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Abstract

:

Graphene has accomplished huge notoriety and interest from the universe of science considering its exceptional mechanical physical and thermal properties. Graphene is an allotrope of carbon having one atom thick size and planar sheets thickly stuffed in a lattice structure resembling a honeycomb structure. Numerous methods to prepare graphene have been created throughout a limited span of time. Due to its fascinating properties, it has found some extensive applications to a wide variety of fields. So, we believe there is a necessity to produce a document of the outstanding methods and some of the novel applications of graphene. This article centres around the strategies to orchestrate graphene and its applications in an attempt to sum up the advancements that has taken place in the research of graphene.






Keywords:


graphene; grahene-derivatives; composites; synthesis; applications












1. Introduction


Graphene is an allotrope of carbon which has a two-dimensional structure. It is in the form of a hexagonal lattice (see Figure 1) that resembles honeycomb structure [1]. It has some unique properties that have interested the researchers since its discovery by Geim and Noveselov [2]. Due to its high versatility and relatively huge specific surface region [3], graphene is sought as a good option in sensing applications [4]. Main advantages of graphene are: (a) it is the finest and toughest material known; (b) it has carbon monolayered atoms that are both flexible and transparent in colour; (c) it is an excellent thermal and electrical conductor; (d) its main usage is in the manufacture of high-speed electronic gadgets; (e) explosives detection through chemical sensors; (f) membranes for more proficient separation of gases and is produced using sheets from which nanoscale pores have been made; (g) for manufacturing of transistors operating at high frequencies; (h) it has boosted the manufacture of low-cost display screens of cell phones replacing the indium-based electrodes in organic light emitting devices (OLED); (i) to produce lithium-ion batteries that use graphene on the anode surface and these batteries recharge faster; (j) stockpiling hydrogen for cars powered by fuel cells; (k) cheaper water desalination techniques by using graphene films with nanoscale holes to separate water from ions in brine; and (l) Graphene condoms are produced to increase the sensation and is thinner than conventional latex condoms.



The very first examinations on exfoliated graphene done by Schedin et al. [5] have showcased graphene’s capability on identifying single gas particles based on estimations under Hall effect. The basic guideline behind the usage of graphene in gas sensors is the transfer of charge between the molecule adsorbed to its surface and the material [6]. The carrier concentration of graphene is changed by the absorbed particles which cause the electrical properties to change and the concentration of particles is determined. The response of the system largely depends on the nature of the particle donor or the acceptor [5,7]. Graphene electrical conductivity increases as a result of adsorption of the acceptor compounds (e.g., H2O or NO2). On the other hand, conductivity decreases when the donor compounds get absorbed to the graphene surface (e.g., CO, NH3). Due to the 2D structure, every carbon atom in graphene lattice turns into a surface atom. It makes graphene extremely delicate to the outside environment, yet in addition also restricts its gas selectivity simultaneously [8,9]. Its properties like high intrinsic mobility, enormous surface area, excellent conductor of electricity and heat, and its ability to resist a current density of 108A/cm2 is the main driving basis of utilizing graphene and its subsidiaries [10]. Properties shown by graphene, make them ideal for biomedical application as well.



Graphene was isolated by passing power through crystals that were cut off from mass graphite and were moved onto fine SiO2 or silicon wafer [10]. Further, with the current emergence of green chemistry and sustainable, non-polluting approaches, graphene was manufactured by using biomolecules as a substrate. Recently, biomolecules and biosimilars are being capitalized in a wide reach due to the non-poisonous and biocompatibility nature forthe production of graphene. According to the underlying property of graphene-based nanomaterials (GBNs), graphene is a water resisting material. So, it needs a modification in its functional groups making it bio-medically suitable. The modifications are covalent and non-covalent functionalization. The non-covalent functionalization assists detection, biocompatibility, dispersibility, reactivity and mixing efficiency [11]. Between the polar points present on the surface of graphene oxide and water molecule, hydrogen bonds are available which makes it suitable for biomedical packings [12,13]. In the course of the most recent twenty years there has been a tremendous and sudden development in the utilization of nanotechnology in analysis and therapeutics areas. In addition to this, GBNs have an affable physicochemical property which makes them a great therapeutic molecule. The partially soluble drugs are aided in loading with high productivity and intensity by pi-pi stacking, electrostatic collaboration, and huge explicit area of GBNs [14]. Hence GBNs hold a substantial position in the applications in biomedical field. Since GBNs manage the rate at which drugs are released, it has an incredible practicality in drug delivery frameworks [15]. GBNs-based nanocomposites utilizing polymers, biomolecules, are less toxic in nature, and enhances proficiency against microorganisms. Materials required for bio imaging must have properties likehigh specificity, non-poisonous, and sensitivity which are displayed by graphene quantum dots (GQDs). Besides, they demonstrate extraordinary photophysical and spectrofluorometric properties needed for producing images of biological segments [16]. Graphene also found applications in photodynamic therapy (PDT), which is a non-intrusive technique for cancer therapy. PDT technique uses hydrophobic photosensitizer (PS) and near infrared (NIR) light to form an active form of oxygen inside the tumour cells to destroy the malignant cells [17,18]. It is additionally helpful in the detection and treatment of infections and in transporting explicit medications to the target organs. Being a lightweight material that can be synthesised, it helps inconveyance of medications and genes easily without any critical convolutions. The extraordinary mechanical and other useful properties of graphene shows that it has a high potential to create predominant gadgets and has grabbed the title of “wonder material” [19]. Graphene materials are widely used in the field of electromechanical devices [20], field-effect semiconductors (FET) [21], strain sensing devices [22], electronics devices [23], super-capacitors [24,25], H2 storage [26] and solar power-driven cells [27,28]. It is typically converted into quantum dots [29] and nanoribbons [30] for its utilization in hydrogels [31], froths [32,33] and semiconductor gadgets for various energy applications. The most promising effect in the latest innovations have been created from the creative transformations of various graphene supported polymers and metal-based grid nanocomposite. Henceforth, over the most recent few decades, various innovative work identified with graphene-based nanocomposite have been expanded at a quick rate. These researches showed that various graphene materials can be added to the polymer framework to enhance electrical, mechanical, thermal and numerous other functional properties of thecomposite substances which in turn boosts the total efficacy of the substances manufactured using these composites [34]. The polymer-graphene nanocomposite working greatly improves as a result from the creation of large particle interfacial areas. This is done so by the fusion of nanofiller in the matrix, thus changing their significant properties and rearranging the nanoparticles [19]. Graphene materials operate as either agile medium or as well distributed and aligned electrode material in light to other energy conversion fields such as solar to thermal power, solar to electricity conversion, catalysis in presence of light and so forth, contributing widely in renewable energy production. The technological improvements have developed a 3D graphene material having cross linking bonds which absorbs radiations from the sun and converts it to thermal energy [35]. It produces productivity as high as around 87% in one sun intensity and over 80% in the surrounding daylight. However, this impressive proficiency can be further evolved by changing the underlying model of the material.




2. Synthesis of Graphene


2.1. Graphene: Conception and Manufacture


All graphitic allotropes of carbon are derived from graphene. The basic structure of the graphene is same as those of its carbon allotropic counterparts. The structure of graphene is illustrated in Figure 2. The structure of graphene is organised in the form of planar sheets of one atom thick carbon layer. The carbon atoms are uniformly aligned in the form of hexagonal grids and closely bonded by sp2 hybridised bonds [36].



Andre Geim and Kostya Novoselov [2] isolated the slimmest and world’s first 2D material in 2004. Graphene, earlier known by the tag name of ‘academic material’, came to be widely associated with industrial use presently due to its excellent characteristics [37]. Because of the sheet like special structure of the graphene, it possesses interesting properties such as great mechanical strength (Young’s modulus: 2.4 ± 0.4 TPa—single layer and 2 ± 0.5 TPa—bilayered). Graphene has an ultimate tensile strength of 130 GPa [38], extremely high stiffness, extraordinary heat conducting property (5000 W·m−1·K−1) [39], high specific surface area (2630 m2·g−1) [40,41], quantum hall effect [23] required in proximity sensing, speed detection etc., exceptional optical transmission (97.7%) and outstanding electronic transportation [42,43]. It also excellently inhibits the outbreak of fire due to its zero band gaps [2,44,45,46,47,48]. Usually, pure graphene is not used because of difficulty in its production at large quantities at a decent quality. However, graphene derivatives such as graphene oxide (GO), reduced graphene oxide (rGO) and functionalized reduced graphene oxide (frGO) are being widely used due to their similarity in properties with that of graphene. Figure 3 illustrates the arrangement of carbon in graphene and its derivatives.



Graphene materials and its derivatives’ unique properties and requirements make its production to be continued for many more decades and accelerate its applications especially in certain focus areas. It has become quite popular for industrial purposes as well as for the academic researches as they exhibit extraordinary properties, increasing their market demand. Graphene has undoubtedly increased the competition standards for similar kinds of materials due to which fabrication advancements have been made to successfully synthesize graphene and its derivatives.




2.2. Synthesis of Graphene and Graphene Derivatives


The two main methods: top-down (destruction) and bottom-up (construction) techniques [49,50] as illustrated in Figure 4 are the backbone of graphene production. These two methods can further be narrowed down into multiple synthesising techniques as shown in Figure 4. The process of exfoliation of graphite and graphite derivatives producing nano-sized graphene sheets is known as the top-down synthesising approach which can also be referred as the destruction approach. Mechanical exfoliation [37], liquid phase exfoliation [51,52], arc discharge [53], oxidative exfoliation reduction [54,55] and unzipping of carbon nanotube (CNT) [54,55] are a few top-down methods. These methods separate and divides the graphite layers into one layer (mono-), two layer (bi-) and multiple layer graphene. Even if the graphene produced by destruction method are very expandable and of top-notch quality, they possess some limitations. Since top-down approach produces graphene by exfoliating graphite, the quality of graphene mainly depends upon the quality of the parent graphite and hence some limitations like inconsistent properties and low yield can be seen. There is another method of graphene synthesis which uses atomic sized carbon precursor rather than graphite to develop graphene and its derivatives. This method is known as the bottom-up technique which is also regarded as the construction technique. Chemical vapour deposition (CVD) [56,57], substrate-free gas-phase synthesis (SFGP) [58] epitaxial growth [59,60], template route [61] and total organic synthesis [62] are some of the exemplars of the construction method. The bottom-up technique has some advantages over the top-down approach as the former is capable of producing near to perfect graphene having a huge surface area. However, these techniques need well developed operational facilities and techniques and are comparatively expensive than the top-down approach. Generally, the graphene synthesis technique decides the amount and quality of the graphene produced. Different synthesis methods for graphene and its derivatives are mentioned below by different researchers.




	
According to He-nan Mao and Xiao-gong Wang [63] there are various methods for graphene production. The methods incorporated in synthesis of graphene can be categorised as: “top-down” and “bottom-up” [64], as shown in Figure 5. For the top-down approach, single-layer graphene is obtained by exfoliating graphite to decrease the van der waals interaction between the graphite layers. Some of the widely used top-down approaches are: the mechanical peeling method [37], redox method [65,66,67], solvent peeling method [68,69,70], and electrochemical peeling method [71,72,73,74], whereas, the chemical vapor deposition (CVD) method [47], chemical synthesis method [75,76] and SiC substrate epitaxial growth method are some of the examples of bottom-up approach [77,78]. However, the redox method and CVD methods are most widely used.



	
Graphene oxide (GO)—the precursor of graphene, is full of O2-containing groups on the exterior and sides of the graphene-based sheets. It is made by the oxidation reaction of the graphite. Graphene oxide is made by a powerful oxidation of graphite using a strong oxidising agent in a concentrated acid. Preparation of Graphene Oxide (GO) can be classified into three methods on the basis of the oxidant chosen, acidic medium and the concentration of the acid. They are: the Bordie method [79], Staudenmaier method [80] and Hummer’s method [65]. Strong oxidizing agent like potassium chlorate in nitric acid is used to oxidize graphite to produce Graphene Oxide in the Brodie method. This method helps in graphene oxidation as it uniformly distributes the functional groups over the surface of graphene oxide flakes and also results in a higher relative amount of hydroxyl groups.



	
N.I. Zaaba, K.L. Foo et al. [81] conducted some research in which GO was obtained from graphite flakes by using a modified Hummer’s method, a method different from the conventional Hummer’s method. Contrasting to the traditional Hummer’s method, this method was carried out without the use of Sodium Nitrate (NaNO3) and instead of an ice bath, this method was performed at normal room temperature. The GO obtained undergoes the following steps: (i) The GO obtained is dissolved into variety of solvents, mainly acetone and ethanol. (ii) After dissolving, silicon wafer and IDE is uniformly spreaded on the GO surface by the process of spin-coating to produce acetone-GO (A-GO) and ethanol-GO (E-GO).








Even without using NaNO3 and ice bath, the modified Hummer’s process still produces the same characteristics of GO. This modified process has advantages over cost reduction and does not emit toxic gases. Dissolving GO in ethanol has advantage over acetone because of higher electrical conductivity and solubility of GO. Marcano et al. [82] completed the study of difference between the traditional Hummer’s method and modified Hummer’s method. Their study improved graphene oxidation process without the use of NaNO3 as using NaNO3 for oxidation would emit toxic gases. Thus, the conventional uses of NaNO3 were replaced with H2SO4, H3PO4 and double the amount of KMnO4 in the improvised Hummer’s method by Marcano et al. [82]. Improvising Hummer’s method was advantageous in many ways, such as: more hydrophilic carbon material, equivalent conductivity and reduction in toxic gas emission and also exponentially increases the GO production [82].




	4.

	
Roberto Muñoz and Cristina Gómez-Aleixandre [83] has written about the chemical vapour deposition (CVD) process of synthesizing graphene in their article and illustrated in Figure 6. In the review paper the CVD “bottom-up” synthesis method is considered as a wide scale production method of graphene with large surface area and superior quality [84,85,86]. Till now the best quality graphene in terms of robustness has been produced by CVD method, but the layers cannot be controlled with ease. But if we compare the properties exhibited by graphene synthesized by the CVD method, to that of flaked graphene, the exfoliation method produces better quality until now.









In CVD process gaseous reactants undergo chemical reaction forming a firm deposition of solids over a substrate [83]. The energy requirements of this process are aided by various sources paving the way for plasma assisted CVD(PACVD), thermal and laser assisted CVD. The deposition cycle can incorporate two types of reactions: homogeneous gas-stage reactions, that takes place in the gaseous stage, and heterogeneous chemical reactions which takes place over/close to a hot surface. In both cases, powders/films are formed.



The detailed stepwise fundamental procedure is as follows:




	
Pyrolysis stage: The catalyst-substrate (in a controlled surrounding) and reaction gases (in hot-wall reactors) is heated up to a certain fixed temperature.



	
Toughening stage: The temperature and the gaseous environment is maintained for the catalyst surface to undergo reduction. This step is performed to clean the catalyst surfaces and adjust the surface morphology like roughness, and particle dimensions of the metal catalyst. Dissipation of metals by vaporization must be omitted as far as possible.



	
Growth stage: In this stage, new precursors are introduced into the reaction system and graphene development takes place over the catalyst. Growth of graphene completely depends on the nature of the catalyst (solubility, catalytic action etc.). The pressure of the blending gases, residence time etc. can be altered as per the reaction requirements.



	
Cooling stage: After the growing step, the reactor is then allowed to cool down to prevent oxidation of the uncovered catalyst. The reactor temperature is kept below 200 °C. The reactor atmosphere is kept similar to the previous steps. The elements involved in the cooling step are to be minutely monitored as they are critical in controlling the development of graphene.



	
Final step: Backfilling with non-reactive gases (Argon, Nitrogen) up to 1 atm pressure and opening the reactor chamber.













	5.

	
Pan et al. [87] synthesized graphene quantum dots (GQD) through hydrothermal method. Concentrated H2SO4 and HNO3 was poured over graphene sheets (GSs) and kept like that for 15–20 h under gentle ultrasonication, causing oxidation of GS. Xie et al. [88] used the solvothermal method for the synthesis of GQDs from carbon nanotubes (CNTs). In this process H2O2 was taken as the oxidant and ethanol as solvent. Shin et al. [89] reported the synthesis of GQDs from carbon fibres (CFs) by a solvothermal method where described synthesis of GQDs by solvothermal process from carbon fibres (CFs) by utilizing Oxone as the oxidant. Huang et al. [90] introduced a bottom-up procedure to fabricate the GQDs from polythiophene derivatives. Umrao et al. [91] described a bottom-up pathway to synthesise GQDs from acetylacetone as the initial organic solvent via carbonization using microwave radiations and converting them into aromatic compounds. But those methods have certain disadvantages: (1) harmful for environmental, as the strong oxidants or organic solvents need to be used; (2) expensive precursors like graphene, GSs, GFs and CNTs; (3) requires long durations due to the post-processes, in which the impurities like metallic ions, acid residues need to be discarded by constant washing and sometimes even dialysis. So, an environment friendly artificial process was initiated by Weifeng Chen et al. [92] as illustrated in Figure 7 that led to the discovery of a replenishable asset as the raw material, which improved the scope of GQDs manifolds in medical areas.









The synthetic mechanism consists of certain steps wherein the development of GQDs comprises of two steps. First step involves cellulose hydrolyzation to generate glucose, followed by cyclic condensation of glucose to form GQDs. The entire process can be depicted as follows: Firstly, a lot of H+ and OH− are produced at an elevated temperature and pressure by the deionized water under hydrothermal condition. Cellulose hydrolysis took place under the activity of H+, without the presence of cellulase and acids. Later glucose, levoglucosan and cellobiose, and were obtained from cellulose. As the hydrolysis reaction progressed, the production of glucose increased manifolds, subsequently turning the glucose into the main product. Later on, reaction occurred between the formyl groups and the hydroxyl groups; and the OH− groups of glucose with the H2 atoms. This resulted to glucose dehydration under the hydrothermal condition. Simultaneously, aromatic rings (the rudimentary unit of the graphene structure) were formed by covalent linkage of the carbon atoms of the glucose with one another. Thus, GQDs are formed by the cyclic condensation of the glucose. Simultaneously, the carbide amorphous insolubles were also formed from the carbonization remnants of the carbohydrates. In the end, the centrifugation was performed segregating the insoluble out from the reaction products and thus GQDs solution was obtained.




	6.

	
Yan Zhao, Minyue Wen et al. [93] devised a new method for graphene synthesis wherein the fermentation of straw/acid hydrolysis of straw was done to produce lignin residue. This residue served as the carbon source to produce graphene. Tetrahydrofuran was added as a modifier to lignin and ferric nitrate as a catalyst for pre-treatment. The resultant product was thermally treated at 900 °C for 3 h. The characterization of the prepared graphene was done by XRD, Raman, HRTEM, and its electrochemical properties were tested. The prepared lignin-based graphene was found to be a good electrode material for supercapacitors. The results of this study open up a new method for efficient graphene preparation based on renewable resources lignin.




	7.

	
In the experimental procedure approached by Albert Dato and Michael Frenklach [94], the effects of gas flow rate, applied microwave power, and precursor composition on the substrate-free gas-phase synthesis of graphene were investigated. For the first time free-standing graphene has been created without the use of substrates or graphite through gas-phase microwave synthesis [95]. Liquid ethanol droplets and aerosols consisting of argon gas were sent directly into argon plasmas. These argon plasmas were generated using an atmospheric-pressure microwave plasma reactor. Over a time, of order of 10−1 s the ethanol droplets evaporated and dissociated in the plasmas and formed graphene that showed a highly ordered, oxygen-free structure [96]. In contrast to the other alternative approaches, this technique is highly capable of rapidly and continuously synthesizing ultrahigh-quality graphene in a single step at an ambient pressure.




	8.

	
A facile and fast approach to the synthesis of high-quality graphene nanosheets was conducted by Hui-Lin Guo et al. [97]. They performed an electrochemical reduction of the exfoliated GO at a graphite electrode (see Figure 8). The reaction rate was increased by increasing the temperature. According to the modified method of Hummer the starting material for the synthesis of exfoliated graphene is graphite flakes that are oxidised [98,99]. The GO dispersion in water is increased by the O2 groups bonded on the GO surface by increasing its charged capacity. Then electrochemical reduction of the exfoliated GO takes place on a graphite electrode in a GO dispersion with magnetic stirring but a different voltage.









Kovtyukhova and colleagues [98,99] prepared a graphite oxide from spectral graphite by using modified Hummer’s method. The prepared GO formed a brown colored dispersion upon suspension in water. The dispersion underwent dialysis for a week for complete removal of the residual salts and acids. Sonifier was used to perform ultrasound of 0.5 weight % of GO dispersion to produce exfoliated GO. The brown dispersion was centrifuged for 5 min at 3000 rpm to remove the un-exfoliated GO. CRGO (chemical reduced graphite oxide) was prepared using ammonia and hydrazine hydrate as reducing agents. On a working graphite electrode, the GO suspension was electrochemically reduced that was performed on a 3-electrode system having platinum as counter electrode, saturated calomel as reference with power supply stirring of 2 h. Alumina powders were used to polish glassy carbon electrode (GCE). GCE is washed properly and dried by blowing N2. A thin film of exfoliated GO suspension formed on a graphite disk or bare GCE is dried in a vacuum desiccator and then electrochemically reduced. All experiments were conducted at room temperature. This method is eco-friendly and does not cause graphene contamination. But the graphene produced by electrochemical reduction contains some defects due to the increased reduction rate.




	9.

	
Top-down approach: This methodology involves the techniques to synthesize a solitary graphene sheet by dismantling the stacked layers of graphite [100,101]. Figure 9 reveals the detailed flowchart of various top-down techniques and also explained in brief.














	
Mechanical Exfoliation: Developed by Geim and Novoselov [2], this method utilizes HOPG (high oriented pyrolytic graphite) as an antecedent. Mesas-like structures were formed when HOPG was exposed to an O2 plasma etching. These mesas were 5 μm profound which were then squeezed into a layer of photoresist [102]. The photoresist was baked. From these baked resists the HOPG was cleaved. To peel off the graphite flakes from the mesas scotch tape was utilized. The thin flakes formed from the mesas were then dipped in acetone. After that it was caught on the Si/SiO2 wafer surface [37]. The few layer graphene (FLG) flakes possess high mobilities of 15 × 103 cm2·V−1·s−1 on Si/SiO2 wafers [46]. The illustration below shows (Figure 10) that the scotch tape technique can generate flakes with sides of up to 10−3 m long [103,104], of great quality. But the process is restricted to small sizes, not for large scale industrial production.



	
Micromechanical exfoliation: This methodology utilizes adhesive tapes (e.g., scotch tape) forstripping off the graphite layers to synthesize mono-, bi- and FLGs. The resultant graphene is of good quality however the technique is long standing and tedious.



	
Electrochemical exfoliation: Earlier the graphite was utilized as a sacrificial electrode within the electrochemical set-up, and the exfoliated material used to be gathered from the electrolyte solution. Presently with latest technology, surfactant (to prevent re-agglomeration of the graphene) and H2SO4-KOH solutions (H2SO4 is a strong oxidant and causes oxidisation of graphite and KOH reduces the acidity of the electrolyte solution) are blended within electrolytes [102]. Graphite flakes with variable thickness are often made by this process and FLGs are segregated by centrifugation.



	
Thermal exfoliation of graphite intercalation compounds: By this method graphite is broken down to graphene through intercalation by applying heat. Graphite intercalation compounds (GIC) can be manufactured by employing various chemical species in between the graphite interlayer spacing. At first GICs are produced from graphite treated in strong acids, then exposed to microwave radiation for thermal decomposition of the intercalates into gaseous species. Different intercalates produce different GICs having unique properties to improve electrical and thermal performance [104,105].



	
Arc discharge: In this technique few layers graphene is synthesized by passing direct current in between highly pure graphite electrodes in a highly pressurized hydrogen gas atmosphere. Shen et al. [106] found that out of all different gases considered the combination of He and H2 gas delivers the noteworthy crystallinity of the material. The growth mechanism involves a cumulative process of graphite evaporation and reactive-gas-restrictive crystallization of the evaporated carbon molecules. Kim et al. [107] revealed production of bi- and tri layer graphene by an aqueous arc discharge process. It was acquired from the graphite electrodes by means of thermal expansion and water cavitation employing quick heating. A medium numbers of graphene layers were obtained having less O2-related imperfections by modifying the power of the arc discharge.



	
Unzipping carbon nanotubes: Oxidized graphene nanoribbons were formed by longitudinally cutting multi-walled carbon nanotubes by means of laser irradiation, plasma etching techniques or by wet chemistry methods. This unfastening produces graphene nanoribbons. The nanoribbon widths are governed by the tube diameter. Before cutting the nanotubes, they were first suspended in H2SO4 and then treated in KMnO4. To unzip the nanotubes, fission via CeC is often started at the deformity sites, leading to irregular sides [108]. The resultant graphene nanoribbons are good conductors but were of electronically inferior quality as compared to industrial scale graphene sheets because of presence of O2 deformity sites [109]. Later, the developments of nanoribbons having smooth edges were performed [110] by unzipping of flattened CNTs, where attack occurs along the bent edges.



	
Sonication: This technique as shown in Figure 11 employs ultrasonic energy to obtain the unmodified, natural flake graphite to isolate graphene pieces scattered in solvents [111]. Experiments revealed that NMP (N-methyl-pyrrolidone) is the best solvent when dispersion percentage of monolayer graphene is considered, but cyclopentanone offers the most elevated absolute concentration (mono layer and FLG). By increasing the sonication time, graphene concentration can be enhanced. Aqueous surfactant solutions can be utilized for performing sonication. The surfactant solution discourages the use of costly solvents and prevents re-aggregation of the graphene.



	
Graphene Oxide Reduction: Another technique dealing with the production of graphene is sonication and reduction of graphene oxide (GO). The presence of polar O and hydroxyl groups make the graphite oxide hydrophilic during the oxidation process. Chemical peeling of this GO is done in various solvents including H2O [112]. Several GO nanoplatelets are obtained from the sonicated graphite oxide solution. The oxygen groups are eliminated in the reduction process using those reducing agents. Stankovich et al. [113] utilised this method by using a hydrazine reducing agent, but the reduction process was seen to be inadequate, leaving some remnant O2. Graphene synthesis involves Graphene oxide (GO) production as a precursor. In contrast to graphite, hydrophilic nature of GO renders it useful. GO is suspended in water by sonication [114,115]. Then it is deposited onto surfaces by spin coating or filtration to make single- or double layer GO. Then this GO is thermally or chemically reduced to produce graphene films [116]. Some of the techniques to synthesize GO are listed out below.




	
Wet Chemical Synthesis: According to Hummers procedure [65] graphite is treated in an anhydrous mixture of H2SO4, NaNO3for several hours, then water is added to it. The resulting product is graphite oxide hydrate containing around 23% water. The heat and electricity conducting properties of along the axis of the surface of graphene oxide is strongly affected by the degree of oxidation. Reduction of the epoxide groups is doneby applying heat energy or by reacting with potassium iodide (KI). And this results in a similar structure, containing hydroxyl groups that lead to improved electrical conductivity and unaffected hydrophilicity. In both cases, stringent temperature control and a long reaction time is strictly required.



	
Plasma Functionalization: Plasma treatment is another such technique that incorporates O2 species into the lattices of graphitic materials (e.g., CNTs, graphene, carbon nanofibers, and graphite) [117]. The structure of graphite oxides synthesized by this method possess very similar structure to Hummers GO. To decrease the epoxides, present in it, thermal treatment is required. This method has the advantage of occurring very quickly, conducted at room temperature and no requirement of strong acids. Plasma provides room for adjusting the electrical conductivity of graphene. This provides a scope for band gap engineering as well as photoluminescence (PL).



	
RF Plasma: Radio frequency (RF) plasma incorporates the usage of capacitive plasma ignited in an isolated volume. Compared to DC discharges ion bombardments are quite low in this method that makes it a good option for surface treatment of graphene. The AC frequency requirement for this technique is 13.57 MHz, power range between 10 W to 50 W and electrodes must not be in contact with the plasma gas. RF treatment has been seen to specifically influence the outermost surface of graphene [118].



	
Photoluminescence: GO does have a photoluminescent response due to the negligible band gap of native graphene. So, RF plasma oxidation has been preferred for GO synthesis. Typically, graphene is prepared by micro cleavage process using the scotch tape or other methods. Then electrical contact or other additions are put in place then RF plasma treatment in Ar-O2 mixes is applied in one-to-six second intervals. The plasma power of 10 W, pressure of 0.04 mbar, and the gas composition ratio of 2:1 Ar to O2 was reported. A significant finding was reported in which plasma treatment time was increased [119]. As a result, 2D and 2D peaks intensity drastically reduced. This suggests sp2 hybridization. This suggests the introduction of oxygen groups and GO formation by disruption of the graphene lattice structure. Photoluminescence occurs in succession of the plasma treatment due to the introduction of imperfections in the graphene structure. Such defects disturb the electrical properties of fresh graphene and introduce a band gap. Band gaps are desirable for optoelectronic applications and for more PL [120,121]. Comparative discoveries were accounted for in other works utilizing pulsed RF plasma method. Bulk graphite is oxidized and isolated in H2O, then thermally broken down to produce single-layer graphene. Figure 12 illustrates various method to produce GO.


















	10.

	
Bottom-up methods: These methods include preparation of large sized graphene utilizing alternative carbon containing sources of smaller sizes. The detailed explanation is given below.














	
Pyrolysis: Sodium-Ethanol Pyrolysis: Graphene synthesis was confirmed by heating Na and C2H5OH at a 1:1 molar ratio in a sealed vessel. This solvothermal product of sodium and ethanol was heated in absence of oxygen to form a substance consisting of fused graphene layers. This substance is separated by sonication in ethanol. Graphene sheets measuring 10 μm in sizes are formed. The crystalline and graphitic nature, individual layer, of the samples was confirmed by selected area electron diffraction (SAED), TEM, and Raman spectroscopy [122]. This method had an advantage of low-cost production of high purity graphene at reduced temperatures without using costly graphitic precursors. But this method was further improvised by D.K Singh et al. [123] by using a medium pressure autoclave and mild catalyst sodium borohydride instead of sodium metal. Addition of a surfactant such as sodium dodecyl sulphate (SDS) showed improved quality of graphene. The product yield increased when surfactant was added.This made this process safer and commercially viable for bulk production of mono layered graphene and FLGs.



	
Chemical vapor deposition: This method employs the breakdown of hydrocarbon gases on a catalyst surface or the use of carbon dissolved in some metal masses obtained by surface separation. The key determining factor in the dominant growth process is the metal’s carbon solubility limit. In the growth process, the solubility limit determines whether the metal or carbon will be dominant. By decomposing hydrocarbon gases on catalytic surfaces or surface segregating the carbon dissolved in the entire mass of the specific metals, chemical vapour deposition (CVD) is used to fabricate graphene and few-layer graphene (FLG). The carbon solubility limit in the metal determines whether the former or latter will be the dominant growth mechanism. Various substrates, such as Co and Fe, are used. The metals Ni and Cu continue to be the most common. At 1000 °C, C is less than 0.001% atom percent soluble in Cu. As a result, the graphene growth mechanism in Cu is surface catalysed, resulting in monolayer graphene under UHV conditions. Since C is 1.3 percent soluble in Ni at 1000 °C, the growth of graphene occurs through a segregation mechanism using a variety of metal substrates such as Ni, Fe, Ru, Co, and R Cu, Au, semiconductors like Ge, and even insulators [124] have all been used to develop graphene, but Cu and Ni remain the most common. Cu and Ni polycrystalline films can be used to grow graphene indefinitely. At 1000 °C, Cu has a solubility of less than 0.001 atom percent, whereas Ni has a solubility of 1.3 atom percent. The different solubility limits resulted in different growth rates. For Cu and Ni, the difference in solubility limits resulted in different graphene growth mechanisms. Under UHV conditions, a surface catalysed mechanism is responsible for graphene growth on Cu, resulting in monolayer graphene growth. The growth of graphene on Ni substrate was performed through segregation growth mechanism inabsence of UHV conditions, but the process is problematic to monitor. In the case of graphene, substrate-free growth has also been recorded [125], and this process produces large amounts of graphene.



	
Epitaxial growth on silicon carbide: The uppermost layers of SiC crystal (3CeSiC, 4HeSiC, or 6HeSiC) are thermally decomposed during high temperature annealing under vacuum for graphitisation, resulting in desorption of Si atoms. The remaining C atoms on the surface rearrange and re-bond, forming an epitaxial graphene layer. The presence of argon or small amounts of disilane slows the rate of silicon sublimation, allowing for higher temperatures and better graphene efficiency. Graphene formation begins on the top surface of SiC, where approximately three SieC bilayers decompose (0.75 nm) to form one graphene layer (0.344 nm) and then progresses inwards.










3. Use of Graphene Substances and Its Composites


Since graphene supported nanocomposite has exceptional multifunctional properties, its use has exploded in a variety of fields. Typically, the addition of nanofiller in the matrix improves the efficiency of graphene-based polymer nanocomposites bringing about significant changes in their properties and the positioning of nanoparticles thus creating a huge molecular interfacial area [19]. The following are some of the promising areas in which graphene nanocomposites are being utilized and Figure 13 highlights these promising areas in pictorial form.




	
Energy Retention: Graphene is now extensively used in the production of replenishable power, as in light to energy applications such as solar-heat energy form conversion, solar-electrical energy conversion, and catalysis in presence of light. A three-dimensional cross-connected graphene material that acts as an ideal solar-thermal converter has been created [126]. It has a performance of about 87 percent at 1 KW/m2 solar intensity and more than 80 percent in surrounding sunlight. Depending on the material’s structural design, the performance of energy conversion increases even further. An innovative structure was created by means of the usage of one-step plasma-enhanced chemical vapour deposition (PECVD) process to create a hierarchical graphene foam [127]. The GNPs form an arrangement on the three-dimensional framework allowing the graphene foam to possess a large heat exchange region. The conversion efficacy of solar energy to thermal energy increases to 93 percent as a result of this. Dye-sensitized solar cells (DSSC) are commonly adopted to transform solar energy to electrical energy and are made up of a combination of a redox couple and an auxiliary electrode [128]. Graphene containing electrodes are nowadays being added to DSSC. The modification in DSSC has increased the conductivity, chemical stability, porosity, surface area, catalytic power thereby improving the energy conversion efficiency while lowering costs significantly [129,130,131,132]. Stroller et al. [133] produced a super-capacitor using customized graphene of specific capacitances of 135 F/g in aqueous electrolytes, 99 F/g in organic electrolytes, and 75 F/g in ionic electrolytes. These super capacitors have a longlife-cycle and high power. Zhang et al. [134] used mechanically exfoliated graphene and chemical treatment to create a stretchable electrode. These electrodes are very versatile and can be used in a number of electrolytes. Conductive polymer composites with graphene filler or graphene-based transition metal oxide composites may also be used to make supercapacitors to boost power density [134]. Graphene-based batteries are used to improve energy density. In addition, graphene-conducting polymers and graphene-CNTs are used to increase conductivity in such applications [135]. Lithium-ion batteries have grown in popularity as a result of technological advancements. However, due to the constant augmentation and constriction of volume during the lithiation/de-lithiation reaction, the life cycle of the materials used as cathode and anode in lithium-ion batteries is short. Due to their low electrical conducting property or low electrolyte ion transfer rate, these materials show poor performance. So, materials using graphene as base were introduced as a 3D skeleton to build anodes to solve these problems. Now, the newly developed graphene anodes have high electroconductivity and a good permeability. They can provide outstanding lithium-ion battery efficiency. Fe3O4 [136,137], titanium oxide [138,139], manganese oxide [140], tin (IV) oxide [141] and other metal oxide materials are promising materials for lithium-ion batteries used as an anode. Upon reinforcement with graphene, improvement in diffusion and electroconductivity, resulting in improved battery efficiency is observed.



	
Sensors: Graphene’s exceptional properties render it extremely sensitive to the atmosphere, and as a result, graphene and its related composites are widely used in the development of various types of sensors. Graphene sensors can detect small gas molecules and volatile organic chemical compounds. GO and reduced GO-based sensors are being effectively used to identify gaseous NH3, NO2, CH4, H2, H2O, C2H5OH, CH3OH, isopropyl alcohol, and HCN [142,143,144,145,146]. The detection mechanism is mainly based on the process of molecular particles getting adsorbed into the surficial openings, which alters the graphene sheet’s conducting ability. The detection mechanism, on the other hand, can vary from sensor to sensor [143]. In the field of biosensors, graphene and its substrates are gaining a lot of interest. GO nanosheets are extremely hydrophilic due to the presence of oxygenated functional groups, making chemical functionalization simpler [144]. As a result, graphene-based sensors can detect a broad variety of biomolecules, including glucose, proteins, and DNA. Graphene’s outstanding mechanical, optical, and electrical conductivity makes it ideal for biosensor applications. The high charge carrier mobility of graphene allows for an effective movement of electrons from the bioatom to the sensor. Graphene is used in biosensing applications as a current opposing material, an electron transfer material, and a photon transfer material [142]. Temperature sensing is another significant application of graphene. Most thermal sensors are made of a semiconductor material, and since graphene possess semiconducting properties, its use in this form of sensing is a natural progression. The commonly used temperature sensor is reduced graphene oxide (rGO), which exhibits a visible thermal resistivity decrease as the ambient temperature rises. In its non-functionalized form, graphene has a huge surface area and great heat conducting properties, which are some of the few essential properties required for thermal sensors [145]. Graphene is capable of measuring gaseous water, making it useful to calculate the relative dampness of the surrounding. Graphene obtained through chemical vapour deposition method and mechanical exfoliation is utilized in making moisture detecting sensors which are capable in detecting a broad spectrum of relative humidity levels (1–95%) [147,148]. Graphene adsorbs H2O, and as a result of the interaction between the H2O and the graphene sheet, the electrical structure of the graphene sheet changes, resulting in a detectable change in resistivity. This form of sensor often uses single-layered graphene, which are hypersensitive and precisive than multi-layered graphene. This form of sensor requires high-quality graphene [149].



	
Protective surface-coatings: Graphene’s chemical and thermal properties, as well as its special physical structure (2D), make it an excellent medium for coating applications. Many approaches to structural and chemical modification of Gr-based materials have been investigated. These methods are divided into many groups in the literature, including covalent and non-covalent functionalization, nanoparticle immobilization, and substitutional doping. On the surface of Cu [150,151] and Ni foil [151], the CVD process is utilized to synthesize a pure graphene anti-corrosive coating. The CVD approach is advancing, and the growth substrate has been expanded to include more metals, including Rhodium [152], Gold [153], Titanium [154], Platinum [155], Palladium [156], and Cobalt [157].The following are the steps involved in the method: (1) deposition of a polymethyl acrylate (PMMA) resist layer on the graphene surface to form a PMMA/graphene/Cu interlayer; (2) etchant dissolution of the Cu foil; (3) deposition of PMMA/graphene on the target metal surface followed by drying; and (4) dissolution of PMMA with acetone, resulting in a graphene cover on the target metal surface. A CVD-prepared pure graphene anti-corrosive coating demonstrates high durability. A support layer, such as PMMA [158], heat release tape, and polydimethylsiloxane [159], is needed for the transfer process to avoid wrinkles and cracks. Various methods, such as annealing [160,161], using a modern polymer transfer method [162,163], and even a polymer-free transfer method, have been used to eliminate contaminants on the surface and increase the anti-corrosion performance of the pure graphene anti-corrosion coating after mechanical transfer. SEM images of copper and copper+graphene coatings before and after corrosion are presented in Figure 14.








Figure 15 illustrates some of the shielding applications of grapheme [164] in pictorial form. The various areas where graphene-based coatings have found its usage is mentioned below.




	
Graphene as a flame-retardant material



	
Being the thinnest, lightest, and strongest known nano material, it perfectly suited for scratch resistant coatings.



	
Graphene-enhanced antifouling coatings



	
Graphene coatings for pollutant adsorption



	
Graphene-based anti microbial coatings













	d.

	
Biomedical application: Biomedical applications (see Figure 16) are another interesting field in which graphene can be used. Graphene was found to be ideal for bioelectronics, tissue engineering, drug delivery, cancer treatment, biosensing, gene therapy, DNA sequencing etc. [165]. For the first time, graphene was used in biomedical applications to improve drug delivery. The suitableness of GO to be used as a carrier having nano size dimensions used for drug delivery was first recorded in 2008 by Sun et al. [166]. Others were motivated by this discovery to study the biomedical applications of graphene materials further. GO has a wide surface area, and its enhanced O2-containing functional groups have excellent bio compatibleness and are extremely soluble, making it ideal for drug transport [167]. The use of graphene oxide in the oncological therapies and anti-inflammatory drugs is currently being studied [168]. Furthermore, the GO delivery system has made more advances in cancer care using chemo-photothermal therapy [169]. The huge surface area of graphene allows for biomolecule adsorption. Wang et al. [170] reported DNA tethering method by using a chunk of creased film of chemically altered graphene. This DNA-graphene bio interface interaction can be used to determine the presence of DNA with the help of FETs. Graphene is used for bio imaging due to its properties like high thermal, electrical conductivity and large atomic thickness. Graphene materials can also be used in regenerative medicine due to their high mechanical properties [171]. The biocompatibility of graphene with mammalian cells has been demonstrated, which is required for its use as a framework in tissue engineering [171]. Graphene has shown great potential in stabilizing the growth and differentiation of stem cells [165]. Graphene hybrid scaffolds possess phenomenal strength to promote the growth of osteoblasts, finding its ground in bone tissue engineering [171].




	e.

	
Membranes: Membrane separation has recently turned outto be an effective technology for resolving environmental issues. The nanopores and functionalization ability of graphene membrane make it suitable for advanced infiltration flux. The ultimate atomic thickness of graphene results in efficient membranes because there is no scattering of molecules from pore walls during transport. Sint et al. [172] used molecular dynamics simulations to investigate ion diffusion (Lithium ions, Sodium, potassium, chlorine and bromine) through single layered graphene with functionalized nanopores. Their research demonstrated that nano porous graphene monolayers can be used as ion separation membranes for desalination and energy conversion. In addition, Cohen-Tanugi et al. [173] probed H2O desalination by monolayer graphene nanopores. They tested water permeability across nano porous graphene with different pore sizes and functional groups and found that it was 67 L/cm2 which was twice or thrice the times of traditional RO membranes.




	f.

	
Graphene blended materials at cryogenic environments: The current era, especially the automobile and aerospace industry, is focusing more on weightless materials to reduce component weight. As a result, fibre reinforced polymer (FRP) composites have piqued the industrial sector’s interest. Because of their lightweight and high-strength properties, FRP is now being used to replace high pressurized metallic tanks in reusable and non-essential space launch vehicles. Another critical lightweight material, carbon fibre-reinforced polymer (CFRP), is utilized to produce components in space technology. Properties like chemical inertness, thermal stability, medium mechanical property of thermosetting resins make it suitable in manufacturing CFRP. As thermal fatigue loading occurs, they become extremely susceptible to cracking due to its cross-linked structures [174]. Researchers have utilized various reinforcements such as CNTs [175,176], nanoclay [177], and graphene [178] to improve the composite properties in the past to solve this issue. While carbon nanotubes, nano clay have shown promising outcomes in improving characteristics under low-temperature conditions, these materials are prohibitively expensive and difficult to fabricate in the real world. Graphene along with its lineages is currently of considerable importance due to theirnear-perfect mechanical, electrical, and thermal properties. Furthermore, the wide surface area of graphene plays a crucial part in playing the role of excellent nano supporting material for many polymer composites [179,180]. The presence of epoxide, carboxyl, carbonyl, and hydroxyl functional groups in GO, makes it suitable to work as nano-filler in polymeric composites having good chemical reactiveness and easy handling [181,182]. The interfacial bonding is enhanced between the polymeric matrix and the composite by providing a GO coating onto the carbon fabric [183]. Hung et al. [184] performed GO coating using electrophoretic deposition method, increasing inter laminar shear strength, Youngs modulus and ultimate tensile strength in cryogenic conditions. According to Wu et al. [185], GNPs function as a bridging filler, linking crack surfaces together to prevent crack propagation in Al2O3. Just 1.0 vol percent GNPs is used to test the maximum fracture toughness of GNP/Al2O3.




	g.

	
Growth of 2D-materials: Intercalation is one of the methods to tune graphene’s properties. Intercalation includes epitaxial graphene (EG) growth on Silicon Carbide (SiC). The main advantage of this technique is to obtain layers of graphene on semiconducting or semi-insulating substrates. EG on SiC is considered as a novel material for high end electronics. Intercalation through EG on SiC began few years before. This technique modulates graphenes properties to create new 2D forms of 3D materials. The literature reveals the intercalation of different metallic atoms through EG layers [186,187]. The developed 2D material is a function of intercalation temperature, pressure and the intercalant. Thermal evaporation based intercalation methods are the alternatives of complex synthesis techniques. Metal atoms (for example Co, Pt, Fe, Au, Mg and Ag) are deposited on EG surface preferably through thermal or E-beam evaporation. Gas-phase precursors likeH2, O2, air and NH3 can also be used to achieve intercalations. As like metal atoms deposited on EG, gaseous species adsorb on surface of graphene and diffuse into the graphene layers. Here we have reviewed in short, about the creation of 2D Silver as reported by N. Briggs et al. [188]. They disclosed that, the material like Silver finds applications in Plasmon-based technologies in order to produce devices like biosensors and waveguides. Providing Ag films on plasmonic devices is essential, but the protection of the Ag film atoms needs to be realized. So intercalation of Ag atoms using EG layers is one of the promising technique to provide an overlying protection. The Ag atoms are intercalated through EG/SiC. The encapsulated Ag atoms through EG/SiC find places for plasmonic applications. The synthesis of 2D-Ag atoms are shown in Figure 17 in pictorial form. The detailed synthesis method and other aspects of this process can be viewed by following N. Briggs et al. [188].




	h.

	
Miscellaneous applications: Contamination testing, water treatment, and energy production are only a few of the new usances of graphene that have surfaced recently [189]. The high electron mobility of graphene, which ranges from 10,000 to 50,000 cm2·V−1·s−1, makes it useful for reducing emissions. For environmental refining, graphene-based sorbents and photocatalytic materials are used. GNPs are often used as adsorbents in the marine environment to dissolve organic compounds, mineral components, and gases like CO2. They also act as photocatalytic products, removing contaminants from water. Photo-catalysis and environmental decontamination are also observed in graphene-based silver nitrate nanocomposites. Graphene membranes with nano pores are the ultimate separators of mixed gases. These find applications in biogas production, hydrogen recovery from ammonia plants and oil refineries, carbon capture. Graphene-based nanocomposites are extremely powerful liquid-gas barriers. Water separation was achieved using nano porous graphene membranes and stacked GO membranes. Furthermore, studies have discovered that graphene reacts with the microbial lipid layer and have a major impact on antimicrobial activity [189]. Cho et al. [190] developed graphene-reinforced polyamide nanocomposites for LED lamp production. G. Jiang et al. [191] prepared a flexible LED using laser induced reduced graphene oxide (LIRGO) which has luminescence lifetime of over 60 h and WPE (wall plug efficiency) of 1.4%. In addition, graphene materials can be used to create paints which conducts electricity, shielding of electromagnetic radiations (EMI shielding). Wearable devices, which are commonly used for monitoring health, detecting motion, and environmental monitoring, are some of the recent advancements where graphene has found its applicability [192,193]. Graphene has made quite a stir in the wearable devices market, allowing for precise detection and/or tracking of a variety of critical signals from both humans and the environment. Researches on the thin graphene nanoparticles sheets having large surface area but lesser thickness has revealed that they impart better tensile, flexural strength, morphological and other thermal properties and boosts the performance efficiency of the final composites [194,195,196,197,198,199,200]. Three phase, lead-free, ZnO-graphene-epoxy electroactive nanocomposite thin films has been synthesized to serve as a replacement to toxic perovskite oxides traditionally used in sensors, actuators and biomedical wearable devices [201,202,203]. Graphene has also been used as templates to grow metal oxides on it as described in literature [204,205,206].










4. Conclusions


With the ever-growing demands for a sustainable future, graphene and its composites have secured a very important place in the field of nanotechnology. Graphene being the strongest, thinnest material (hardly one atom thick) can be used to solve the world water crisis. The nanoscale pores of the graphene films can be used to synthesise membranes that can separate salt molecules from water molecules. This can revolutionize desalination technology reducing the cost of operating their industries in the areas like the Middle East. Graphene possesses excellent thermal and electrical conductivity due to its unique hexagonal structure closely bound by sp2 hybridised bonds. Graphene can be used to make super capacitors. Studies by researchers have revealed that it can be tuned to behave at two extreme temperatures making it work as an insulator or a superconductor. It can serve as a replacement to silicon in transistors, can be used to make super flexible and thin touch screens. The first ever graphene was isolated from graphite using the scotch tape method. Later many other methods were developed by the researchers to fabricate graphene. The two main methods are the top-down approach and bottom-up approach. The top-down method produces graphene of expandable and top-notch quality but limitations like low yield can be seen. The bottom-up method produces near to perfect graphene having large surface area but the processes like CVD, epitaxial growth needs well developed operational facilities making it comparatively expensive than the top-down approach. The review paper includes various indirect methods to synthesise graphene and its derivatives from secondary substrates. The review paper has also explained the various top-down approaches and the bottom-up approaches to synthesise graphene and its precursor- Graphene oxide (GO). A green approach to synthesise graphene by the performing fermentation of straw has also been discussed. Further with the current emergence of green chemistry and sustainable, non-polluting approaches, graphene was manufactured using biomolecules as substrate. It was observed that the bottom-up approach was more suitable for the production of graphene-based nanomaterials (GBNs). The lightweight nature of the GBNs has rendered them as a very useful tool in the drug delivery system. Graphene composites provide more corrosion resistance than the conventional coatings because of the phenomena called ‘barrier effect’. Graphene nano particles (GNPs) are used as adsorbents for water treatment, contamination testing. Also, their properties like excellent mechanical strength, tensile strength, thermal degradation temperatures have made graphene asa better substitute as nanofillers in polymer matrices. Researchers have found that as compared to Kevlar, the traditionally used material in bulletproof armours, graphene sheets are able to withstand twice the impact. The light weight quality of graphene will make bullet-proof suits less restrictive to wear. It is observed that the commercial importance of graphene materials has grown immensely. The future holds great potential for the utilization of graphene paving its way in the advancement of engineering and technology. The day is not far when graphene will be a part of our day to day works.
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Figure 1. Various forms of Graphene. “Reproduced with permission from [10], [FlatChem]; published by Elsevier, 2020”. 
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Figure 2. The Fundamental structure of Graphene. “Reproduced with permission from [19], [Materialia]; published by Elsevier, 2020”. 
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Figure 3. Structure of graphene and its derivatives. “Reproduced with permission from [19], [Materialia]; published by Elsevier, 2020”. 
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Figure 4. Top-down model and bottom-up synthesis of graphene. “Reproduced with permission from [19], [Materialia]; published by Elsevier, 2020”. 
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Figure 5. Illustration of different approaches of graphene production. “Reproduced with permission from [63], [New Carbon Materials]; published by Elsevier, 2020”. 
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Figure 6. (a) Thermal CVD (b) plasma assisted CVD(PACVD). (1) Forced convection of reactants. (2) (a) thermal (b) plasma activation. (3) Gaseous diffusion of reactants. (4) Adsorption. (5) Dissolution and bulk diffusion. (6) Thermally assisted surface processes. (7) Desorption. (8) Diffusion of by-products. (9) Forced convection of product. “Reproduced with permission from [83], [Chemical Vapor Deposition]; published by Wiley, 2013”. 
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Figure 7. The renewable pathway for eco-friendly synthesis of GQD. “Reproduced with permission from [92], [ChemistrySelect]; published by Wiley, 2019”. 
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Figure 8. (a,c)Optical illustration of graphite electrode and GO suspension before and (b,d) after reduction. “Reproduced with permission from [97], [ACS Nano]; published by [American Chemical Society], 2009”. 
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Figure 9. Detailed flowchart of various graphene synthesis techniques in top down and bottom-up 363 approaches. “Reproduced with permission from [101], [TrAC Trends in Analytical Chemistry]; 364 published by [Elsevier], [2019]”. 
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Figure 10. Single layered graphene synthesised by mechanical exfoliation on Si/SiO2 [102]. 
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Figure 11. Schematic figure of mechanical exfoliation of graphene by sonication method. “Reproduced with permission from [111], [Journal of Materials Chemistry A]; published by [Royal Society of Chemistry], 2015”. 
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Figure 12. Fabrication techniques of Graphene oxide [121]. 
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Figure 13. Schematic diagram of different applications of graphene. 
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Figure 14. SEM images of pure Cu before and after corrosion, Cu+Gr before and after corrosion. “Reproduced with permission from [163], [Chemical Engineering Journal]; published by [Elsevier], 2019”. 
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Figure 15. Preventive/shielding applications of graphene. “Reproduced with permission from [164], [Journal of Materials Chemistry A]; published by [Royal Society of Chemistry], 2015”. 
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Figure 16. Various applications of graphene in biomedical field. “Reproduced with permission from [10], [FlatChem]; published by [Elsevier], 2020”. 
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Figure 17. (a) Intercalation schematic illustrating graphene growth, plasma treatment, and metal intercalation (b) Diagram of experimental setup depicting a quartz tube containing an alumina crucible and an EG/SiC substrate placed facing downward on the crucible over the metal source. (c) Cross-sectional STEM showing 1 and (d) 4 layers of Ag between EG and SiC. (e) Corresponding Ag EDS. (f) Dark field scattering spectrum showing a peak at 1.87 eV, reflecting the plasmonic character of the Ag film. (g) Map of SHG peak across the EG/Ag/SiC surface showing the presence of Ag layers across 10 s of microns. “Reproduced with permission from [188], [Nanoscale]; published by [Royal Society of Chemistry], 2019”. 
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