Graphene, the next generation nanocarbon: Synthesis, properties and its applications
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ABSTRACT
Graphene, the most popular next generation nanocarbon has been in the spotlight from a very long time due to its magnificent properties such as high Young’s modulus, high electron mobility, high thermal conductivity, greater surface area, strength and flexibility. Due to these exceptional features, they are in high demand in various fields. The applications of these advantageous materials are linked to the properties they possess. In this chapter, new developments and trends regarding the different synthesis routes for graphene production, their properties and applications have been summarized. 
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I. INTRODUCTION
Graphene, the mother of all graphitic materials is a two-dimensional nanocarbon in which carbon atom is covalently bonded to each other forming six-membered aromatic rings and each layer further is connected via Van der Waal forces [1]. The graphitic forms comprise of fullerenes (zero-dimensional), carbon nanotubes (one-dimensional) and graphite (three-dimensional) [2]. Although, the rolling of graphene sheets leads to the formation of carbon nanotubes, the properties of these two are very different. Graphene possesses some magnificent properties such as high surface area, high Young’s modulus, greater electron mobility, exceptional thermal properties due to which they can be broadly applied to the areas of sensing, photocatalysis, Li-ion batteries, polymer composites, optical devices and other [3]. Graphene production at a large scale require certain curbs to be overcome for being exploited in various fields. 

Graphene production can be categorized by two different approaches: the top-down method (mechanical and chemical exfoliation, chemical fabrication) and the bottom-up approach (chemical vapor deposition, pyrolysis, epitaxial growth, and plasma synthesis) [4]. In the later approach, graphene is synthesized using a low molecular weight source of hydrocarbon. Single-layered graphene sheets can be produced via this method. However, the cost of the process makes it unsuitable for scale-up reactions. The top-down approach uses a highly organized graphitic precursor to synthesize GO using intensive exfoliation, which may be chemical or mechanical [5]. The top-down approach is more favourable than bottom-up as they have the potential for mass production and are cost-effective, although they are not amenable to single-layer graphene synthesis [6]. The essential mechanism involved in the top-down method involves incorporation of oxygen-based functionalities into the hydrocarbon layers by utilizing several oxidizing reagents like potassium permanganate (KMnO4), sodium nitrate (NaNO3), or potassium chlorate (KClO3) in acidic mixtures to promote sufficient oxidation [7]. The most popular technique for mass production reported till now is Hummer’s method which uses graphite as a precursor [8]. This method  involves utilization of an oxidizer, KMnO4 (instead of KClO3, resulting in the formation of toxic ClO2 gas during the process) and addition of sodium nitrate (for in-situ formation of nitric acid instead of employing nitric acid as an extra solvent in conventional Staudenmaier or Hoffmann method). The disadvantages of using this approach cannot be underestimated since it includes intensive oxidation and mechanical exfoliation to form GO.

In 2010, Tour and co-workers used an improved method for the graphene oxide synthesis. In their technique, they excluded the use of NaNO3 while surplusing the amount of KMnO4  and carrying out the reaction in a mixture of H2SO4/H3PO4 in the ratio 9:1. These parameters helps to enhance the oxidation efficiency. GO synthesized by improved method was comparatively more oxidized than the Hummer’s method [9]. 
The commonly used precursor in the above-mentioned processes is graphite [10]. Graphite contains nicely-stacked graphene layers which can be extracted by harsh exfoliation techniques to obtain the few layers. However, graphite has a lot disadvantages being utilized on a large scale such as rising cost, regional localization (restricted to a specific region), difficult to source from naturally available sources and synthesis of graphite on a laboratory scale (expensive method). However, the demand for graphite is increasing day by day due to its explosive utilization in Li-ion batteries [11].  The global graphite market is forecast to grow from US$16.4b in 2017 to US$26.8b by 2025, for a CAGR of 8.5%. Therefore, due to these increasing demands and cost, researchers across the world are shifting to much more accessible and environment friendly precursors such as plastic waste, biomass, coal, etc [12]. 

In 2021, Lee and co-workers synthesized graphene oxide from anthracite coal using the newly developed one-pot process. This one-pot process involves the utilization of a single acid, HNO3. The method does not exploit mixed acids in combination which were being used earlier [13]. Coal is an excellent candidate to replace graphite as its microstructure possess disordered graphitic domains which can be extracted and reduced further to obtain multi-layer graphene [14]. Coal is abundantly available natural resource which overcomes the flaws observed for graphite [15]. The mechanism behind the one-pot method is the oxidative scissoring of coal for graphitic domains and purification of coal prior to that for eliminating the non-desirable minerals [16]. This anthracite coal-derived graphene oxide has been further used as a biosensor depicting superior interaction with single stranded DNA aptamer, which could result in higher sensitivity chemiluminescence resonance energy transfer-based biosensors [13].
Graphene was isolated in 2004 by scotch tape method and from that point it has been the evolvement of academic equivalent of a gold rush becoming the major topic of research for material physicists and chemists, engineers and device designers [17]. Literature has been flourished in the past with research on exploring different dynamics and properties of graphene [18]. Monolayer graphene possesses massless dirac fermions and better crystal quality internally which owes for remarkable electronic properties, greater thermal stability, superior strength, and anomalous half integer quantum Hall effect [19]. Graphene shows high concentration of charge carriers and ballistic transport referring to zero-band gap nature. Single-layer graphene being defect free is the strongest ever tested material. The intrinsic strength of the monolayer membrane was measured to be 130 GPa by Hone and co-workers [20]. However, graphene at very low concentration in the composite system can enhance the properties to a very high level. Therefore, it is also exploited widely in the composites as a semiconductor, nanofiller and others to enhance the performance of the existing systems [21]. 
In recent times, nanoscience and material chemistry has boomed which eventually found their way in the variety of applications such as aerospace, automotives, sports industry, marine industry, packaging materials, electronic devices, home decor, marine boats, and defence sector as shown in figure 1. Graphene is extremely sensitive to the environment because of its sensing abilities. This sensitive nature covers magnetic field analysis to genetic material sequencing. 20% stretchability is the major range when using such sensors which is the major advantage for crystalline graphene [22]. Now-a-days, where solar cell technology is employed, graphene acts as the active medium or as a transparent material for electrode. The large surface area of graphene, chemically stable nature, viability and limpidness to functionalized owes them all to the biomedical applications of graphene [23]. 
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Figure 1: Applications of different graphene-based materials
In this chapter, different synthesis routes along with graphene properties and applications have been discussed in detail. The chapter opens with the introductory section to the different sections for exploration of graphene potential. 

II. SYNTHESIS OF GRAPHENE: DIFFERENT ROUTES
The different synthesis routes for graphene are CVD (chemical vapor deposition), epitaxial growth on Si based substrate, liquid phase reduction of oxides of graphene, chemical reduction, thermal reduction (usually involves high temperature range), microwave assisted techniques, etc [24]. These approaches are categorized under top-down and bottom-up approach. CVD involves a substrate on which volatile gas molecules gets adsorbed. CVD occurs in an enclosed chamber where graphene is of high purity and quality. The by-products were toxic in nature due to the precursors being volatile in nature. Mechanical exfoliation approach popularly known as Scotch tape method in which graphene layers are pulled apart by force. On repetitive peeling of layers, the layers split into few layers of graphene. However, the method is quite slow (not extendable for commercialization) and can be only used to study properties of graphene at a small scale. Recently, electrochemical exfoliation of graphite to yield graphene has gained significant attention. This method includes the utilization of different graphite forms like foils, rods, plates and powder in a non-aqueous and aqueous electrolytic solutions and electric current for the expansion of electrodes. Another spurting approach is pyrolysis which is advantageous in consequent production of high purity graphene films over SiC (silicon carbide) substrate at high temperatures. But this method is also incompetent for commercialization . 
Bottom-up approaches require expensive setup, costly precursors and are laborious to deal with. Therefore, the most common method used till date is the Hummer’s method (top-down) (by Hummer’s and Offeman, 1958) as depicted by figure 2. This method utilizes KMnO4 as the oxidizing agent and reduction by using chemical agents such as hydrazine hydrate, ascorbic acid, etc [25]. Paulchamy et al., 2016 utilized Hummer’s method and its modified version to obtain graphene by using graphite flakes as the precursor. The XRD spectra shows the diffraction peak at 2θ=100 , which is mainly due to the graphite oxidation. The FTIR analysis confirms the presence of C-O and C=C bonding in the material [26]. Due to the excess utilization of these unwanted hazardous chemicals and rising cost of graphite for graphene production, researchers are shifting their interest towards better choice of precursors which are environment friendly, readily available, cost-effective such as coal, biomass, plastic waste, etc [27]. Fig. 1 represents the different precursors, mostly commonly employed synthesis scheme and different graphene derivatives which can be procured.
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Figure 2: Different precursors and general synthesis scheme for graphene and its derivatives

The quality and quantity of the yield depends upon the method being utilized to synthesize graphene [28]. Lee et al., 2021 investigated the graphene synthesis by using one-pot process. The method had certain evident advantages in the terms of eliminating the use of harsh precursors and hazardous chemicals. The one-pot process involved the use of a single acid (not mixed acids) i.e., HNO3. The method was based on oxidative scissoring of anthracite coal (source of carbon). The yield for graphene oxide was near around 5% (via Hummer’s method from graphite) and 40% (via the one-pot method from coal) [13]. 
Therefore, graphene production via robust approach (scalable to industrial level) and eco-friendly precursors needs to be tackled first for graphene’s full potential to be utilized. 
III. PROPERTIES AND APPLICATIONS OF THE NANOCARBON: GRAPHENE
Graphene possesses some extraordinary features such as strong chemical resistance, large specific surface area (2,630 m2/g), high Young’s modulus (1100 GPa), high thermal conductivity (5,000 W/mK), and high electron mobility (2×105 cm2 V−1 s−1) represented in figure 3 [29]. For achievement of multi-functional aspects of different polymeric materials, graphene is usually employed as a reinforcement to form composites. These polymeric composites having graphene as reinforcement can effectively as nano sensors, automobile components, conductive inks, membranes, solar cells, biomedical engineering, drug delivery, solar cell panels, home décor, sports equipment, and defence sector [30]. Graphene being extremely sensitive to environment owes to its ability as a nano sensor. In case of high-performance integrated logic circuits, graphene with a zero-band gap can’t be expected to become a planar channel material. Still other graphene electronic applications can be explored. Stroller and co-workers worked on preparation of ultra-capacitor using chemically-altered graphene materials. The specific capacitance came out to be 135 F/g (aqueous electrolytes), 99 F/g (organic electrolytes) and 75 F/g in ionic electrolytes. These types of capacitors are referred to as electrochemical capacitors [31]. Graphene based conducting polymers and graphene/CNTs are also used for their conductive nature. Enhanced mechanical properties of graphene are beneficial in case of regenerative medicines [32]. Graphene and its derivatives are also employed in biomolecule imaging through transmission electron microscopy (TEM). Moreover, the large aromatic surface area of graphene helps in biomolecule adsorption [33]. With the bio-interface between DNA-graphene, reversible detection of complementary DNA is possible using FET (field-effect transistor). 
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Figure 3: Properties of graphene

Recently, membrane technology has emerged as a significant remedy for environmental pollution [34]. Graphene membrane contains nanopores and are susceptible for easy functionalization. These characteristics makes it ideal for higher selectivity, greater permeate flux and improved stability through controlled pore size and shape [35]. The thermal conductivity  for mono layer graphene is 5300 W/mK. Polyamide-reduced graphene nanocomposites had been utilized for LED thermal management [36]. Graphene composites also finds its application in wastewater treatment. Owing to the high surface area of graphene, the pollutants easily adsorb on its surface. However, graphene due to high recombination rate is generally used with other 2D materials which develop a heterojunction for overcoming the fast recombination rate issue [37]. Conclusively, we can say that graphene properties are linked to the applications they are used in. To quote some, faster electron-mobility accounts for lasers, transistors; conductivity and large surface area for sensing application; high optical transmittance, greater electrical conductivity for transparent conductive films; linear band structure for field effect transistors; quantum hall effect for ballistic purposes; feasible gas absorption for contamination control; hardness for construction materials, etc. 
Though several technically feasible methods are being used these days, there are still some difficulties in exploring graphene’s full potential practically. 
IV. CONCLUSION
Advancements in graphene and related properties make it an ideal next generation nanocarbon to be utilized in various fields. Graphene has been accepted as an efficient sensor, polymer composite material, as a nanofiller or reinforcement, bioimaging of biomolecules, in membrane separation technology, and others. The one-pot process discussed is new and has sufficient potential for mass scalability as it avoids the use of mixed acids and involves coal as the carbonaceous precursor for graphene. This opens the gateways for taking graphene from laboratory scale to industrial level to fully utilize it in diverse areas of research and actual practice. 
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