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    Graphene is an allotrope of carbon, which is in the form of a thin layer with a two-dimensional honeycomb-like structure. It exhibits unique properties such as lightweight, excellent thermal and electrical conductivities, large specific surface area, easy preparation and functionalization, high intrinsic mobility, chemical stability, simple recovery, recyclability, etc. Therefore, it has emerged as the most successful entity with a wide range of applications in various medical, chemical and industrial processes, such as flexible electric/photonics circuits, solar cells, drug delivery, tissue engineering, bioimaging, optoelectronics, photodetectors, generation and storage of energy, biosensors, removal of contaminants, catalyst, water and sound proofing, and many more. The editors have made a very judicious choice in selecting graphene and its applications as a topic covering major fields of interest. I appreciate their efforts in compiling the different areas related to graphene and putting them all in a single arena. I believe that this book will get an overwhelming response from the readers.
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    Catalysis is a fundamental and multidisciplinary phenomenon that has been ruling the energy sector and chemical industry for centuries impacting the world’s economy. Not only production processes but even biological and natural reactions are catalytically controlled by enzymes and other substances to maintain life on Earth. Various manufacturing units including petrochemicals, pharmaceuticals, food, polymers, materials, and fine chemicals-based industries along with pollution-abating firms are highly dependent on catalysts. This is because catalysts offer green means for accelerating chemical transformations via energy-saving and atom economic pathways.Untill today, multitudes of homogeneous and heterogeneous catalysts have been explored for carrying out several conversions and enhancing the feasibility of reactions. However, the issues of catalyst recoverability and efficiency have been a cause of concern across the globe. More recently, the necessity of environmental conservation has further accentuated the search for sustainable catalysts. In such a scenario, graphene-based catalysts or carbocatalysts have emerged as a boon to meet the growing demand for efficacious, benign and inexpensive heterogeneous catalysts.




    Graphene with its distinguished opto-electronic, thermo-mechanical, surface and chemical characteristics is renowned as the most invincible nanomaterial. Ever since the path-breaking discovery of graphene in 2004, the two-dimensional, honeycomb lattice-based material has enthralled the scientific community throughout the world. The exceptional conductivity, tensile strength, stability, large surface area, recoverability, recyclability and ease of functionalization of graphene materials have especially captivated the researchers working in the field of catalysis. Owing to the surge in demand for graphene-based catalysts, graphene research is being carried out at a very rapid pace. Every year new additions to the knowledge and scope of graphene carbocatalysts appear at a considerably large scale. Consequently, this book is an attempt to acquaint readers with the recent advances in the field of graphene carbocatalysis.




    The book encapsulates the recent developments involving the syntheses, properties, characterizations, functionalization, and catalytic applications of graphene, its derivatives and composites. The book is in two volumes. The first volume is divided into 10 chapters. In Chapter 1, a brief introduction to carbocatalysis has been laid out. The properties, syntheses and scope of carbocatalysts have been discussed to highlight their significance. Chapter 2 discusses the fundamental structure and properties of graphene and chemically modified graphene contributing to their applications in diverse fields. Chapter 3 describes the diverse synthetic strategies for the preparation of graphene and its derivatives. The advantages of present methods and future challenges related to industrial-scale synthesis have also been outlined in this chapter. Chapter 4 focuses on the latest and most commonly employed characterization techniques used for investigating the morphological, structural, and thermal properties of graphene materials. In Chapter 5, recent trends in functionalization and its role in the catalytic activity of graphene have been put forward. Chapter 6 summarizes the recent progress in the synthesis of graphene-based composites along with their properties and applications in catalytic reactions. The future prospects and challenges towards the design and development of graphene-based nanocomposites for catalytic reactions have also been addressed in the chapter. Chapter 7 reviews the recent advances in graphene-supported palladium catalysts for coupling reactions. It also underscores the synthesis of these catalysts and their mechanistic aspects spanning across a variety of cross-coupling reactions. A comparison of graphene-supported catalysts with traditional catalysts has also been included in this chapter. Chapter 8 provides an in-depth review of recent applications of graphene-based catalysts in multicomponent and domino reactions. In Chapter 9, current progress made in the field of oxidation and reduction reactions of organic molecules catalyzed by graphene materials has been explored. Chapter 10 accounts for the contemporary trends in the area of graphene-based biocatalysts.




    The second volume titled Graphene-based Carbocatalysis: Advanced Applications and State-of-the-Art Developments includes six chapters. Chapter 1 of the second volume incorporates the most recent advances in photocatalytic applications of graphene-based materials such as graphene-based semiconductor photocatalysts for the degradation of various contaminants (treatment of waste water), production of hydrogen, and photocatalytic reduction of carbon dioxide to energy-rich synthetic fuels (combating against global warming and energy crisis), etc. Chapter 2 discusses the latest advances in electrocatalysis by graphene materials with a special focus on the electrocatalytic activities of non-metal doped graphene, graphene-2D materials heterostructures, and graphene-plasmonic nanostructures. Chapter 3 provides an overview of the recent advancement made by graphene-based materials including graphene oxide, reduced graphene oxide and graphene oxide quantum dots for hydrogen evolution from light-driven water splitting and future prospects. Chapter 4 highlights the modern trends in the fabrication of graphene-based smart energy materials for applications in various energy storage systems. The future trends and challenges have also been underlined. Chapter 5 underscores the potential utility of graphene materials in electrochemical sensing devices. Chapter 6 concludes the book and reports state-of-the-art graphene carbocatalysis with the future challenges accompanying graphene-based catalysts.




    The book covers multidimensional applications of graphene-based materials cutting across various fields ranging from energy generation, chemical synthesis, and electrochemical sensing to photocatalysis and much more. Hopefully, this book will serve as a reference work for all those researchers, students, industry workers and engineers who are interested in graphene research as well as its emerging applications in catalysis and beyond.
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      Abstract




      Carbocatalysis has emerged as a promising field of catalysis. The exceptional surface morphology, pore distribution, thermal conductivity, chemical inertness, electrical property and renewability of carbon materials have rendered them suitable for various catalytic processes namely, photocatalysis, electrocatalysis, biocatalysis and chemical catalysis. Therefore, the introductory chapter on carbocatalysis describes the useful properties of carbonaceous materials which govern their catalytic behaviour. Moreover, synthetic approaches for the fabrication of diverse carbon polymorphs such as active carbon, graphite, fullerene, glassy carbon, carbon black, carbon nanotubes, carbon nanofibres, nanodiamonds, carbon nano-onions, and graphene have also been briefly discussed in this chapter. The scope of carbocatalysts over broad areas has also been elucidated by quoting instances.
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      INTRODUCTION




      Catalysis is the backbone of chemical transformations which facilitates a sustainable and efficacious means to convert starting raw materials to useful chemical compounds. One of the twelve principles of green chemistry states that the “use of catalysts should be encouraged as these enhance selectivity, reduce the formation of by-products, reaction time and energy requirements” [1]. Therefore, catalytic transformations have become an integral part of environmentally benign chemical processes. Homogenous and heterogeneous catalysts are the two main classes of catalysts that over the past several decades have served as a driving force in achieving high performance conversions by abating the activation energy. Both homogeneous and heterogeneous catalysts have their high points, for instance, homogeneous catalysts have excellent catalytic efficiency owing to




      readily accessible active sites [2] while heterogeneous catalysts are quite stable and easy to separate and recover [3]. However, with growing awareness of environmentally friendly protocols, the use of conventional catalysts has become a debatable topic. This is primarily because the traditional catalysis employs acids, bases, transition and non-transition metals which are toxic, expensive, get easily deactivated by impurities and non-reusable.




      Sustainability being an essential element of modern chemistry has coerced researchers and chemists globally to look for renewable and cost-effective catalytic systems. The recent emergence of graphene based catalysts has paved way for a green alternative to conventional catalysts. Carbocatalysis viz. catalysis driven by carbonaceous materials is not a novel avenue of study. Several carbon based catalyst have been used in the past. Perhaps the beginning of carbocatalysis can be traced back to the year 1854 when Stenhouse observed that activated carbon was capable of oxidizing a mixture of organic gases coming from putrefied biomass [4]. Since then there have been several reports where carbon allotropes were used as catalytic materials. In 1925, Rideal and Wright employed charcoal as a catalyst for the oxidation of oxalic acid [5]. In the 1930s, Kutzelnigg and Kolthoff separately confirmed that activated charcoals were highly suitable for catalyzing the aerobic oxidation of ferrocyanide to ferricyanide [6, 7]. Thereafter in 1979, charcoal was used to catalyze the oxidative dehydrogenation (ODH) reaction of ethylbenzene to styrene [8]. Also, graphite catalyst was employed for the first time by Lucking and co-workers for the oxidative cleavage of 4-chlorophenol, which yielded CO2, H2O, and HCl [9]. In another instance, Fortuny et al. have also reported oxidation of phenol using active carbon as a catalyst [10]. Despite the good catalytic performance of carbonaceous materials attributable to their versatile porosity and surface properties, carbocatalysis did not achieve the desired level of attention until the discovery of fullerene, carbon nanotubes, and graphene. Further, mostly the carbon polymorphs such as charcoal [11], graphite [12], carbon black [13], and diamond [14] have been used as support in catalytic systems because of their advantages including ease of metal immobilization on carbon, resistance to attack by acids and bases, simple as well as cost-effective preparation, high thermal stability and straightforward recovery of the active phase. Regardless of the beneficial features, some shortcomings such as lack of active sites, microporous structure, hydrophobic character and poor resistance to oxidation stalled the growth of carbon based catalysts in earlier days [15]. However, the recent developments in the synthetic chemistry of carbon have allowed easy modification of the pore size distribution, surface chemistry, and hydrophilicity to afford carbocatalyst with desirable electronic and physicochemical properties, large surface to weight ratio, and better biocompatibility.




      The discovery of fullerenes in 1985 was a landmark in the field of carbon science [16]. The unique three dimensional structure of fullerene comprises intricately arranged five and six membered rings of covalently bonded carbon atoms arranged to form spherical shape. The high conductivity (narrow band gap) of fullerene arises from the pi electron delocalization within carbon layers which favours its catalytic behaviour. Functionalization of fullerenes also aids in tuning their electrical properties and serves as a precursor for the preparation of fullerene based nanocatalyst. Ever since their discovery, fullerene based catalysts have been used to catalyze several reactions such as reduction [17], oxidation [18], photodegradation [19], dehydration [20], proton transfer [21], deallylation [22], etc.




      The birth of nanotechnology proved to be a boon for carbocatalysis. The designing of nanodimensional carbon tubes with readily accessible sites on large surface area revolutionized the field of catalysis. The breakthrough invention of carbon nanotubes in 1991 by Iijima [23] followed by its use as catalyst support in 1994 [24] led to a new generation of catalysts dominated by carbon nanomaterials. Carbon nanotubes belong to the fullerene family and are basically graphite sheets rolled in the form of cylindrical shapes. The excellent electrical conductivity, striking mechanical and thermal stabilities, tolerance against poisoning effect, easily modifiable surface area, and ease of functionalization of carbon nanotubes make them promising catalytic systems [25]. Carbon nanotubes have been widely applied and employed in heterogeneous catalysis [26], photocatalysis [27], and electrocatalysis [28].




      One of the lightest and strongest known materials, graphene is a single layered allotrope of carbon that has honeycomb structure and is the most famous carbocatalyst of recent times. The discovery of graphene dates back to 1859 when Brodie while examining the structure of graphite, observed graphene and named it “graphone” [29]. In 2004, the isolation of graphene sheets by Novoselov et al. brought about a storm in the field of carbonaceous materials [30]. The extraordinary physicochemical and thermoelectrical properties of graphene such as large specific surface area (theoretically 2630 m2/g for single-layer graphene) [31], amazing electronic properties and electron transport potential [32, 33], unparalleled flexibility and impermeability [34, 35], sturdy mechanical property [36] and excellent thermal and electrical conductivities [37, 38] attracted enormous interest and resulted in an explosion of research studies in the domain of graphene based materials. In 2009, Lu et al. highlighted the use of gold embedded graphene based catalyst for oxidation of CO [39]. Jafri et al. also reported nitrogen doped graphene nanoplatelets as a potent catalyst for oxygen reduction reaction [40]. In 2010, Dreyer et al. demonstrated graphene oxide as a compatible carbocatalyst for oxidation and hydration reactions [41]. In the same year, Li and his research group reported electro-oxidation of methanol promoted by Pt nanoparticles on reduced graphene oxide [42]. In another instance, Gao and co-workers used reduced graphene oxide as carbocatalyst for the reduction of nitrobenzene [43]. Since then, a plethora of literature has been available which showcases the abilities of graphene and its derivatives as potent carbocatalysts.




      Thus, a bountiful of reusable and economically viable carbonaceous materials are available today which serve as heterogeneous and semi-homogeneous catalysts as well catalytic supports for a range of reactions that find significance in different areas namely, chemical manufacturing, environmental remediation, biomass production, water splitting, energy conversion and storage devices. In the present chapter, an effort has been made to acquaint the readers with the properties, syntheses and scope of carbocatalysts (Fig. 1).
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Fig. (1))


      Properties, syntheses and scope of carbocatalysts.

    




    

      PROPERTIES OF CARBOCATALYSTS




      Now let us delve into the properties of carbon materials that render them suitable as catalytic systems.




      

        Surface Properties




        It is well known that for any catalyst, surface features are crucial in governing its catalytic activity. The surface properties of carbon materials depend on the spatial arrangement of carbon atoms which in turn are based on the method of preparation or treatment used to synthesize these materials. The presence of a high density of pores and large surface area on carbonaceous materials play a key role in the adsorption of reactant molecules [44]. The introduction of defects in carbon atom layers present in carbon based materials and eases of their functionalization make their surface apt for catalysis. These structural defects particularly on the edges serve as active sites for binding of reaction molecules being easily accessible.




        The defects in carbon materials can be introduced by thermal treatment or doping. For instance, Qiu et al. have reported that the amount of surface defects is directly related to the catalytic efficiency of activated carbons [45]. They used a simple thermal treatment method aided by a nitrate solid-phase oxidative method to increase the amount of surface defects on the activated carbons and observed their catalytic effect on the hydrochlorination of acetylene. It was reported that this treatment removed oxygen moieties and introduced defects on the edges of active carbons. Armchair and zigzag edges were observed in active carbon due to the stacking arrangement of nanosized graphitic layers, thereby populating the edges with active sites. In another study, it was reported that selective doping of carbon materials with heteroatoms induces catalytically beneficial defects. Chen et al. doped carbon nanosheets with B-N pairs and employed them as a catalyst to promote ammonia synthesis [46]. It was highlighted that the B-N doped carbon nanosheets showed superior activity compared to metallic catalysts for the nitrogen reduction reaction. The better electrocatalytic behavior of B-N doped carbon nanosheets was attributed to the fact that doping resulted in generating sufficient active sites at the edge carbon atoms.




        The functionalization of carbon surfaces causes changes in the surface energy as well as chemical reactivity of the materials. Surface functional groups may increase free valences on the edges of the external surface, thereby increasing the catalytic activity [47]. The functional groups also assist in tuning the hydrophilicity of carbon materials and are capable of altering the acidic and basic character of these materials [48, 49]. Oxygen, nitrogen, hydrogen, sulphur, phosphorous and halogens functionalities are commonly used for this purpose. Chen et al. functionalized carbon nanotubes with oxygen functional groups [50]. Several oxidants like H2O2, KMnO4, HNO3/H2SO4 were used to functionalize the nanotubes. After functionalization, the pHpzc (pH at which net surface charge on carbon is zero) was measured by the chemical titration method [51]. It was reported that after functionalization the carbon surface became acidic due to the presence of functional groups like carboxyls which decreased the pHpzc value making the surface more hydrophilic [52-54]. It was also reported that the presence of carboxylic functional groups also enhanced the dispersion of Pd and Pt metals on CNTs via the formation of chemical bonds, which hindered the agglomeration metal particles on CNTs and minimized the sintering propensity of the formed Pd–Pt particles across the CNT surface in the calcination and reduction process [55, 56]. This increased uniform dispersion of Pd-Pt on functionalized CNTs resulted in improved catalytic efficiency for hydrogenation of naphthalene to tetralin. In another study, it was reported that the functionalization of sulphonic acid group on graphene oxide improved its hydrophilicity as well as permeability [57].




        It has been also reported that surface functionalization also improves the adsorption property of carbon materials. Sun et al. functionalized carbon beads via surface amination treatment and used it to study CO2 capture [58]. It was demonstrated that the surface modifications enhanced the adsorption of CO2 without compromising the desirable spherical morphology and mechanical strength of the activated carbon beads. This was attributed to surface modification of carbon, greater number of N-H functionalities resulted in stronger binding between CO2 and C-N-H groups than that of C=N-C.




        A study conducted by Arrigo et al. showed that the functionalization of nanocarbons aids in the regulation of their acidic/basic character [49]. They treated oxidized carbon nanofibres with ammonia and evaluated the surface acid-base properties. It was reported that the samples contained both O and N species on the surface which served as acidic and basic sites. It was further illustrated that the population of O and N functionalities depended on temperature and could be controlled to modify the acid-base properties of the carbon surface. At 473 K, nitrogen moieties were incorporated on the surface as a consequence of the reaction of carboxylic acid sites with ammonia, thereby generating a bifunctional hydrophilic material with both acidic and basic sites on the carbon surface. Further raising the temperature to 873 K resulted in strong basic sites leading to a hydrophobic carbon surface. Thus, it was proved that altering the surface functionalization once can modify the acid-base nature of the carbon surface.




        The specific surface area of materials is one the most imperative factors that directly affect catalysis. Greater surface area means better ease of access to active sites. The size reduction of particles causes the enhancement in the surface area of a substance. The surfacing of nanotechnology has resulted in the development of methods through which one can get nanodimensional materials with extremely large surface area. The nanocarbon materials with higher surface to volume ratio have therefore emerged as very effective carbocatalysts. For example, Pan et al. prepared porous N-doped carbon nanotubes (NCNTs) by pyrolysis of polypyrrole nanotubes and KOH activation at different temperatures 800 °C, 900 °C and 1000 °C [59]. The prepared nanotubes were used as electrocatalysts for the oxygen reduction reaction. A BET analysis was conducted to deduce the surface area of the nanotubes. It was reported that the specific surface area of polypyrrole nanotubes, NCNT-800, NCNT-900, and NCNT-1000 was 26, 1057, 1402, and 1137 m2/g, respectively. The assessment of ORR in a standard three electrodes cell showed that the NCNT-900 and NCNT-1000 were the most efficient catalysts in promoting the reactions. Furthermore, the nanotubes exhibited superior catalytic activities as compared to the commercially available Pt/C catalyst. It was thus highlighted that the high surface areas in porous nanotubes afforded active sites for diffusing O2 and KOH electrolyte thereby enhancing the rate of ORR.


      




      

        Pore Size Distribution




        The porosity of carbon materials is another important factor that influences their catalytic performance. Porous carbon materials can be classified as microporous (<2 nm), mesoporous (2-50 nm), and macroporous (>50 nm) on the basis of their pore diameters [60]. The pore volume and pore-size distribution play a crucial role in shape-selective catalysis [61]. Porosity in a material enhances catalytic activity not only by increasing accessibility to active sites albeit also by facilitating the mass transfer. Thus, by tuning the porosity one can induce desired catalytic properties in a material. Ferrero et al. investigated nitrogen-doped carbon microspheres with tunable porosity as electrocatalysts for the oxygen reduction reaction (ORR) [62]. It was reported that the catalyst was prepared by nanocasting using pyrrole as N-containing carbon precursor and porous silica microspheres as a template. Using two different silica samples as templates, the porosity of the microspheres was tuned from a micro- to a mesoporous network. The prepared catalytic system was applied to ORR and it was found that mesoporous electrocatalyst was more efficient than microporous one. This result was attributed to better accessibility of the active sites in the case of the mesoporous microspheres compared to the microporous ones. This is because in microporous materials the diffusion of reactant molecules becomes restricted due to small pore size and volume. It was further deciphered that the improved accessibility to the active sites on the surface of the mesoporous microspheres led to increase in mass-transfer reactions during the electrochemical process, thereby increasing the rate of catalytic reduction. Consequently, it can be said that pore size and volume are significant contributing factors in carbon based catalysis.


      




      

        Thermal Conductivity




        Thermal conductivity is another important criterion in carbocatalysis. Thermal conductivity is the ability of an object to conduct heat. Heat transfer is an important phenomenon in catalysis, particularly for strongly endo- and exothermic reactions in which fast heat management is advantageous for active sites [63]. Heat conduction in materials usually occurs due to the transmission of lattice vibrations known as phonons [64]. Carbonaceous materials like graphite, diamond, graphene, carbon fibres, and carbon nanotubes are well known for their thermal properties. The arrangement and coordination of carbon atoms along with defects in these materials are the main reasons for high thermal conductivities [65, 66]. A thermally conductive cobalt loaded graphite based catalyst for low temperature based highly exothermic Fischer-Tropsch synthesis (FTS) was reported [67]. It was reported that the use of this catalyst resulted in high productivity of hydrocarbons. This is because the incorporation of exfoliated graphite in the catalyst provides an amalgamation of extensive surface with high thermal conductivity and durability for the gasification process. Thermal analyses of graphite and aluminium based catalysts showed that the thermal conductivity of graphite is twice more than aluminum based catalyst and 30 times greater than a cobalt catalyst without heat conducting agents. It was further revealed that due to the high thermal stability of graphite, the catalyst survives overheating while the aluminum based counterpart is limited to 450 °С or even lower temperature because of irreversible effects such as metal pre-melting and oxidation. Hence, it is clear that thermally conductive as well as stable catalysts are perquisite for promoting reactions that require conduction of heat energy or heat removal.


      




      

        Electrical Properties




        To understand the electrical properties of carbonaceous materials, first, it is imperative to clarify the concepts of electrical resistivity and conductivity. Electric resistivity is a fundamental property of a material due to which it opposes the flow of electric current [68]. Mathematically, electric resistivity (ρ, Ωm) is defined as the ratio of electrical field (E, Vm-1) inside the material to the electric current density (J, Am-1), eq. (1). In other words, the resistivity is the resistance (R) offered by a material with unit cross sectional area (A) and unit length (l), eq. (2),
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        Electric conductivity (σ, Ω-1m-1 or Sm-1) is the property of a material by the virtue of which it conducts electricity. It is the reciprocal of electric resistivity. Consequently, both the terms resistivity and conductivity are interrelated and form the basis of the classification of materials [68]. On the basis of electric conductivity or resistivity, materials can be classified as conductors (materials that conduct electric current), insulators (materials that resist electric current) and semi-conductors (materials that intermediate between conductors and insulators).




        The electrical properties of carbon materials are very much dependent on the structural attributes and type of treatment given to them. Different allotropes of carbon show different degrees of conductivities due to structural differences [69]. For instance, diamond exhibits low conductivity because each carbon atom is sp3 hybridized and bonded to four carbon atoms by strong covalent bonds. Therefore, no electrons are available for conduction. It has a wide band gap of 5.5 eV [70]. While in graphite the sp2 hybridized carbon atoms are arranged as two-dimensional hexagonal lattice structure with carbon sheets stacked one above another and each carbon has one free electron. The sheets are held by weak van der Waals forces, electrons freely move throughout the layered structure. Graphite, thus, has a small band gap (40 meV) between valence and conduction bands and behaves as a conductor similar to metal [71].




        Fullerene, a carbon polymorph, is a large caged polyhedral molecule with either fcc or bcc packing of atoms. In fullerene sp2 carbons are directly bonded to three neighbors in an arrangement of five- and six-membered rings. Fullerenes are basically semiconductors, however, by doping heteroatoms, superconductivity can be induced [72].




        Carbon nanotubes (CNTs) are rolled-up graphene sheets with cylindrical structure. These are of two kinds, single-walled carbon nanotubes (SWCNT) with a diameter in the nanometer range and multi-walled carbon nanotubes (MWCNT) are nested single-walled carbon nanotubes held together by van der Waals forces with a diameter of less than 100 nm. The interlayer distance in multi-walled carbon nanotubes is 0.34-0.39 nm [73]. SWCNTs can have an armchair, chiral, and zigzag geometries depending on the wrapping of cylinders while MWCNTs are of two types Russian Doll model and the Parchment model [74]. When the diameter of the outer nanotube is greater than the inner nanotube then, it is called the Russian Doll model. Whereas, when a single graphene sheet wraps around itself multiple times just like a scroll of paper, it is called the Parchment model. On the basis of structural symmetry, carbon nanotubes can exhibit conducting or semiconducting nature [75].




        Graphene is a two dimensional single sheet of carbon atoms arranged like a honeycomb lattice and displays unusual electrical properties. In graphene, each C atom is linked to three other carbon atoms, leaving an electron freely available for electronic conduction. These mobile electrons are called pi (π) electrons and are located above and below the graphene sheet. Graphene is a zero-gap semiconductor because its conduction and valence bands meet at the Dirac points, where the effective mass of electrons (or holes) is zero. The free electrons in graphene interact with the periodic potential of the honeycomb lattice, generating new quasiparticles that have lost their mass or rest mass and hence, called massless Dirac fermions. Thus, graphene conducts electrons with high velocity and the lattice symmetry inhibits direct backscattering of electrons, enhancing the electrical mobility and conductivity [76].




        The remarkable electric conductivities of graphite, fullerenes, nanotubes, and graphene make them highly suitable as a catalyst for various redox reactions. The electrical properties of carbon materials arising from their unique structures can further be tuned by functionalization, heteroatom doping and controlling the temperature of graphitization or carbonization [77].




        Functionalization of carbon surface alters the electrical behaviour of carbon material by modifying their structure. In one such instance, Suslova et al. have reported that the electrical conductivity of nitrogen doped carbon nanotubes increased considerably with an increase in oxygen functionalities on their surfaces owing to elevation in the density of defects in their structural arrangement [78]. In another example, it was shown that graphitized carbon nanofibre bearing oxygen functional groups demonstrated high electrocatalytic activity as bifunctional electrode for vanadium redox flow battery [79]. The high catalytic performance of carbon nanofibres was attributed to an increase in ion diffusion and electron transfer processes owing to improved electrical conductivity and surface area due to presence of surface functionalities.




        Doping is a method by which introduction of heteroatom results in generation of holes or addition of an extra electron in a substance. This process leads to decrease in band gap of valence and conduction bands, thereby, improving the conductivity of semiconductors. Heteroatom doping is therefore a strong tool for tuning the electrical conductivities of carbon materials. Han et al. studied the effect of N-doping in carbon nano-onions [80]. The N-doped carbon nano-onions (N-CNOs) were prepared by a one-step, in situ flame synthesis technique using clarified butter and acetonitrile as precursors. The prepared N-CNO was than employed as catalyst for ORR process in a microbial fuel cell. It was reported that the catalytic activity of N-CNO was 5.4 times higher than CNO. This high performance was ascribed to the presence of nitrogen atoms in carbon framework. Through electrochemical impedance spectroscopy, it was elucidated that the conductivity of N-CNO is higher than CNO due to N-doping. It has been explained that the sp2–C atoms adjacent to N atoms and N atoms stimulate the electrostatic adsorption of oxygen molecules leading to sharp reduction in the kinetic barrier for the ORR process [81]. Simultaneously, N-doping causes electron excess in the delocalized π-system which results in enhancement of electrical conductivity. Finally, the high electrical conductivity induces electron transfer during catalysis, assisting the contribution of C-N active sites and improving the ORR activity on the whole [82]. As a result, the high ORR catalytic performance of N-CNO can be attributed to the high electrical conductivity arising from N-doping.




        It has also been reported that thermal [83] and graphitization treatments [84] generally result in metallic conductivity in carbon materials while oxidation induces semi-conductivity due to π-electron delocalization [85]. Therefore, by applying different treatments one can tune the electrical properties of carbocatalysts.


      


    




    

      



      SYNTHETIC STRATEGIES FOR CARBOCATALYSTS




      As is well known that synthetic methods greatly influence the properties of a material, therefore, in this section some strategies employed for synthesis of carbocatalyst have been discussed. So many methods for synthesis of carbon materials are reported that a whole chapter can be devoted to the synthetic aspects of carbon allotropes. However, since the book deals with graphene here we have highlighted some important methods only.




      

        Active Carbon




        Activated carbon is highly porous form of carbon. Coal, wood, agricultural wastes or biomass, ionic liquids, salt solutions, etc. are used as precursors to prepared activated carbon or charcoal [86]. Physical and chemical activation methods are commonly used to prepare active carbon materials. Before activation, carbonization and de-ashing is performed as pre-treatment. In carbonization the raw materials are subjected to heat treatment or pyrolysis at high temperatures around 573.15 K to 1173.15 K in order to eliminate non-carbon materials and volatile impurities. This result in formation of char after rearrangement of carbon atoms into graphitic sheets stacked above one another to form rigid microcrystals with voids which constitute the pore structure [44]. Ahead of activation, ash and mineral content of the carbon materials is reduced by de-ashing or demineralization technique via chemical leaching. In this process, acid and alkali solutions are used to demineralize the carbon raw materials [87]. For instance, Ahmad et al. performed acid treatment of cocoa shell pellets with 1M HCl which reduced the ash content to less than 10% [88]. In another study, it was reported that high ash content reduced the adsorption property of activated charcoal prepared from stone coal ore hence, to improve the adsorption. The stone coal ore was pre-treated with HF and H2SO4. The acid treatment reduced the contents of mineral atoms like Fe, Mg, Ca, Si, etc. resulting in stone coal ore with 74.76% carbon content [89]. Similarly, KOH promoted de-ashing of rice husk was reported by Shen and Fu which resulted in highly porous biochar [90].




        Next step involved in formation of activated carbon is activation. Activation can be carried out in two methods: physical and chemical. Physical activation includes use of carbon dioxide, air, steam or other gaseous agents at 1073.15 to 1273.15 K to remove oxides of carbon from char and improving the porosity of carbonaceous materials. Zhou and co-workers have reported preparation of highly porous activated carbon from waste tea via physical activation with steam [91]. It was further highlighted that typically micropores were developed when the activation temperature was below 800 °C while activation above 800 °C enriched the carbon with both micropores and mesopores.




        Chemical activation involves single-step carbonization and activation of carbon materials by impregnating them with chemical agents such as KOH, ZnCl2, H3PO4, FeCl3, CaCl2, H2SO4, NaOH, MgCl2, K2CO3, HNO3, etc., followed by thermal treatment [86]. The chemical agents due to dehydrating property result in generation of a rigid framework which is less prone to reduction in volume during carbonization, thereby generating excellent yields of activated carbon [92, 93]. Moreover, since chemical activation is performed at lower temperature than physical activation, it offers better control of porous structure [94]. However, from environment point of view physical activation is better as it avoids use of chemical agents while chemically activated materials contain some amount of inorganic matter [95]. Recently, Chen et al. have demonstrated synthesis of activated carbon with large surface area from tobacco stem [96]. Chemical activation was performed using KOH, K2CO3 and ZnCl2 as activating agents. It was reported that ZnCl2 caused higher activation of tobacco stem compared to KOH and K2CO3. Further, increasing the concentration of ZnCl2 enhanced the development of new pores and the widening of existing pores. Furthermore, activation of carbon with K2CO3 resulted in high oxygen functionalities on the surface. Thus, it is evident that nature of chemical agent and concentration affects the activation process as well as surface properties.


      




      

        Graphite




        Synthetically, graphite is prepared via thermal treatment of petroleum coke or coal-tar. Hydrothermal methods involving treatment of polymers and metal carbides can also be used to produce graphitic materials. Of late, graphite encapsulated nanoparticles have also emerged as potent carbocatalysts. These can be fabricated by several methods such as pyrolysis, template synthesis, chemical vapor deposition, arc discharge, laser ablation technique, etc. Li et al. have demonstrated hydrothermal synthesis of graphite encapsulated molybdenum carbides [97]. The graphite encased molybdenum carbide nanoparticles were prepared by the hydrothermal carbonization of a mixture of glucose solution and ammonium molybdate followed by temperature programmed reduction under mild conditions. The prepared graphite encapsulated nanoparticles showed high catalytic efficiency for conversion of guaiacol to phenolic compounds in methanolic medium. In another study, graphite encapsulated gold nanoparticles displaying excellent electrocatalytic activities towards oxidation reduction reaction were prepared by laser ablation method. The process of laser ablation involved installation of Au target in a vessel containing graphite precursor- acetone (16 mL). Thereafter, the revolving Au target was ablated by a focused beam of laser with wavelength of 1064 nm, 10 Hz pulse repetition rate and 100 mJ pulse energy for 30 min. Finally, the graphite encased Au nanoparticles were obtained by centrifugation followed by freeze drying. Thus, laser ablation technique afforded a facile and efficient route to synthesis of graphite encased nanoparticles.




        Recently, expanded graphite has been employed as catalyst for oxidation reaction [98]. Expanded graphite is a type of graphite with interlayer spaces. The expanded graphite is prepared by oxidation of natural graphite flakes using acids like nitric acid and sulfuric acid and oxidants like potassium permanganate, chromic acid, hydrogen peroxide, etc. Then, the mixture is subjected to high temperature which causes expansion and swelling of graphite resulting in separation of layers leading to formation of its expanded form.




        In recent past, hydroxylated high surface area graphite has also been used as carbocatalyst for ozonation. Usually, oxygen functionalized graphite are prepared via oxidation using strong acids and mechanical or thermal exfoliation methods. In a method reported by Bernat-Quesada et al., the water soluble graphite was synthesized by oxidation of graphite by nitric acid [99]. Dispersion of graphite in nitric acid followed by heating at 83 °C for 20 h followed by filtration and drying resulted in formation of oxygen functionalized graphite on edges as well as basal planes [48]. In another method, the workers used ball milling technique to fabricate hydroxylated graphite. In this method, graphite, KOH and water were loaded in a grinding jar of planetary ball mill. The jar was agitated at 300 rpm for 10 hours at ambient temperature. Later, the mixture was filtered and dried to obtain graphite functionalized with oxygen moieties on the edges.




        Xu et al. have also reported the synthesis of functionalized graphite felts as catalyst for oxidation of hydrogen sulphide [100]. The commercial graphite felts bearing oxygen functionalities were prepared by treatment with nitric acid. According to the method, graphite felts were first heated at 500 °C for 1 hour in air. Then, the felts were loaded in a tubular reactor and heated at 250 °C using an external electric furnace [101]. The reactor loaded with the felts was connected to a round bottom flask (RBF) containing 65% HNO3 solution (150 mL). The temperature of the RBF was maintained at 125 °C and the solution was continuously stirred magnetically. The gaseous acid passed through the felts for several hours causing their oxidation. The sample was then washed using deionized water and dried at 130 °C overnight. The acid treated functionalized graphite felts exhibited large surface area and it was concluded that the structural defects in graphite felts as well as oxygen groups on them served as active sites for oxidation of hydrogen sulphide.


      




      

        Fullerenes




        Fullerenes and their composites are widely used as catalysts. Fullerenes are giant caged carbon allotropes that are generally prepared by arc discharge and laser ablation of graphite, and combustion of hydrocarbons. In a typical arc discharge method, electric current is struck between graphite or carbon anode and cathode electrode in an inert atmosphere. The electric discharge produces soot which is collected and fullerene is then extracted from the soot by solvent extraction method, sublimation or supercritical fluid extraction technique. Generally for fullerene synthesis, an alternating current between the graphite electrodes in He atmosphere of about 200 Torr is used to produce soot containing C60 and C70 molecules [102].




        The laser ablation technique makes use of a pulsed laser beam which is focused on the surface of carbon sample at high temperature (usually 1000 °C). Thus, the ablation of carbon results in fragments which form fullerenes [103]. Also, hydrocarbon combustion in presence of electric field acting on the flame is widely used to achieve soot-containing fullerene [104].




        Additionally, several fullerene based complexes are also well known as catalysts and can be prepared by different methods. For instance, Sabounchei and co-workers have prepared mono- and bidentate palladium(0)- [60]fullerene based complexes as catalyst for Mizoroki-Heck coupling reaction [105]. The synthetic strategy involved a Schlenk tube containing C60 (0.05 mmol, 0.036 g) and Pd(dba)2 (0.05 mmol, 0.029 g) in 15 mL of toluene. The reaction mixture was stirred for 15 min at room temperature during which the color changed from purple to black. Thereafter, a phosphorus ylide solution (0.05 mmol) in toluene (5 mL) was injected into the reaction solution via a syringe pump. Further, a 2 hour stirring was continued at ambient temperature which resulted in deep green solution. Dark green crystals were obtained by treating the solution with n-hexane overnight and later washing with diethyl ether.




        Further, several fullerene based composites fabricated by sol-gel method, chemical reduction, ultrasonication, hydro- or solvothermal technique, etc. serve as useful catalysts [106]. For example, Liu et al. have reported synthesis of silver (I) doped fullerene by liquid- liquid interfacial precipitation method [107]. The method involved mixing of saturated solution of fullerene (approx. 2.8 mg/mL) in toluene with isopropyl alcohol saturated with silver nitrate at ambient temperature. The bilayer so formed was kept still under room conditions for 3 hours. Thereafter, centrifugation of the mixture at 7000 rpm for 5 minutes resulted in precipitation of crystalline solid which was dried under nitrogen stream. Then, chemical reduction the AgNO3 complex encapsulated fullerene crystals with hydrazine hydrate solution (1.3% wt.) resulted in formation of Ag(I)-fullerene composite. Finally, the composite was washed with deionized water and ethanol to remove excess silver ions. The prepared Ag(I)-fullerene composite was used as a catalytic system for reduction of 4-nitrophenol and photo-degradation of orange G dye.




        A self assembled method based on hydrothermal mode for synthesis of amine functionalized fullerene decorated with palladium nanoflowers was reported by Li and Han [108]. Initially, amine functionalized fullerene was prepared by dissolving ethylenediamine in ethanol-water system (5:1). Then this solution was added drop by drop to toluene saturated with C60 fullerene and sodium hydroxide with continuous stirring. The stirring was continued for 5 days in argon atmosphere at room temperature, later the solution was filtered, centrifuged, and washed with ethanol and distilled water for a number of times. Eventually, dark brown solid products were obtained after drying in vacuum for 24 hours at 60 °C. For preparation of composite of fullerene, palladium chloride was dissolved in HCl and DMF and mixed with functionalized fullerene. The reaction mixture was then placed in autoclave for 6 hours at 140 °C in nitrogen atmosphere. The obtained product was washed with ethanol and vacuum dried overnight to yield amine functionalized fullerene decorated with palladium nanoflowers which displayed excellent electrocatalytic effect for reduction of p-nitrophenol.


      




      

        Glassy Carbon




        It is a type of carbon material which combines characteristics of both glass and ceramic materials with that of graphite. It is a commonly used electrocatalyst or electrode material. The strategy for fabrication of glassy carbon is based on pyrolysis of polymeric materials at elevated temperatures of about 3000 °C [44, 109]. The mechanism basically involves breakdown of carbon-heteroatom bonds in polymers and generation of C-C bonds [110-112]. Initially, hydrocarbon radicals are generated with their highest concentration at around 600 °C [113] and after 800 °C or higher temperature, a network of graphene fragments develop [114]. Further, annealing process results in formation of cross-linked carbon network and removal of volatile by-products like oxides of carbon, water, methane and small hydrocarbons [115]. For instance, Jurkiewicz et al. prepared glassy carbon by carrying out pyrolysis of polymeric furfuryl alcohol under Ar gas flow at varied temperatures ranging from 600 to 2500 °C at different heating rates [116]. The carbonized samples were then cooled in argon atmosphere resulting in glassy carbon with fullerene-like or nanotube-like elements in its structure. It was also reported that pyrolysis up to 1000 °C resulted in increase in fullerene-like non-planar sp 2 carbon bonds. But on further increase in pyrolysis temperature the amount of non-planar sp 2 bond content decreased.




        Recently, a nitrogen enriched glassy carbon was prepared as an electrocatalyst for hydrogen evolution reaction by Thirukumaran and his research group [117]. Initially polybenzoxazine was synthesized by step-wise polymerization of benzoxazine. The carbonization of polybenzoxazine at 600 °C for 5 hours under nitrogen atmosphere was performed. The resultant carbonaceous material was then activated by adding KOH solution followed by water elimination through evaporation at 120 °C. Subsequently, the carbon material was heated in a tubular furnace for an hour at 600 °C to obtain nitrogen enriched glassy carbon. This method thus offered an efficient method for synthesis of glassy carbon electrocatalyst.


      




      

        Carbon Black




        Carbon black is composed of colloidal carbon particles and is usually synthesized via partial combustion or thermal decomposition of petroleum products. Carbon blacks are extensively used as electrocatalysts for redox processes. Diverse thermal methods for carbon black synthesis are summarized below [118].




        

          Channel Black Process




          In this process, combustion of natural gases using a continuous small wide luminous fan-shaped flame occurs. This process yields carbon black with a particle size of approximately 10-30 nm.


        




        

          Gas Black Process




          It involves thermal oxidative decomposition, where the formation of carbon black takes place in diffusion flame.


        




        

          Thermal Black Process




          In the thermal black process, thermal combustion of natural gas into elemental carbon and hydrogen takes place at high temperatures to produce carbon black and tail gas. The sizes of obtained carbon black particles are about 180 nm.


        




        

          Acetylene Black Process




          The method involves constant thermal decomposition of acetylene gas in the absence of oxygen gas to generate carbon black as aerosols.


        




        

          Lamp Black Process




          It includes partial combustion of carbon materials such as resins, fatty oils and acids, coal tar, etc., resulting in the deposition of carbon in the form of soot. Carbon black particles so obtained range in the size from 110 to 120 nm.


        




        

          Furnace Black Process




          In this process, aromatic oils are pyrolized by exposing them to a hot gas stream to produce carbon blacks with particle sizes of about 20-100 nm.




          Besides these methods, carbon black is also obtained by plasma synthesis. An arc discharge plasma method coupled with thermal pyrolysis for the synthesis of carbon black was demonstrated by Sun et al. [119]. An apparatus composed of a plasma generator, thermal pyrolysis device, gas injector, power supply and collecting device was used for this purpose. Thermal plasma was generated by electrodes supplied with 10 kV power. Argon was injected into the device for 5 min. to firstly drain out oxygen and then mixed with propane at definite rate of volume. As the propane gas flowed into the plasma region, carbon black was produced instantly. Then the thermal pyrolysis furnace pyrolyzed the un-reacted propane. Finally, carbon black was collected from the bottom of sand core funnel connected with a vacuum pump.




          Functionalized carbon black has also gained attention as catalyst. Recently, oxidized carbon black has been employed as a catalyst for the synthesis of benzodiazepines [119]. The oxygen functionalized carbon black was prepared by Hummer’s method. In this method, sulphuric acid (120 mL) and sodium nitrate (2.5 g) were mixed with 5g of carbon black in a round bottom flask kept on an ice bath. The suspension was magnetically stirred and then 15 g potassium permanganate was added gradually. The mixture was subjected to heating at 35 °C and stirred for about 24 hours. Then, 700 mL deionized water was added in small portions resulting in black slurry for carbon black under stirring. Finally, 5 mL of hydrogen peroxide solution (30 wt%) was added to the slurry. The obtained sample was poured into deionized water and then centrifuged for 15 min at 10000 rpm. The sample was then washed with deionized water and HCl (5 wt %) and later dried to obtain oxidized carbon black. The optimal conditions for highly graphitized carbon black production were a discharge current of 0.8 A, 120 L/h of argon flow rate, 80 ml/min of propane flow rate and pyrolysis temperature at 700 °C.




          Also, carbon black based composites to have found applications as electrocatalysts. In a work conducted by Lim et al., TiO2/carbon black composite was prepared and used as a catalytic electrode in dye-sensitized solar cells [120]. The composite formation involved pulverization of carbon black followed by its calcination in a muffle furnace at 500°C for 2 hours by placing the carbon black in 80-unit mesh. The calcinated carbon black was again ground and thermally treated at 300 °C for 2 hours to obtain carbon black powder with a particle size of about 80 nm. Then, nano-TiO2 was prepared by the modified Burnside method. Finally, TiO2/carbon black composite was fabricated by mixing carbon black powder with TiO2 NPs followed by ultrasonication for 10 min. at 750 W. Then, the addition of 100 μl of Triton X-100 to the mixture followed ultrasonic treatment for 10 min. yielded the TiO2/carbon black composite. The prepared composite was subsequently used as the counter electrode material in solar cells.


        


      




      

        Carbon Nanomaterials




        

          Carbon Nanofibres




          Carbon fibres are carbon containing fibres of diameter of the order of few micrometers that find applications in industries due to their enormous tensile strength and thermo-chemical conductivity and stability. In last few years nanodimensional carbon fibres have attracted huge attention in the field of catalysis due to their advanced chemical and electrical activities along with large surface area. Carbon nanofibres are usually prepared by chemical vapour deposition method (CVD), catalytically promoted CVD (CCVD), electrospinning and template synthesis techniques. CVD is a well acknowledged method for synthesis of 2-dimensional nanomaterials. The method is based on decomposition of vapour or gaseous precursors on a substrate for preparation of materials at elevated temperature in presence of vacuum. The CVD method was explored by Hulicova-Jurcakova et al. for synthesis of carbon nanofibre [121]. Carbon precursors like methane and acetylene were used for this process and nickel supported on γ-alumina was used as substrate. The reaction was carried out in tubular furnace with a heating rate of 10 °C/min at 500°C and 700°C, respectively. The obtained carbon samples were purified in reflux system using 5 M nitric acid solution for 6 h, the obtained solution was filtered and dried to obtain carbon nanofibres. Highly graphitic carbon nanofibres were obtained by this CVD method.




          Another important method that has emerged for nanofibre synthesis is CCVD, in which catalyst based chemical vapour decomposition, is carried out. Miniach and co-workers have reported a CCVD method for synthesis of carbon nanofibres [122]. They used hydroxyapatite-supported nickel catalyst (Ni/HAp) on which methane decomposition occurred resulting in the formation of herringbone bamboo-like carbon nanofibres. In this method, first Ni/Hap was loaded in a quartz tube placed inside a horizontal furnace. First the catalyst was reduced under H2 flow (150 ml min−1) at 450-650°C for 10-120 min. Afterwards, the methane and hydrogen gases were made to flow through the tubes at 650°C for 3-180 min. Later the nanofibres were cooled down to room temperature in N2 atmosphere and then treated with 5% HCl in a sonication bath for 2 hours to remove the excess catalyst. Finally, the carbon nanofibres were washed with deionized water and dried.




          Electrospinning is a commonly used method for the fabrication of nanofibres from polymeric materials using high power electric force. Recently, Alarifi et al. prepared carbon nanofibres from polyacrylonitrile (PAN) by electrospinning technique [123]. It was reported that a homogeneous solution of PAN was prepared by dissolving PAN in DMF and stirring it at 500 rpm for an hour. The solution was then transferred into a 10 mL syringe and using electrospinning technique with the electric field of 25kVat injection rate of 1 ml/h and a spinneret-to-collector distance of 25 cm, the nanofibres were formed. Thereafter, thermal treatment of nanofibres in oxygen atmosphere at 270°C for an hour followed by carbonization in argon atmosphere at different temperatures 750, 850, and 950°C was carried out resulting in high carbon content nanofibres.




          Template synthesis is also one widely used method for synthesis of nanofibres. The strategy involves use of a nanoporous membrane as a template for synthesis of nanofibers from diverse materials such as carbon, polymers, semiconductors, and metals [124-126] (Huczko, 2000; Hulteen and Martin, 1997; Toro and Buriak, 2014). A template based synthesis for carbon nanofibres were reported by Li et al. [127]. The method involved addition of anhydrous zinc acetate to ethylene glycol followed by stirring of the mixture at 150 ° C for 90 min. Then, the mixture was subjected to centrifugation and the obtained slurry was calcinated at 600 ° C for 2 hours in argon atmosphere. Later, the composite was immersed in a 2.0 M HCl solution with overnight stirring to obtain the nanofibres. The carbon nanofibres were then purified by washing with water and ethanol and then dried. Mesoporous carbon nanofibers were obtained after being washed with water and ethanol, and then dried at room temperature. The carbon nanofibres produced by this method were highly mesoporous and were used as electrodes.


        




        

          Carbon Nanotubes




          There are several methods for fabrication of carbon nanotubes (CNTs) namely, CVD, arc discharge, laser ablation, electrolysis, ultrasonication techniques, etc. Verma et al. have demonstrated CNT fabrication using CVD approach [128]. An automated CVD reactor was used and iron catalyst supported over magnesium oxide was loaded on quartz boats of the reactor. Argon and hydrogen gases were flown into the reactor at a rate of 100 ml/min. at 25 °C for 5 min. Then, temperature was raised to 750 °C and after 10 minutes acetylene along with hydrogen was flown in the reactor for 15 min. at the rate of 300 ml/min. and 100 ml/min., respectively, over the catalyst to develop CNTs.




          Arc discharge method for CNTs is carried out at elevated temperatures usually above 1000 °C. Cu and Ni containing carbon nanotubes were prepared by Saravanan et al. using DC arc discharge method [129]. Firstly, the graphite anode was filled with mixture of graphite and metal powder in the ratio 1:1. A graphite rotating disc with a speed of 8-10 rpm was used as cathode on which soot deposition occurred. The electric arc was generated via a DC source of 20 V and 150 A. Owing to high temperature and energy, vaporization of graphite and metals in air took place. The graphene sheets rolled into CNTs due to elevated temperature and enormous energy while the metals upon condensation deposited in the inner walls of CNTs. The CNTs so formed were washed with distilled water and dried. Finally, treatment with toluene for 5 hours and annealation for an hour at 650°C led to metal encapsulated CNTs.




          Laser ablation technique is primarily used to prepare single-walled CNTs (SWCNTs). But nowadays multi-walled CNTs (MWCNTs) are also prepared by this technique. Recently, Ismail et al. have demonstrated fabrication of MWCNTs using pulsed laser ablation method in aqueous medium [130]. In this method high grade graphite pellet was placed in the glass cell filled with double distilled water. The laser beam from Q-switched Nd:YAG of two wavelengths: 532 and 1064 nm with pulse width of 9 ns were focused on the graphite target by using positive lens of focal length of 5 cm. The ablation time and laser repletion rate selected for the process were 30 min and 2 Hz, respectively. The ablation cell rotated during the ablation process by using DC motor with 25 rpm and was used to prevent the vapour from depositing on the lens. Finally, colloidal CNTs were collected in the glass cell. Thus, MWCNTs with diamond like structure were formed.




          Electrolysis of carbon materials in molten salts are widely used to prepare CNTs. Thin walled CNTs from CO2 using molten carbonate was prepared via electrolysis by Wang et al. [131]. Electrodes (Muntz brass sheet-cathode and Nichrome-anode) were immersed in a mixture of electrolytes (lithium carbonate, lithium oxide, calcium oxide, and boric acid) and a constant current of 0.1 A/cm2 was applied for 4 hours. The electrolysis temperature was 770 °C and impure sample was collected at cathode which was later washed. The washed product was recovered by vacuum filtration and dried overnight at 60 °C to obtain pure CNTs. The method resulted in ultra-thin walled CNTs (22–42 nm diameter) consisting of about 25 concentric, cylindrical graphene walls.




          Sonochemical treatment of carbonaceous materials also results in CNTs. For instance, Wang and his research group have developed CNTs from graphene oxide via ultrasonication method [132]. The method involved dispersion of graphene oxide into HNO3 solution (70%) which was subjected to sonication in ultrasonic bath at ambient temperature for 4 hours. Thereafter, water was poured into the suspension and centrifugation was carried out at 15,000 rpm to obtain CNTs. The CNTs were further purified their dispersion in water followed by centrifugation at 12,000 rpm for an hour to obtain pure CNTs.


        




        

          Nanodiamonds




          Nanodiamonds are nanosized carbon particles with dimensions less than 100 nm and were first discovered in 1963 [133]. The nanodiamonds due to their remarkable features like high solidity, large surface area, chemical inertness, enormous strength, optical clarity, biocompatibility, and thermal conductivity are quite useful carbon materials and can be fabricated by diverse techniques [134]. Detonation, CVD, laser irradiation and high pressure-high temperature methods are commonly used strategies for nanodiamond synthesis.




          A bulk production of nanodiamonds from tetryl, a low cost explosive, was demonstrated by Panich and co-workers [135]. The detonation method proceeded with pressing of tetryl or its mixture with TNT and RDX at 1000 to 2000 kg/cm3 into a cylindrical disc of 60 mm diameter and 110 mm height to form an explosive charge. The explosive charge was kept in an explosive chamber in a plastic bag and was detonated. Further, it was reported that after every fifth detonation the valve at the bottom opened and the diamond soot was washed off with water. The diamond soot was then filtered, magnetically separated and centrifuged to remove impurities. Then, the soot was dried and crushed to obtain nanodiamonds. Thus, it was elucidated that tetryl serves as an excellent explosive material for fabrication of nanodiamonds.




          Recently, Tallaire and his research group have synthesized loose nanodiamonds by plasma-assisted CVD method [136]. The synthesis was carried out in a quartz bell jar microwave reactor. The plasma was generated by microwaves at 2.45 GHz in resonant cavity. The reactor operated using a mixture of gases (H2/CH4/O2) along with high microwave energy to produce nanodiamonds which agglomerated on water cooled molybdenum holder exposed to plasma at 450-500 °C. The agglomerated nanodiamonds were then washed away by ethanol and collected in cavity of bell jar reactor. The nanodiamonds thus obtained by the CVD technique showed superior crystallinity and lower impurities, which make this method advantageous.




          In another method, pulsed laser induced ablation was used for synthesis of nanodiamonds from graphite. Basso et al. reported that laser ablation of graphite with KrF excimer laser was carried out [137]. The graphite target was kept in vial made of glass filled with liquid nitrogen. The laser beam of 500 mJ energy was focused on the target. After completion of ablation, liquid nitrogen was evaporated and the nanodiamond powders were formed. Consequently, laser ablation process offered an inexpensive and controlled approach for nanodiamond synthesis.




          High pressure and high temperature technique for fabrication of nanodiamonds from hydrocarbons has attained great significance nowadays. This is because this method affords nanodimensional diamonds with highest possible structural perfection and crystallinity. Ekimov and co-workers have recently synthesized nanodiamonds from adamantane under high temperature/pressure conditions [138]. The process was performed at 7.7 and 9.4 GPa pressure and temperatures at 300 to 1600°C. The adamantane sample pressed in the form of a disc of 5 mm diameter and 3 mm thickness was placed in a titanium capsule in Torrid chamber. The temperature was controlled using Chromel-Alumel thermocouple at <1350°C and tungsten-rhenium thermocouple at temperatures up to 1600°C. The thermocouple junction was held on the outer wall at the mid-height of the capsule. The high pressure/temperature treatment of adamantane caused carbonization of thus leading to formation of nanodiamonds. It was reported that at 7.7 GPa only diamond microcrystals were formed but on increasing the pressure to 9.4 GPa,




          nanodiamonds were formed. Thus, high pressure conditions are very important for synthesis of nanodimensional diamonds.




          Das and Saikia have highlighted a novel method of synthesis of nanodiamonds from low grade coal under ultrasound exposure [139]. In this method, coal (2 g) was added to 100 mL hydrogen peroxide solution in a Teflon beaker and exposed to ultrasound-waves for 3 hours. A senor probe was used to measure the reaction temperature. After 3 hours of exposure, the reaction mixture was filtered to remove sulphur and other mineral contaminants. The filtrate was then poured into a beaker full of crushed ice and neutralized. Then the neutral suspension was filtered via a polytetrafluoroethylene membrane (0.22 μm) and dialyzed for 5 days in a 1 kDa dialysis bag. Thereafter, the solution was concentrated in a rotator evaporator and collected. The nanodiamonds synthesized by this method were obtained as monocrystalline and polycrystalline carbon nanocrystals with 4-15 nm dimensions.


        




        

          Carbon Nano-onions




          Carbon nano-onions are concentric shell like nanostructures consisting of nested fullerenes. The carbon onions were discovered for the first time by Ugarte in 1992 [140] and ever since their emergence several methods have been developed for their synthesis. Some of these include arc discharge method, chemical vapour deposition, pyrolysis, laser technique and thermal treatment of nanodiamonds.




          Alessandro and co-workers have demonstrated synthesis of carbon nano-onions by water based arc discharge method [141]. It was reported that in an electric discharge apparatus, two graphite electrodes (anode of 5 nm and cathode of 10 nm diameters) were immersed in water and a potential of 12 V and current 30 A were applied between them. This resulted in formation of a powder that was dispersed in water and floated or settled at the bottom in the beaker. The floating powder like sample was collected on a microscope slide, whereas the bottom sample was recovered by water evaporation at 80 °C. The samples were then subjected to ultrasonication in ethanol for half an hour at 100 W. Finally, annealation of the samples at 400°C in air resulted in carbon nano-onions free from amorphous carbon residues. Highly stable, polyhedral carbon nano-onions were obtained by this method.




          CVD method was employed by Zhang and his research group to prepare carbon nano-onions [142]. The synthesis was carried out by decomposition of methane gas over Ni-Fe alloy based catalyst at 850 °C. The process yielded highly graphitic carbon nano-onions.




          In another method, carbon nano-onions were prepared from waste frying oil by pyrolysis technique. Jung et al. pyrolyzed the oil using a cotton wick under stable air conditions [143]. Then, to collect the sooty material, a beaker was inverted above the flame and the powder was gathered by scrapping off the deposited material. Next, the soot was calcined at 900 °C for an hour in a muffle furnace which led to carbonization and graphitization of carbon nano-onions. The method thus offered an economical approach for preparation of carbon nano-onions for application in energy storage devices.




          A laser ablation induced carbon nano-onions synthesis was demonstrated by Dorobantu and co-workers [144]. A pulsed laser from Compex Pro 205 (KrF) excimer laser with a wavelength of 248 nm, pulse length of 25 ns and repetition rate of 10 Hz was used. The laser beam was focused on a pure graphite target under an ambient pressure of 7 Torr. During the process argon gas flowed at about 300 L/h through the reactor and temperature was maintained at 900°C. The ablation products then condensed on the water cooled cold finger to finally obtain the carbon nano-onions. The carbon nano-onions formed by this technique were about 10-25 nm in diameter.




          Recently, Bartolome and Fragoso have reported synthesis of carbon nano-onions via thermal annealing of nanodiamonds [145]. The method involved annealing of 300 mg of nanodiamond at 1200°C at a heating rate of 50°C min-1 under argon atmosphere for 6 hours. Thereafter, the annealed sample cooled down to room temperature and a portion of this sample was then treated with 30% H2O2 for 3 hours, washed and dried to obtain pure carbon nano-onions. The protocol afforded carbon nano-onions with a diameter of 3-4 nm and comprising 5-6 graphitic shells.


        




        

          Graphene and Its Derivatives




          A multitude of top-down and bottom-up strategies for fabrication of graphene and its derivatives are reported in literature. These methods have been described in detail in Chapter 3.


        


      


    




    

      SCOPE OF CARBOCATALYSTS




      As mentioned earlier the carbon materials due to their several interesting properties find applications as catalysts in various fields such as environmental remediation, solar cells, fuel cells, energy devices, water splitting, redox reactions, sensors, biocatalysis, synthesis of fine chemicals, etc. For instance, Christoforidis and co-workers have lately reported the use of carbon nanotubes supported on graphitic nitride as photocatalyst for hydrogen production [146]. It was elucidated that the carbon nitrides functionalized with SWCNTs were found to be about 2-5 times more efficient in catalyzing hydrogen evolution as compared to DWCNTs (double-walled carbon nanotubes) and MWCNTs under both the illumination of solar as well as visible light. This was attributed to the fact that CNTs worked as acceptors of electrons and further it was reported that the charge transfer varied inversely with the number of walls in CNTs. Thus, the transfer of photogenerated electrons occurred more readily when SWCNTs were used, thereby promoting H2 production by providing more electrons.




      Removal of pollutants from environment is a big concern and nowadays carbon catalysts are being widely used to remediate environment. Pausova et al. have recently employed active carbon (AC)-TiO2 based composites as catalyst for photodegradation of benzoic acid in water and toluene in air [147]. It was reported that the incorporation of active carbon in composite enhanced photocatalytic activity due to greater adsorption ability of AC which facilitates adhesion of the pollutants. Further, it was also illustrated that the enhanced catalytic efficiency of AC was due to the milling process which increased its surface area thereby causing better adsorption of the substrates. Thus, active carbon based composites have merged as efficient catalytic systems for elimination of water and air pollutants.




      The high conductivity, surface property and high melting point of carbon materials favour their application as electrodes in solar cells and fuel cells. Recently, Don and his research group have demonstrated use of acetylene carbon black-graphite composite as electrode for dye sensitized solar cells (DSSCs) [148]. It was highlighted that the composite was prepared in different ratio of carbon black and graphite viz. 0:1, 1:0, 1:1, 1:3, and 3:1 and the highest conversion efficacy was found to 5.06% for DSSCs containing acetylene carbon black-graphite in the ratio 3:1 compared to conventional expensive Pt counter electrode. This was because the carbon black particles offered greater surface area for ekectrochemical reaction in DSSC. Further, it was elucidated that the incorporation of acetylene carbon black particles on graphite enhanced the electrocatalytic efficiency of triiodide ion reduction by enhancing the electric conductivity via linking of the graphite flakes. Thus, acetylene carbon black-graphite composite can be used as cost effective alternative to Pt counter electrode in DSSCs.




      Similarly, Bhavani et al. have reported use of fullerene based electrocatalyst in direct alcohol fuel cells (DAFCs) [149]. They prepared bimetallic Pd-W nanoparticles anchored on fullerene-C60 catalyst (Pd-W@Fullerene-C60) for electrooxidation of methanol and ethanol for DAFCs applications. It was reported that owing to large electrochemical surface area, excellent conductivity, high reproducibility and long standing durability, the electrocatalysts showed enormous catalytic activity for oxidation reaction compared to monometallic catalyst and commonly used Pt/C catalyst. It was revealed that the remarkable activity of the catalyst for oxidation of alcohols in fuel cells was attributed to the synergistic relation between Pd-W nanoparticles and fullerene. The uniform distribution of nanoparticles on fullerene prevented their aggregation resulting in enhanced surface area and stability. Moreover, the outstanding electron conductivity of fullerenes contributed to the overall catalytic activity of the Pd-W@Fullerene-C60 electrocatalyst, making them highly suitable electrode material for fuel cells.




      In recent past, Chen and co-workers have reported the use of PT-Ni nanoparticles decorated on carbon nanofibres (PtNi/CNFs) as potent electrocatalyst for water splitting [150]. The catalyst was fabricated by electrospinning technique and carbonization. The catalyst was used as electrode for water splitting. It was reported that for hydrogen evolution in acidic medium (0.5 M H2SO4), the electrocatalyst achieved a 10 mA cm−2 current density at low overpotentials of 34 mV and a Tafel slope of 31 mV dec−1 similar to that of commercially available Pt/C (20 wt%) electrocatalysts. In alkaline medium (1 M KOH), the PtNi/CNFs catalyst showed a low overpotential of 82 mV to attain a current density of 10 mA cm−2 a small Tafel slope corresponding to 34 mV dec−1. In addition, the PtNi/CNFs also show good activity for oxygen evolution in alkaline medium displaying a small overpotential of 151 mV to reach a current density of 10 mA cm−2 and a Tafel slope at 159 mV dec−1. In acidic medium, the PtNi/CNFs exhibited an overpotential of 451 mV and Tafel slope at 198 mV dec−1. Thus, on the whole the PtNi/CNFs electrocatalysts showed tolerable electrocatlaytic activity for water splitting. The catalytic efficiency of the PtNi/CNFs was ascribed to the synergism which arises due to homogeneous dispersion of Pt and Ni nanoparticles on carbon nanofibres, elevated conductivity of the nanofibres and three-dimensional interlinked frameworks of the carbon nanofiber mats. Consequently, carbon nanofibres have surfaced as significant electrocatlytic material for water splitting.




      Owing to the extraordinary electrochemical properties of carbon nanomaterials, they have become a commonly employed as sensors. Mohapatra and his research group have designed carbon nano-onions (CNOs) as electrochemical sensor for detection of glucose [151]. The carbon onions were obtained by combustion of natural oils and a hybrid nanocomposite bearing CNOs, Nafion and glucose oxidase enzyme was fabricated to be used as sensor. The enzymatic CNO composite displayed good sensitivity of 26.5 µA mM-1 cm-2 with 0.21 mM detection limit. Non-enzymatic CNO nanocomposite bearing Pt nanoparticles were also fabricated which showed superior sensitivity of about 21.6 µA mM-1 cm-2 and a lower detection limit of 0.09 mM than enzymatic CNOs for detection of glucose. The good sensitivities of CNO based nanocomposites were attributed to due to the high surface area, excellent conductivity and catalytic behaviour of CNOs. Overall, the research findings highlighted that CNOs serve as facile, economical and effective carbon materials for development of glucose detecting sensors.




      The immobilization of enzymes on carbon materials has resulted in a new class of biocatalysts which is used for various purposes such as biosensing [152], removal of pollutants [153], dye degradation [154], synthesis of organic compounds [155], etc. In a study carried out by Wang and co-workers a lipase-immobilized carbon nanotubes were reported as biocatalyst for production of biodiesel [156]. The multiwalled carbon nanotubes bearing Candida antarctica lipase B were designed by pickering emulsification method. The prepared biocatalyst was then used to manufacture biodiesel from J. curcas L. seed oil. The esterification and trans-esterification of J. curcas L. seed oil with methanol in presence of biocatalyst resulted in 95.2% yield of biodiesel in 11 hours and 6 seconds at low temperature of about 35 °C. Thus, the liapse immobilized MWCNTs showed excellent biocatalytic activity. Moreover, the study revealed that the use of MWCNTs provided stability to the enzyme as well as rendered the catalyst recyclable up to 10 runs without significant loss in catalytic performance. Hence, it can be concluded that use of carbon nanostructures in biocatalytic systems can add features such as enlarged surface area, thermo-chemical stability, conductivity and mechanical properties which are beneficial for catalytic materials.




      Over the past few decades, the carbocatalysts have been extensively used for chemical transformations. Recently, Dam et al. have employed graphite oxide as a heterogeneous catalyst for synthesis of pyrimidines [157]. The pyrimidine derivatives were afforded from one pot reaction between 1 mmol each of substituted benzaldehyde/heteroaldehyde, dimedone and 2-amino-benzothiazole or 2-amino-imidazole under solvent-less condition in presence of graphite oxide (20 mg) at 60 °C. It was also revealed that the catalyst generated good yields in short time and was reusable for 9 cycles. The use of graphite oxide carbocatalyst offered several advantages such as efficient reaction, easy recovery, high recyclability of catalyst, facile work-up and inexpensive synthetic protocol with avoidance of toxic solvents and metal based catalyst.




      Considering the above examples it is clear that carbon materials exhibit wide range of catalytic applications. The broad scope of carbocatalysts cover diverse spheres including photocatalysis, electrocatalysis, biocatalysis and heterogeneous chemical catalysis owing to their merits such as interesting surface features, porosity, thermal conductivity, stability and electrical properties. Moreover, the




      sustainability factor due to their renewability also renders carbon materials as suitable catalytic materials.


    




    

      CONCLUDING REMARKS




      Carbon and its allotropes are incredible materials that have been an integral part of chemical and physical sciences for ages. The extraordinary surface properties, conductivity, chemical inertness and renewability of carbon materials have turned them into sustainable catalytic systems. Ever since the first use of activated carbon as a catalyst for oxidation reaction, there has been a continuous development in the field of carbocatalysis. The diversely synthesized carbon materials with exorbitantly useful properties exhibit broad applications as photocatalysts for the removal of pollutants in the environment, sensors, heterogeneous catalysts for chemical syntheses, biocatalysts, and electrocatalysts in solar cells, fuel cells, water splitting, redox processes, etc. Consequently, the properties, synthetic methods and the scope of carbocatalysts have been highlighted in this chapter. The carbon polymorphs due to their unique surface characteristics and porosity have received immense attention as catalyst or catalyst support. The presence of large surface area and pores on carbonaceous materials facilitate the binding of substrates. Additionally, by suitable functionalization, doping or thermal treatment, the surface features and porosity of carbon facets can further be tuned to introduce beneficial defects which serve as active sites for reactant molecules. The emergence of nanodimensional carbon materials has also revolutionized the field of carbocatalysis because a reduction in size enhances the surface area which in turn improves their catalytic activity. Furthermore, the exceptional thermal conductivities and electrical properties of active carbon, graphite, fullerene, glassy carbon, carbon black, carbon nanotubes, carbon nanofibres, nanodiaomonds, carbon nano-onions, graphene and its derivatives have contributed enormously to their catalytic applications. The thermal conductivity and electrical property of a carbon material depend on the coordination and arrangement of C atoms as well as defects in the structural framework. By controlling the degree of carbonization or structural defects one can achieve desired properties in a carbocatalyst.




      To realize the desirable characteristics of a carbon material, one needs a proper synthetic strategy. Diverse synthetic approaches for the synthesis of carbocatalysts have been described in this chapter. Active carbons are mainly procured by physical or chemical activation of raw materials like wood, coal, biomass, etc. The activation process governs the surface features and pores of active carbon. Graphite is a natural allotrope of carbon but synthetically it is fabricated by thermal treatment of coke or coal tar and hydrothermal treatment of polymers or metal carbides. The thermal treatment controls the graphitization process. Nowadays, graphite encapsulated nanoparticles are also prepared by pyrolysis, template synthesis, chemical vapor deposition, arc discharge, laser ablation technique, etc. Fullerenes are macro-caged structures that are prepared by arc discharge, laser ablation and combustion techniques. Further, functionalization of fullerenes can also be carried out by sol-gel, solvo-thermal, chemical reduction, self-assembly, and ultrsonication techniques, to develop composites with catalytic properties. Glassy carbon electrocatalysts are fabricated by pyrolysis of polymers.




      Besides, there are several thermal methods such as furnace black method, lampblack method, etc. for the preparation of carbon black particles of nanosize. Plasma synthesis has also been employed for the synthesis of glassy carbon composites. Chemical vapor deposition (CVD), electrospinning and template synthesis are commonly used strategies for the synthesis of carbon nanofibre based catalysts. Carbon nanotubes with relevant features can be synthesized via CVD, arc discharge, laser ablation, ultrasonication, electrolysis, etc. Detonation, high pressure-high temperature, laser irradiation and CVD are typical methods for the synthesis of nanodiamonds with exceptional surface, mechanical, electrical and thermal properties. Several bottom-up strategies including pyrolysis, arc discharge, CVD, laser ablation and thermal treatment of nanodiamonds are available for designing catalytic carbon nano-onions.




      Considering the ever growing interest in carbocatalysis and the emergence of numerous fabrication strategies, it is evident that the field of carbocatalysts will continue to bloom in the coming days. However, there are certain concerns that need to be settled. The industrial scale syntheses of carbon based catalysts and their application need to be more cost-effective and feasible. The incorporation of desired properties using more benign methods also needs to be looked into. Further, identification of specific active sites on the carbon surface and detailed study of structural intricacies of carbon materials, thermal and electrical properties that essentially drive the catalytic behaviour of carbon catalysts also need to be dealt with at atomic as well as molecular levels. Overcoming these challenges will surely help in the expansion of the application spectrum and scalability of carbocatalysts.
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          	AC



          	Active carbon

        




        

          	bcc



          	Body centered cubic

        




        

          	BET



          	Brunauer-Emmett-Teller

        




        

          	CVD



          	Chemical vapour deposition

        




        

          	CCVD



          	Catalytically-promoted chemical vapour deposition

        




        

          	CNF



          	Carbon nanofibres

        




        

          	CNO



          	Carbon nano-onions

        




        

          	CNT



          	Carbon nanotube

        




        

          	DAFCs



          	Direct alcohol fuel cells

        




        

          	DC



          	Direct current

        




        

          	DMF



          	Dimethyl formamide

        




        

          	DWCNTS



          	Double-walled carbon nanotubes

        




        

          	fcc



          	Face centered cubic

        




        

          	FTS



          	Fischer-Tropsch synthesis

        




        

          	MWCNT



          	Multi-walled carbon nanotube

        




        

          	N-CNOs



          	Nitrogen doped carbon nano-onions

        




        

          	NCNTs



          	Nitrogen doped carbon nanotubes

        




        

          	ODH



          	Oxidative dehydrogenation

        




        

          	ORR



          	Oxygen reduction reaction

        




        

          	PAN



          	Polyacrylonitrile

        




        

          	RBF



          	Round bottom flask

        




        

          	RDX



          	Research Department Explosive

        




        

          	RPM



          	Rotations per minute

        




        

          	SWCNT



          	Single-walled carbon nanotubes

        




        

          	TNT- 2



          	4,6-Trinitrotoluene
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