L of hydrazine showed that it was unsuccessful [30] . In this work a series of control experiments were performed to identify if a monolith could be assembled for specific values of GO concentration and diamine equivalents (details in Materials & Methods). It was evidenced that for optimized concentrations of 5 mg/mL GO and 3.7 μl hydrazine monohydrate for 1 mg of GO respectively, a GH-HD monolith could be successfully formed. This finding certainly differs from what was observed in the literature. This can be explained by the higher GO concentration used in this work which promotes enhanced cross-linking between the GO sheets and gel formation [24] . GH-ED and GH-DB were also synthesized using these optimized parameters to allow clear physical and electrochemical property comparisons of the gels. The physical and chemical properties of GHs were characterized by FT-IR, TGA, XRD, XPS and conductivity measurements. SEM analysis was performed to analyze the expected 3D assembly of the systems. 

GH GO

accordance with the high degree of oxidation of the starting material. Upon gel assembly with diamines, the broad and intense band at 3700-3200 cm -1 is replaced by a relatively weak band at 3400 cm -1 . The carbonyl signature at 1728 cm -1 disappears while two new bands assigned to N-H of primary amines and aliphatic C-N at 1568 and 1200 cm -1 respectively appear [25] . These modifications in spectra upon gel assembly can be explained by the reduction of oxygen containing function (chemical reduction) and by the diamine reaction with GO. While GH-ED and GH-DB show presence of primary amine from respective diamines with intense bands at 1568 cm -1 , this band is much less intense for GH-HD suggesting that the gel formation mechanism with hydrazine could be different with other longer diamines.

Thermal degradation responses of GO and GHs were analyzed with TGA analysis (Figure II-1b).

GO shows a typical two step degradation profile corresponding to loss of moisture at around 100 o C and decomposition of labile oxygen functionalities at ~ 220 o C [38] . The synthesized gels show varied decomposition profiles depending on the nature of the diamine. On one hand, GH-ED and GH-DB show a gradual weight loss from 180-350 o C, similar to that of GO. This loss is explained by the presence of residual oxygen functionalities in these gels. Further, a significant weight loss could be noted around the boiling points of respective diamines (116 and 158 o C) suggesting the removal of labile diamines. From these thermograms it can be deduced that these gels are not fully reduced and that the reaction with 1,2-diaminoethane and 1,4-diaminoethane successfully occurred. On the other hand, GH-HD thermogram does not indicate any significant weight loss throughout the heating range indicating lack of any labile diamine or oxygen functionalities. Thus, GH-HD demonstrates a high degree of reduction and a graphite-like thermal behavior. As hinted by the IR study, the lack of amine loss in this gel highlights a different gel formation mechanism when longer diamines were used. The gel formation with diamines results in removal of oxygen functional groups from the surface of GO sheets and thus partially restores the stacking as evidenced by the (002) peak shift. Among the three diamines, GH-HD shows a near graphite-like behavior with an interlayer spacing of 3.76 Å highlighting better degree of reduction than the other gels. Notably, GH-ED shows a broad bump around 14 o whereas GH-DB shows a short peak around 12°. This could be probably due to the insertion of alkyl diamines between the GO sheets. It is visible that depending on the samples the relative elemental concentrations vary. For example, on the GO spectra, the intensity of the O peak is higher than that of the C peak, whereas for the gels this ratio is inversed and the C peak intensity becomes higher. This evolution shows that GO is highly oxidized compared to the gels that all show a spectra indicative of a sample reduction. It is also visible that upon gel formation an additional N 1s peak appeared at ~399 eV giving evidence of a reaction between graphene and the diamine used for the gel structuration.

To compare the samples further, HR XPS spectra were recorded on C, O and N for each sample.

As can be seen on Figure II-2a, after deconvolution, the high resolution C1s core-level spectra of GO shows four characteristic peaks at 284.6, 285.9, 286.5 and 288.3 eV corresponding to C=C/C-C, C-OH, epoxy/alkoxy and carbonyl groups respectively [8] . For the synthesized gels, the C1s HR XPS spectra display significant decrease in the intensities of the signals arising from C in an oxidized environment (C=O, C-OH, O-C-O) and a new peak attributed to C-N bond appears at 285.6 eV (Figure II-2b, c&d for GH-HD, GH-ED and GH-DB respectively) [25] . These findings confirm the removal of oxygen groups upon the conversion of GO to GHs due to chemical reduction and assert the reaction between GO and the diamine structuring agent.

Further, restoration of the conjugation is also typically seen through π-π* signal that occurs centered at higher binding energy of ~400 eV compared to (~399 eV) of GH-ED and GH-DB, showing variation in N environment. Based on reference studies, the N 1s spectra was deconvoluted into pyridinic (398.2 eV), amine (399.2 eV), pyrrolic (400.2 eV) and graphitic (401.5 eV) components (Figure II-3b, c, d for GH-HD, GH-ED and GH-DB respectively) [25,29] .

As evoked in the literature, these components arise from different types of Ns resulting from various possible mechanisms: the amines react covalently with the GO to form amine linkages on graphene sheets. Intramolecular rearrangements with these amine linkages can cause insertion of pyridinic/pyrrolic/graphitic components into the graphene sheet (Figure II-4). [29] An analysis of the relative intensities of all N components in the three gels is displayed in 
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DB. For example, it is known that addition of graphitic nitrogen into graphene materials improves the electrical conductivity and presence of pyridinic nitrogen and pyrrolic nitrogen under basic conditions boost electrochemical capacitances [29,39] . Conventionally C/O ratios are analyzed as a measure of the degree of reduction of graphene materials [28] . However, carbons coming from the 1,2-diaminoethane and 1,4-diaminobutane alkyl chains are added into the C content, hence, the C/O ratios obtained herein should be interpreted with caution. The obtained elemental compositions and C/O ratios of the gels are listed in Table II 

-1. C (%) O (%) N (%) C/O σ (S/m) Cwt (F/

Pyridinic Amine Pyrrolic Graphitic
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GH-HD, GH-ED and GH-DB show C/O ratios of 16.7, 7.1 and 10.7 respectively while GO demonstrates 2.6. These values further demonstrate the reduction of GO during gel formation with diamines. The C/O ratio observed for GH-HD here is greatest among the hydrazine reduction of the GO [8,9] . Repeated experiments confirm this value and investigations are under way to clearly understand the merits of the current procedure over previous reduction protocols. Furthermore, the values obtained by GH-DB and GH-ED may not be a correct lengths [23] . The specific surface areas for the gels were obtained through methylene blue (MB) dye adsorption studies. MB adsorption is extensively used to quantify the solvated surface area of a material in which any possible restacking of graphene layers is prevented by avoiding freeze drying technique [40,33,34] . GH-HD shows high specific surface area (SSA) of 1433 m 2 /g whereas GH-ED and GH-DB have 677 and 335 m 2 /g respectively. GH-HD demonstrates a porous morphology (Figure II-6a&b) that is similar to the hydrothermally synthesized gels which were found to have a SSA of 1030 and 1560 m 2 /g [33] . On the other hand, despite the propensity of lyophilization to reduce the SSA through graphene layer restacking, surface area from gas sorption studies of fully freeze-dried samples can be helpful. Additionally, SSA values from gas sorption make it easier to compare these samples to other monoliths described in the literature.

For GH-HD a 130 m 2 /g SSA with a mean pore size of 25 nm is determined while for GH-ED and GH-DB the SSA are respectively 85 and 80 m 2 /g with mean pore sizes of 17 and 13 nm (Figure II-7). Hence, the trend obtained with MB adsorption is also observed here confirming that GH-HD monolith presents a higher surface area. It is noteworthy that the PSD also shows that GH-HD displays macroporosity as evidenced in SEM. For GH-ED gel that can be directly compared to literature data, the SSA obtained is half of what was described earlier [24] ; however, both the values remain in the same range and this difference can be explained by variation in 1,2diaminoethane concentration used leading to different graphene assembly structures. When compared to the precursor of holey graphene foam obtained by the hydrothermal route, GH-HD displays a lower SSA; however, despite being prepared following different methods and using different initial GO concentration, both SSA remain in the same magnitude range [33] .

Again this morphological characterization tend to prove that while the three structuring agent are diamines, they do not react identically with GO leading to GH with different properties (proposed mechanisms in Scheme II-3 and Scheme II-4). 
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As evoked before, gel formation with hydrazine occurs mainly through reduction of oxygenated functionalities on the GO sheets; this high reduction degree is confirmed with XPS, TGA and conductivity measurements. In this case the reduced graphene oxide sheets crosslink through π-π stacking resulting in 3D framework with entrapped water (Scheme II-3). [12] For 1,2-diaminoethane and 1,2-diaminoethane structuring agents, the nature of the reaction is more covalent and the amine functions will react with C in an oxidized environment. The reductive power of these two amines compared to hydrazine are lower explaining that this reduction-based gel formation path is not favored (Scheme II-4). In this case, the 3D assembly is triggered by covalent cross-linking leading to structures with smaller pore volumes. This gel comparison therefore shows that in a one-step process by selecting a diamine that remains short and display a high reductive power, a gel with interestingly high conductivity and porosity can be formed. It is noteworthy that the GH-HD conductivity and porosity fall in the same range than of that of the further reduced hydrothermally synthesized gel [12] .

Scheme II-3 Possible major reaction pathways between hydrazine and oxygen functionalities on GO.

Scheme II-4 Possible major reaction pathways between 1,2-diaminoethane and oxygen functionalities on GO. Similar mechanisms could be expected for 1,4-diaminobutane.

Electrochemical Studies on GHs

GHs synthesized with different diamine chain lengths were tested in a two-electrode supercapacitor configuration with aqueous potassium hydroxide (6 M) as electrolyte. Since the gels were prepared in aqueous media, they enable facile assembly into aqueous electrolyte without much processing. Slices of gels were assembled symmetrically without any conductive additives or binding agents. CV, galvanostatic charge-discharge at different current densities and EIS were performed to evaluate the electrochemical performances. CV curves were obtained in the potential range of 0-1 V at relatively low and high scan rates of 100 mV/s and 1000 mV/s. At a lower scan rate all three gels show rectangular curves with little deformation suggesting mainly electrochemical double layer capacitance (EDLC) mechanism with good charge propagation at the electrode-electrolyte interface (Figure II-8a). Upon increasing the scan rate from 100 mV/s to 1000 mV/s, the CV curves of GH-HD and GH-ED retain a nearly rectangular shape while that of GH-DB distorts into narrow and oblique rectangle (Figure II-8b). Charge storage mechanism which involves adsorption-desorption of the ionic species at the electrode surfaces depends on the time scales of the electrochemical processes. High scan rates or charge-discharge current densities may not allow sufficient time for double layer formation and thus could result in such resistive behavior. Notably, GH-HD offers greater current densities compared to the other two gels at both scan rates. These results suggest better ion transport characteristics and higher ion accessible surface areas in GH-HD.

The slight distortion in the CVs at 100 mv/s could possibly be due to redox activity of the nitrogen and oxygen content in the synthesized gels. Three electrodes configuration allows to study the individual electrode response and could give additional information over the twoelectrode measurements. Hence, CVs were obtained at 100 mv/s scan rates for all the gels in the voltage range of -0.9 V to 0.1 V vs. standard calomel electrode (Figure II-9b). 3-electrodes CVs of the three gels show similarly slightly distorted rectangular shape and confirm the contribution of pseudo capacitance from N and O functionalities [29] . Among the three gels, GH-HD demonstrates more intense redox peaks (-0.6 V vs. SCE) than GH-ED and GH-DB. Good electrical conductivity of the material for better electron transport to and from the redox active sites and higher redox active N content explain the more intense pseudo capacitance peaks in the case of GH-HD with high capacitance values if 248 F/g. literature when cycled at high current density of 100 A/g [28] . GH-HD retains a nearly symmetric behavior with an IR drop value of 0.18 V. This can be understood from the high electrical conductivity of GH-HD (1141 S/m) as compared to GH-ED (68 S/m) and GH-DB (14 S/m). High electrical conductivity of GH-HD ensures lower IR drops and energy loss as heat, enabling better rate performance. [41,42] . When cycled at a at a high current density of 100 A/g, with a sub-second discharge time of 0.4s, GH-HD offers a high-power density 38 kW/kg while delivering an energy density of 4.3 Wh/kg. The observed values are on par with the best reported energy and power densities in aqueous electrolytes. GH-HD outperforms GHs synthesized through reduction of GO by hydrothermal treatment [12] , thermal treatment [41] and L-glutathione [42] . Also, GH-HD performs better than both GH-ED and ethylenediamine assisted gel obtained with an extra step of hydrazine reduction as reported in the literature [24] . Table II-3 compares the electrochemical performance of GH-HD with various reports on carbon materials for supercapacitors in the literature. The electrochemical performances achieved with GH-HD are high and fall in the range of values obtained for hydrothermal gel further reduced by hydrazine, which display a power density of 30 kW/kg and energy density of 5.7 Wh/kg at 100 A/g [28] .

The cycling study recorded at a higher rate of 10 A/g showed 93% retention of discharge 
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The synthesized RGO was characterized with high electrical conductivity and stacked morphology of the reduced graphene oxide sheets. We believed that a study of the electrochemical performance of this highly conducting RGO compared to GH-HD would help us critically analyze the implications of 3D porous networks in SC performances. For this purpose, we performed a controlled study by synthesizing RGO under similar reaction conditions as for GH-HD with continuous stirring (details in Materials and Methods). Four probe measurements showed an improved electrical conductivity of 1832 S/m compared to GH-HD (1141 S/m) as can be understood by greater extent of reduction under homogenized reaction media. CV of RGO shows an ideal EDLC behavior at 100 mV/s but distorts into an oblique shape at a high scan rate of 1000 mV/s (Figure II-12). Power capability study from 0.5 A/g to 100 A/g shows a similar performance of RGO to that of GH-HD at lower rates but a huge drop is noticed with increasing currents (Figure II-10c). Despite being a better electrical conductor, RGO shows poorer electrochemical performance than GH-HD at higher currents. This can be explained by the difference in porosity characteristics (Figure II-13). While, RGO performs well at lower current densities, the compact porous structure prevents seamless ion transport at higher densities. The extensive porous network in GH-HD enables excellent ion accessibility to the electrode-electrolyte interface even at higher currents. From these observations, it can be concluded that, 3D interconnected porous network, along with good electrical conductivity, is an equally important factor in enabling a high-power capability of a SCs. Finally, considering the importance of good volumetric capacitances for SC applications with limited space, we synthesized a dense GH-HD gel by following a simple drying procedure. After gel assembly with hydrazine, GH-HD was densified from a packing density of 0.58 g/cm 3 to 1.56 g/cm 3 by drying it under ambient conditions. The gradual removal of water molecules from the inter layer spaces shrinks the gel to nearly a tenth of its original size. 

Conclusions

GH-HD was prepared as highly conducting monolith using a simple one-step synthesis process.

An optimization study of the reaction conditions enabled such a hydrogel assembly. GH-ED and GH-DB based on longer diamines were also synthesized to analyze different mechanisms and their implications. Hydrazine, being a strong reducing agent, promotes gel formation via assembly of reduced GO through non-covalent interactions such as π -π interactions. When tested in aqueous SC, GH-HD with a low charge transfer resistance of 0.62 Ω and excellent 3D macroporous network, offered high rate performance. An excellent cycling stability with 93 % capacitance retention was noted after cycling for 2000 cycles at a high current density of 10 A/g and full capacitance was observed when cycled at lower rate of 2 A/g over 5000 cycles. Furthermore, at a very high current density of 100 A/g discharge capacitance of 123 F/g could be achieved. Extensive 3D porous networks along with high electrical conductivity were evidenced as the major factors behind such performances. The control study performed in this work to understand the interplay between electrical conductivity and porosity in electrochemical performances allows us to design superior materials for SCs. The simple onestep synthesis procedure under atmospheric conditions to obtain highly reduced GHs could enable the development of low cost and high-power performance SCs.

Further Conclusions & Perspectives

In the context of the thesis, besides providing a route to highly reduced graphene monolith, this preliminary study gave a lot of information about the gel formation ability, pillaring ability and electrical conductivities of the hydrogels synthesized by the three diamines. All the three diamines showed ability to form monoliths with interconnected porous networks as seen from SEM images. The synthesized gels have gradually lower electrical conductivities with increasing alkyl chain length of the diamine.

One particular aspect of great interest to us was the pillaring ability and the mechanism involved in the gel formation when different diamines were used. Through different characterization techniques, such as FT-IR, TGA and XRD, GH-HD showed that the hydrazine hydrate reduces the GO sheets but does not covalently react with the oxygen functionalities.

GH-HD showed nearly no presence of primary amines in FT-IR, had no weight loss corresponding to loss of hydrazine molecule in TGA and had no peak at lower 2θ values in XRD that may arise from intercalation of hydrazine between the GO sheets. These observations could probably be explained by the short length of hydrazine molecule. Holding two large GO sheets together at such a short distance may not be energetically favorable and thus only reduction of GO was seen in GH-HD. On the other hand, GH-ED and GH-DB show a clear presence of alkyl diamine in FT-IR, TGA and XPS. Additionally, the XRD patterns at lower angles (10-15 o ) show presence of broad peaks with very low intensity in GH-ED and GH-DB. Based on these characterization data, we proposed a different reaction mechanism for reaction of 1,2diaminoethane and 1,4-diaminobutane with GO wherein, simultaneous covalent linking and chemical reduction of GO sheets occur.

Nevertheless, the XRD diffraction plots showed peaks at lower angles with much higher intensity in GH-DB compared to that of GH-ED and to that of no peak in GH-HD. This led us to believe that, from hydrazine hydrate to 1,4-diaminobutane, the decrease in reduction ability and the favorable longer alkyl chain lengths may have favored the covalent cross-linking process over the chemical reduction (Scheme II-5). Another point of view could be that the longer diamines may enable formation of repetitive cross-linking of GO sheets to form larger crystallites and thus have XRD peaks with higher intensities. In any case, the observed peak for GH-DB is still broad and not well-defined to perform fundamental analysis of ion-sieving using electrolyte ions of particular size.

Thus, the two important perspectives from this study to take ahead into this thesis were. (i)

Longer alkyl diamines should be tested to enable a better cross-linking that can also be well characterized using X-ray analyses. (ii) Additional chemical reduction of the gels is necessary for better electrical conductivity in SCs. 

Ion Sieving Effects in Chemically Tuned Pillared Graphene Materials for Electrochemical Capacitors
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Abstract

Supercapacitors offer high power densities but require further improvements in energy densities for wide-spread commercial applications. In additional to the conventional strategy of using high surface area materials to enhance energy storage, recently, matching electrolyte ion sizes to material pore sizes is shown to be particularly effective. However, synthesis and characterization of materials with precise pore sizes remains challenging. Herein, we propose to evaluate the layered structures in graphene derivatives as analogous to pores and study the possibility of ion sieving. A class of pillared based graphene materials with suitable interlayer separation were synthesized, readily characterized by x-ray diffraction, and tested in various electrolytes. Electrochemical results show that the inter-layer galleries could indeed sieve electrolyte ions based on size constrictions: ions with smaller naked sizes than the inter- 

Introduction

Electrical double-layer capacitors, commonly known as supercapacitors (SCs), store energy through reversible adsorption of electrolytic ions on the charged electrode surfaces. 1 The nonfaradaic nature of this charge storage enables supercapacitors to offer high power densities and long cycle life. 2 As an undesired consequence, the non-faradaic charge storage also results in typically low energy densities in SCs. 3 Hence, porous carbon materials (eg. activated carbons (ACs), templated carbons) with high specific surface areas (SSA) and good electrical conductivities are typically studied as electrode materials for improved energy densities. 4,5 However, the traditional beliefs about the high surface area of the material as the unique strategy for maximized charge storage needed reconsideration when complementary storage mechanisms were discovered in nanopores (< 1 nm). 6 Following the work by Aurbach et al. on selective electrosorption of ions based on size (ion sieving) 7 , researchers have reported the capacitance contribution from these nanopores in SCs. 8,9 Extensive work on carbide-derived carbons (CDCs) 10 and ACs has since revealed that the nanopores offer more efficient charge storage by confining the electrolytic ions and thereby restricting excessive charge screening by solvent molecules. 4,11 These studies also revealed that the ions access such narrow pores by shedding a part of their solvation spheres. 12,13 Recent studies using electrochemical quartz crystal microbalance (EQCM) 14 and nuclear magnetic resonance (NMR) techniques have quantitatively confirmed such desolvation. 15,16 Several reports have since studied charge storage in nanopores and proposed that the maximum specific capacitances are obtained when ion sizes and pore sizes match. 17,18 Particularly, it was also shown that a narrow pore size distribution (PSDs) of a carbon material is essential for such observations. 19 However, only a few carbons, such as CDCs and some ACs, display narrow PSDs. 4 Furthermore, reliable determination of PSDs from gas adsorption studies still remains a difficulty as the density functional theory based approaches require prior knowledge of the pore geometry and heat of adsorption of the material. 4 To that end, combinations of characterization and modeling techniques using NMR and small-angle X-ray scattering are being used to allow unambiguous pore size and geometry determination. [20][21][22] In parallel, research on graphene derivatives for SCs has shown potential owing to their high surface areas, electrical conductivities and mechanical flexibilities. 23,24 However, in the context 109 of material porosity for charge storage, much of the current research in graphene derivatives is devoted to improving the morphology with a focus on inter-particular porosity 25 , similar to the research on ACs. Surprisingly, little attention has been devoted towards exploring the unique layered structures of graphene derivatives in SCs. Although the natural graphitic spacing of 0.33 nm, defined as intrinsic intra-particular pore, could be narrow for some ions in SCs, graphene derivatives are known to exhibit expanded layered structures, (extrinsic intraparticular pores). 26 These expanded layered structures could be precisely tuned and the dspacing values describing inter-layer distances could readily be evaluated using X-ray diffraction (XRD). Recent study on electrochemically exfoliated graphene oxide (GO) films showed enhanced capacitances when the d-spacing matches the ion sizes. This in situ study offers a proof of concept for impact of d-spacing in SCs but the low capacitance values of ~ 1 F g -1 mandate further improvements. 27 Few other reports have studied pillared graphene materials in SCs but the enhanced performances could only be related to improved hierarchical porosity. 28,29 In this context, herein, we study the electrosorption of ions in pillared graphene materials with varied inter-layer distances. An analysis of such materials would test the possibility of ion sieving and, thereby, ion confinement in the inter-layer galleries for an efficient charge storage. A class of materials using GO as precursor and alkyl diamines as covalent pillars were 

Materials & Characterization

Material Design

GO has long been studied as a perfect precursor for various graphene-like materials, thanks to its surface functionalities that offer abundant chemical tunability. 30 GO is characterized with randomly distributed oxygen-containing functional groups and it is believed that the epoxy and hydroxyl groups lie above and below each layer whereas the carboxylic groups are on the edges. 31 This rich surface chemistry allows covalent bonding of GO sheets with an organic linker. Particularly, a bi-functional linker bearing its reactive functions at both ends is used to cross-link two sheets together. 32 For example, alkyl diamines, very reactive towards epoxide groups, have been shown to be effective in forming pillared materials with tunable inter-layer distances. 32,33 Hence, we use diamines with varied alkyl chain lengths (C = 5, 6 and 8) to obtain the necessary d-spacing values for this study. GO is electrically insulating and reaction with the alkyl diamines couldn't ensure high enough electrical conductivities of these pillared materials. 34 The obtained materials are thus chemically reduced using hydrazine to 

Characterization

The physicochemical properties of the synthesized materials were characterized using various techniques and the porosity characteristics were analyzed using scanning electron microscopy (SEM) and gas sorption studies. The thermal degradation responses of the materials were obtained using thermogravimetric analysis (TGA) and are shown in show no removal of moisture or oxygen functionalities but exhibit a gradual weight loss between 300-500 o C. Such gradual weight losses at temperatures above the boiling points of the respective diamines are attributed to the removal of non-labile diamine species. 35 Hence, TGA shows presence of diamine linkers and an absence of labile oxygen functional groups in RPs. Furthermore, a careful analysis of the weight losses identifies similar diamine grafting densities in all the three RPs (Table III-1). . 30 GO exhibits a highly oxidized nature with Deconvolution of N spectra could explain this shift in peak positions and the differences in N content between RGO and RPs. As evoked in the literature, the diamines could react and form covalent linkages with GO, resulting in amine N (399.2 eV), and instigate further internal rearrangements forming pyridinic (398.2 eV), pyrrolic (400.2 eV) and graphitic N (401.5 eV) components. 35 RGO shows a typical abundance of N in pyrrolic and graphitic rings owing to the strong reducing nature of hydrazine. Whereas, RPs have a major contribution from amine N, owing to the incorporation of diamines, and thus show a shift in the peak position compared to RGO. These results reaffirm the presence of covalently linked diamines in RPs as also seen from TGA. 117 layer galleries on SCs performances. Furthermore, the cross-linked galleries have d-spacing values in the range of sizes of common electrolyte ions offering a good template for SC studies.

Electrochemical studies

The ion sieving behavior of these reduced pillared graphene materials was studied in SCs by using a range of electrolytes with varying ion sizes. 1 M tetralkylammonium tetrafluoroborate (TAABF4) salt solutions in acetonitrile with constant anion size and varying cation sizes; ethyl (TEA + -0.68 nm), propyl (TPA + -0.76 nm), butyl (TBA + -0.82 nm), hexyl (THA + -0. 
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(Table III-2), pillared materials offer tremendous scope for improvements in both power and energy densities. Strategies such as using RPs that are synthesized with a low density of pillars could improve ionic diffusion and simultaneously ensure both higher power and energy densities. Additionally, conventional strategy of developing hierarchical porosity in addition to the inter-layer galleries could also enhance ion accessibility and charge storage. 

Conclusion

A class of reduced pillared graphene materials with tunable inter-layer galleries were readily synthesized using alkyl diamines as cross-links. A family of tetraalkylammonium tetrafluoroborate salts with constant anion and varying cation sizes in acetonitrile were used as electrolytes in SCs. The observed electrochemical responses for RGO show no ion specific limitation suggesting that the ion sorption occurs only in the inter-particular porosity.

Whereas, RPs show limitations based on size constrictions indicating that the ions mainly adsorb in the inter-layer gallery pores. Ions are limited if their naked sizes are larger than the d-spacing of RP and thus show that the inter-layer galleries sieve ions based on sizes. This direct correlation between naked ion size and the gallery spacing suggests partial desolvation of the electrolyte ions during adsorption. Further experiments using different solvents and characterization techniques are being analyzed to understand this desolvation. These first results of ion sieving in pillared graphene materials could help us readily design and develop strategies for optimized charge storage in SCs.

Further Conclusions & perspectives

This extensive study performed on reduced pillared graphene materials (RPs) synthesized Studies on pillared graphene materials in the field of gas storage have proposed that a dense filling of the inter-layer galleries with pillar molecules may render the galleries as closed pores for gas molecules. We speculated that the density of alkyl diamine pillars in RPs may also have a similar impact on their charge sorption capabilities. We believed that further understanding of the ion transport dynamics in these RPs may evaluate our presumptions and provide perspectives to improve the capacitance values. Hence, we study the impedance responses of the materials from this chapter in the next two chapters.

Another important factor that governs the overall charge storage capability of a material is its porosity characteristics. In the previous chapter, a comparative study of GH-HD and RGO has shown the merits of a 3D interconnected porous network. The synthesis of GH-HD and RGO differed just with the magnetic stirring during the reaction: RGO is continuously stirred whereas GH-HD is left unstirred to form a monolith. The SEM images obtained for the two materials show the differences in their porosities (Figure III-14a&d). Also, the material density of GH-HD (0.02 g/cm 3 ) is significantly lower than that of RGO (0. 

Chapter IV. Electrochemical Impedance Analysis of Ion Transport in

Pillared Graphene Materials

Objectives & Approach

In the previous chapter, successful elaboration of reduced pillared graphene materials (RPs)

and their ion sieving capabilities in SCs were described. Electrochemical analysis of RPs in three electrode SC cells through cyclic voltammetry showed limitations in cation adsorption when the cation sizes were larger than the inter-layer gallery heights, characterized by the d-spacing values. In other words, ions entered the inter-layer galleries when they are smaller than dspacing values and were restricted when larger. However, despite this direct observation of the ion sorption inside the galleries, the calculated specific capacitances were only marginally better for RPs than that obtained for RGO that displays are-stacked structure.

In order to further characterize the materials in the electrochemical cells and to understand the origin of the lower-than-expected specific capacitances, we proposed to study the ion transport behavior in the synthesized RPs. Hence, we performed electrochemical impedance analysis of 5 and 6 RPs using the same class of TAABF4/AN electrolytes. The frequency responses were obtained under positive and negative polarizations with respect to open circuit voltage in order to observe distinct cation and anion behavior. RGO was also studied as a control material under the same conditions. We believed that the comparison with RGO would give a definitive understanding of differences in ion transport.

As discussed in the previous chapters, the global objective of this thesis was to synthesize and study pillared graphene materials with an interconnected macroporous structure. We expect the pillared nano structures to contribute towards ion sorption while the interconnected porosity would facilitate ion access to the sites. The comparison of the power capabilities of GH-HD and RGO in chapter II emphasized the important role of porosity in SCs. In chapter III we achieved successful pillaring of graphene materials but the synthesized RPs do not selfassemble into monoliths. Thus, while looking out for self-assembly techniques, we found that hydrothermal treatment of GO is an effective one-step process to obtain such monoliths.

Herein, we have attempted to synthesize a pillared graphene hydrogel (GH) through a onestep hydrothermal treatment of the GO-alkyl diamine mixture (Scheme IV-1). Electrochemical impedance analyses were also performed on the synthesized GHs and were then compared to RPs. The comparison of GHs to RPs, wherein both the materials have pillared architectures but differ in the porous characteristics, was expected to describe the role of porosity in the SC performances of pillared graphene materials.

The results obtained in this chapter were written as an article and are currently under review at the journal of "Electrochimica Acta". The broader insights and perspectives obtained from the article are discussed at the end of this chapter. 

180°C, 17h

Scheme IV-1 Schematic representation of the synthesis of pillared graphene hydrogel in an autoclave.

Investigation of ion transport in chemically tuned pillared graphene materials through electrochemical impedance analyses

Harish Banda † , Sandy Périé † , Barbara Daffos ¶ ‡ , Lionel Dubois † , Olivier Crosnier ¶ § , Patrice Simon ¶ ‡ , Pierre-Louis Taberna 

Abstract

Chemically tuned pillared graphene structures show ability to limit restacking of graphene sheets for electrochemical energy storage in SCs. A comprehensive electrochemical characterization using various ion sizes allowed identification of ion-sieving in the cross-linked galleries of reduced pillared graphene materials (RPs). The access to the cross-linked galleries, which provide additional ion sorption sites, offered slightly increased capacitances in RPs compared to completely restacked sheets in reduced graphene oxide (RGO). We performed electrochemical impedance analyses on RPs and RGO to understand the ion transport inside the cross-linked graphene galleries. RGO adsorbs ions in the inter-particle micro/mesopores and the ion access to such sites from the bulk electrolyte occurs with relative ease. RPs sieve ions into their inter-layer gallery pores based on effective ion sizes and the ion transport 
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process is resistive compared to RGO. A control study using 3D pillared graphene hydrogel with improved macro porosity assigns this resistive behavior and the moderate capacitances to limited ion access to the active sites due to excess number of pillars. The obtained results on the ion transport dynamics between graphene layers provide perspectives towards further optimization of these graphene materials for SCs.

Introduction

Supercapacitors (SCs) or electrochemical-double layer capacitors are electrochemical energy storage devices able to deliver high power densities with excellent cycle life. 1,2 These characteristics are made possible by the charge storage process involving a charge separation at the electrode-electrolyte interface via fast adsorption of electrolytic ions at the electrode surface. However, these systems are also characterized by limited energy densities and thus are widely studied as complementary to batteries. 3 To improve the energy densities, researchers are working on new systems with porous carbons, or the development of pseudocapacitive materials with additional faradaic processes, or hybrid systems that operate between batteries and SCs. [4][5][6] Among various carbons, activated carbons (ACs) have been widely studied for SCs applications owing to their high specific surface areas (SSA) and low material costs. 4 Interest in ACs also lies in their tunable porous structures that allowed analysis of the impact of pore sizes on specific capacitances. 7,8 These studies revealed that in addition to high surface areas, matching pore sizes to electrolytic ion sizes also enable high capacitances. [9][10][11] Extensive analyses on ionsieving in these pores have discovered that the high capacitances are a result of a partial desolvation and confinement of ions in these pores. [12][13][14] Among other carbon derivatives tested, graphene has been studied as an electrode material candidate. [15][16][17] The derivedresearch paths have mainly focused on tuning graphene sample porosity, 18,19 for example, by creating holes inside the graphene sheets, or by forming graphene aerogels displaying porosities adapted for efficient electrolyte ion transfer. 20 In parallel, many research paths involve the use of graphene as a support for a faradaic or non-faradaic component to improve the overall capacity of the system. 21 Recently, our group proposed pillared graphene structures with organic molecules pillars to prevent the significant restacking of graphene sheets during chemical reduction. We predict that such pillared structures would offer higher specific capacitances with more electrochemical active sites available for ion sorption. Hence an interesting class of materials with varied inter-graphene layer separation (d-spacing) were readily synthesized by varying the size of the pillar (alkyl diamine) used. [22][23][24] In the course of related electrochemical studies, ion-sieving behavior was observed in these graphene-derived materials. 22 A clear dependency 141 between d-spacing of the inter-layer galleries and electrolytic ion sizes was noted: ions with sizes smaller than d-spacing can access gallery pores whereas larger ions cannot access the surface area inside the galleries. 22 The cross-linked galleries in these materials sieve ions based on their size and hence demonstrate a potential for enhanced capacitances through optimization of d-spacing/ion size couple. 25 While this phenomenon has been clearly identified and explained using cyclic voltammetry (CV) experiments, additional electrochemical impedance spectroscopy (EIS) studies are presented in this paper with further insights on the electrolytic ion transport in between the graphene layers. This analysis of ion dynamics inside the graphene galleries gives new perspectives and is of direct interest towards optimizing graphene materials for SCs. So, herein, pillared graphene materials with a d-spacing of 7.8 and 8.0 Å -obtained with pillars of 1,5-diaminopentane and 1,6-diaminohexane respectively -are tested in various tetraalkylammonium tetrafluoroborate salt solutions in acetonitrile. Impedance analyses were performed under positive and negative polarizations to obtain the distinct anion and cations responses in these materials. RGO, which only displays inter-particle porosity but does not have any inter-layer cross-linked galleries, has been studied as a control material. EIS data have been treated and the evolution of imaginary part of capacitances vs. real impedances have been plotted to investigate the ion transport inside these materials.

Results & Discussion

The pillared graphene-based materials studied here were prepared using graphene oxide as a platform for functionalization with alkyl diamines as pillars. 22 The amine groups react with oxygen containing functions such as epoxide and carboxylic acid on GO and bridge GO sheets together (Scheme IV-2). 23 The obtained pillared materials were further reduced using hydrazine to improve their electrical conductivities. 28,29 Depending on the diamine used in the first step, materials were named as 5 RP (1,5-diaminopentane) and 6 RP (1,6-diaminohexane).

The detailed protocol about RPs preparation has been published elsewhere and a brief description can be found in materials and methods. 22 The covalent interactions between diamines and graphene layers have also been shown previously using a combination of spectroscopic and electrochemical characterization methods. [22][23][24] X-ray diffraction (XRD) patterns were obtained (using a Co Kα radiation source of λ=1.79 Å) to readily characterize the impact of cross-linking diamines in RPs (Figure IV-1a). RGO, synthesized as a control, shows a broad peak around 28 o corresponding to the graphite-like arrangement (002) with an intergraphene sheet distance of 3.7 Å. This graphite-like arrangement suggests an efficient reduction of GO leading to a partial restacking of the reduced graphene sheets. 30 The XRD patterns recorded for both RPs display two peaks. The peaks around 25° were again attributed to the partial restacking of graphene stacks upon chemical reduction. The new peaks around 15° in both RPs were ascribed to cross-linking of graphene layers induced by the diamines. 5 RP exhibits a d-spacing of 0.78 nm whereas 6 RP shows 0.80 nm with a larger alkyl chain used.

RGO

( 330 m²/g)

RP

(138 m²/g)
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To further characterize this ion-sieving and also to gain insights into the ion transport inside the graphene galleries, EIS measurements were performed on RGO and RPs under negative and positive polarizations. The normalized complex plane Nyquist plots are displayed in Figure IV-4. These plots can be divided into three regions. [34][35][36] At high frequencies, only the electrical conductivity of the electrode (ionic and electronic) can be seen; thus, SC electrodes behave like a resistor (Z"=0). The sharp increase of the imaginary part of the impedance (-Z") in the low frequency region -where the plot is nearly parallel to the y axis is related to a capacitive behavior. The intermediate 45 o region is associated to the ion transport in the porous network of the electrode that corresponds to the electrolyte resistance in the pores. Ion sorption in RGO occurs in the micro/meso inter-particle pores and thus the TEA + , TPA + and TBA + cations access them with relative ease. Therefore, the impedance measurements of RGO show ideal capacitive-like behavior and do not vary a lot in these electrolytes. In RPs, ion sorption occurs significantly in the inter-layer porous network in addition to the inter-particle 39 In summary, RGO and RPs show similar responses in all electrolytes under positive potentials and an increasing influence of larger cations, in addition to anions, is also noted. This observation was described as an ion exchange mechanism in earlier reports. [39][40][41] With the largest cation in THABF4, 𝛼 values of RGO and RPs decrease to 0.90 and ~ 0.76 respectively, indicating a greater cation exchange effect.

Material TEABF4 TPABF4 TBABF4 THABF4 + 1 V -1 V + 1 V -1 V + 1 V -1 V + 1 V -1 V RGO 0.
The EIS measurements have also allowed determination of the real capacitances (C') according to a complex capacitance model reported by Taberna et al. derived from Cole and Cole. [42][43][44] C'(𝑤) represents the deliverable capacitance of the cell under DC or low frequency AC conditions. C'(𝑤) is calculated using Equation IV-2, where Z''(𝑤) is the imaginary part of impedance Z and 𝑤 is the frequency.

𝐶′(𝑤) = -𝑧 ′′ (𝑤) 𝑤|z(w)| 2
The evolution of C' with respect to frequency for each sample at +1 V and -1 V vs. 149 porosity (gallery and inter-particle pores). For example, a porous material with rapid ionic transport displays a steep slope in this intermediate region. 42 At -1 V vs. Ag, C' vs 𝑤 plots for RGO approach a maximal C' plateau in TEABF4, TPABF4 and TBABF4 at the lowest frequency tested (10 mHz), revealing a fast transport of electrolytic ions in the electrode material (Figure IV-6a-c). However, in THABF4, RGO displays lower C' values and a non-ideal behavior as the cation size approaches the inter-particle pore sizes in RGO (Figure IV-7a). For 6 RP, C' is closely equivalent to that of RGO in TEABF4 and increasing cation sizes shifts the pure capacitive behavior to lower frequencies. 5 RP, even in TEABF4, does not approach a plateau and the ion transport is gradually limited in other electrolytes.

Additionally, with larger cations in RPs, the maximal C' values and the slopes in the intermediate region gradually decrease.

This EIS data under negative polarization really shows a slower ion transport in RPs when larger cations are used. In RPs, steric effects when ion size is in the same range as the interlayer gallery size lead to limited ion transport and accessibility to adsorption sites. Thus, with a complex dynamic process, RPs do not reach a plateau with full capacitance in this frequency range and confirm resistive behavior. At 1 V vs. Ag, RGO and RPs all show curves with similar maximal C' values and slopes in the intermediary region (Figure IV-6d-f). However, with increasing cation size, it can be noted that the plateaus of C' slightly drift towards lower frequencies. This observation, as noted in the Nyquist plots, could be seen as an influence of cations via the existence of an ion exchange mechanism. 39 
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give rise to stronger interactions between graphene sheets and alkyl carbons of the electrolytic ions.

The complex capacitance model also allows the determination of imaginary capacitance (C'')

which corresponds to the energy loss arising from irreversible processes at the electrodes. 42 This C''(𝑤) parameter was calculated from EIS data using equation 3, where Z'(𝑤) is the real part of impedance Z:

𝐶′′(𝑤) = -𝑧 ′ (𝑤) 𝑤|z(w)| 2
The imaginary C'' goes through a maximum at a frequency f0, which defines the transition between purely resistive and capacitive behaviors of a SC. This frequency, known as knee 
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The τ0 values obtained from these peaks assign better power capability for RGO than RPs (Table IV- 152 lower than for 6 RP in all the electrolytes tested under positive polarization. For example, τ0 of 5 and 6 RPs in TBABF4 are 11 and 20 s respectively. This difference between RPs is counterintuitive as one would expect 6 RP, with a higher d-spacing, to facilitate better transport and lower τ0 value for BF4 -anion. As τ0 values are affected by a combination of ionic, electrical and cell resistances, it seems important to determine the distinct impact of the material properties on ionic resistances.

+ 1 V -1 V + 1 V -1 V + 1 V -1 V + 1 V -1 V
To do so, herein, we attempted to study C'' with respect to Z'. We believe that such an analysis but, with larger cations, the C'' extends to even higher resistances and eventually shows a continuous plateau with TBABF4. The plateau symbolizes an extended limitation of ion transport inside the porous electrode while the cell not reaching a capacitor-like behavior.

could
This increasingly resistive behavior of 6 RP with larger cations is quantified with rise in Ri values from 20 mOhm.g in TEABF4 to 70 mOhm.g in TBABF4. 5 RP shows continuous plateau with no transition peak even with the smallest cation tested in TEABF4 and already shows a high Ri of 55 mOhm.g. Further increase in cation sizes lead to even higher Ri up to 172 mOhm.g in TBABF4

and much higher values in THABF4 (Figure IV-11). This continuous loss of energy even at the low frequencies led us to examine the leakage currents for all cells. The measured leakage currents show similar values in all cases excluding any faults device fabrication and thus relate the observed plateaus to materials (Table IV-3). It has been reported that with increasing alkyl chains lengths in the diamine the ratio of transgauche conformations shifts towards higher trans content. 23 Hexanediamine (in 6 RP) may locally occupy higher volume in the gallery than pentanediamine (in 5 RP) and thus have higher ionic resistances. Moreover, the odd and even number of carbons in the diamines used here could also affect the overall polarity and ion sorption in the gallery. The cation sorption at -1 V, masks these fine details among RPs as the steric effects result in large Ri values. As the Ri values at 1 V are smaller, this subtle influence of the alkyl chain conformation on 5 and 6 RPs is seen distinctly.

+ 1 V -1 V + 1 V -1 V + 1 V -1 V + 1 V -1 V
In short, electrochemical analyses of RGO and RPs through CV and EIS measurements confirm the ion-sieving effect in pillared graphene materials. The access to inter-layer gallery pores in RPs is regulated by the d-spacing/ion size couple. In CVs, RPs show marginally higher specific capacitances than RGO with appropriately smaller ions (TEABF4). With larger ions, access to the galleries is restricted and very low capacitances are recorded. Notably, even in the case of TEABF4, despite their better capacitances, this impedance analysis has confirmed that RPs exhibit sluggish ion transport relative to RGO. This could be due to hindered mobility of the ions in the galleries due to un-adapted porosity or the presence of alkyl diamine pillars. To investigate if the impeded ion transport is due to unsuited porous network, we synthesized and analyzed a pillared graphene hydrogel (GH) that has a 3D percolating network using 1,6- hexanediamine as the pillar (6 GH) (details in ESI). The 3D percolating network offers multiple ion pathways and is known to show enhanced ion transport characteristics in the hydrogels. 21 The N2 gas sorption isotherms and corresponding PSDs characterize 6 GH with enhanced micro covalently attached diamines. Electrochemical analysis of 6 GH in 1 M TEABF4, which has sufficiently smaller ions than the d-spacing, shows slightly higher capacitances of 142 F/g than 6 RP (130 F/g) and RGO (117 F/g). This shows that the 3D assembly with improved SSAs, along with the cross-linking at nanoscale, yields enhanced capacitances in these pillared materials.

However, the impedance analysis under negative polarizations shows that the ion motion remains very much impeded in 6 GH despite its 3D structure and the larger d spacing (0.86 nm) (Figure IV-13a&b). In fact, the obtained Ri and τ0 values show greater resistances in 6 GH with higher values of 57 mOhm.g and 23 s compared to 20 mOhm.g and 17 s for 6 RP (Table IV 
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These observations suggest that the alkyl diamine pillars inside the galleries play an important role in ion transport between the graphene layers. Moreover, the obtained capacitances of both 6 RP and 6 GH are only slightly better than RGO despite ion access to the cross-linked galleries. This is possibly due to excessive filling of the galleries with diamine pillars leading to impeded ion transport to active sites. This understanding of the impact of pillars and the porosity provides new strategies to improve energy and power densities of pillared materials.

Decreasing the number of pillars between the graphene layers could be a straightforward strategy for enhanced power and energy values. Integrating additional inter-particle pores could be another strategy for enhancement of energy densities. Collectively, pillared materials with low pillar density and additional inter-particle pores could offer both high energy and power densities.

Conclusions

Impedance measurements have been performed to investigate the ion transport dynamics in pillared graphene-based materials. A range of electrolytes with increasing cation sizes and a constant anion size were studied under positive and negative electrode polarizations.

Depending on the cation size, Nyquist and Bode plots of RPs exhibited large Warburg like regions and delayed capacitive behaviors whereas RGO responses remained similar. Ionic resistances obtained through C" vs. Z' plots enabled a quantitative analysis of these observations and show that the ion transport in RPs is mainly controlled by graphene interlayer gallery sizes. As RPs sieve ions into the pillared graphene layers, steric effects impede the ion transport when ion size is in the same range as the inter-layer gallery size. RGO adsorbs ions in the inter-particle micro/mesopores and the ion access to the active sites is relatively easier. These results are in accordance with the earlier CV results that have shown that RPs show marginally higher capacitances than RGO but suffer from slow ion transport and exhibit poor power capabilities. This knowledge from cyclic voltammetry and the dynamic ion transport between graphene layers materials gives us perspectives towards enhanced charge storage in graphene materials.

Further Conclusions & Perspectives

The electrochemical impedance spectroscopy (EIS) analyses performed in this chapter have supported our earlier observations of ion sieving from cyclic voltammetry (CV) and proposed new ways to improve the performances of pillared graphene materials in SCs. Both 5 and 6

RPs showed high ionic resistances when the ions are larger or of the same sizes of the dspacing values in the materials. Thus, the findings from the impedance analyses were relatable to the CV experiments.

Even when the smaller TEA + cation or the anions were studied (under negative and positive polarizations respectively), both the RPs always showed more resistive behavior compared to RGO. The higher ionic resistances of RPs compared to RGO are conceivable as RPs have pillars in the inter-layer galleries that can sterically hinder the ion transport in between graphene layers. In addition, the comparison between 5 and 6 RPs suggests that the presence of bulkier alkyl chains as pillars in 6 RP result in higher ionic resistances among the two RPs.

Furthermore, the comparison of the ionic resistances between 6 RP and 6 GH indirectly highlighted the significant impact of the number of pillars on the overall ion transport. 6 GH, which is synthesized in hydrothermal reaction conditions, has interconnected macro porous network so better ion transport was expected. However, 6 GH displayed higher ionic resistances compared to 6RP which are probably due to the presence of higher amount of diamine pillars in 6 GH compared to 6 RP. The EIS analyses attribute much higher ionic resistances of 60 mOhm.g for 6 GH vs. 20 mOhm.g for 6 RP.

Overall, it is clear that the pillars in the galleries have a major impact on the ion transport in pillared materials. Hence, we propose to optimize RPs and GHs with a lower number of pillars between the graphene sheets to allow an improved ion transport that could also provide access to the active sites (Figure IV-14). 

Densely filled galleries Sparsely filled galleries

Objectives & Approach

Learning from the conclusions of the previous two chapters, herein, we aim to study pillared graphene materials (RPs and GHs) that have lower number of pillars (pillar density) between the graphene layers. GHs were synthesized in the previous chapter but were only analyzed for their ion transport behavior. Herein, we study them along with RPs as two materials with a pillared nano structures and different porosities. Overall, the main objective of this chapter is to optimize the proposed pillared graphene materials towards achieving the promised potential of high capacitances through charge storage inside the inter-layer galleries. We speculated that a lower pillar density could allow ion access into the inter-layer galleries and provide additional ion sorption sites. Additionally, low number of pillars could reduce the steric hinderance experienced by ions inside the galleries and thus result in improved ion transport characteristics.

However, decreasing the diamine content in an ad-hoc manner could lead to few undesired consequences including; (i) poor stability of the pillared structures during the electrochemical cycle life and (ii) higher relative content of restacked domains compared to cross-linking domains in the material (leading to loss of active sites). Earlier reports in the literature have suggested a systematic approach of synthesizing the materials with varied amounts of the pillar molecule (equivalents) and analyzing the resulting d-spacing values. Typically, a maximum in d-spacing values is seen with respect to the equivalents of the pillar molecule as most of the highly reactive oxygen functional groups on the GO sheets access a pillar molecule.

As described above, in this final chapter, we wanted to study the impact of the pillar density on the electrochemical performances of the pillared materials and enhance SCs performances through optimization of pillar amount. Thus, we performed syntheses of both the pillared materials (RPs and GHs) using a range of diamine equivalents. Owing to the focused nature of this study, we chose and synthesized all the materials by using one alkyl diamine (1,6diaminohexane) as the pillar molecule and TEABF4 as the electrolyte. Among the class of materials synthesized, specific materials with similar d-spacing but synthesized with different equivalents were chosen for electrochemical studies. Maintaining similar d-spacing values for 167 the materials is important for this comparison of pillar density, as two different gallery spacings could lead to different ion transport properties.

Pillared graphene hydrogels were also synthesized using the hydrothermal approach presented in the last chapter. Although a brief comparison of ionic resistances in 6 GHs and 6

RPs was done in the last chapter, a holistic comparative study of overall performances of the optimized materials is presented here. Among the class of materials synthesized, two specific 6 GH and 6 RP materials were chosen with similar d-spacing values but varying bulk porosity for an analysis of their porous characteristics.

Many of the carbon-based materials used for SC applications have low materials densities and thus have low volumetric specific capacitances. Despite the great interest in 6 GHs with its interconnected porosity for SC applications, they have very low densities of < 0.1 g.cm -3 , limiting their applications in SCs. Hence, it is important to improve both the gravimetric and volumetric capacitances of the monoliths. Fortunately, as described earlier in the introduction, monoliths and other macroporous structures have large amounts of trapped water and could be densified through capillary compression, i.e. slow evaporation of water.

In fact, up on densifying, these 3D materials are expected to have greater materials densities in the range of their 2D counterparts. Thus, we synthesize and analyze the volumetric performances of pillared graphene materials by adapting the simple ambient drying approach from the literature.

The results obtained from this work are written as an article and has been submitted to the journal "Advanced Energy Materials".

FD and HB conceptualized the idea and designed the work. HB and SP performed experiments and analysed data. BD and DL performed gas sorption and NMR experiments respectively. PLT, PS, LD, DL and GDP aided with data analysis and discussions. FD and HB complied the work and wrote the manuscript and all authors have discussed the results and contributed to the final manuscript. 169 graphene galleries. The pillar molecules, alkyl diamine, were shown to be rigid enough to create cross-linked galleries offering additional ion sorption sites in between graphene layers. 15 N labelled alkyl diamine pillars were used to enable the analysis of the bonding interaction between graphene and the molecules. The related ss-NMR observations allowed, for the first time, to establish the covalent character of this bond. The cyclic voltammetry and electrochemical impedance spectroscopy studies proved that we achieved a simultaneous significant improvement of the specific capacitances (200 F.g-1 ) and power capability through optimization of number of alkyl diamine pillars inside the galleries. Subsequently a simple ambient drying approach was successfully used to densify the synthesized pillared materials and as high volumetric capacitances of 210 F.cm -3 were achieved. Overall, this thorough study demonstrates that pillared graphene materials with optimized pillar densities offers a promising route towards realizing the maximum capacitances of graphene-based materials in SCs.

Introduction

Electrochemical double-layer capacitors (EDLC), also known as supercapacitors (SCs), are devices that store energy through charge separation from electrolytic ion sorption on charged electrode surfaces. [1] Porous carbons such as activated carbons (ACs) are traditionally used as electrode materials due to their high surface areas and low costs. [2,3] In the last decade, important capacitance contributions from micro pores in carbon materials were discovered in ACs and carbide derived carbons (CDCs). [4][5][6] Ultra-micro pores (< 1 nm) that were previously thought to be inaccessible for electrolytic ions exhibit significant ion sorption capabilities. [7,8] Extensive studies on materials with tailored pores sizes have revealed that the electrolytic ions partial desolvate and access pores which are otherwise too small to be accessible. [9,10] Further analyses using modelling [11] and in-situ techniques [12,13] have shown that the desolvation and confinement of electrolytic ions in such pores restrict charge over-screening and result in efficient charge storage. Researchers have since explored matching pores sizes to electrolytic ions as an efficient strategy for improved energy storage. [14,15] However, difficulties in precisely tuning the pores in traditional carbons along with reliable determination of pore sizes using gas sorption analyses have been the main challenges. [7,8] In parallel to ACs, various graphene derivatives have been proposed as potential materials for SCs owing to their high electrical conductivities, large surface areas and mechanical flexibilities. [16] Reduced graphene oxide (RGO), readily prepared from graphene oxide (GO), is extensively studied as a model graphene-like material. [17] RGO displays good power capability but suffers from low capacitances as the reduced graphene sheets partially restack through π-π interactions. [18] Various three-dimensional (3D) architectures based on graphene (aerogels, films and fibers) are being evaluated to mitigate such restacking with a focus on tuning the material porosity. [19] Exploring the layered structures of graphene derivatives for ion sorption could be another complementary approach to tuning the material porosity. The graphitic arrangement with 3.3 Å inter-layer separation in restacked graphene derivatives is too small for ion sorption but could be tuned with an intercalant to exhibit an expanded layer structure. [20][21][22][23] We speculate that such expanded layered structures could offer additional ion sorption sites through ion desolvation and confinement effects as earlier seen with ultra-micro pores in CDCs. [11] Recently, we synthesized a class of reduced pillared graphene materials (RPs) with varied inter-layer separation using alkyl diamines as pillars and tested them in SCs. [22] This comprehensive study using ions with various has shown that ions could access the inter-layer graphene galleries as soon as the naked ion sizes are smaller than the gallery height (defined by d-spacing). Although this preliminary study has demonstrated ion-sieving in pillared graphene materials, the observed capacitances remained marginally better than RGO with appropriate electrolytic ions. [22] Further electrochemical impedance analyses have also shown extremely limited ion transport in these galleries. These poor performances probably arise from excessive filling of the galleries with diamine pillars leading to impeded ion transport to active sites. [24,25] Herein, we report a two-pronged strategy and demonstrate a simultaneous improvement of power and energy densities in pillared materials. Firstly, the number of diamine pillars were systematically lowered for an improved ion transport in the inter-layer galleries of RPs.

Secondly, a 3D macro porous graphene hydrogel was synthesized with this low density of pillars and different bulk porosity. Although pillared graphene materials with diamine crosslinkers were proposed a decade ago, the nature of the cross-linking is still being studied. [20,21] Herein, we confirm the covalent attachment between diamines and graphene through solid state nuclear magnetic resonance (ssNMR) studies with 15 N labelled diamine. Electrochemical analysis using various electrolytic ions in SCs led to the first observation of ion-sieving [26] in pillared graphene hydrogels. Ion sorption in the inter-layer galleries of the pillared materials with tuned diamine pillar content enabled twice the capacitances (200 F.g -1 ) compared to RGO (107 F.g -1 ). Low densities of the gels were overcome by using ambient drying approach and high volumetric capacitance values of 210 F.cm -3 were achieved. The definitive evidence of the covalent attachment of diamine and its stability during long electrochemical tests (10000 cycles) brings new perspectives to research on pillared materials for SCs.

Material Design & Characterization

GO has been extensively used as an ideal precursor for synthesis of various graphene derivatives owing to its abundant oxygen functional groups. [27] The carboxylic groups at the edges and the epoxy groups distributed on the sheets offer abundant possibilities for functionalization with an organic linker. [28,29] Among others, alkyl diamines are efficient bifunctional groups that could react with these functionalities and cross-link two GO sheets to form pillared graphene materials (Ps). [14,20] We chose 1,6-diaminohexane (6-diamine) as the pillar molecule with a knowledge of the resulting d-spacing (7.8 Å) and the ion sizes of tetraalkylammonium tetrafluoroborate (TAABF4) salts (6.8-9.5 Å for cations and 4.8 Å for anion) from our earlier report. [22] After the initial functionalization of GO with 6-diamine, the resulting 6-Ps were chemically reduced with hydrazine hydrate to give 6-RPs (Scheme V-1a).

Diamine functionalized graphene hydrogels (6-GHs) were synthesized in a one-step hydrothermal process by reacting GO with 6-diamine (Scheme V-1b).

Despite being synthesized in one-step process, the GHs are sufficiently reduced due to the supercritical reaction conditions reached during the hydrothermal process. [30] One equivalent of diamine to GO was chosen as an excess condition where 2 Ns in diamine are available for 1 
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C in GO (details in materials and methods) and a series of 6-RPs and 6-GHs have been synthesized using X equivalents of diamines with respect to GO and named as 6-RP-X or 6-GH-X. RGO has also been synthesized as a control material by direct reduction of GO with hydrazine hydrate. The synthesized materials were characterized physico-chemically using various spectroscopic techniques and the porosity characteristics were analyzed using scanning electron microscopy (SEM) and gas sorption studies. One-dimensional (1D) and twodimensional (2D) magic angle spinning (MAS) ssNMR were performed using naturally abundant 13 C and 15 N-labelled materials.

Pillared graphene materials were proposed in the early 2000s as interesting GO derivatives that could be readily prepared through reaction of the surface epoxy groups with nucleophilic primary amines. [23] Intercalation studies using diamines of various alkyl chain lengths have later allowed to tune the inter-layer spacing of the graphene-based materials. [20] However, the nature of the interaction (i.e. covalent or non-covalent) between alkyl diamines and GO sheets is not clearly understood. Reports in the literature have proposed indirect strategies such as swelling through solvent insertion [21] , sequential amine reactions [20] and chargedischarge under polarization to test the robustness of the pillared structures. [22] Although each of the indirect analysis supports the covalent nature of the bond, a direct analysis of the interactions is still lacking. Herein, we perform 13 C and 15 N ssNMR experiments to directly study the atomic environments of the graphene sheets and the nature of the bond between graphene sheets and the diamine pillars. ). [28,29,31] After reaction with 1,6-diaminohexane, the 13 The nature of the interaction between the pillar molecules and graphene was further investigated using a 15 N-labelled diamine as the pillar. The 15 N ssNMR spectra of 15 of oxygen groups and partial restacking of the reduced graphene sheets. [32] Diamine functionalization of GO in 6-RPs and 6-GHs shows two distinct diffraction peaks around 25-27 o and 11-13 o . The peaks at higher angles correspond to G stacking and indicate a reduction degree close to that of RGO. The peaks below 20°, corresponding to diamine intercalation and cross-linking (CL) of graphene sheets, shift with respect to the number of equivalents used. [22] With increasing number of equivalents, the CL peaks of both 6-RPs and 6-GHs systematically A closer look at the shape and position of the CL peak reveals important information about evolution of 6-RPs and 6-GH structures with different number of equivalents. 6-RP shows relatively sharper peaks with 1 and 0.2 equivalents whereas increasingly broad and less intense peaks are seen with lower equivalents. On the other hand, whatever the number of equivalent 6-GHs exhibit similar CL peak intensities and width. Nevertheless, in both materials, lower equivalents of diamine lead to lower d-spacing probably due to reduced availability of diamines to react with all epoxides (see discussion on ssNMR). Moreover, 6-RP saturates at a lower d-spacing of ~7.8 Å whereas 6-GH saturates at 8.5 Å. This evolution of shapes and the higher d-spacing values in 6-GH could probably be related to stronger reaction conditions used to prepare GHs compared to RPs. Additional 13 C and 15 N ssNMR studies were performed on 6-P-0.05 and 6-GH-0.05 to compare the reactivities of epoxides and amine groups under the two different synthesis conditions (Figure V-4). 13 C spectra show that 6-GH-0.05 consumes nearly all of the epoxides from the GO precursor whereas 6-P-0.05 still has considerable amounts of unreacted epoxides (Figure V-4a). 15 N spectra show an intense peak for free amine (adsorbed/mono grafted amine) in 6-P-0.05 and a relatively weak peak in 6-GH-0.05 (Figure V-4b). The stronger reaction conditions in 6-GHs thus, lead to enhanced cross-linking with diamines and result in higher d-spacing values for same number of equivalents vs. compared to 6-RPs. These reaction conditions enable a diamine anchoring on one GO sheet to find an epoxide group on another GO sheet with relative ease and grow into larger cross-linked particles, also explaining the sharper CL peaks observed for 6-GHs. A steady drop beyond 200 o C is generally attributed to gradual removal of stable functionalities. [33] Upon reduction, RGO only shows a slight weight loss throughout the temperature range suggesting an effective removal of oxygen groups in the synthesis. Both 6-RPs and 6-GHs show a broad weight loss between 300-500 o C and a gradual weight loss similar to RGO. This broad weight loss beyond the boiling point of 6-diamine (204 o C) is attributed to the removal of non-labile 6-diamine species. [22] Moreover, the absence of loss due to moisture or oxygen functionalities confirms the reduced nature of the functionalized materials. Furthermore, the weight losses between different equivalents of 6-RP or 6-GH show reduced weight losses with lower equivalents, signaling a reduction in diamine grafting densities.

Taking RGO as the reference, 6-RP displays weight losses of 20 and 10% with 1 and 0.2 equivalents whereas 6-GH exhibits 25 and 12% (for the same number of equivalents) respectively, corroborating to higher diamine grafting densities as seen in ssNMR (Table V-1).

The porosity and morphologies of these chosen materials were observed by N2 gas sorption and SEM analyses. [34] The tested materials exhibit type II adsorption-desorption isotherms with a hysteresis loop and indicate presence of both micro and mesopores (Figure V-5a). [35] RGO has the highest SSA of 330 m 2 .g -1 , whereas 6-RP-1, 0.2 and 6-GH-0.05 display lower SSA values of 140, 200 and 200 m 2 .g -1 , respectively (Table V-1). Previous reports on pillared materials have suggested that the pillars inside the inter-layer galleries could sterically hinder gas sorption and render the galleries as closed pores. [25] This could be a plausible explanation for the lower SSA values of 6-RPs and 6-GH compared to RGO. Additionally, higher SSA values recorded for 6-RP-0.2 and 6-GH-0.05 (with lower number of equivalents) than for 6-RP-1 also support the explanation that a decreasing number of pillars lead to increased SSAs. The 

Electrochemical Analysis

Ion-sieving

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) studies were performed in SC lab cells to analyze 6-RP-1, 6-RP-0.2, 6-GH-0.05 and RGO. Although the synthesized 6-RP-0.2 and 6-GH-0.05 have similar d-spacing to 6-RP-1 (~ 7.8 Å), the two materials were first analyzed in three electrode-configuration to probe their ion-sieving capabilities. Various 1 M TAABF4 salts in acetonitrile (AN) with increasing cation size and a constant anion size were used as electrolytes; ethyl (TEA + ) -6.8 Å, propyl (TPA + ) -7.6 Å, butyl (TBA + ) -8.2 Å, hexyl (THA + ) -9.5 Å and BF4 --4.8 Å. [36,37] Earlier ion-sieving analyses under positive and negative polarization from open circuit potentials (OCV) of ~ 0.1 V vs. Ag have enabled analyses of anion and cation sorption in SCs. [38] 6-RP-1 displayed rectangular capacitive curves with smaller ions but showed distorted curves and reduced currents under negative polarization when the ion sizes are close or higher to d-spacing (Figure V-7b). and 6-GH-0.05 both show a lack of ultra-micro inter-particle pores, the observed sieving could be attributed to the inter-layer galleries. Overall, these results affirm ion access to the interlayer galleries in 6-RP-0.2 and 6-GH-0.05 and could be compared to 6-RP-1 for an analysis of ion transport in the inter-layer galleries.

Impedance Analyses

The ion transport dynamics in the synthesized materials were studied using EIS measurements. 1 M TEABF4/AN is chosen as an electrolyte with sufficiently small ion sizes that could access the inter-layers galleries of pillared materials. Impedance responses were recorded at 1 V and -1 V vs. Ag to obtain the distinct anion and cation transport characteristics respectively and the normalized complex plane Nyquist plots are displayed in Figure V-8.

These plots can be divided into three regions of high, medium and low frequencies. [39,40] At high frequencies, only the electrical conductivity of the electrode together with bulk electrolyte ionic conductivity can be seen; thus, SC electrodes behave like a resistor (Z"=0). In The obtained Nyquist plots give an idea about the relative impedances of the materials but are difficult to use to extract information about frequencies. Complex capacitance model reported by Taberna et al [41] . derived from Cole and Cole, [42] provides an easier way of studying frequency responses of the materials. The real and imaginary parts of capacitance, defined as . Such an analysis would relate energy losses to the impedance in various frequency regions and also enable easier determination of the distinct ionic resistances (Ri) in the materials. [22] The C''(w) vs Z'(w) plots at 1 V vs Ag show clear differences between 6-RP-1 and others (Figure V-8b). 6-RP-1 displays a broader curve and occur at high resistances whereas, RGO, 6-RP-0.2 and 6-GH-0.05 exhibit sharper curves and occur at low resistances.

With the larger TEA + cation at -1 V vs. Ag, 6-RP-1 shifts to even higher resistances (Figure V-8d).

The Ri values at both the potentials were readily obtained from the C''(w) vs Z'(w) curves and shown in Figure V-8e. Ri values for 6-RP-0.2 and 6-GH-0.05 are close around 6 and 10 mOhm.g under 1 V and -1 V, whereas 6-RP-1 displays higher Ri values of 15 and 20 mOhm.g respectively.

These quantified ionic resistances highlight the impact of decreased number of pillars on the ion transport inside the galleries. Additionally, Ri values obtained for the lower number of equivalents (6-RP-0.2 and 6-GH-0.05) are closer to that of RGO that has no cross-linked galleries and highlight the potential in optimizing these pillared materials.

The imaginary C''(w) vs. w curves have a maximum at a frequency f0 that defines the transition between purely resistive and capacitive behaviors of a SC (Figure V-9a&c). This frequency, known as knee frequency, defines the time constant (τ0) as minimum time required to extract half of the capacitance from a SC. [41] The τ0 values of a SC depend on the combination of all the ionic, electrical and cell resistances. 6-RP-0.2 and 6-GH-0.05 exhibits τ0 values of 5 and 7

s respectively under both polarizations and are close to that of RGO (5 s). are nearly two times larger than that of 6-RP-1. The low number of pillars probably give access to additional active sites inside the inter-layer galleries that were previously inaccessible and lead to higher capacitances. Additionally, the C'(w) values of 6-RP-0.2 and 6-GH-0.05 are also twice of that for RGO. Since RGO does not have any cross-linked galleries, this difference could be attributed to increased number of adsorption sites inside the cross-linked galleries of 6-RP- speculate that these two synthesis protocols lead to different relative pillar densities and higher electrical conductivities of 6-RP-0.2 than 6-GH-0.05. In fact, earlier discussion on ssNMR and TGA have shown that for a same number of equivalents, 6 GHs have greater cross-linking than 6 RPs. Earlier reports have also shown that a hydrazine hydrate reduced 6 RP has higher electrical conductivity than hydrothermally synthesized 6 GH.

Power Capability & Volumetric Performances

The enhanced capacitances and ion transport characteristics observed in the EIS section were investigated through a power capability study. Three-electrode CVs were performed in a larger electrochemical window of -1.3 to 1.5 V vs. Ag (a voltage window of 2.8 V) at scan rates of 0.01-1 V.s -1 (Figure V-10a&b) in TEABF4/AN. RGO exhibits 145 F.g -1 at 0.01 V.s -1 and decreases to 50 F.g -1 at 1 V.s -1 whereas 6-RP-1 exhibits slightly higher values of 170 F.g -1 at 0.01 V.s -1 and shows a poor power performance with 20 F.g -1 at 1 V.s -1 . The observed values for RGO and 6-RP-1 are slightly higher than those reported in our earlier work for the same materials in a 2 V voltage window. This increase is probably due to electro-wetting of the electrodes in a larger 2.8 V voltage window. [43] Upon reducing the number of pillars, 6-RP-0.2 and 6-GH-0.05 both show much improved capacitances (205 F.g -1 and 230 F.g -1 at 0.01 V.s -1 respectively) and power capabilities (90 F.g -1 and 107 F.g -1 at 1 V.s -1 respectively) compared to 6-RP-1.

As discussed before, this increase in capacitance when lowering the pillar number is due to the enhanced access of the active sites inside the inter-layer galleries. Furthermore, low number of pillars also reduce the electrochemically inactive diamine weight and aid the overall The 6-GH-0.05 hydrogel gives an opportunity to enhance the material density through a simple ambient drying technique (Scheme V-1). A slow evaporation of the water in the hydrogel is reported to shrink the large macro pores and densify the hydrogel. [44] Hence, we synthesized 6-GH-0.05-AD (ambient-dried) as a high-density counter part of 6-GH-0.05 while increasing the material density from 0.02 to 1. V-3). [45] The single-step synthesis of 6-GH and the subsequent ambient drying process add further merits to the current work compared to other reports. The proposed materials also provide avenues towards even higher performances. Enhancing the relative content of cross-linked particles compared to graphitic-like arrangement or trapping redox molecules in the galleries could be few such strategies. 

Conclusions

Pillared graphene materials were synthesized from graphene oxide using 1,6-diaminohexane as the pillar molecule to minimize the graphitic restacking in graphene-based materials and achieving higher electrochemical active surface areas. The covalent attachment between diamines and graphene was confirmed through solid-state nuclear magnetic resonance (ssNMR) studies with 15 N labelled diamine. Using these materials, we demonstrated a simultaneous improvement in the energy and power performances by following a twopronged strategy involving low number of diamine pillars and through 3D macro porous hydrogel formation. Upon decreasing this diamine pillars amount the ion transport in the galleries is strongly improved as evidenced by the decrease in time constants from 17 to 5 s (6 RP-1 vs. 6 RP-0.2). When the subsequent 3D gel was obtained from this optimized pillared graphene material, ion sorption in the inter-layer galleries to achieve twice the capacitances (200 F.g -1 ) compared to RGO (107 F.g -1 ). High volumetric capacitance values of 210 F.cm -3 , nearly four times larger than RGO, were achieved using a simple ambient drying approach and. The definitive covalent attachment of diamine enabled stable electrochemical performances during 10000 cycles. These pillared structures in graphene add new perspectives towards achieving the potentially high capacitances of graphene in SCs.

Further Conclusions & Perspectives

Although the previous chapters have given conclusive evidence of ions entering the inter-layer graphene galleries, the obtained specific capacitances were only marginally high. This chapter focused on achieving the promised potential of high specific capacitances from pillared graphene materials through additional ion sorption between the graphene layers.

With the knowledge from previous chapters, we believed that the optimization of the pillar density in the inter-layer galleries could result in simultaneous improvements in ion transport and access to active sites. Thus, through synthesis of a class of materials, we obtained and analyzed materials that have similar d-spacing but have different pillar densities. A clear enhancement in ion transport is noted through determination of time constant and ionic resistance values when pillar density was lowered (6 RP-1 vs. 6 RP-0.2). The specific capacitances and the power capability studies exhibited five times higher gravimetric values for 6 RP-0.2 compared to 6 RP-1 at a high scan rate of 1 V/s. The high capacitances are attributed to enhanced ion sorption in between the graphene layers and the improved power performances could be attributed to the enhanced ion transport characteristics.

A comparison between 6 RP and 6 GH also gave interesting insights about the pillared materials. 6 GH-0.05 showed higher capacitances of 230 F.g -1 compared to 205 F.g -1 of 6 RP-0.2, probably due to better ion accessibility to the active sites and lower restacking through 3D interconnected network. However, the frequency responses of the two materials assigned slightly higher time constants and ionic resistances to 6 GH-0.05. This finding was surprising as we expected better power capability in the gels facilitated by their 3D structure. Further ssNMR studies have suggested that the stronger reaction conditions of 6 GH-0.05 hydrothermal preparation at 180°C (compared to 6 RP-0.2 preparation at 90°C not under supercritical conditions) may result in greater cross-linking of two sheets in 6 GH instead of a simple mono covalent grafting on one side. Further optimization of 6 GH diamine content may lower the ionic resistances.

Electrical conductivities of 6 RPs and 6 GH were obtained through four-probe measurements to investigate the origin of their differences in power capabilities. A simple ambient drying approach to densify the 6 GH-0.05 gel led to dense packing of the material with the interconnected networks structure. The 6 GH-0.05-AD gel, thus obtained, displayed high volumetric performances that are among the best reported for graphene materials. A direct comparison of RGO, that has no pillared structures, with the best pillared material (6 GH-0.05-AD), has shown the overall merits of the strategy of pillared graphene architectures. Twice the gravimetric capacitances and four times the volumetric capacitances of RGO were observed in 6 GH-0.05-AD.

In addition to the significant higher values seen here, there is still a great scope for improvements of pillared graphene materials. The X-ray diffraction spectra of all the pillared materials studied in this thesis have extensive presence of graphitic domains in addition to the desired cross-linked domains. Further optimization of synthesis strategies towards limiting the direct reduction of GO sheets in pillared materials could offer the maximum capacitances from graphene.

CHAPTER VI: General Conclusions

& Perspectives 203 interconnected networks described in the literature. Shorter alkyl diamines of 2 and 4 carbon chain lengths formed monoliths up on direct reaction with aqueous GO solutions. Whereas, the longer diamines, being relatively hydrophobic in nature, required ethanol as a co-solvent to dissolve in the aqueous GO solution and did not form monoliths in the tested conditions.

We adapted hydrothermal treatment of GO for monolith formation from the literature and were successful in incorporating alkyl diamines to synthesize pillared graphene hydrogels.

Electrochemical Analysis in SCs

Among the materials synthesized, pillared graphene materials obtained using longer alkyl diamines (C = 5, 6 and 8) displayed sharp and intense CL XRD peaks that could be related to specific d-spacing values (0.78 -0.86 nm). Hence, this group of materials were chosen for a comprehensive ion-sieving study using a family of tetraalkylammonium tetrafluoroborate (TAABF4) salts in acetonitrile as electrolytes. The TAABF4 family offered cation sizes from 0.68 -0.95 nm and a constant anion size of 0.48 nm.

Electrochemical results from cyclic voltammetry (CV) showed that the inter-layer galleries sieve electrolyte ions based on size constrictions; ions with naked sizes that are smaller than the d-spacing values enter the galleries, whereas the larger ions are restricted. This direct relation between the naked ion sizes and d-spacing values suggested a partial desolvation of the electrolyte ions before entering the galleries. Overall, these results showed the first observations of ion sorption in between graphene layers of a pillared material. However, the obtained specific capacitances of pillared materials were only marginally better that RGO (without pillars), probably due to hindered ion access to the active sites. Further impedance analyses (EIS) have signaled highly resistive ion transport in the pillared materials supporting the above reason.

Role of Alkyl Diamine Pillars

The results from CV and EIS analyses of the pillared materials suggested that the poor ion transport and accessibility could be due to dense filling of the galleries with pillar molecules.

In order to verify the role of diamine pillars and enhance the performances of pillared graphene materials, an optimization study using low amounts of pillars was performed. A clear enhancement in both the specific capacitances and power capabilities was observed when the 204 pillared materials has low diamine grafting density. Particularly, lowering of pillars from 6 RP-1 to 6 RP-0.2 led to five times increase in capacitances from 20 F/g to 100 F/g at a high scan rate of 1 V/s. Additionally, the frequency responses also reflect the improvement in ion transport with decreased in time constant values from 17 to 5 s in 6 RP-1 and 6 RP-0.2 respectively. Overall, optimized number of pillars allowed greater ion access into the interlayer galleries and improved the ion transport in pillared graphene materials. The observed capacitances of 6 RP-0.2 (220 F/g) and RGO (140 F/g) quantify the improvements in ion sorption. The time constant value of 6 RP-0.2 (5 s) is similar to that of RGO (5 s) supports the improved ion transport.

Role of 3D Macroscale Assemblies

In this thesis work, synthesis of 3D macroscale assemblies of the pillared graphene materials has been a constant theme to achieve enhanced performances through interconnected networks. In the second chapter, a direct comparison between a GH-HD monolith and RGO (2D assembly) was made using an aqueous electrolyte (6 M KOH). The monolith showed higher capacitances and superior power performance of 123 F/g at 100 A/g compared to 17 F/g for RGO. These improvements in the performances through 3D macro-assembly were in line with the reports in literature.

Later in the fourth chapter, working with pillared graphene materials synthesized with 1,6diaminohexane, we compared the ion transport properties in 6 RP and 6 GH. Despite the presence of the 3D interconnected porous network, 6 GH showed slightly higher time constants of 23 s compared to 17 s of 6 RP (with just the pillared assembly) in 1 M TEABF4/AN.

Unlike the case of GH-HD and RGO (above), 6 RP and 6 GH were synthesized under two different synthesis conditions (6 RP was reacted with alkyl diamine at 90 o C whereas 6 GH was reacted at 180 o C in a sealed autoclave). Hence, the diamine pillar density in 6 GH was higher than in 6 RP and thus explaining the greater time constants values. After lowering the pillar densities, in the fifth chapter, we compared the specific capacitances of the optimized 6 GH to that of 6 RP. 6 GH-0.05 showed higher values of 230 F/g vs compared to 205 F/g for 6 RP-0.2 However, the time constant values of 6 GH-0.05 were again slightly higher compared to 6 RP-0.2 (7s vs 5 s respectively). This could again be due to more diamine cross-linking in 6 GH-0.05 vs 6 RP-0.2 (see Figure V-4).
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Overall, the additional 3D macroscale assembly of pillared graphene hydrogels (GHs) provides higher capacitances compared to the nanoscale assembly in RPs. This is made possible through better ion accessibility to the ion sorption sites in the open 3D percolating network of GHs. In terms of ion transport, the stronger reaction conditions of GHs, and the corresponding differences in the number of pillars, has made it difficult to make a fair comparison with RPs.

Under the different synthesis conditions, it is difficult to maintain same d-spacing values, pillar densities and electrical conductivities of RPs and GHs and single out their porosity characteristics.

Another interesting aspect was noticed when the ion transport properties of ambient dried 6 GH-0.05-AD hydrogel were studied with respect to its freeze-dried counterpart, 6 GH-0.05.

Ambient drying has led to shrinking of the macroscopic pores (~ 1-2 µm to ~ 0.1-0.2 µm) and increased the volumetric capacitances from 4 to 200 F/cm 3 . Nevertheless, the SSAs and PSDs from gas sorption, gravimetric capacitances and time constants from electrochemistry remained the same for 6 GH-0.05 and 6 GH-0.05 AD. These results reinforced the current understanding in the literature about the role of various pore sizes: micropores provide ion sorption sites, mesopores offer ion-transport pathways where as small macropores act as electrolyte buffers. Hence, it is preferred to have macropores that are of small size (less than 0.2 µm) in order to achieve high volumetric capacitances and power capabilities. 

Perspectives

The pillared graphene materials studied in this thesis still show extensive presence of graphitic domains in addition to the desired cross-linked domains. Further optimization of synthesis 
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In addition to the double layer charge storage discussed all through this thesis, the pillared graphene architectures could be very good hosts to trap or contain redox active molecules and provide pseudo-capacitive charge storage. The pillared graphene materials could be potential candidates for sodium ion batteries wherein an expanded and durable graphitic structure is of great interest as the natural graphitic spacing of 0.33 nm is smaller for the Na ions.

The pillared graphene materials open up enormous applications in various research fields in addition to electrochemical energy storage (Figure VI-3). Currently, GO is extensively studied for gas storage, water desalination and membrane applications. For example, it has been noted that hydrophobic regions on GO can offer friction less flow for water. However, the main challenge in the above applications has been the swelling of GO membranes upon contact with water. The covalently cross-linked materials proposed here would offer potential solutions. Nevertheless, a pillar in the middle of the channel would impede ion/gas/liquid transport in all the applications. Yet, we are confident that optimization of pillar densities would show bear fruit, just as seen in SCs. 

Holey Pillared Graphene Material Holey Graphene Oxide

Alkyl diamine

Chapter VII. Materials and Methods

This chapter describes the materials and methods used to obtain, characterize and evaluate the graphene-based materials described in the course of the various chapters of this thesis.

Initially, in a first part, the GO precursor, commercial activated carbon (YP-50F), and the electrolyte salts which are used all through the work are described individually. Various physicochemical and electrochemical characterization instruments and the electrochemical sample preparation methodologies are then detailed. Later on, the experimental procedures used for the different materials syntheses and their electrochemical analyses in SC cells are detailed in separate sections corresponding to materials described in each chapter. Graphene oxide was synthesized in bulk quantities from graphite and was used as a precursor for all the synthesis performed in this thesis. A solution of GO in water with a weight concentration of 5 g/L was used in all cases.

Common Materials 1.1 Graphene Oxide (GO)

Graphite powder starting material, with a particle size of 2-4 μm was purchased from NanoAmor and all other chemicals used in the synthesis of GO were obtained from Sigma-Aldrich. GO synthesis was performed following a modified-Hummers and Offeman's method. 1,2 Graphite powder (3.1 g) was dispersed in conc. H2SO4 (91 mL) under stirring into a 1 L beaker placed in an ice bath. NaNO3 (1.5 g) was then added and the reaction media was stirred vigorously while maintaining the temperature under 2 o C. After 2 h, KMnO4 (9 g) was added portion-wise to keep the mixture temperature below 4 o C. The reaction media was kept under stirring at such controlled temperature for a further 1 h, before it was let to reach room temperature. Then water (100 mL) was added slowly over a period of 20 minutes maintaining the temperature under 95 o C. The beaker was then placed into an oil bath and stirred at 95 o C. After 1.5 h, water (300 mL) was added making sure the temperature does not rise above 85 o C.

Stirring was continued for 1.5 h and then the reaction mixture was let to reach room temperature. H2O2 (30 mL) was added and the mixture was stirred for a further 1 h. Finally, water (450 mL) was added and the final reaction media was kept for stirring overnight. The mixture was filtered through a P4 fritted Buchner filter (10-15 μm). The solid graphene oxide cake was re-dispersed in 600 mL of water, and the dispersion was homogenized under stirring for 1 h and sonication for a further hour. The mixture was then acidified with 100 ml of HCl (35-37%) and left under stirring overnight. The GO dispersion was filtered and centrifuged repeatedly until the supernatant reached a pH 5. Finally, the GO solution was adjusted to a weight concentration of 5 mg/mL by measuring the weight of a lyophilized sample.

Commercial Activated Carbon

A commercial activated carbon was used as a counter electrode in the three electrode electrochemical cells used for electrochemical characterization of different materials. The carbon (named as YP-50F) was derived from coconut shells and is purchased from Kuraray Chemical Co., Japan. The porosity characteristics of the as received YP-50F carbon were analyzed from Ar sorption isotherm measured at 77 K with Micromeritics ASAP 2020 porosimeter analyzer (Figure VII-1). The pore size distributions (PSD) were calculated from the isotherm by using Quenched Solid Density Functional Theory (QSDFT) assuming a slit pore geometry.

The specific surface area of YP-50F estimated using Brunauer-Emmett-Teller (BET) method was found to be 1732 m 2 /g. The PSD calculated from the isotherm assigns an average pore size of 0.9 nm, and a total pore volume of 0.75 cm 3 /g. The suppliers assign particle sizes in the range of 5-20 µm and average moisture content around 3% by weight. 

Electrolytes

Aqueous and organic electrolytes were used for the electrochemical analyses of the materials in two and three-electrode SC configurations. In the second chapter, graphene hydrogels selfassembled from aqueous GO solutions were characterized in SCs using an aqueous electrolyte (6 M KOH). In the third, fourth and fifth chapters, pillared graphene materials were analyzed using a family of tetraalkylammonium tetrafluoroborate (TAABF4) salts dissolved in anhydrous acetonitrile as electrolytes. All the salts and acetonitrile were purchased as electrochemical grade products from Sigma Aldrich and were used without any chemical purification processes. The salts and electrolytes are stored and handled in a glove box (< 0.1 ppm H2O and O2). Various alkyl chain lengths of ethyl (TEA + ), propyl (TPA + ), butyl (TBA + ) and hexyl (THA + ) offered varied cation sizes from 0.68 -0.95 nm. The un-solvated ion sizes and the limiting oxidation and reduction potentials of the salts are given in Table VII 

Instrumentation Details 2.1 Characterization Techniques

Various instruments used for physicochemical characterization of the materials are detailed below with the corresponding sample preparation procedures. The data from various techniques were exported as text and were later plotted in graphing software Origin 8.1.

The changes in the chemical bonding were analyzed by Fourier transformed infrared spectroscopy (FT-IR, Thermofischer ES 50) in the frequency range of 4000-400 cm -1 . The sample of interest was mixed with dry KBr powder and pressed into pellets in a hydraulic press at a pressure of 10 MPa. The pellet was placed on the mount and the sample chamber in the spectrometer was flushed with nitrogen gas for 10 minutes before a spectrum was acquired.

The base lines in the acquired spectra were corrected with OMNIC Spectra software.

The thermogravimetric analysis (TGA) of all samples were performed with Setaram TGA 92 at a heating ramp rate of 5 o C/min from 30 to 800 o C under nitrogen atmosphere. A Pt crucible was used as the sample holder. The Pt holder was maintained at 30 o C for 30 minutes before start of the acquisition on each sample.

Lyophilization of the synthesized gels was performed using a Freeze Dryer. Wet samples were first frozen at 77 K using liquid nitrogen and were then subjected to sublimation for 48 h by using a freeze dyer.

The crystallographic structures of the materials were determined by a wide-angle X-ray diffraction (XRD) system on a Panalytical X'pert PRO X-ray diffractometer using a Co Kα radiation source (λ=1.79 Å). The diffraction data were acquired from the 2 angles of 5 o to 65 o in all the cases. The d-spacing values were obtained using X'pert High Score Plus software.

Monoliths and pieces of gels were analyzed by directly placing on the sample holder (disoriented Si plate) whereas powder samples were pressed as pellets at a pressure of 5 MPa.

A control spectrum was obtained on a pressed monolith to evaluate the effect of the pressing.

No peaks were found to be suppressed or given any obvious preferential arrangement were observed at these pressures. Nevertheless, intensities of the peaks were found to be mildly higher after pressing.

X-ray photoelectron spectroscopy (XPS) analyses were performed using a PHI Versa Probe II spectrometer with a monochromatized Al Kα X-ray source (1486.6 eV) focalized to a spot of 100 µm and with an electron take-off angle of  = 45°. Survey spectra of the photo-emitted electrons were recorded with a pass energy of 117 eV and the high-resolution spectra with a pass energy of 23.5 eV. Spectra were calibrated with respect to sp 2 C1s signal at 284.3 eV. The deconvolution of C 1s and N 1s core-level spectra was performed by fitting the individual components using Casa XPS software. Spectra were fitted into Gaussian-Lorentzian (30:70) shaped curves with full width at half maximum values kept under 1.5 in all cases. Samples were pressed on a conducting copper tape stuck on to a sample holder with a diameter of 16/25 mm.

Porosity characteristics were calculated from nitrogen sorption isotherms measured at 77 K with Micromeritics ASAP 3020 porosimeter. Prior to the analysis samples were subjected to a degazing process at 100°C for 24h. The specific surface area was estimated by using Brunauer-Emmett-Teller (BET) method. The pore volumes and the pore size distributions (PSD) were calculated from adsorption isotherms by using quenched solid density functional theory (QSDFT) method assuming a slit pore geometry. Later on, SSAs and PSDs were also calculated by assuming a graphene-based structural framework and using a 2D non-local density functional theory (NLDFT) treatment of the fluid density in the pores which are considered as energetically heterogeneous. 5 The morphology of the materials was characterized using a Zeiss Ultra 55 electron microscope at an accelerating voltage of 5 kV. Samples were pressed onto conducting copper tapes and were then transferred onto stubs. Imaging was performed by maintaining working distances of 5-6 mm from the high-tension gun. Images were obtained at varied magnifications from 2000 x to 130000 x using an Inlens detector.

Electrical conductivity measurements performed using a Lucas Signatone QuadPro Resistivity System. Samples were prepared as thin films of ~ 100 µm by pressing under 10 T of pressure.

Solid-state nuclear magnetic resonance (ssNMR) spectroscopy was performed using a Bruker AVIII 400 MHz spectrometer equipped with 4 mm ambient-temperature and 3.2 mm lowtemperature magic angle sample spinning (MAS) probes. { 1 H-} 13 C and { 1 H-} 15 N crosspolarization (CP) MAS experiments were recorded using 100 kHz nutation for 1 H π/2 pulses and SPINAL-64 heteronuclear decoupling, a ramped (50-100%) power to match a Hartmann-Hahn CP condition when using 50 kHz for 13 C or 15 N nutation during 2 ms CP spin-locking and using a spin-echo of two rotor periods total duration (50 kHz for 13 C or 15 N π -pulses) before free-induction decay (FID) acquisition. A minimum of 8192 and 4096 transients were recorded for the { 1 H-} 13 C and { 1 H-} 15 N CPMAS experiments, respectively, using a recycle delay of 0. 

Electrochemical Techniques

A multichannel VMP3 potentiostat with EC-Lab software (Biologic) was used for all electrochemical measurements. The fabricated cells were tested using cyclic voltammetry (CVs), galvanostatic charge-discharge (CDs) and electrochemical impedance spectroscopy (EIS) techniques. CVs were performed in a range of scan rates from 10 mV/s to 1 V/s. CD curves were obtained using current densities in the range from 0.5 to 100 A/g. EIS measurements

were studied with a sinusoidal voltage amplitude of 5mV within a frequency range spanning from 100 kHz to 10 mHz. The fundamental about these techniques are described in annex I.

Cells were fabricated in three and two-electrode configurations for fundamental and device performances study respectively. In the case of two-electrode configuration, a symmetrical SC was fabricated by using two electrodes of same weight prepared from the same materials. In case of a three-electrode configuration, a Ag wire served as reference electrode and an electrode of YP-50F porous carbon served as counter electrode. The mass of counter electrode were always at least 10 times higher than that of the working electrode. Specific details about the device configurations, components, electrolytes and the electrochemical test conditions are given in the next sections in the respective chapters.

Experimental Details from Chapter II

In this chapter, graphene hydrogels were prepared from GO solutions using hydrazine hydrate, 1,2-diaminoethane and 1,4-diaminobutane as gel formation agents. All the reagents were purchased from Sigma Aldrich and used as such. The gels thus formed are named as GH-HD, GH-ED and GH-DB. Initially, an optimization of the concentrations of GO and the diamine was performed by studying the gel formation process of GH-HD. Later, the optimized conditions of GO concentration and diamine equivalents were later used to synthesize GH-ED and GH-DB. Reduced graphene oxide (RGO), was also synthesized as a control material using hydrazine hydrate as the reducing agent. GO was synthesized following the protocol described in section 1.1.1 and was as the precursor for all the syntheses. Varied concentrations of GO were obtained by diluting or concentrating the 5 mg/mL precursor solution.

Synthesis of Graphene Hydrogels (GHs)

An earlier report in the literature describing the effort to synthesize GH with 1.5 mg/mL GO and 41 mmol/L of hydrazine hydrate was unsuccessful. 4 Hence, we chose to perform a series of control experiments to identify if a monolith could be assembled for specific values of GO concentration and diamine equivalents. A specific amount of diamine, ensuring excess of N atoms in the reaction mixture, was first calculated. For one mole of GO, one molar equivalent of diamine, providing two molar equivalents of N atoms, was assumed to be a sufficiently excess condition (considering no stirring during reaction). Firstly, formula weight of the synthesized GO was calculated from the elemental composition obtained by XPS. The elemental percentages of 72.5 and 27.5 for C and O in the synthesized GO assign its formula weight as 13.1 g. One mg of GO thus corresponds to 0.076 mmol of GO. Hence, we decided to attempt synthesizing hydrazine assisted gel using 3.7 μL of hydrazine monohydrate (corresponding to 0.076 mmol of pure hydrazine) for 1 mg of GO.

Later, a range of GO concentrations (0.5, 1, 2, 3, 4 and 5 mg/mL) were chosen to test the feasibility of gel formation. In a typical reaction procedure, 15 ml of GO solution (with a certain concentration) was mixed with 3.7 μL of hydrazine monohydrate per 1 mg of GO in a sealed vial. The mixture was sonicated for 10 minutes to ensure homogenized solution. Later, the sealed vial was heated in an oil bath at 80 o C for 24 h under no stirring condition. After cooling the vials to room temperature gel formation was visually analyzed by transferring the contents into petri dishes (Figure VII-2). No gel formation was observed with low GO concentrations of 0.5, 1 and 2 mg/mL. In the case of 3 and 4 mg/mL GO concentrations, lumps of fragile gels were observed. A rigid gel could be obtained with 5 mg/mL GO concentration and is shown here after washing with plenty of water (250 mL) and transferred into the petri dish. Hence, 5 mg/mL GO concentration and one equivalent diamine condition successfully demonstrates gel formation.

Further, we studied the influence of equivalents of hydrazine with a constant GO concentration of 5 mg/mL. Apart from the one equivalent of hydrazine studied above, 0.2, 0.5 and 2 equivalents were also tested under similar reaction conditions (Figure VII-3). The gel pieces formed were transferred into petri dishes for visual analysis. At low equivalents of 0.2 and 0.5 small and fragile lumps of gel could be seen whereas 1 and 2 equivalents form stable gels. Four probe measurements of 1 and 2 equivalents gels showed close electrical conductivity values of 1141 and 1180 S/m. Hence, 1 equivalent diamine and 5 mg/mL GO concentration were chosen for further analysis with other diamines.

0.5 mg/ml 1 mg/ml 2 mg/ml 4 mg/ml 3 mg/ml 5 mg/ml 
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GH-HD, GH-ED and GH-DB were obtained by reaction of hydrazine monohydrate (0.28 mL), 1,2-diaminoethane (0.38 mL) and 1,4-diaminobutane (0.5 g) respectively with 15 mL of 5 mg/mL GO. The synthesized gels were washed with copious amounts of water through a P4 filtration funnel. Material characterization was performed on freeze dried gels and electrochemical testing was done on cut pieces of these gels.

Synthesis of Reduced Graphene Oxide (RGO)

RGO was prepared through chemical reduction of GO to critically understand the implications of porous structure in supercapacitor performances. RGO was synthesized by reacting hydrazine hydrate with GO solution under the same reaction conditions that are used for GH-HD, except for an additional stirring. The synthesized product was washed with copious amounts of water through a P4 filtration funnel. The end product was dried under vacuum at 65 o C overnight.

Methylene Blue Adsorption

The specific surface area of the gels was measured using the methylene blue (MB) adsorption method. This is a common analytical technique to determine the surface area of graphitic materials in wet form. UV-vis spectra recorded at a wavelength of 655 nm are used to draw a 2 Equivalents 1 Equivalent 0.5 Equivalents 0.2 Equivalents 221 calibration line. MB is known to physically adsorb onto graphene; hence the surface area was calculated by adding a known mass of gel (~2 mg) into a standard concentration of methylene blue (75 ml of 5*10 -5 M) in deionized water. The methylene blue and gel mixture were continuously stirred for 36 h to enable maximum MB adsorption. The mixture was then allowed to settle and further centrifuged to remove any graphene derived suspended material. The remaining unadsorbed methylene blue concentration was determined by analyzing the supernatant. Knowing the initial and unabsorbed concentrations, the adsorbed MB concentration can be deduced. Considering that 1 mg of MB represents 2.54 m 2 , the solvated surface area is then extrapolated.

Electrochemical measurements

The as prepared cylindrical GHs were cut into several slices of GH (~ 1 mm thickness) (Figure VII-5). In order to find out the exact mass, a calibration of the dried mass to wet mass of the slices was established by freeze drying some of the cut pieces. Two slices of wet gels with same mass were chosen and pressed onto nickel foams under 10 MPa pressure. A piece of filter paper (Whatman filter paper) was used as a separator between the electrodes. Electrodes and filter paper, soaked overnight in 6 M KOH electrolyte, were assembled as a layered structure into a home-made Swagelok-type two electrode cell configuration with Ni foam as current collector (Figure VII-4). Similarly, three electrode measurements were performed in 6 M KOH using a home-made three electrode experimental set-up with Pt wire as counter and saturated calomel electrode as reference.

The performance of SCs were evaluated using cyclic voltammetry (CV), galvanostatic chargedischarge (GCD) cycles and electrochemical impedance spectroscopy (EIS). CV and chargedischarge measurements in two electrode set-ups were performed between 0 to 1 V with scan rates from 10 to 1000 mV/s and 0.5 to 100 A/g respectively. CVs were obtained at 10 and 100 mV/s in a three-electrode configuration in the voltage range of -0.9 to 0.1 V. Graphene hydrogels were used as working electrodes, platinum foil as counter electrode and calomel as reference electrode. The gravimetric capacitances (Cwt) of GHs derived from galvanostatic discharge curves were calculated by using the equation Cwt= 2I/(m(ΔV/Δt)), where I is the constant discharge current, m is the mass of one electrode and ΔV and Δt represent voltage change (excluding Vdrop) on discharge and time for full discharge respectively. The corresponding volumetric capacitances (Cvol) were calculated as follows: Cvol= Cwt×ρ, where ρ is the packing density of GH. The gravimetric energy and power densities were calculated as Ewt= CwtV 2 /8 and P = Ewt/Δt. Packing densities were obtained by calculating the mass of the dried gel with a precision of 0.01 mg and by measuring the dimensions using scanning electron microscopy. 

Experimental Details from Chapter III

In this chapter, pillared graphene materials were prepared from GO solutions using 1,5diaminopentane, 1,6-diaminohextane and 1,8-diaminooctane as cross-linking agents. A twostep process of diamine cross-linking and chemical reduction process were done (Scheme VII-1). All the reagents were purchased from Sigma Aldrich and used as such.

Synthesis of Reduced Pillared Graphene Materials (RPs)

At first, 150 mL of 5 mg/mL GO solution and 57 mmol of each alkyl diamine dissolved in 150 ethanol were mixed and sonicated for 10 minutes. The chosen alkyl diamine equivalents are the same as those used in the previous chapter. The mixtures were heated at 80 o C in a round bottom flask fitted with a condenser for 24 h under continuous stirring. The reaction mixtures were then filtered and cleaned with excess of water and ethanol and dried overnight under a vacuum at 100 o C. The obtained pillared materials (Ps) were further reduced by treating with excess of hydrazine hydrate. Approximately 50 ml of hydrazine monohydrate was mixed with 150 mg of dried 5 P/ 6 P / 8 P in a round bottom flask and heated at 90 o C under reflux for 24 h using continuous stirring. The reaction mixtures were later cooled, filtered through P3 filter and washed with copious amounts of ethanol, water and ethanol sequentially. The obtained product was then dried in the vacuum oven at 100 o C overnight. The obtained materials were labelled as respective RPs (5 RP, 6 RP and 8 RP). As a control to the RPs, RGO was also synthesized by treating GO with hydrazine hydrate. For reliable comparisons, the above twostep protocol was followed for RGO as well. 

Electrochemical Analysis

The synthesized materials were tested in a three-electrode supercapacitor configuration with porous carbon (YP-50F) as counter, silver wire as reference electrodes and a 25 μm thick cellulose sheet as a separator. Large porous carbon electrodes with excess weight (> 10 x)

were used to counter the charges and ensure distinct responses from the working electrodes. 

Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is an important method for characterizing SCs.

By investigating the alternating current (ac) response generated by an alternating voltage (av) addressed to the electrode over a range of frequencies, EIS allows the capacitance of the electrode or cell to be determined as a function of frequency. Moreover, each physical/chemical phenomenon in the electrochemical process has its unique relaxation time and can be described with corresponding equivalent circuit. By sweeping over a wide range of frequency, each physical/chemical process in the system could be separated, and the equivalent circuit of the electrochemical system could be modelled, thus, the equivalent series resistance (ESR) of a SC could be evaluated. The ESR is an important parameter for SC device design as the power performances of the SCs is often limited by this internal cell resistance. 

238

EIS is performed by applying a low-amplitude sinusoidal wave of alternating voltage (~ 5 mV) with a range of frequencies from few mHz to hundreds of KHz. The applied alternating voltage is expressed in (Equation 2) where V0 is the amplitude (maximum) of the voltage signal in Volt, ω is the angular frequency in radian per second, related to the frequency by the ω = 2πf.

V(ω) = V 0 sin(ωt)

The alternating current (in Amperes) in response to the applied alternating voltage is measured and expressed as a sinusoidal function with a peak value of I0 (Equation-3).

I(ω) = I 0 sin(ωt + Φ) Applying Euler's formula; e jx = cos x + j sin x, Equation-2 can be presented in a complex notion as Equation-4.

V(ω) = V 0 exp(𝑗ωt) I(ω) = I 0 exp(𝑗(ωt + Φ))

The impedance is defined as the ratio between complex and current complex in Equation-6.

Z(ω) = V 0 I 0 exp(-𝑗𝛷)

The complex impedance Z can also be represented as Equation-7 and the modulus defined as Equation-8 where Z' and Z'' are the real and imaginary parts of the complex impedance respectively. 
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Figure I- 2

 2 Figure I-2 Construction of the Leyden jar; (a) glass jar filled with water and coated with Tin on its interior and exterior surfaces. (b)A battery of four Leyden jars.6 

Figure I- 3

 3 Figure I-3 Double-layer capacitance at electrodes comprising a) carbon particles or (b) porous carbon. The double layer shown here arises from adsorption of negative ions from the electrolyte on the positively charged electrode. Pseudo-capacitive mechanisms include (c) redox pseudo-capacitance, as occurs in hydrous RuO2, and (d) intercalation pseudo-capacitance, where Li + ions are inserted into the host material.

Figure I- 4

 4 Figure I-4 Examples of SC applications in (a) electric bus (reproduced from Chinabuses.com), (b) forklift (reproduced from Still, Germany), (c) off-shore wind farms (reproduced from Gottwald, Germany), (d, e) industrial cranes and (f) electric ferries (reproduced from STX, South Korea).

2 Scheme I- 1

 21 Scheme I-1 Schematic representation of a parallel plate capacitor

- 4 Figure I- 5 .

 45 Figure I-5.(a) Helmholtz, (b) Gouy-Chapman, and (c) Stern model of the electrical double-layer formed at a positively charged electrode in an aqueous electrolyte. The electrical potential, φ, decreases when transitioning from the electrode, φe, to the bulk electrolyte infinite away from the electrode surface, φs. The Stern plane marks the distance of closest approach of the ions to the charged surface. Note the absence of charges/ions in the Stern layer. The diffuse layer starts in the range of 10 -100 nm from the electrode surface.17 

  negatively polarized electrode are balanced by an equal number of positive cations at the electrode/electrolyte interface, while the holes stored at the positively polarized electrode are electrically balanced by anions. Hence, a SC consisting of two electrodes is equivalent to two capacitors in series with additional solution resistance and the resulting capacitance (C) can then be expressed according to Equation I-5. C+, C-and C are capacitances of the positive electrode, negative electrode and the whole device respectively.

  (a) a wide voltage window of stability; (b) a high ionic conductivity; (c) a wide operating temperature range; (d) low volatility and flammability; (e) chemical and electrochemical inertness to SC components; (f) low viscosity for low ESR; (g) environmentally friendly and (h) low synthesis costs. As it is difficult for an electrolyte to meet all these requirements, various types of electrolytes are developed and reported in the literature, each with respective merits and demerits. 30 The reported electrolytes are broadly classified into three classes based on the solvent present (Figure I-6).

Figure I- 6

 6 Figure I-6 Classification of electrolytes for SCs.30 

Figure I- 8 Figure I- 7

 87 Figure I-7 Ragone plots for (a) AN and (b) PC based SCs at different temperatures.37 

Figure I- 8

 8 Figure I-8 Ionic conductivity as a function of quaternary ammonium tetrafluoroborate salt concentration in PC solvent.36 

Figure I- 9

 9 Figure I-9 TEM images of OLC produced by (a) arc discharge method 60 and (b) annealing nano-diamond powders at 1800 o C. 63 (c) Schematic representation of the ion sorption on the external surface of OLC.

Figure I- 10 64 Various 3

 10643 Figure I-10 SEM image of (a & b) vertically aligned CNT and (c) CNT paper.[START_REF] Evanoff | Towards Ultrathick Battery Electrodes: Aligned Carbon Nanotube -Enabled Architecture[END_REF] 

  carbon onions, graphene, CNT and simple amorphous carbon (Figure I-12). CDC with disordered carbon structure is the most attractive candidate for SCs and is generally produced by treatment of carbides in a chlorine gas. By selecting different carbide precursors (ex. TiC) and changing the chlorination temperature, a range of CDCs with fine control of average pore sizes have been prepared and studied in SCs. CDCs possess high SSAs ranging from 1000 -3000 m 2 /g and tuneable pore structures with sub-nanometer accuracy, thus making them the best candidates for fundamental EDL studies.

Figure I- 12

 12 Figure I-12 TEM images of CDC showing evolution of the carbon structure with temperature: (a) 300 °C, (b) 700 °C and (c) 1200 °C

4

 4 Scheme I-4 The general synthesis protocol for the synthesis of GO from graphite.

Figure I- 13

 13 Figure I-13 The chemical structures of graphene and GO.

Figure

  Figure I-14 TEM images of (a) thermally exfoliated graphene oxide and (b) chemically reduced graphene oxide. (c) SEM image of curved graphene sheets. (d) Schematic of vertically aligned graphene and its corresponding (e & f) SEM images at a scale of 100 nm.103,106 

Figure I- 15

 15 Figure I-15 (a) Schematic illustration of mechanism of ethylene diamine (EDA)-mediated functionalization and reduction of GO. (b) Digital images showing the strength of EDA functionalized gel. 113

Figure I- 16

 16 Figure I-16 Hydrothermal treatment of graphene oxide leads to (a, b) RGO hydrogels. The SEM images of show the interconnected 3D network. 117

Figure I- 17

 17 Figure I-17(a) Schematic representation of the synthesis of holey graphene framework (HGF) with its (b) digital pictures before and after compression. (c,d) Transmission electron microscopy images show the holes in the graphene sheets. 121

Figure I- 18

 18 Figure I-18 Electrochemical behaviour of TiC-CDC synthesized in the range of 500-to 1000 o C. (a) Plot of specific capacitance normalized by BET SSA for the carbons in this study and in two other studies with identical electrolytes. The normalized capacitance decreased with decreasing pore size until a critical value was reached, unlike the traditional view, which assumed that capacitance continually decreased. (b)Gravimetric and volumetric capacitances of the materials with respect to synthesis temperature.125 

Figure

  Figure I-19 Gravimetric capacitances of CDCs of various pore sizes under positive and negative polarization using 1 M TEABF4/AN electrolyte. The calculated sizes of solvated and desolvated TEA + cation and BF4 -anion are show on the right. 126

Figure I- 20

 20 Figure I-20 EQCM curve showing the mass change with respect to accumulated charge on the CDCs electrodes in EMITFSI/AN electrolyte. The difference in the predicted mass change due to a completely desolvated ion allows calculation of the extent of partial desolvation. 142

Figure I- 21

 21 Figure I-21 (a) SEM image of the macroporous cores and (b) TEM image of the mesoporous walls of the 3dimensional (3D) hierarchical porous carbon material. (c) Schematic representation and the (d) pore size distributions of the 3D hierarchical porous structure.[START_REF] Wang | 3D Aperiodic Hierarchical Porous Graphitic Carbon Material for High-Rate Electrochemical Capacitive Energy Storage[END_REF] 

  Scheme I-9 Schematic representation of the structures in (a) ACs, (b) graphite and the proposed (c) expanded layered structures.

Figure I- 22

 22 Figure I-22 (a) Expanded graphene oxide structure obtained through gradual exfoliation caused by insertion of propylene carbonate solvent molecules. (b) Highest capacitances were obtained when the d-spacing matched the electrolytic ion size (TEA + -0.68 nm).154 

Further incorporation of the

  individual intercalated stacks into an interconnected network leads to 3D structures at the macroscopic scale. A graphene-based material with such properties would enjoy the benefits of high surface areas from the expanded layered structures at the nanoscale and have favorable electrical and ion transport pathways from the interconnected macroporous networks. Ideally, such graphene materials would have the following characteristics: ➢ An intercalant should act as pillar and hold the sheets together at a specific distance ➢ The expanded layered structures should be stable and display a long charge-discharge cycle life in SCs ➢ A precise control over the d-spacing of the graphene materials is essential to optimize its application in SCs with suitable electrolyte ion sizes ➢ The synthesized inter-layer galleries should not be sterically blocked to ensure a facile ion transport ➢ The macroporous network should have high electrical and ionic conductivities in SCs 4.5 Proposed Methodology Methods to Obtain Pillared Graphene Materials As described above, we are interested in graphene-based materials that have expanded layered structures with a precise d-spacing and are durable during the long cycling life of SCs. An intercalant that can act as pillar and hold the sheets together at a specific distance could serve the purpose. Hence, a bi-functional intercalant that could covalently crosslink two sheets of GO together is essential. Continuous crosslinking of sheets turns the individual 2D sheets into a 3D pillared graphene structure at the nanoscale. Further incorporation of the 57 individual pillared stacks into an interconnected network could lead to 3D structures at the macroscopic scale.In order to synthesize pillared graphene materials, we propose to use small organic molecules (with low molecular weight) that have reactive functional groups at both ends to covalently crosslink the GO sheets. Studies on pillared materials for H2 storage have shown that bulky aromatic rings in the pillar could sterically render the galleries as closed.155,156 Additionally, pillar molecules with aromatic rings have a greater tendency to stack on the graphene layers through π-π interactions. These are probably the reasons why earlier studies on aromatic pillars for SCs have not shown contributions from the inter-layer galleries. With this knowledge, instead, we propose to use alkyl diamines with varied alkyl chain lengths as pillars to synthesize a class of pillared graphene materials with varied inter-layer separation Scheme I-10). Alkyl diamines are partially reducing in nature and thus they cause simultaneous crosslinking and partial reduction of GO sheets. However, SC applications require high electrical conductivity from the electrode materials and thus the pillared materials are further reduced in a chemical reduction process.

  Scheme I-11 Schematic showing the formation if desired pillared graphene hydrogel from GO.

  prepared in aqueous media, they enabled a facile assembly into aqueous electrolytes without much processing during the electrode fabrication. The results obtained from the above study were published as an article in the Journal of Power Sources in 2017 (https://doi.org/10.1016/j.jpowsour.2017.06.033). The knowledge and the perspectives gained form the materials for the broader interest of this thesis are described at the end of this article.Based on the material properties and electrochemical results of the gels synthesized, an article was written with a specific projection for publication. The article focuses on the ability to synthesize highly reduced graphene monoliths in a one-step process using hydrazine hydrate, overturning the earlier suggestion in the literature. In addition, a comparison of the physicochemical and electrochemical responses of the gels made with three diamines was also made throughout the article. The article is presented below in the same format as it appears in the journal. FD and HB conceptualized the idea and designed experiments. HB performed experiments, analysed data and conceived the manuscript. YC helped with GO preparation, AB helped with XPS analyses and BD performed gas sorption experiments. HB and FD compiled the work and wrote the manuscript. All authors have discussed the results and contributed to the final manuscript.

  Scheme II-1 Schematic representation of the expected monolith formation using three different diamines. The gels synthesized using hydrazine hydrate, 1,2-diaminoethane and 1,4-diaminobutnae were named as GH-HD, GH-ED and GH-DB respectively. Reaction was done without magnetic stirring to facilitate the growth of a monolith.

Figure

  Figure II-1a shows the comparison of the FT-IR spectra recorded for graphene oxide and each of the gels assembled. The GO FT-IR spectra displays intense adsorption peaks at ~ 3400, 1728 and 1620 cm -1 corresponding respectively to OH, C=O and C=C stretching modes which is in

Figure

  Figure II-1(a) FT-IR spectra from the raw data, (b) TGA response under N2 atmosphere, (c) XRD patterns and (d) XPS survey scans of GO and GHs.

Figure

  Figure II-1c displays the XRD patterns of GO and freeze-dried gels. The pattern for GO depicts a relatively sharp peak at 2θ = 12.9 o corresponding to 7.94 Å of inter-layer spacing indicating high oxidation of the starting material. The synthesized GH-HD exhibits a broad peak around 2θ = 27.5 o , corresponding to the graphitic (002) orientation and an inter-graphene sheet distance of 3.76 Å. This value is very close to that of graphite itself (3.36 Å), evidencing a high degree of reduction of GH-HD. GH-ED and GH-DB diffractograms display a (002) peak shifted very slightly to lower 2θ corresponding to interlayer spacing of 3.82 and 4.01 Å respectively.

  Further, XPS was performed to analyze the surface chemical composition of GO and GHs.

Figure

  Figure II-1d shows survey spectra of different samples with presence of the same elements i.e. C, O and N. It is visible that depending on the samples the relative elemental

Figure II- 2

 2 Figure II-2 Deconvoluted C 1s HR XPS spectra of (a) GO, (b) GH-HD, (c) GH-ED and (d) GH-DB For each material, the high resolution (HR) C1s spectra was deconvoluted into 4 components: C-C (284.6 eV), C-N (285.6 eV), C-O (286.6 eV) and O-C=O (287.9 eV). The same deconvolution parameters were applied to each spectrum.

Figure II- 5 .Figure

 5 Figure II-3 N 1s high resolution XPS spectra of the three gels shown as (a) an overlap and individually (b) GH-HD, (c) GH-ED and (d) GH-DB. For each gel, the HR N1s spectra was deconvoluted into 4 components: Pyridinic (398.2 eV), amine (399.2 eV), pyrrolic (400.2 eV) and graphitic (401.5 eV).

Figure II- 4 Figure

 4 Figure II-4 Representation of the different possible N chemical environment/Proposed reaction mechanisms

  representation of the order of degree of reduction as greater number of alkyl carbons are added into GH-DB than GH-ED. Electrical conductivity measurements were performed on each freeze-dried gel. From Figure II-5b, it is clear that GH-HD has nearly two-fold greater conductivity (1141 S/m) compared to that of GH-ED (68 S/m) and GH-DB (14 S/m) indicating a higher reduction extent for GH-HD. Scanning electron microscopic images (Figure II-6) show that well-developed extensive 3D porous networks are achieved for the gels. GH-HD is characterized by macropore diameters of several micrometers (Figure II-6a&b); whereas GH-ED and GH-DB have smaller pore volumes than GH-HD with pore diameters in sub micrometer range. Interestingly, GH-ED has larger pores than GH-DB as also seen in an earlier study of diamines with different chain

Figure II- 6

 6 Figure II-6 Scanning electron microscopy images of the 3D frameworks in (a&b) GH-HD, (c) GH-ED and (d) GH-DB.

Figure

  Figure II-7.(a) N2 gas sorption isotherms and the corresponding (b) pore size distributions of the synthesized gels calculated by using quenched solid density functional theory (QSDFT) method.

Figure II- 8

 8 Figure II-8 Cyclic voltammograms of gels obtained at scan rates of (a) 100 mV/s and (b) 1000 mV/s in the voltage range of 0-1 V; galvanostatic charge-discharge voltage profiles of the gels obtained at current densities of (c) 10 A/g and (d) 100 A/g; (e) rate capability and (f) Nyquist plot obtained from frequency response of the gels from 400 kHz to 40 mHz. Inset shows a magnified plot with frequency response at high frequencies.

Figure II- 9

 9 Figure II-9 CVs of gels obtained at 100 mV/s in (a) two-electrode and (b) three-electrode set-up.

91 performance.

 91 The extensive 3D networks with large pore volumes facilitate fast ion transfer to the electrode interface. Moreover, the lower percentage of amine N in GH-HD than other gels results in greater pseudo capacitive contribution by redox active N components. As a result of increased electrolyte access to electrode surface, higher conductivity and greater pseudo capacitive contributions, enhanced electrochemical capacitances are observed in GH-HD.Charge and ion-transfers inside the highly conductive and porous GH-HD have been shown to be at the origin of its good SC electrochemical performances. An EIS study has therefore been performed to analyze these factors more directly Figure II-8f. Indeed, this technique offers the frequency response from 400 kHz to 40 mHz yielding a Nyquist plot with real and imaginary components of impedance X and Y axes respectively, and each region of the plot will give direct evidence of a specific process. First, an arc at high frequency region is ascribed to charge transfer resistance, the 45° slope of Warburg impedance in intermediate frequency range is related to ion diffusion and finally the nearly vertical line at higher frequency shows the capacitive behavior of the system. GH-HD exhibits the smallest semi-circle diameter and its charge-transfer resistance (RCT) was deduced to be 0.62 Ω compared to 1 Ω for GH-ED and 2.46 Ω of GH-DB. Also, the shorter Warburg impedance region for GH-HD indicates the most efficient ion transfer among the three gels. These two findings corroborate the positive impact of the superior electrical conductivity and porosity of GH-HD on electrode charge-transfer and ion-diffusion. The electrochemical data recorded in this work (GH-HD and GH-ED) are positioned on a Ragone plot with comparative values of GHs prepared through various reduction methods in the literature (Figure II-10a)

  capacitance after 2000 cycles (Figure II-10b). The observed cyclic stability is better than the 90% capacitance retention reported at an intermediate 4 A/g after 2000 cycles for the hydrazine-reduced hydrothermal gel. These results further demonstrate the merits of GH-HD which is obtained by a simple one-step process involving equivalent amount of hydrazine. Currently, we are devoted towards achieving higher energy densities by benefiting from large stable voltage ranges of non-aqueous electrolytes. Preliminary results using 1M tetraethylammonium tetrafluoroborate/ Acetonitrile (TEABF4/ACN) as the electrolyte also show better performance for GH-HD among the synthesized gels (Figure II-11).

Figure

  Figure II-10 (a) Ragone plot showing a comparison of energy and power densities of GH-HD and GH-ED with references from literature based on graphene-based materials obtained by various reduction techniques; (b) cyclic stability of GH-HD obtained at high current density of 10 A/g; Inset shows CVs at a scan rate of 100 mV/s for GH-HD before the 1st and after the 2000th charge-discharge cycle; (c) rate capability of GH-HD and RGO; (d) cyclic stability of GH-HD and densified GH-HD-AD obtained at a current density of 2 A/g.

Figure

  Figure II-11 (a) Nyquist plot obtained from frequency response of the gels from 400 kHz to 40 mHz. Inset shows a magnified plot with frequency response at high frequencies. (b) Cyclic voltammograms of gels obtained at a scan rate of 100 mV/s in 1M TEABF4/ACN.

  Figure II-10dshows the cyclic stability of GH-HD and its densified counterpart (GH-HD-AD) at a current density of 2 A/g. The volumetric capacitances of GH-HD could be noted to increase by a factor of two. GH-HD-AD delivers gravimetric and volumetric discharge capacitances of 130 F/g and 200 F/cm 3 respectively at a high current density of 2 A/g.

Figure II- 13 Figure

 13 Figure II-13 Scanning electron microscopy images of the 3D framework in (a) GH-HD and compact morphology in (b) RGO. The inner morphologies of GH-HD and RGO were observed by SEM. Both materials display very different porosity as RGO appears very compact while GH-HD is more porous.

1

 1 Scheme II-5 Schematic representation of (a) the desired graphene hydrogel as compared to(b) GH-HD and (c) GH-ED/GH-DB.

  the galleries whereas the larger ions are restricted. These first observations of ion-sieving in pillared graphene-based materials enable efficient charge storage through optimization of the d-spacing/ion size couple.

  synthesized and then chemically reduced to yield suitable electrical and morphological characteristics for SCs. XRD patterns of the synthesized materials gave evidence of the expanded structures with determination of the respective d-spacing values. Extensive electrochemical characterization was performed in SCs using electrolytes containing constant anion but varied cation sizes. The observed electrochemical responses clearly show limitations in ion adsorption based on size constrictions and a direct correlation between d-spacing values and ion sizes was noted. These first results of ion sieving in pillared graphene materials could help us readily design and develop materials for optimized charge storage in SCs.

  Scheme III-2 Schematic representation for the synthesis of RPs. For simplicity, the materials are depicted with single graphene sheets.

  Figure III-1a. Consistentwith previous reports30,35 , GO displays a two-step weight loss profile with the first removal of the adsorbed water occurring below 100 o C and an abrupt weight loss around 200 o C corresponding to decomposition of surface oxygen functional groups. Additionally, a steady loss beyond 200 o C is also seen owing to gradual removal of stable functionalities. Upon reacting GO with hydrazine, the abrupt weight loss and moisture removal are no longer seen, suggesting an efficient chemical reduction. Synthesized with a two-step process, RPs also

Figure

  Figure III-1 (a) Thermal gravimetric analyses (5o o C/min) under N2 atmosphere and (b) X-Ray diffraction patterns of the synthesized materials. The two different regions in XRD are attributed to graphitic (G) and cross-linked (CL) domains. (c) RGO is schematically represented with G domain and, (f) 6 RP is shown with both G and CL domains. (d) N2 sorption isotherms recorded at 77 K and (e) pore size distributions calculated using non-local density functional theory for RGO and RPs.

  photoelectron spectroscopy (XPS) was performed to analyze the surface elemental composition of the synthesized materials. The survey spectra of the materials indicate presence of C, N and O elements with GO showing significantly higher O and lower N intensities compared to others (Figure III-2a). High resolution C 1s spectra of the materials show two main peaks at 284.5 and 286.5 eV for GO whereas RGO and RPs have a single main peak at 284.5 eV (Figure III-2b). The observed C 1s signals were deconvoluted and assigned as C=C/C-C (284.5 eV), C-OH (285.9 eV), alkoxy/epoxy (286.5 eV) and carbonyl components (288.3 eV) based on earlier reports (Figure III-3)

Figure

  Figure III-2 X-ray photoelectron (a) survey scans and (b) C 1s high-resolution spectra of GO, RGO and RPs. The spectra indicate presence of C, N and O elements in the materials with GO showing significantly higher O intensities compared to others.

Figure III- 3 C

 3 Figure III-3 C 1s high-resolution X-ray photoelectron spectra of (a) GO, (b) RGO, (c) 5 RP, (d) 6 RP and (e) 8 RPs. The signals from C atoms in different chemical environments are deconvoluted as C-C/C=C (284.5 eV), C-N (285.6 eV), C-OH (285.9 eV), epoxy/alkoxy (286.5 eV) and carbonyl groups (288.3 eV).

FigureFigureFigure III- 6

 6 Figure III-4 N 1s high-resolution X-ray photoelectron spectra of GO, RGO and RPs. Deconvolutions of highresolution N 1s signal into pyridinic (398.2 eV), amine (399.2 eV), pyrrolic (400.2 eV), and graphitic (401.5 eV) components for (b) RGO, (c) 5 RP (d) 6 RP and (e) 8 RP.

  95 nm) were used as electrolytes. A three-electrode configuration in SCs was adapted to study the individual electrode responses. Cyclic voltammograms (CVs) were acquired by scanning the cells from open-circuit potential (OCV ~ 0.1 V) to positive and negative terminal potentials separately to record the distinct anion and cation sorption responses. For ease of comparison, all CVs are normalized with the respective currents at 0.1 V vs. Ag and the curves are de-noted with their respective d-spacing values; 5 RP -0.78 nm, 6 RP -0.80 nm and 8 RP -0.86 nm.

Figure III- 7 Figure III- 7

 77 Figure III-7 shows the CVs obtained for RGO and RPs in various TAABF4 electrolytes at a scan rate of 20 mV.s -1 in the potential range from -1.0 to 0.1 V vs. Ag. These scans from OCV to negative potentials mainly relate to the adsorption/desorption responses of TAA + cations. When tested with TEABF4 electrolyte (Figure III-7a), all the materials showed nearly rectangular curves with no specific features suggesting an ideal double layer charge storage mechanism. Upon using a slightly larger cation with TPABF4 electrolyte (Figure III-7b), the CV curves of the materials remain comparable except for 5 RP, which indicates a slight reduction in current at the negative terminal potential. Moving to an even larger cation in TBABF4, both 5 RP and 6 RP show a steep reduction in current at lower potentials whereas 8 RP remains mostly unchanged (Figure III-7c). Finally, when the largest cation is tested using THABF4, all the RPs display significantly decreased currents (Figure III-7d). Moreover, the asymmetric shapes of CVs indicate that these limitations in currents at negative terminal potentials are not consequences of poor electrical or ionic conductivities. In turn, the behavior of RGO remains nearly unchanged regardless of the electrolyte used. The above data clearly suggests an explicit dependence of electrochemical responses from RPs based on the size of cations used. This tunable ion accessibility in RPs highlights them as sufficiently rigid layered structures which can restrict ions that are larger than d-spacing. As already evidenced by TGA,

Figure III- 8 Figure III- 9 Figure

 89 Figure III-8 Normalized CVs of (a) RGO (b) 5 RP (d = 0.78 nm), (c) 6 RP (d = 0.80 nm) and (d) 8 RP (d = 0.86 nm) obtained using various 1 M TAABF4 / acetonitrile electrolytes at a scan rate of 20 mV.s -1 in the voltage range of -1.0 V to 0.1 V vs. Ag. RGO lacks nanopores or cross-linked interlayer galleries and hence does not show any specific limitation to TAA + cations.

Figure III- 11 41 dFigure III- 12

 114112 Figure III-11 (a) Normalized charge-discharge capacitances of 5RP obtained from CVs in 1M THABF4/AN at 50 mV.s -1 scan rate in the potential range of -1 to 1 V vs. Ag over 500 cycles. (b) CV curves for the 50 th and the 500 th cycles. (c) Ex-situ XRD patterns of 8 RP electrode before and after 500 CV cycles at 50 mV.s -1 scan rate in the potential range of -1 to 1 V vs. Ag. Peaks corresponding to PVDF binder and stainless-steel current collector are seen in the electrode and the cross-linking (CL) peak in 8 RP is retained after 500 CV cycles.

Figure

  Figure III-13 Specific capacitances are calculated from CVs at 20 mV.s -1 for the cells tested in the voltage range of -1.0 V to 1.0 V vs. Ag. Values are shown with (a) variation in the electrolyte and (b) change in the material.

  using three different alkyl diamines has shown that the alkyl diamines could indeed facilitate pillaring of graphene sheets and allow precise tuning of the d-spacing. XRD analyses allowed a direct characterization of the newly formed cross-linked galleries (CL) with direct determination of their d-spacing values. Additionally, the relative shapes and intensities of the CL peaks among various RPs has shown that with increasingly longer diamines the CL peaks get sharper and more intense. This observation along with the pore size distributions of the RPs have suggested that increasing length of the alkyl diamine may facilitate repetitive crosslinking of GO sheets with diamines and result in larger crystallite sizes. This observation was also noted in the previous chapter among the GH-ED and GH-DB synthesized with 1,2diaminoethane and 1,4-diaminobutane. Overall, choosing longer alkyl diamines over the shorter ones from the previous chapter has provided the materials with required architecture.The well-defined d-spacing values of RPs (0.78 -0.86 nm) have allowed electrochemical ion sieving analyses with a class of TAABF4 electrolytes that offer varying cation sizes (0.68 -0.95 nm) and a constant anion size (0.48 nm). Cyclic voltammograms performed under positive and negative polarizations (with respect to OCV) showed a definitive evidence of ion sieving in these pillared graphene materials. This first observation that the electrolyte ions can enter the inter-layer graphene galleries has thus showed great potential of the pillared graphene materials for enhanced charge storage in SCs. Despite the promising fundamental observations of ions entering the galleries, the specific capacitances calculated from RPs were only marginally better than that of RGO which has extensive restacking with no pillared structures. 5 RP exhibited a charge storage of 130 F.g -1 at 20 mV.s -1 whereas RGO stored ~ 110 F.g -1 in a 1 M TEABF4/AN electrolyte. The expectations of significantly higher charge sorption capabilities from the newly synthesized pillared graphene galleries in RPs were not realized in these values.

Figure III- 14

 14 Figure III-14 Scanning electron microscopy images of monoliths synthesized using (a) hydrazine hydrate, (b) 1,2-diaminoethane and (c) 1,4-diaminobutane. A continuous stirring during the reaction led to powder like materials under same conditions. SEM images are shown for (d) RGO, (e) 2 RP and (f) 4 RP

FD

  and HB conceptualized the idea and designed the work. HB and SP performed experiments, analysed data and conceived the manuscript. BD performed gas sorption experiments. PLT proposed Imaginary C and Real Impedance Plots. LD, OC, PS and PLT aided with data analysis FD and HB complied the work and wrote the manuscript. All authors have discussed the results and contributed to the final manuscript.

2

 2 Scheme IV-2 Schematic representation of reduced graphene oxide (RGO) and reduced pillared graphene materials (RPs) showing the specific surface areas and d-spacing values determined from XRD.

Figure

  Figure IV-1 (a) X-Ray diffraction patterns of the synthesized materials showing two different regions attributed to graphitic (25-32 o ) and cross-linked domains (10-15 o ). (b) Pore size distributions calculated from N2 sorption isotherms using a 2D non-local density functional theory (NLDFT) treatment and by assuming a graphene-based structural framework for the materials.

Figure IV- 2

 2 Figure IV-2 Normalized CVs of RGO and RPs obtained at a scan rate of 10 mV/s in the voltage range of -1 V to 1 V vs. Ag in 1 M solutions of (a) TEABF4, (b) TPABF4 and (c) TBABF4 in acetonitrile. Normalization was performed with respective currents observed at open circuit voltages (~ 0.1 V).

Figure

  Figure IV-3 (a) Normalized CVs of RGO and RPs obtained at a scan rate of 10 mV/s in the voltage range of -1.0 V to 1.0 V vs. Ag in 1 M solutions of THABF4 in acetonitrile. (b) Specific capacitances calculated for the materials from CVs at 10 mV/s in various electrolytes in the voltage range of -1.0 V to 1.0 V vs. Ag.

Figure IV- 4

 4 Figure IV-4 Nyquist plots of RGO and RPs in 1 M solutions of (a,d) TEABF4, (b,e) TPABF4 and (c,f) TBABF4 in acetonitrile at -1 V vs. Ag (a,b,c) and 1 V vs. Ag (d,e,f). A zoom of the high and mid-frequency regions is shown in the insets. Unsolvated ion sizes of TEA + , TPA + and TBA + are shown on the right.

Figure IV- 5

 5 Figure IV-5 Nyquist plots of RGO and RPs in 1 M solution THABF4 in acetonitrile at (a) -1 V (b) 1 V vs. Ag. A zoom of the high frequency regions is shown in insets.

4 Figure IV- 6

 46 Figure IV-6 Real capacitance vs frequency plots for RGO and RPs in 1 M solutions of (a,d) TEABF4, (b,e) TPABF4 and (c,f) TBABF4 in acetonitrile at (a,b,c) -1 V vs. Ag and (d,e,f) 1 V vs. Ag.

Figure IV- 7 C

 7 Figure IV-7 C' vs 𝑤 plots for RGO and RPs in 1 M solution THABF4 in acetonitrile at (a) -1 V and (b) 1 V vs. Ag.

Figure

  Figure IV-8 C'' vs w plots for RGO and RPs in 1 M solutions of (a) TEABF4, (b) TPABF4, (c) TBABF4 and (d)THABF4 in acetonitrile at -1 V vs. Ag.

  2). At 1 V vs Ag. polarization, RGO and RPs show identical curves in each electrolyte with clear peaks corresponding to the transition (Figure IV-9a-d). Interestingly, the τ0 values for 5 RP are

Figure IV- 9

 9 Figure IV-9 C'' vs w plots for RGO and RPs in 1 M solutions of (a) TEABF4, (b) TPABF4, (c) TBABF4 and (d) THABF4 in acetonitrile at 1 V vs. Ag.

  enable facile quantitative determination of the ionic resistances (Ri) involved in ion transport. Similar to other plots, three different regions could be identified in such a curve (Figure IV-10). At high frequencies the SC performs like a resistor and C'' would be close to zero (Equation IV-3). The mid frequency range is related to the ion transport inside the electrode porous structure hence, a steep increase in C'' would be seen since there is no dielectric loss in an ideal capacitance when →0. At low frequencies, an ideal SC would display

4 Figure

 4 Figure IV-10 Imaginary part of capacitances vs. real impedances for RGO and RPs in 1 M solutions of (a,c) TEABF4, (b,d) TPABF4 and (c,f) TBABF4 in acetonitrile at (a,b,c) 1 V vs. Ag and (d,e,f) -1 V vs. Ag. The arrows in (a), (b) and (c) show increasingly larger ionic resistances (Ri) in 6 RP. The obtained Ri values for RGO and RPs at -1 V vs. Ag and 1 V vs. Ag.

At 1 VFigure

 1 Figure IV-11 C'' vs Z' plots for RGO and RPs in 1 M solution THABF4 in acetonitrile at (a) -1 V and (b) 1 V vs. Ag.

and mesopores than 6

 6 RP (Figure IV-12a&b). The calculated SSAs indicate increase in the values from 130 m 2 /g in 6 RP to 182 m 2 /g in 6 GH (Scanning electron microscopic images also reveal more open macro porosity in 6 GH than 6 RP. Additionally, 6 GH shows greater dspacing of 0.86 nm compared to 0.80 nm of 6 RP probably due to the stronger reaction conditions and diamine consumption during 6 GH synthesis. The TGA profiles of the two materials support this explanation with a greater weight loss due to decomposition of

Figure IV- 12

 12 Figure IV-12 (a) Gas sorption isotherms using N2 and (b) pore size distributions obtained for RGO, 6 RP and 6 GH. Scanning electron microscopy images of (c) 6 RP and (d) 6 GH. (e) X-ray diffraction patterns and (f) thermo-gravimetric curves under N2 gas for RGO, 6 RP and 6 GH.

Figure

  Figure IV-13 (a) Nyquist plots and (b) Imaginary part of capacitances vs. real impedance plots of RGO, 6 RP and 6 GH in 1 M solution of TEABF4 at -1 V vs. Ag. A zoom of the high frequency regions are shown in the inset.

Figure IV- 14

 14 Figure IV-14 Schematic representation of the proposed pillared material with lower number of pillars.

1

 1 Scheme V-1 Synthesis of reduced pillared graphene materials (RPs) and pillared graphene hydrogels (GHs) using 1,6-diaminohexane. 6-RPs are synthesized in two-step process ; cross-linking and reduction, and (a) dried in vacuum oven at 90 o C for 24 h. 6-GHs are synthesized in a one-step process and either (b) freezedried or (c) ambient-dried (25 o C) for two days. The graphitic and cross-linked domains in each of the materials are represented schematically. The selected materials with chosen equivalents for the electrochemical analyses are presented here in the digital picture with a ruler for scale (cm).

13 C

 13 ssNMR studies were conducted on GO and 6-Ps (0.05, 0.20, 1.00) synthesized with different equivalents of diamines (Figure V-1). These experiments have been restricted to studying 6-Ps rather than 6-RPs as the fully reduced samples display highly conductive behavior, making magic angle sample spinning (MAS) ssNMR studies extremely difficult. Indeed, as 6-P samples are already partially reduced due to mild reducing nature of the alkyl diamine, a large degradation in NMR spectral quality is observed (vide infra). The13 C NMR spectrum of the GO starting material shows presence of C=O from carboxylic acids or aldehydes ( (13C) ~150-200 ppm), aromatic carbons ( (13C) ~120-140 ppm), C-OH from hydroxyls ( (13C) ~70 ppm) and C-O-C from epoxides ( (13C) ~60 ppm) (Figure V-1a

  C spectra of 6-Ps are clearly different to that of GO. New 13 C signals ( ( 13 C) ~10-50 ppm) arising from the alkyl chains of the diamine and reduced GO ( ( 13 C) ~120 ppm) appear. Carbons in the alkyl chains that are next to the Ns of the diamines are also seen as a different 13 C peak ( ( 13 C) ~40 ppm) in 6-P-0.05. In 6-Ps, the C-O-C epoxides and C-OH hydroxyls signals decrease drastically compared to GO and the C=O moieties signal shift to amide positions ( ( 13 C) ~150-180 ppm). Even with the low number of diamine equivalents (6-P-0.05 and 6-P-0.2), a large fraction of these functions reacts but the relative amounts of C-OH and C-O-C ( ( 13 C) ~60-70 ppm) are higher. These observations suggest covalent attachment of the amine groups in pillar molecules with epoxide and carboxylic groups on GO sheets. Still, it is noteworthy here that a simple reduction step and direct adsorption of the pillar molecule may also resemble the above spectral evolution.

1 Figure V- 1

 11 Figure V-1 High resolution 13C ssNMR spectra (natural abundance) were obtained for graphene oxide (GO) and unreduced pillared materials (6-Ps) with varied diamine equivalents. (b) High resolution 15N ssNMR spectra were obtained for the unreduced pillared materials synthesized with different equivalents of 15 N labelled 1,6-diaminohexane. (c) 2D 13 C/ 15 N chemical-shift correlation ssNMR of 6 P-0.05 synthesized with 15 N labelled 1,6-diaminohexane.

  N-6-P-0.05 and15 N-6-P-0.2 display three main peaks (Figure V-1b): (i)  ( 15 N) ~100-200 ppm, which is assigned to N from amides (formed after reaction of diamine with carboxylic groups on GO sheets), (ii)  ( 15 N) ~83 ppm, which notably arises from N in α-position relative to aromatic carbon or a C-OH, (iii)  ( 15 N) ~34 ppm, which is from free amine. The signals at higher nitrogen chemical shifts ( ( 15 N) >50 ppm) validate that the pillar molecule is covalently grafted, while the peak from free amine reveals that some pillar molecules are either adsorbed on the graphene surface or are mono-grafted. It is possible that the free amine from mono-grafted pillar molecules is able to form hydrogen bonds with functions on the opposite graphene layer, providing additional (non-covalent) interactions. To gain further evidence on the location of the grafted pillar molecules, a through-space (dipolar) 2D 15 N-13 C correlation spectrum was recorded on15 N-6-P-0.05. The Transferred Echo Double Resonance (TEDOR) experiment was employed for this purpose, with short mixing time (1.7 ms) so as to detect only directly bonded15 N-13 C pairs. The13 C peak from the C-N carbons ( ( 13 C) ~40 ppm) correlates with the free amine nitrogen signals (( 15 N) ~34 ppm), as one would expect for physisorbed or mono-grafted alkyl diamines. Clear correlation peaks can be observed between amide nitrogen ( ( 15 N) ~110-170 ppm) and amide C=O ( ( 13 C) ~165-180 ppm) as well as between these same Ns and pillar C-N carbons ( ( 13 C) ~40 ppm) (Figure V-1c). This proves that the diamines have reacted with the carboxyl functions on GO sheets. Finally, the C-N pillar Cs ( ( 13 C) ~40 ppm) correlate with the -C-N-C-Ns in α position to aromatics or hydroxyls ( ( 15 N) ~83 ppm), indicating that the diamine has been grafted to the graphene surface through reactions with epoxides. Overall, these 2D ssNMR experiments on the pillared graphene materials, first on such samples, confirm the covalent grafting of alkyl diamines on graphene. X-ray diffraction (XRD) patterns were obtained to directly analyze the layered structures in the synthesized materials (Figure V-2a&c). Freeze-dried GO shows a sharp peak at a 2θ of 13.5 o which relates to a d-spacing of 7.6 Å indicating a high degree of oxidation of the oxidized graphite precursor. Upon direct reduction of GO with hydrazine hydrate, the resulting RGO displays a broad peak at 28 o corresponding to a graphite-like pattern (G), suggesting removal

Figure V- 2

 2 Figure V-2 (a) X-Ray diffraction (XRD) patterns of 6-RPs synthesized with various equivalents and (b) the corresponding d-spacing values of the cross-linked arrangement (CL) (peaks under dotted line). (e) Thermal gravimetric analyses (TGA) of various 6-RPs in the 30-800 o C temperature range at 5 o C.min -1 ramp rate. (c) XRD patterns, (d) d-spacing values from CL peaks and (f) TGA analyses of 6-GHs synthesized with varied equivalents of diamine. The specific 6-RPs and 6-GH chosen for electrochemical study are highlighted with a dotted circle.

  shift towards lower angles (higher d-spacing values). The obtained d-spacing values for 6-RP (Figure V-2b) and 6-GH (Figure V-2d) initially increase and then saturate at 0.2 and 1 equivalent for 6-RP and 6-GH respectively. The observed d-spacing values fit well into a chemisorption type model and suggest a grafting of the alkyl diamines on the graphene surfaces instead of a simple physical sorption (Figure V-3).

Figure V- 3

 3 Figure V-3 Variation of d-spacing values with equivalents in (a) 6 RP and (b) 6 GH fit into Langmuir's chemisorption isotherm show good match. Saturation of d-spacing values at higher equivalents suggests grafting instead of physical sorption on the surface.

  The thermal degradation responses of the materials under N2 are shown in Figure V-2e & f. GO displays two distinct weight loss events corresponding to the first removal of the adsorbed water below 100 o C and the decomposition of surface oxygen functional groups around 200 o C.

Figure

  Figure V-4 (a) High resolution 13C ssNMR spectra (natural abundance) were obtained for graphene oxide (GO) and unreduced pillared materials (6Ps) and pillared graphene hydrogel (6GH) with 0.05 equivalents of 1,6-diaminohexane. (b) High resolution 15N ssNMR spectra were obtained for the unreduced pillared materials synthesized with different equivalents of 15 N labelled 1,6-hexanediamine.

calculated

  PSDs show major presence of micro pores in RGO and mesopores in 6-RPs and 6-GH-0.05 (Figure V-5b). The expected three-dimensional macro-porous network in 6-GH-0.05 might be too big to be probed through gas sorption analysis. The comparison of SEM images of 6-RP-0.2 (Figure V-6c) and 6-GH-0.05 (Figure V-6d) show this 3D network of large macropores arising from the hydrothermal treatment. Hence, we study the electrochemical (%) C % O % N % d (Å) -G d (Å) -CL SSA (m
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 6 Figure V-5 (a) N2 sorption isotherms recorded at 77 K and (b) pore size distributions calculated using 2D nonlocal density functional theory for the synthesized materials.

Figure V- 6

 6 Figure V-6 Scanning electron microscopy images of (a) RGO, (b) 6 RP, (c) 6 RP-0.2 and (d) 6 GH-0.05

Figure V- 7

 7 Figure V-7 Normalized three-electrode cyclic voltammograms of (a) RGO, (b) 6 RP, (c) 6 RP-0.2 and (d) 6 GH-0.05 obtained at a scan rate of 0.02 V.s -1 in the voltage range of -1 V to 1 V vs. Ag in 1 M solutions of TAABF4 salts in acetonitrile (AN).

  here with 6-RP-0.2 and 6-GH-0.05 show quasi-ideal capacitive behavior under positive polarization where the anion is smaller than the d-spacing in the materials (Figure V-7c&d). Under negative polarization, both materials show gradual reduction in currents as the cation sizes approach d-spacing in the materials. Since 6-RP-0.2

  low frequencies, a sharp increase of the imaginary part of the impedance (-Z") related to capacitive behavior is seen. The intermediate 45 o region is associated with the electrolyte resistance arising from ion transport in the porous network of the electrode. At 1 V vs. Ag, the pillared materials and RGO display capacitive-like similar Nyquist curves and indicate comparable anion transport behavior (Figure V-8a). A closer look at the high frequency region (inset) shows slightly larger 45 o region for 6-RP-1 compared to others. The slight differences of ion transport could probably be more obvious under -1 V vs. Ag when the larger TEA + cations are involved. At -1 V vs. Ag, 6-RP-1 exhibits a large 45 o region in the medium frequencies compared to others, signaling higher ion transport resistance (Figure V-8c). 6-RP-0.2 and 6-GH-0.05, which possess low number of diamine pillars, show a significantly improved ion transport with smaller 45 o region than 6-RP-1. This difference in ion transport highlights the merits of having less pillars. Interestingly, 6-RP-0.2 and 6-GH-0.05 seem to show similar curves despite their differences in material macro-porosity.

C

  '(w) and C''(w) in Equation V-1 & Equation V-2, represent the available stored energy with respect to frequency and energy losses during the charge storage respectively. Z'(𝑤) and Z''(𝑤) are the real and imaginary parts of impedance Z (w) whereas 𝑤 is the frequency.

Figure V- 8 2

 82 Figure V-8 Electrochemical impedance measurements and CVs were performed on all the synthesized materials in a three-electrode configuration using 1 M TEABF4/AN as electrolyte. (a) Normalized Nyquist plots obtained at (a) 1 V and (c) -1 vs. Ag. A zoom of the high and mid-frequency regions in Nyquist plots is shown in the insets. Imaginary capacitance vs real impedance plots at (b) 1 V and (d) -1 V vs. Ag. The double-arrow indicates the ionic resistance (Ri) in 6 RP-1. (e) Ri values obtained for the synthesized materials at 1 V and -1 V vs. Ag are shown in a histogram.

Figure V- 9

 9 Figure V-9 Imaginary capacitance vs. frequency plots for the synthesized materials in 1 M TEABF4/AN electrolyte at 1 V (a) and -1 V (c) vs. Ag. Real capacitance vs. frequency plots at 1 V (b) and -1 V (d) vs. Ag.
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 22 Scheme V-2 Schematic representation of the ion transport in the synthesized materials. Ion sorption in reduced graphene oxide (RGO) occurs on the graphene surfaces in micro/mesopores and the ion transport is relatively easy. In pillared materials, in addition to the external graphene surfaces, ion sorption occurs in the inter-layer galleries. The diamine filling density in the galleries regulates the ion transport in these materials.

Figure V- 10

 10 Figure V-10 Gravimetric and (f) volumetric specific capacitances of the synthesized materials obtained from three-electrode CVs performed at 0.001-1 V.s -1 scan rates in a larger electrochemical window of -1.3 to 1.5 V vs. Ag.

  1 g.cm -3 . The SEM images indicate clear shrinking and densification upon ambient drying (Figure V-11). Two-electrode symmetrical cells of 6-GH-0.05 and its ambient-dried counterpart 6-GH-0.05 AD were fabricated and studied in a 2.8 V voltage window. The CVs obtained at 0.02 V.s -1 in TEABF4/AN show rectangular shaped curves with similar current densities for both 6-GH-0.05 and 6-GH-0.05-AD (Figure V-13a). The gravimetric power capability of the materials from 0.01-1 V.s -1 scan rates shows identical profiles for both the materials (Figure V-13b). The close 190 performances of the freeze-dried and ambient-dried suggest that the shrinking of macroporous network showed little loss to the overall ion sorption and ion transport. After ambient air drying the volumetric capacitance of 6-GH-0.05-AD has dramatically increased with respect to that of 6 GH-0.05 from 4 to 200 F.cm -3 . This value is even four times higher than that of RGO, calculated to be around 50 F.cm -3 (Figure V-13c). Cycling of 6-GH-0.05-AD at a high scan rate of 1 V.s -1 for 10000 cycles resulted in 93% capacitance retention with nearly 100% columbic efficiency (Figure V-12). The observed volumetric values are among the best performances reported in the literature for carbon based SCs with double-layer charge storage (Table

Figure V- 11 Figure V- 13

 1113 Figure V-11 Scanning electron microscopy images of (a,c) freeze dried 6 GH-0.05 and (c,d) air dried 6 GH-0.05 AD under different magnifications

Figure V- 12

 12 Figure V-12 Cycling 6 GH-0.05 AD at a high rate of 1 V.s -1 in 0 -2.8 V using 1 M TEABF4/AN electrolyte for 10000 cycles resulted in 93% capacitance retention with nearly 100% columbic efficiency.

  6 RP-1, 6 RP-0.2 and 6 GH-0.05 exhibit 150, 180 and 100 S/m respectively and indicate that the electrical conductivities of the synthesized materials are in the same range. These values, along with the calculated 195 ionic resistances from the Warburg region in Nyquist plots, provided conclusive evidence that the improvements in power are mainly due to better ion transport in materials achieved with low number of pillars.

  Broadly, the work done in this thesis gives a new direction to the research on graphene-based materials for SCs. The results obtained on ion sorption in between the graphene layers of the pillared materials were the first of their kind among various carbon-based materials. Building upon the preliminary ion sieving study, great improvements in SC performances were achieved through a simple optimization of the number of pillars. The capacitance values of the optimized materials are among the best values currently reported in the literature for graphene-based materials. In comparison to other double layer charge storage materials such as ACs or CNTs, both the gravimetric and volumetric values are significantly higher (210 F/cm 3 here vs ~ 100 F/cm 3 in the literature (see Chapter I)). Finally, this work offers several perspectives for improvements in SCs and rechargeable batteries based on the pillared architectures of graphene. Some of the perspectives are discussed below.

Figure

  Figure VI-1 (a) Reduced graphene oxide and its (b) X-ray diffraction pattern obtained by direct chemical reduction of GO. A schematic diagram shows the graphitic crystallites in RGO. (c) Reduced pillared graphene materials synthesized and studied in this thesis and their corresponding (d) XRD pattern. The schematic shows presence of both the cross-linked (CL) and graphitic crystallites (G). (e) Proposed future work towards synthesizing pillared graphene materials with minimum presence of graphitic crystallites.

Figure VI- 2

 2 Figure VI-2 Schematic representation of the holey pillared graphene material

Figure VII- 1

 1 Figure VII-1 Porosity characteristics of the as-received YP-50F carbon obtained from Ar gas sorption experiments. (a) Ar sorption isotherm collected at 77 K and (b) pore size distribution calculated from QSDFT model.

  5 s between transients and 250 Hz exponential apodization before Fourier transformation of the FID. The 2D z-filtered TEDOR 15 N-13 C dipolar correlation spectrum was recorded with a starting { 1 H-} 13 C CP step of 2 ms, 1.3 ms total TEDOR mixing (to ensure correlation peaks are only from bonded 15 N-13 C pairs), 6400 transients for each of 16 complexes (States-TPPI) t1 increments of 123.35 µs, using a recycle delay of 0.5 s between transients and 250 Hz exponential apodization in both dimensions before double Fourier transform.

Figure VII- 2

 2 Figure VII-2 Digital photographshowing the end products of gel formation reaction with different concentration of GO. 5 mg/mL GO concentration results in a rigid gel that could be washed and transferred into petri dish as a monolith.

Figure VII- 3

 3 Figure VII-3 Digital photograph showing the end products of gel formation reaction with different equivalents of hydrazine. 1 and 2 equivalents form stable gels whereas 0.2 and 0.5 equivalents form fragile pieces of gels.

Figure VII- 5

 5 Figure VII-5 Digital pictures of the typical electrode fabrication procedure from the gels.

Figure VII- 4

 4 Figure VII-4 The home-made set-up used for electrochemical tests in a two-electrode configuration. Electrode slices are pressed on to the rectangular part of the L shaped Ni foam pieces.

1

 1 Scheme VII-1 Schematic representation for the synthesis of RPs. For simplicity, the materials are depicted with single graphene sheets.

A

  Figure VII-6 Custom-built Swagelok® cells were used to perform the electrochemical measurements. Top picture shows the individual components of the cell with a 6 RP coated SS-electrode, a cellulose separator, YP-50F counter electrode and a Ag wire as reference electrode. The bottom picture shows the fabricated cell.

Figure- 1

 1 Figure-1b&c. A non-ideal CV could involve charge transfer across the electrode surface (represented in faradaic or leakage resistance, RF, in parallel with the double layer capacitance), giving a sloping CV curve (Figure-1b). The slope of the CV (ΔI/ΔE) corresponds to the reciprocal of faradaic resistance (1/RF). Another general non-ideal case arises from the resistances corresponding to bulk electrolyte (low ionic conductivity) and contact between the

Figure- 2

 2 Figure-2 (a) The current profile in a typical chronopotentiometry technique and (b) the corresponding voltage profile in an ideal EDLC SC. (c)In real SCs, a drop in the potential arising from the ohmic drop is seen in the profile.

8 Figure- 3

 83 Figure-3 Equivalent circuit and its corresponding Nyquist plots of (a) an ideal double-layer capacitor (Cdl) and (b) a more complex model, which considers the leakage resistance (RF) and the equivalent series resistance (Rs).

Figure- 4Typical

 4Typical Figure-4Typical Nyquist plot of a EDLC SC with three different responses in low, mid and high frequency ranges.

  

  

  

  

  

  

  

  

  

  Table I-1 summarizes capacitors, rechargeable batteries and SCs with respect to their performance characteristics.

	Characteristics	Capacitors	Supercapacitors (SCs)	Rechargeable Batteries
	Storage Mechanism	Electrostatic	Electrostatic	Chemical
	E (Wh/kg)	< 0.1	1 -10	20 -200
	P (kW/kg)	>> 10	0.5 -10	1 -2
	Cycle life (cycles)	>> 10 6	> 10 6	~ 1000
	Charge-discharge time	10 -6 -10 -3 s	10 -3 -1 s	1 -10 h
	Efficiency (fraction)	~ 1.00	0.85 -0.95	0.70 -0.85
	Operating voltage (Vmax)	6 -800 V	2.3 -2.8 V	1.2 -4.2 V
	Vmax determined by	Dielectric thickness	Electrode/electrolyte stability	Thermodynamics of the reactions
	Self-discharge	Low	Moderate	Low
	Operating Temperature	-20 to +100 o C	-40 to +85 o C	-20 to +65 o C
	Examples	Al, Ta oxide	Activated Carbons in TEABF4/AN	Pb Acid, Li-ion, Ni-Cd and Ni-MH
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1 Properties and characteristics of capacitors, supercapacitors and rechargeable batteries.
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Elemental composition and C/O ratios obtained from XPS, electrical conductivity (σ) and discharge capacitances in F/g (Cwt) at different rates of GHs.

Table II -

 II 

2 

Comparison of GH-HD with various graphene materials when tested in aqueous electrolytes using three-electrode system.
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1 Thermal gravimetric weight loss values, elemental composition values from X-ray photoelectron spectroscopy and d-spacing obtained from X-ray diffraction spectra for the synthesized materials. The grafting densities of the diamines in different RPs were calculated by normalizing TGA weight losses with respect to RGO and dividing by the respective diamine molecular weights. a Weight losses at 800 o C were used for this calculation assuming that all the diamines in RPs would be degraded by this temperature. b Weight losses in RPs normalized with RGO as baseline.

c 

Adjusted weight loss of RPs were divided by the respective diamine molecular weights for a comparison of the amounts of diamine.
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Table IV -

 IV 1 𝛼 values were obtained by measuring the slope of 𝑙𝑜𝑔 (|𝑧 ′′ (𝑤)|) = -𝛼 ⋅ 𝑙𝑜𝑔(𝐶𝜔). To analyze the capacitance behavior of the materials, only low frequency regions (0.1 to 0.01 Hz) of the curve were used to calculate 𝛼.

Table IV -

 IV 3 Leakage currents (µA) for the synthesized cells were obtained by measuring the residual currents after polarizing the fabricated cells at +1 V and -1 V vs. Ag for 1 h.

  -4).

	Material	Weight loss (%)	CL d-spacing (nm)	SSA (m 2 /g)	Ri mohm.g	τ 0 (s)	Specific Capacitance (F/g)
	RGO	15	-	330	6	5	117
	6 RP	34	0.80	130	20	17	126
	6 GH	39	0.86	182	57	23	142
	Table IV-4 Comparison of various parameters between RGO, 6 RP and 6 GH. Ri and τ0 values were obtained

under negative polarization of -1 V vs. Ag. in 1 M TEABF4/AN electrolyte. Specific capacitances were calculated from CVs at 20 mV/s in 1 M TEABF4/AN electrolyte in the voltage range of -1 to 1 V vs. Ag.

Table V -

 V 1.Thermal gravimetric weight loss values, elemental composition values from X-ray photoelectron spectroscopy, d-spacing obtained from X-ray diffraction spectra and specific surface area values obtained from N2 gas sorption analyses for the synthesized materials.

							2 .g -1 )
	GO	43	74.7 25.3	-	-	7.6	-
	RGO	14	91.2 4.5	4.3	3.7	-	330
	6 RP 1	34	88.3 5.6	6.3	3.9	7.8	138
	6 RP 02	24	87.4 6.3	6.2	3.9	7.6	201
	6 GH 005	26	89.3 5.7	5.0	3.9	7.9	206
	6 GH 005 AD	27	89.1 5.8	5.1	3.9	7.8	148

  Table V-1). RGO, with no CL galleries, acted as a control sample.

  -1.3 

	Electrolyte	Cation Size (nm) Anion Size (nm) ERed (V vs. SCE)	EOx (V vs. SCE)
	TEABF4			-3.00	3.65
		0.68	0.48	
	TPABF4		0.48	-3.05	3.65
		0.76		
	TBABF4		0.48	-3.05	3.65
		0.82		
	THABF4			-3.10	3.65
			0.48	
		0.95		

Table VII -

 VII 

1 Un-solvated ion sizes and the limiting reduction and oxidation potentials of the electrolyte ions.

Scheme I-8 Schematic representation of the two types of drying process used for hydrogels. Freeze drying retains most of the 3D network as such, whereas, gradual evaporation of water shrinks the gels.122 
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Figure VI-3 Possible applications of GO and its derivatives in various scientific domains. (Reprinted from Science 2014, 343, 740.)

Abbreviations

SCs: Supercapacitors

Chapter III. Study of Graphene Materials with Long Alkyl Diamines as Pillars 1. Objectives & Approach

Learning from the conclusions of the previous chapter, work in this chapter focuses on synthesizing graphene hydrogels with longer alkyl diamines and possibly obtain a pillared graphene material with well-defined inter-layer separation (d-spacing). We aim to evaluate the possible layered structures in graphene derivatives as analogous to pores for charge storage. 1,5-Diaminopentane, 1,6-Diaminohexane and 1,8-Diaminooctane were chosen as the series of longer alkyl diamines (with 5, 6 and 8 Cs). Unlike the short diamines (C = 2, 4), addition of these longer alkyl diamines into aqueous GO solutions have resulted in immediate formation of coagulated gel like structures. Earlier report using such alkyl diamines has suggested that the poor solubility of the longer alkyl chains in aqueous GO solution may be the reason behind such coagulation. 32 It was suggested that the longer alkyl diamines (C = 5, 6, 8) could be dissolved in ethanol and used to react with GO. 32 However, addition of a new solvent to the aqueous GO solution would alter the ability of GO sheets to self-assemble into a monolith. While GO self-assembly in aqueous media is well-studied in the literature, 25 its behavior in co-solvents has not been explored extensively. At this point in the thesis, our primary focus was to study the ability of alkyl diamines to show pillaring (nanoscale assembly) of GO sheets. Hence, we chose to react ethanol solutions of diamines with aqueous solutions and address the formation of monolith (macroscale assembly) at a later stage. Since monolith formation was not a concern at the moment for this study, the reaction mixtures were continuously stirred throughout for homogeneity.

Another important observation from the study on short diamines was that the larger diamines are poor reducing agents, which result in low electrical conductivity of the synthesized materials. To address this issue, we proposed to perform an additional step of chemical reduction using hydrazine hydrate after the first reaction with alkyl diamines. However, reports in the literature make contradictory suggestions that such a step of chemical reduction might remove the alkyl diamines that are incorporated on GO sheets in the first step.

Nevertheless, we chose to perform this two-step process of reaction with alkyl diamines and hydrazine hydrate (Scheme III-1).

Efficient Ion Transport and Storage inside Covalently Pillared

Graphene Materials for High Performance Supercapacitors

Harish Banda † , Sandy Périé † , Daniel Lee ǁ , Barbara Daffos ¶ ‡ , Pierre-Louis Taberna 

Chapter VI. General Conclusions & Perspectives

The aim of this thesis work was to develop graphene-based electrode materials with improved energy and power performances in SCs. The main challenge was to minimize the graphitic restacking and the corresponding loss of active surface area that is observed in many graphene-based materials. The primary strategy of the scientific community has been to assemble the graphene sheets into 3D assemblies and limit the continuous 2D stacking of the sheets. The 3D structures had additional benefits of interconnected porous networks that offered better ion and electron transport properties. Despite significant success of this strategy, new strategies were required to realize the theoretical potential of graphene materials for SCs.

Pillared Graphene Materials 1.1 Pillared Graphene Materials Limit Graphitic Restacking

In this thesis, we proposed and demonstrated that expanded layered arrangement of graphene (through presence of an intercalant) is a successful strategy to mitigate the graphitic restacking through nanoscale assembly. The proposed expanded layered arrangement needed to allow precise tuning of the inter-layer separation (d-spacing) and be durable for long electrochemical cycling in SCs. Hence, we synthesized pillared graphene materials in which the intercalated molecule cross-links GO sheets through covalent bonds, defining a precise and stable d-spacing. A family of diamines were tested for their ability to act as pillar molecules and interesting insights about covalent cross-linking were obtained. Hydrazine, the shortest diamine molecule tested and a strong reducing agent, exhibited a direct reduction of GO solution resulting in graphitic restacking (G) with no cross-linking (CL). When alkyl diamines with 2, 4, 5, 6 and 8 carbons in the alkyl chains reacted with GO, presence of CL peaks along with G-restacking were seen in XRD spectra for the resulting materials (RPs). Increasing alkyl chain lengths from 2 to 8 carbons led to sharper and more intense CL peaks, suggesting that the longer diamines formed larger CL crystallites.

Pillared Graphene Hydrogels with 3D structures

In addition to the nanoscale assembly of graphene sheets through pillaring, we aimed to synthesize 3D macroscale assemblies (GHs) of these materials in order to benefit from the

Experimental Details from Chapter IV

In this chapter, reduced pillared graphene materials (RPs) synthesized with 1,5 diaminopentane and 1,6-diaminohexane (details in previous section) were studied using EIS analyses. Additionally, pillared graphene hydrogels (GHs) were also synthesized in a one-step process with 1,6-diaminohexane as the pillar molecule (6 GH) (Scheme VII-2).

Synthesis of Pillared Graphene Hydrogel (6 GH)

15 ml of GO (5 mg/mL) and 1.21 g of diamine were mixed and sonicated for 10 min and then reacted in a sealed 23 ml Teflon vessel at 180 o C for 17 h in an autoclave. The number of equivalents of alkyl diamine with respect to GO is the same as in the previous chapters. The resulting hydrogel was cleaned with excess amount of ethanol and water sequentially and freeze-dried using liquid N2 to obtain 6 GH aerogels.

Electrochemical Analysis

The synthesized RPs and GHs were studied in a three-electrode Swagelok® type electrochemical device as described in the last section (Figure VII-6). The components are assembled in a glove box (< 0.1 ppm of H2O and O2). 1M tetralkylammonium tetrafluoroborate (TAABF4) salt solutions in anhydrous acetonitrile with varying cations; ethyl (TEABF4), propyl (TPABF4), butyl (TBABF4) and hexyl (THABF4), are used as electrolytes. The working electrodes were fabricated as a slurry by mixing active materials, polyvinylidene fluoride (PVDF) and acetylene black carbon in a ratio of 80:10:10 using N-methyl-2-pyrrolidone and are coated onto 0.5 cm 2 stainless steel disks. The as prepared electrodes were dried at 65 o C in air for 3 h

180°C, 17h

Scheme VII-2 Schematic representation of the synthesis of pillared graphene hydrogel in an autoclave.

Experimental Details from Chapter V

In this chapter, 6 RPs and 6 GHs were synthesized with varied amounts of 1,6-hexanediamine equivalents. The synthesized materials were studied in two and three-electrode configurations using Swagelok® type cells described above (Figure VII-6).

Reduced Pillared Graphene Materials with Varied Equivalents

An aqueous solution of well-dispersed 5 mg/mL GO was prepared and used as a precursor for all syntheses. 6 RPs were synthesized in a two-step process of cross-linking with 1,6diaminohexane and further chemical reduction with hydrazine hydrate. One equivalent of diamine to GO was used as a sufficiently excess condition providing two molar equivalents of N for 1 C in GO. The formula weight of the synthesized GO was calculated as 13.01 g from the elemental composition obtained by X-ray Photoelectron Spectroscopy (XPS). Each synthesis was performed with 75 ml of GO (28 mmol) with 1, 0.2, 0.1, 0.075 and 0.05 equivalents of diamine using 3.27, 0.651, 0.325, 0.243 and 0.162 g of 1,6-diaminohexane respectively. 75 ml of GO and diamine dissolved in 75 ml of ethanol were sonicated for 10 minutes and then heated under reflux at 80 o C for 24 h in a round bottom flask while being continuously stirred.

The reaction mixtures were later cooled, filtered through P4 filter and washed with copious amounts of ethanol, water and ethanol sequentially. The obtained product was then dried in the vacuum oven at 100 o C overnight. The obtained pillared materials were further reduced by treating with excess of hydrazine hydrate at 90 °C under reflux for 24 h while being continuously stirred. The obtained reduced pillared materials were cleaned with an excess of water, dried under a vacuum at 100 °C, and labelled as the respective 6RPs.

Pillared Graphene Hydrogels with Varied Equivalents

An aqueous solution of well-dispersed 5 mg/mL GO was prepared and used as a precursor for all syntheses. 6 GHs were synthesized in a one-step hydrothermal process using 1,6diaminohexane as cross-linking agent. Each synthesis was performed with 15 ml of GO (5.6 mmol) with 1, 0.2, 0.1, 0.05, 0.035 and 0.025 equivalents of diamine using 1.21, 0.242, 0.121, 0.060, 0.042 and 0.016 g of 1,6-diaminohexane respectively. 15 ml of GO and the required amount of diamine were sonicated for 10 min and then reacted in a sealed 23 ml Teflon vessel at 180 o C for 17 h in an auto-clave. The resulting hydrogel was cleaned with excess amount of ethanol and water sequentially and freeze-dried using liquid N2 to obtain 6 GH aerogels.

Ambient dried gels were obtained by drying the hydrogels at room temperature for 2 days and the remaining moisture was removed by heating in vacuum at 80 o C overnight.

Electrochemical Analysis

For the ion sieving study, 1 M tetralkylammonium tetrafluoroborate (TAABF4) salt solutions in anhydrous acetonitrile with varying cations; ethyl (TEABF4), propyl (TPABF4), butyl (TBABF4)

and hexyl (THABF4), are used as electrolytes. The working electrodes were fabricated as a slurry by mixing active materials, polyvinylidene fluoride (PVDF) and acetylene black carbon in a ratio of 80:10:10 using N-methyl-2-pyrrolidone and are coated onto 0.5 cm 2 stainless steel disks. The as prepared electrodes were dried at 65 o C in air for 3 h prior to drying under vacuum at 120 o C overnight. The dried electrodes were noted to weigh 1 -1.5 mg resulting in loading densities of 2-3 mg/cm 2 . The components are assembled in a glove box (< 0.1 ppm of H2O and O2). CVs were obtained at 20 mV/s, as a sufficiently low scan rate, for the ion sieving study.

Later on, TEABF4 was chosen as an electrolyte with sufficiently small ions to enter the galleries of 6 RPs and 6 GHs. CVs were performed in -1.3 to 1.5 V vs. Ag potential window at various scan rates ranging from 10 to 1000 mV/s to obtain the power capabilities of the synthesized materials. The gravimetric capacitances (C) were derived from CV curves using the equation C = (ʃ I(v).dv) /(m(dv/dt).V). ʃ I(v).dv is the total area under the curve in the potential window, dv/dt is the scan rate, m is the mass of the active material in the working electrode and V is the total potential window. EIS analyses were performed at -1 and 1 V vs. Ag in a threeelectrode configuration. Two-electrode CVs were performed using equal weights of active materials in both the electrodes and tested in a 0-2.8 V voltage range at 10-1000 mV/s scan rates. 

Annex

Annex: Electrochemical Characterization of SCs

Electrochemical analyses of the synthesized materials were performed using two or threeelectrode cell configurations. In a three-electrode cell configuration, the material of interest is used as working electrode and its current/potential/frequency response is obtained with respect to reference electrode. A porous carbon with nearly 10 times the weight of the working electrode and that has sufficient charge storage capability is chosen as the counter electrode. In a two-electrode cell configuration, symmetric SCs were studied using the material of interest as both the working and counter electrode. Additionally, the counter is used as the reference electrode.

Different electrochemical techniques used in this thesis work to analyze the materials are described in this section. The three main techniques, used in this thesis are cyclic voltammetry, chronopotentiometry (generally called as charge-discharge cycling) and electrochemical impedance spectroscopy. The information that can be extracted from these techniques concerning the materials and their responses in an electrochemical cell are also discussed.

Cyclic Voltammetry

Cyclic voltammetry (CV) is the most widely used technique to acquire quantitative information about electrochemical reactions. CV provides information on redox processes, heterogeneous electron transfer processes and faradaic adsorption processes. The CV technique involve scanning the potential of the working electrode with respect to the reference electrode using a triangular potential waveform with respect to time. Essentially, the working electrode is cycled between two pre-selected potential values with a chosen sweep rate (potential change per second). During the potential sweep, ions in the electrolytes gradually adsorb on the electrodes that are oppositely polarized. The resulting current from the electrochemical processes is recorded in relation to the applied potential. The current response thus plotted with respect to the applied potential is called as a cyclic voltammogram. This technique provides useful information such as the stable electrochemical window of the electrolyte, specific capacitance of the electrode and cyclability of the active materials or devices. current collector and the electrode material. These resistances result in deviations in the CV curves at the corners of the plots (Equation-1c).

Capacitances of the electrode can be calculated from the cyclic voltammogram by Equation 1.

C is the electrode capacitance in Farads per gram (F/g) in a three-electrode cell, I is the

recorded current in Amperes (A), dV/dt is the scan rate used (V/s) and m is the mass of the electrode material. For two-electrode symmetrical cells, since the measured capacitance corresponds to the whole cell, the value must be multiplied by 2 to obtain the single electrode capacitances and average mass of both the electrodes is used as m.

Chronopotentiometry

The electrochemical behavior of a material can also be studied through a constant current technique. Typically, positive and negative currents are used to charge and discharge the electrodes and the corresponding changes in potential are observed with respect to time.

During the charge and discharge processes, electrolytic ions adsorb and desorb respectively on the oppositely polarized electrodes. Several cycles of the charge-discharge processes are performed to analyze the cycle life of the SC performances. This technique resembles the charging and discharging processes that the energy storage devices undergo in practical applications. Figure -2a&b show the applied currents and the resulting potential waveform in an ideal EDLC SCs. However, the cell resistances arising from various components (electrolyte, material and contacts) can result in an ohmic drop at the start of each charge and discharge cycle (Figure -2c). Large drop due to such resistances mean irreversible losses through energy dissipation, which are crucial when large currents are used. Capacitances of the materials tested could be obtained from using the slope of the potential vs time curve (Equation 1). Equation 1239

The impedance of the three commonly used ideal electrical elements; capacitors (ZC), Ohmic resistors (ZR) and inductors (ZL), described by Equation-9, Equation-10 and Equation-11 respectively. C, R and L are capacitor, resistance and inductance respectively.

Nyquist plot is commonly used for EIS studies with real and imaginary components of impedance on X and Y axes respectively. 

Résumé:

Ce travail de thèse décrit le développement de matériaux dérivés d'oxyde de graphène testés pour le stockage électrochimique de l'énergie. Les propriétés particulières de ce matériau, telles que sa grande surface développée et sa conductivité élevée, font du graphène un matériau d'intérêt pour des applications dans des systèmes de type supercondensateur.

L'impact de la macroporosité des dérivés de graphène est un point clé adressé dans de nombreuses études décrivant notamment les effets de la structuration 3D du graphène.

Néanmoins, malgré la morphologie en feuillets du graphène peu d'études sont menées sur l'impact de sa potentielle structuration lamellaire.

Dans ces travaux de thèse, une famille de dérivés de graphène pontés présentant des The robustness of the pillars has been confirmed indirectly by electrochemical cycling and Xray diffraction investigation and directly through ss-NMR studies that provided evidence of the covalent link between the organic molecules and graphene.
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