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Abstract

:

Graphene-based materials have gained a lot of scientific interest in the research era of modern technology, which can be quite flexible. Graphene has become popular as a potential material for the manufacture of a wide range of technologies due to its remarkable electrical, mechanical, and optical traits. Due to these excellent characteristics, the derivatives of graphene can be functionalized in various applications including environmental, medical, electronic, defence applications, and many more. In this review paper, we discussed the different synthesis methods for the extraction of graphene and its derivatives. The different traits of graphene and its derivatives such as structural, mechanical, and optical were also discussed. An extensive literature review on the application of graphene-based composites is presented in this work. We also outlined graphene’s potential in the realm of environmental purification through different techniques such as filtration, adsorption, and photocatalysis. Lastly, the challenges and opportunities of graphene and its derivatives for advanced environmental applications were reported.
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1. Introduction


Graphene is a form of elemental carbon that has recently gained a lot of attention due to its unique properties. It consists of a single layer of carbon atoms that are organized in a pattern similar to that of a honeycomb. The first team to successfully produce graphene was led by Andre Geim and Konstantin Novoselov in the year 2004. Despite this, they acknowledged Hanns Peter Bohem and other laboratory researchers who carried out tests comparing graphene with thin graphite flakes for this finding. Thus, in 1986, Hanns Peter Bohem was the first person to use the term “graphene” [1]. Even before this, many scientists and researchers had already conducted research on the lamellae of graphite. Schafhaeutl found that graphite flaked off in the presence of sulfuric and nitric acid in the 1840s, and after that in 1859, Benjamin Brodie found that graphite oxide that had been heated and cooled had a lamellar structure [2,3,4]. Professors Geim and Novorelov won the Novel Prize in 2010 for their contributions to the field of physics, which helped to bring graphene to public attention [5]. The bond length between the C-C atoms in graphene is 0.142 nanometres, and graphene exhibits sp2 hybridization. Graphene has one layer of atomic thickness, whereas one square meter of graphene weighs about 0.77 milligrams, which makes it the thinnest and lightest substance yet discovered. It also shows high conductance of heat and electricity [6]. The thermal and electrical conductivity of graphene is found to be about 5300 W/mk [7] and 106 S/m, which is the highest recorded in any solid [8]. It is the strongest material ever discovered and is comparable to diamond [9]. Additionally, it demonstrates consistent absorption across the visible and near-infrared light spectrums along with impermeable behaviour to gases [10,11,12,13]. Graphene’s high mechanical strength allows it to be used in the strengthening of other materials. It can drastically increase the physical strength of various plastics, metals, and other composite materials. Graphene-based materials can be used in aerospace, building materials, super cars, and airplanes. The thermal conductivity of graphene makes it useful for heat sink and cooling applications. In addition, graphene’s high surface-to-volume ratio allows for its use in energy storage devices, sensing applications, medical applications, and flexible solar panels. Not only graphene but also its derivatives show promising properties for potential applications.



The objective of writing this review article was to provide comprehensive literature on the various synthesis approaches for the extraction of graphene and its derivatives. In addition, the structural, optical, and mechanical traits of graphene-based materials were reported. We also addressed the graphene potential for the remediation of environmental pollution via filtration, adsorption, and photocatalysis techniques. Finally, the shortcomings and future scope for the use of graphene and its derivatives were conferred in this review paper.



1.1. Major Derivatives of Graphene


There are three major derivatives of graphene: graphane, fluorographene, and graphene oxide. Figure 1 shows the graphical representation of graphane, fluorographene, and graphene oxide with some other derivatives of graphene such as graphite, carbon nanotubes, and fullerenes. All these graphene derivatives are vastly different from one another because of their distinctive properties. Pure graphene is one atomic layer thick, which gives rise to some interesting properties such as high electrical conductivity, excellent physiochemical properties, high thermal conductivity, and unique optical properties. The derivative of graphene shows a different set of properties from pure graphene because they vary in structure and chemical composition. For example, graphite, which is made up of many layers of graphene, shows a brittle nature as opposed to pure graphene. In graphene, carbon atoms are bounded together by three sigma bonds and have a single pi bond that is oriented out of the graphene plane, but in graphite, each atom is bounded by three covalent bonds and is left with a free electron. In addition, pure single-layered graphene is transparent, but graphite is iron black. Fullerene, on other hand, is a closed/partially cage-like structure made up of hexagonal, pentagonal, and heptagonal carbon rings. The additional pentagonal and heptagonal rings allow for the formation of sphere-like structures, which are not present in pure graphene. Fullerene is denoted as Cn where C is the carbon atom and n denotes the number of carbon atoms present in the structure. The most common fullerene is C60 (Figure 1). Fullerene was first predicted in 1970 by Eiji Osawa and was first discovered in 1980 by Sumio Iijima. Fullerene is bonded together by single or double covalent bonds with the absence of a pi cloud. The electrical conductivity of fullerene is lower than that of graphene and graphite, which makes it useful for semiconductor applications such as solar cells and diodes. Fullerene is also used in the medical area as an antibacterial agent and gas absorbent. It can also be used for the synthesis of carbon nanotubes [14]. Carbon nanotubes, also called cylindrical fullerenes, have long tubes shaped as one-dimensional structures whose ends are capped by fullerenes. Carbon nanotubes can be considered as a rolled-up graphene sheet that has a diameter in the range of tens of nanometres and lengths of up to a few millimetres. There are two major types of carbon nanotubes: single-walled and double-walled. Carbon nanotubes have the highest measured tensile strength, with good electrical and thermal conductivity. Due to their unique properties, they can be utilized for energy storage devices, thin film electronics, medical applications, and more. The other major types of derivatives of graphene which are directly obtained by the chemical reactions of graphene include hydrogenated graphene called graphane, fluorinated graphene called fluorographene, and oxidized graphene called graphene oxide. These derivatives of graphene are discussed in detail in the following sections.



1.1.1. Graphane


Hydrogenated graphene, the product of partial hydrogenation, was reported in 2007, for the first time, by Sofo et al. [16]. The C-H bonds in graphane can be formed only if the carbon atoms change their hybridization from sp2 to sp3. This makes the graphene layer soften, which makes it possible for the C-H bonds to form. The exact binding of every carbon atom to a hydrogen atom cannot be achieved by a single mechanism. This occurs because the hydrogen atoms may join the graphene layer from either above or below. There are three configurations of graphane that are particularly well known and stable: chair configuration, stirrup configuration, and boat configuration, as provided in Figure 2. Various additional structures have also been postulated, such as the twist-boat, the twist-boat-chair, the armchair, the tricycle, and many more; nevertheless, all these configurations are considerably less stable than the above three graphane configurations, and consequently, they are of limited relevance [17]. Yang et al. studied the optical and electronic properties of graphane using the ad initio pseudopotential density functional method. It was observed that with decreasing graphane width, there is an increase in the band gap. The reason for this was the quantum confinement effect, as it was found that quantum confinement has no impact on the optical properties of graphane. It was also observed that, unlike for graphene, the optical properties of graphane do not depend on their width and edge shapes. These unique optical properties make graphane useful for various nano-scale optics and optoelectronic devices [18]. Nagarajan et al. used the ab-initio technique to study the adsorption behaviour of NO2 and SO2 gases on graphane nanosheets and nanotubes. It was found that the interaction of the toxic gases with the graphane caused a change in their energy band gap. The observed NO2 and SO2 adsorption energies are in the range of 0.5 and 0.3 eV, respectively. In addition, the change in the energy gap of the system was found to vary between 34.67 and 55.95% for the graphane sheets with NO2 adsorbed, with 87.3 and 151.45% for the graphane sheets with SO2 adsorbed. This resulted in a shorter recovery time for SO2 desorption. Their study showed that nanosheets and nanotubes of graphane can be used to efficiently detect smaller gas molecules such as NO2 and SO2 [19].




1.1.2. Fluorographene


The first fluorinated graphene was identified as fluorographene. It shows different properties than pure graphene. Sometimes, it is also referred to as the thinnest possible insulator because its conductivity is very low in comparison to graphene. Similar to graphane, it has a fluorine atom bounded above or below the carbon layer [20]. Controlling the microstructures of high-quality fluorinated graphene offers a lot of potential in changing the different traits such as layer, size, and surface chemistry. Fluorinated graphene has a wide range of superior properties, including a broad bandgap of 3.1 eV (based on the change from trigonal sp2 orbital to tetragonal sp3 orbital), strong thermal stability below 400 °C, and high hydrophobicity, which helps with its use in potential applications such as energy conversion and storage devices, electrochemistry and supercapacitors [21]. Hrubý et al. reported a study on the properties of two commercially available fluorinated graphene types (highly fluorinated and less fluorinated graphene). X-ray diffraction, Raman, and X-ray photoelectron spectroscopy were used to determine its structural properties. Photoluminescence spectroscopy and diffuse reflectance were used to determine its optical properties. It was observed that the highly fluorinated graphene had well-defined adsorption at 5.75 eV. The ab initio calculations showed that the reason for this observed absorbance was the excitation peak. On the other hand, less fluorinated graphene showed two absorbance peaks at 2.87 and 4.81 eV. Raman mapping showed the presence of inhomogeneity in the samples with the presence of a defluorinated area. Their study showed that structural deformities harmed the properties of fluorinated graphene [22]. Wei et al. prepared fluorographene using low-pressure chemical vapor deposition. There were three layers of monolayer graphene which were grown and transferred to silicon nitride substrate. Raman spectrum and X-ray photoelectron spectroscopy confirmed fluorination of the graphene layers. The pH sensitivity of the prepared samples showed an efficiency of 56.8 mV/pH. This reported study showed excellent pH-sensing performance for potentiometric sensors [23].




1.1.3. Graphene Oxide


The oxygenated form of graphene is known as graphene oxide (GO). Graphene oxide was discovered in the year 1859 by Benjamin Brodie much before pure graphene. He performed a series of chemical reactions by subjecting the graphite to some strong concentrated acids and then discovered a new material, named “graphon”. Later, he called it carbonic acid, a new form of carbon-based material. Its importance was not recognized at that time until graphene was discovered in 2004 [24,25]. GO is a kind of two-dimensional material that has a honeycomb-like carbon structure and is paired on both sides with oxygen functional groups. These functional groups contribute in some way to the characteristics of GO, such as magnetic susceptibility, band gap, and conductivity. These properties make GO useful in various applications such as making transparent and flexible conductors, LEDs, field effect transistors, medical sensors, wastewater treatment, and many more [26,27,28,29,30,31]. GO can be synthesized either by the exfoliation or by the mechanical stirring of graphite oxide [32], and graphite oxide is obtained by using Hummer’s approach in which the graphite is oxidized in the presence of strong acids and potassium permanganate. Another useful derivative of graphene is the reduced graphene oxide (rGO), which has a considerably low number of oxygen functional groups present in it. rGO is obtained by reducing graphene oxide by various means such as thermal, electrochemical, or chemical reduction [33]. For example, rGO can be obtained by treating graphene oxide with hydrazine hydrate or by exposing it to strong pulsating light such as hydrogen plasma or xenon flash tube [34,35,36]. Although GO and rGO might have similarities, the ratio of carbon to oxygen in GO structures is very low compared to rGO structures, which are close to having almost no oxygen. Graphene oxide shows insulating/semiconducting behaviour, but on the other hand, rGO shows excellent electrical conductivity [37,38,39]. RGO can be used in environmental applications, batteries, supercapacitors, printable electronics, etc. [40,41,42]. These derivatives of graphene with excellent traits open a new door for researchers to work with graphene. Figure 3 shows the comparative structure of graphene, graphene oxide, and reduced graphene oxide. Ciammaruchi et al. used graphene oxide in electrolytic water splitting. They observed that graphene oxide showed extraordinary chemisorption ability towards hydrogen. The density functional theory model showed evidence of the formation of C-H bonds. It was observed that the chemisorption of hydrogen occurred at sp2-hybridized atoms. The water-splitting process using a graphene oxide cathode led to the formation of hydrogenated graphene (Graphane) and the chemical storage of hydrogen gas. Thus, their study gave insight into the eco-friendly and low-cost method for hydrogen storage and graphane production [43].



Due to their amazing properties, graphene and its derivatives show promising potential in high-frequency devices [45,46,47], electronics [48,49,50], biochemical and medical sensors, photodetectors [51,52,53,54,55], and energy storage devices [56,57,58]. Additionally, they are known for increasing the lifespan of batteries. They also show potential for use in solar cells, supercapacitors, and wastewater treatment (Table 1).






2. Synthesis Methods for the Preparation of Graphene and Its Derivatives


Graphene and its derivatives can be prepared by using top-down and bottom-up approaches. The top-down approach starts with the structural disintegration of a precursor material such as graphite and then continues to the interlayer separation, which finally results in the synthesis of graphene sheets [67]. For example, arc discharge, oxidation–reduction of GO, liquid phase exfoliation, and mechanical exfoliation are examples of the top-down technique. On the other hand, the bottom-up method employs the use of carbon source gas to create the graphene on a substrate. This method encompasses chemical vapor deposition, epitaxial growth, and complete organic synthesis [1]. The various synthesis methods for the preparation of graphene and its derivatives are discussed below.



2.1. Chemical Vapor Deposition (CVD) Method


The chemical vapor deposition approach is a technique for depositing the gaseous reactants onto a substrate. The substrate acts as a catalyst, and the reaction takes place on the surface of the substrate. Within the reaction chamber, a reaction takes place that results in the formation of a material layer on the surface of the substrate whenever the mixed gases are brought into contact with the substrate. In this approach, at high temperatures (650–1000 °C), hydrocarbon gases such as methane (CH4), acetylene (C2H2), ethylene (C2H4), and other biomass materials (solid, liquid, and gaseous carbon sources) are broken down to produce graphene sheets on the metallic catalysts made of copper and nickel. The waste gases are removed from the reaction chamber using a pump, as shown in Figure 4. The substrate is often coated in a very minute quantity at an extremely sluggish pace, and it is measured in microns of thickness per hour. The reaction that occurs in the chamber depends on the nature of the substrate used, for example, if nickel is used as a substrate, the carbon is dissolved on its surface, and the layers of graphene can be obtained by carefully controlling the temperature, i.e., the catalyst is allowed to cool down systematically for controlling the formation of graphene film. On the other hand, if we use copper as a substrate, then the graphene does not dissolve on its surface even at high temperatures. This means that single-layer graphene can be obtained without the need for any complex temperature control if we have copper as a substrate [68]. Therefore, there are various parameters such as type of substrate, gas flow, and temperature which play vital roles in determining the nature of the generated thin film. In addition, many other substrates are used for the production of graphene [65]. For example, Diallo et al., (2021) used germanium with a pit-free surface for the CVD growth of high-quality graphene [69]. Zheji et al., (2021) used a substrate made of microcrystalline diamond for the production of graphene. The produced graphene shows excellent load capacity and durability [70]. Jin et al., (2021) used a platinum substrate to grow graphene in the presence of hydrogen, reported using scanning tunnelling microscope (STN) and low-energy electron microscopy (LEEM) studies. The reported studies show that the prepared graphene is of very high quality with fewer defects [71]. The CVD method can create graphene of high quality with a small number of flaws, a highly linked structure, and a large amount of surface area. However, it has several drawbacks, including high cost of manufacturing, limited productivity, the need for further purification to remove any leftover catalyst, and the transfer of graphene to other substrates. Thus, this method is still far from being commercialized.




2.2. Mechanical Exfoliation Method


In 2008, for the first time, the mechanical exfoliation technique was taken into practice for the large-scale production of graphene. It is a top-down technique used for the exfoliation of graphite to form graphene, which involves mechanical energy. Exfoliation simply means peeling up the layers from a surface [73]. In the mechanical exfoliation method, the van der Waal forces must be overcome. Thus, overcoming the attraction forces for removing the layers of graphite to produce graphene is called mechanical exfoliation. It can be conducted in two ways, either by applying normal force or shear force. Recently, peeling graphite with ultra-sharp single-crystal diamond wedges is the synthesis method used for normal force mechanical exfoliation. Mechanical exfoliation can also be performed by other methods such as dry/wet ball milling, sonication, and fluid dynamics methods such as vortex fluid film and mixer-driven fluid dynamics, etc. [73]. Baqiya et al., (2020) created graphene using a coconut shell through an acid-assisted mechanical exfoliation approach. The calculated particle size using TEM investigation was from 1.42 to 4.9 nm [74]. Jayasena and Melkote, in 2015, reported the production of a large area of graphene sheet using the viscoelastic polymer stamp-based mechanical exfoliation technique, and it was about 12 mm × 12 mm2 [75]. Hayes et al., (2014) prepared the graphene platelets with mechanical exfoliation in the presence of 1-butyl-3-methylimidazolium hexafluorophosphate, and it was investigated with the help of X-ray photoelectron and Raman spectroscopy. They found that as the grinding time increases, there is a decrease in the size of graphene while the structural deformity increases [76].




2.3. Chemical Exfoliation Method


In this method, graphite is chemically exfoliated when it is exposed to oxidants. This occurs because the oxygen atoms are strong enough to overcome the van der Waal interactions between the graphene flakes. In addition, these oxidants are mixed with strong acids for the manufacturing of GO. Exfoliation of graphene from graphite using alkali metals is another method, which is then followed by dispersion in a liquid medium. Because of the disparity in the ionization potential between graphite and alkali metals, the latter may be used as a template for the formation of graphite intercalation compounds. For instance, the ionization potential of caesium or potassium is lower than that of the electron affinity of graphite (4.34 eV), which substantially increases the intercalation of graphite under low temperature and ambient pressure conditions. The atomic radius of alkali metals is smaller than that of the interlayer spacing of graphite, making exfoliation of the material much simpler [77,78]. This can be an advantage. Chemical exfoliation is a beneficial technique because it can create a big quantity of exfoliated graphene at a low temperature. This ability to produce exfoliated graphene at a low temperature sets the process apart from the other procedures that have been described for the synthesis of graphene. It may also be scaled up and developed to manufacture a variety of functionalized graphene types in a solution process. As a result, it has a bigger relevance in terms of its contribution to technology [79].




2.4. Electrochemical Exfoliation Method


In this method, single-layered or few-layered graphene is obtained by the electrolysis technique. This method requires a graphite electrode, a counter-electrode made up of either platinum or graphite, an electrolyte, and a power supply. When the electric current is passed through the electrodes contained in an appropriate electrolyte, the process of electrolysis occurs and a single-layered or few-layered graphene on the graphite electrode is produced. Most of the time, pyrolytic graphite that is highly oriented is used to make graphite electrodes. In addition, to make the electrode more conductive, sometimes conductive materials (such as tungsten, and carbon stripes) are adhered to the electrodes. To initiate the reaction, a voltage difference is provided to both electrodes; this voltage may be modified to suit individual needs. An example of the electrochemical exfoliation method is shown in Figure 5. Many different ways have been researched to carry out the electrolytic reaction to increase the efficiency of this method [80]. For example, Das et al., (2022) performed electrochemical exfoliation in the presence of a non-conventional electrolyte. They used a polyvinyl alcohol-based gel electrolyte, which led to the development of ultrathin graphene with fewer impurities [81]. Loudiki et al., (2022) used the pencil graphite electrode to produce the GO and rGO materials. The reported results indicate that there is an increase in the electrochemical performance of both these materials [82]. Alshamkhani et al., (2022) prepared the graphene using switching voltage electrochemical exfoliation, and in their research, they found that the efficiency of produced graphene is greater when the switching voltage is applied through the electrode. In addition, the produced samples present better conductivity, with the application of switching voltage [83]. Pingale et al. synthesized graphene by using ultrasonic-assisted electrochemical exfoliation of graphite. In a 500 mL borosilicate beaker, electrochemical exfoliation with ultrasonic assistance was performed. The cathode was made up of a titanium electrode with a Pt coating, while the anode was a pure graphite electrode. With a 5 cm gap between them, the cathode and anode are submerged vertically in the electrolyte. A solution of 4.9 g of H2SO4 mixed with 300 mL of distilled water was used to make the electrolyte. This whole arrangement was kept in an external ultrasonic bath as shown in Figure 5a.



The acidic bath helped in the process of exfoliation, by creating bubbles of H2O and SO4−2 between the layers of graphite [84]. Electrochemical exfoliation can be considered one of the most efficient ways to produce graphene and its derivatives. It shows a high yield with a direct approach, but the toxicity of the electrolyte used can become a concern if we use this method on a large scale.




2.5. Epitaxial Growth Method


Graphene and its derivatives may be produced by the thermal decomposition of a hexagonal substrate (silicon carbide, SiC) at temperatures ranging from 1200 to 1600 degrees Celsius in the presence of a vacuum or inert gas. Silicon (Si), which has a melting point of 1100 °C, will sublimate when subjected to a high-temperature treatment. This will leave the excess carbon atoms to combine and create an sp2-hybridized network. This helps in the formation of graphene on a SiC substrate. This process is called the epitaxial growth approach [85]. However, there is a lack of uniformity in the graphene that is created using this process. Many researchers and scientists have used this method to prepare high purity graphene with desirable properties; for example, Liu et al., (2020) prepared graphene with high conductivity using the epitaxial growth approach on 4H-SiC (0001) substrate with a high-power continuous laser [86]. Deng et al., (2020) prepared a single-crystal graphene wafer on the Cu90Ni10 substrate using the ultrafast epitaxial growth approach, and they found that the presence of nickel helps in increasing the rate of reaction during the formation of graphene [87]. However, environmental concern is being raised owing to the release of tetrafluoroethylene (C2F4) during the synthesis process, despite the production of high-quality graphene. The epitaxial growth of graphene would be too expensive because the process uses a lot of energy and commercial SiC substrates with limited sizes. In addition, the process could lead to the formation of different polar faces, such as the Si-face or the C-face, which lowers the quality of the graphene output. Si-face graphene production is preferred because it makes sure that the graphene is made steadily and consistently. This method makes it easy to change the number of graphene layers, which depend on the temperature at which they are heated. This synthesis approach is still being evaluated since there is a lack of information on the growth processes and interactions between the graphene and the substrate [88]. The various advantages and disadvantages of all synthesis methods for the fabrication of graphene and its derivatives were listed in Table 2.





3. Properties of Graphene and Its Derivatives


The various properties of graphene and its derivatives will be covered in this section. The graphene-based derivatives, graphane, fluorographene, and graphene oxide, exhibit several interesting properties, including those relating to structural, mechanical, and optical characteristics.



3.1. Structural Traits


In this section, we reported the structural parameters of graphene and its derivatives (Table 3). Some of these parameters are bond length (dCX, dCC, C = carbon, X = hydrogen, fluorine), bond angle (θCCX, θCCC, C = carbon, X = hydrogen, fluorine), and lattice constant (a).




3.2. Mechanical Traits


3.2.1. Graphene


The thing that makes graphene stand out as a reinforcing agent in composites is that it has very interesting mechanical properties. Graphene’s outstanding mechanical qualities are due to the stability of the sp2 bonds that make up its hexagonal lattice and that fight against a wide range of in-plane deformations. These bonds are responsible for the material’s exceptional strength [101]. Graphene is not just the material with the highest measured strength but also the one with the maximum stiffness [17]. The elastic modulus (E), Poisson’s ratio, and intrinsic strength of graphene are its most fundamental phenomenological mechanical properties [102]. Frank et al., (2007) [103] calculated an elastic modulus of 0.5 TPa (terapascal) for a stack of graphene sheets (n > 5), while Lee et al., (2008) [104] reported an elastic modulus of 1.02 TPa for a graphene monolayer. Zhang and Pan (2012) [105] evaluated the elastic modulus of monolayer (0.89 TPa), bilayer (0.39 TPa), and multiple-layer graphene sheets using an instrumented nano-indenter. They found that the elastic stiffness of graphene decreases with the number of layers. The strain caused by a pressure differential between the graphene membranes was measured by Lee et al., (2008) [104] using Raman spectroscopy, and therefore, a substantially higher elastic modulus was determined. The estimated elastic modulus of monolayer and bilayer graphene are 2.4 and 2.0 TPa, respectively. Poisson’s ratio values are often calculated through the numerical simulations because they cannot be tested in experiments in a direct way. The inverse analysis of the free-standing indentation data by Lee et al. yields an estimate of intrinsic strength of 130 GPa (gigapascal) for the graphene monolayer (the thickness of graphene is assumed as 0.335 nm).




3.2.2. Graphane


The computational method is one of the methods that Qing Peng and his colleagues used to investigate the mechanical characteristics of graphane. Graphane is shown to have a non-linear elastic deformation up to an ultimate strain, which is 0.17, 0.25, and 0.23 for the armchair direction, zigzag direction, and biaxial direction, respectively. An anisotropic characteristic may be seen during deformation and failure as well as in ultimate strength. The ultimate strength of the material under biaxial strain is 0.07 N m−1 higher than the ultimate strength of the material under armchair strain, but it is 0.01 N m−1 lower than the ultimate strength of the material under zigzag strain [106]. The Poisson ratio of graphane is the lowest of all the monolayer honeycomb structures that are currently known. Due to its superior mechanical qualities, it is a promising contender for use in the construction of tubes or pipelines that are capable of transferring materials at faster speeds while subjected to high pressure. With the increase in pressure, there is a consistent and gradual drop in Poisson’s ratio [106]. The 2D Young’s modulus (E’) and Poisson’s ratio were determined to be 243 Nm−1 and 0.10 for the chair-type hydrogenated graphene isomers while for the boat-type hydrogenated graphene isomers, they were determined as 230 Nm−1 and −0.01 [100].




3.2.3. Fluorinated Graphene


The process of fluorination will often affect the mechanical properties of graphene, due to the existence of carbon–fluorine (C-F) bonds. These properties include Young’s modulus (E′) and intrinsic strength (σ). Fluorographene displayed both a lower “E′” of 100 Nm−1 and a lower “σ” of 15 Nm−1 than the other compounds as reported by Feng et al., (2016) [107]. The Young’s modulus and Poisson ratio of fluorographene in two dimensions were 226 Nm−1 and 0.10 as shown by Leenaerts et al., (2010) [100].




3.2.4. Graphene Oxide


First-principle simulations are being used to learn more about the mechanical properties of graphene oxide, such as its Young’s modulus and intrinsic strength. The structural models of both ordered and amorphous graphene oxide have been compared and contrasted. As the percentage of oxygen groups in an ordered graphene oxide varies, Young’s modulus is observed to shift between 380 and 470 (GPa). The difference in the Young’s modulus of amorphous graphene oxide with equivalent coverage is less and ranges from 290 to 430 GPa. In a similar view, ordered graphene oxide has been shown to exhibit better inherent strength when compared to its amorphous counterparts. Due to the splitting of the sp2 carbon network and reduction of the energy stability for the ordered and amorphous graphene oxide, Young’s modulus and the intrinsic strength show a decline in a monotonic fashion [108]. To reduce the amount of oxygen that was present in the production of graphene sheets, GO was electrophoretically deposited using the electrophoretic deposition (EPD) process. In addition to this, the polydimethylsiloxane (PDMS) substrate was used in the direct production of large-scale GO films using transfer procedures. Films with thicknesses ranging from 100 to 200 nm have Young’s moduli of 324 to 529 GPa [109].





3.3. Optical Traits


3.3.1. Graphene


Graphene has a two-dimensional structure, which greatly affects its optical properties as well as band gap. Because there is less screening in two-dimensional materials, the electrons and holes interact with each other, causing the location of the bound exciton states to be at a significant distance below the conduction band [110]. Robinson and his colleagues found that the graphene material becomes clear in the visible spectrum after being treated with XeF2 gas. The graphene displays an absorption edge at 2.5 eV, which was in excellent accordance with the prominent van Hove singularity [111]. Graphene’s energy band structure was no longer linear above 2.5 eV. Jeon et al. [112] found that the PL spectra of graphene dispersed in acetone could be obtained at ambient temperature by utilizing an excitation wavelength of 290 nm (4.275 eV). The findings demonstrated that a graphene sample with an empty bandgap did not produce any emission.




3.3.2. Fluorinated Graphene


Fluorine atoms may be substituted in place of carbon atoms on graphene, which results in substantial changes to the material’s optical traits, such as absorption band, photoluminescence, and transparency. Fluorinated graphene exhibited low-intensity absorption compared to graphene. This absorption was characterized by a weak and wide band that ranges from 4.0 to 5.0 eV. Because of the dispersion caused by impurities, it had a high degree of transparency over the whole spectrum. In addition, fluorographene could only take in light with an energy greater than 3.0 eV. Based on these findings, fluorographene seemed to be transparent in the region of visible light with a broad bandgap of 3.0 eV in a practical way [113]. According to research performed by Zhao and his colleagues, the fluorinated GO dispersed in acetonitrile (CH3CN) exhibited two absorption peaks at approximately 220 and from 250 to 350 nm. These peaks were attributed to the π–π * transition of conjugated polyene-type structures in the carbon nanosheets and a couple of conjugated aromatic domains with different sizes [114]. Jeon et al., (2011) recorded the PL spectra of fluorinated graphene at room temperature by using the excitation wavelength of 290 nm. According to the findings, fluorinated graphene has two emission peaks, one at 3.80 eV and the other at 3.65 eV, suggesting large bandgaps [112].




3.3.3. Graphane


Similar to graphene, graphane has a two-dimensional structure which causes a substantial influence on its optical traits and therefore greatly lowers the optical band gap. With the HSE06 functional, the reported values of the DFT band gap were much bigger than those from the PBE calculations, but they were much smaller than those from all the GW calculations. On the other hand, all GW-type calculations gave the same band gaps, even though the band structures were different. At the highest GW-HSE06 level, the band gap of chlorographene was predicted to be smaller than those of fluorographene (8.3 eV) or graphane (6.2 eV). Using the Bethe–Salpeter equation, it was found that the optical absorptions of chlorographene happen at much lower energies. This is because the binding energies of excitons are high for chlorographene, fluorographene, and graphane (1.3, 1.9, and 1.5 eV), respectively. The band gaps and absorption energies were both lowered by point defects [115].




3.3.4. Graphene Oxide


Rattana et al., (2012) reported the synthesis of graphene oxide nanosheets by the exfoliation of graphite oxide powder. The various characterization techniques such as Raman spectroscopy, FTIR spectroscopy, UV–Vis spectroscopy, and photoluminescence spectroscopy were used to investigate the optical characteristics of the as-prepared GO nanosheets. The findings of the FTIR analysis indicated that the oxygen-containing groups were present in the GO nanosheets, and a wide emission band at 450 nm in the visible range was confirmed by the PL study [116]. Goumri et al., (2016) reported the synthesis of nanocomposites made from polyvinyl alcohol (PVA) with low graphene oxide (GO) and partially reduced graphene oxide (PRGO) loadings using the aqueous solution in both the acidic (pH ~4) and neutral medium (pH ~7). The synthesis was carried out to report the optical properties of the GO/PRGO-based nanosheets. The PL spectra of GO and PRGO with PVA nanocomposite films were measured between 400 and 900 nm. A wide blue-green emission from PVA was seen at 497 nm, and two peaks were seen at 619 and 683 nm. This is caused by the n-   π *    electrons’ 2p2 (O) movement in O-H functional groups. The phenomenon of fluorescence from the GO was observed at 464, 628, and 703 nm. In addition, the photoluminescence of GO is caused by the electron-hole recombination from the bottom of the conduction band (CB) and areas close to it [117].






4. Graphene and Its Derivative-Based Composites


Graphene and its derivatives can form a variety of composites. For example, graphene composites with metal–organic frameworks show an increase in overall stability. In addition, composites of graphene with hydrogel show an increase in adsorption ability, and composites of graphene with semiconductor show better results in photocatalysis and electrical properties. These composites give promising results in various applications such as photocatalysis, wastewater treatment, batteries, supercapacitors, etc. Some of these composites are discussed in this section.



4.1. Graphene with Metal–Organic Frameworks


Metal–organic frameworks (MOFs) are a kind of organic–inorganic hybrid crystalline material with high porosity that consists of a regular array of positively charged metal ions surrounded by organic molecules [118]. These organic molecules are also known as linkers. The metal ions form nodes that connect the arms of the linkers, which create a structure that is similar to a cage and has a repeating pattern. Because of their hollow nature, they have an exceptionally high interior surface area. Utilizing the cage-like structure of MOFs, several applications are being developed for use in a wide variety of industries. Some examples of these applications include gas storage and separation, liquid separation and purification, electrochemical energy storage, catalysis, and sensing. In addition to their use in direct applications, metal–organic frameworks (MOFs) have been put to use as one-of-a-kind precursors in the production of inorganic functional materials [119]. These include carbons, metal-based compounds, and their composites. However, they have many advantages and come with their share of flaws. The main drawback of MOFs is their low stability. To counter this flaw, many researchers have tried to make composites of MOFs with different materials. Out of many composites, graphene has come out as an excellent material to counter the stability problem of MOFs [120]. In addition, graphene and MOFs composites can be used in many applications. Some of the research performed on these composites is discussed here. Li et al. prepared a core–shell structure 3D-graphene/Fe3O4@N-C composite for microwave applications in their investigation. They discovered that adding graphene made composites lighter and changed the composites’ electromagnetic parameters [121]. Liu et al. made MOF-derived carbon/N-doped three-dimensional reduced graphene oxide composites that obtained excellent electrochemical performance and high specific capacitance because of the introduction of graphene for capacitive deionization [122]. Li in 2022 prepared MOFs and graphene oxide composites for photocatalytic degradation application and found that the composite UiO-66 (Ce)/GO showed almost three-fold improvement in performance than the pure UiO-66 (Ce) [123]. Bai et al. prepared FeMn-MOF and FeMn-MOF/G composites and found that the composites showed excellent microwave absorption ability compared with their pure form, as shown in Figure 6 [124]. Tang et al. prepared graphene and MOFs co-modified composites and found that the introduction of RGO and MOFs shows enhanced photocatalytic ability under ultraviolet and visible regions, and an increase in adsorption capacity was observed [125].




4.2. Graphene Composites with Semiconductors


Semiconductors are being used in various modern applications. They are used in various technologies from light bulbs to hydrogen production. They show great potential because their properties can be enhanced drastically when formed as composites with other materials. Graphene composites with semiconductors have shown enhanced performance in various applications such as wastewater treatment, hydrogen production, energy production, water splitting, etc. [126,127,128]. Lu et al. reported an increase in photocatalytic activity for graphene–semiconductor composites [129]. Serry et al. reported a novel multi-model system for energy conversion using graphene/metal/semiconductor composites [130]. Chen et al. prepared a BiVO4/MIL-53(Fe)/GO photocatalyst which showed excellent photocatalysis compared with BiVO4. In addition, they found a reduced recombination rate of electron and hole pairs generated during the process [131]. Dash et al. prepared a graphene/silicon composite which showed an increase in electrical conductivity compared with pure Si [132]. Mallik et al. prepared RGO/SnO2 which showed strong PL emission and strong capacity in optical applications, as provided in Figure 7 [133].




4.3. Graphene Composites with Polymer


A polymer, as the name suggests, is made up of multiples of monomers. Their properties such as resilience, resistance to electrical and thermal conductivity, refractive index, permeability, and even crystallinity make them very useful for a variety of applications. Polymer composites with graphene have shown their importance in various modern-day technologies. For example, Saran et al. prepared a graphene oxide/polymeric porphyrin composite. Their results showed that the presence of graphene oxide increased the reduction of dioxygen in oxygen reduction reactions [134]. Hamidinejad et al. made a graphene/polymer nanoplatelet composite foam in 2022. They obtained significant variation in electrical properties such as permittivity and thermal and electrical conductivity. In addition, the EMI shielding effect showed an increase of almost 45% [135]. Yao et al. made a micro-supercapacitor based on an open shell polymer/graphene composite with excellent feats such as high power and energy density; it also showed excellent stability [136]. Oni and Sanni prepared polymer/graphene/MOF (MIL-53(Cr)) for the degradation of dichlorophenol. The prepared sample showed an increase in adsorption ability and easy removal of adsorbent from water [137]. Gong et al. introduced graphene layers in a carbon fibre/polymer composite and found improvement in the damping properties of the material [138].




4.4. Graphene Composites with Hydrogel


Hydrogels are cross-linked 3D polymers that absorb and hold water. Due to their customizable qualities and versatility, hydrogels are employed in tissue engineering, regenerative medicine, wastewater treatment, and soft robotics. Many researchers have been drawn towards hydrogel and graphene composites because of their various uses in energy, environmental, and biomedical applications. For example, Zhang et al. were able to obtain excellent gravimetric and volumetric capacitances using nanocellulose/N, O co-doped graphene composite hydrogels [139]. Noureen et al. prepared a BiVO4/RGO composite hydrogel for decontaminating polluted water. The prepared sample showed enhanced photothermic and photocatalytic performances [140]. Wang et al. prepared RGO/Cu7.2S4 hydrogel with an improvement in solar thermal conversion efficiency by around 96% under one sun illumination (Figure 8) [141]. Fong et al. made a reduced graphene oxide hydrogel composite for the demulsification of crude oil in water, obtaining 82.16% efficiency and showing excellent reusability results up to six times with a small reduction in degradation rate each time [142]. Meng et al. prepared a siloxene/RGO composite hydrogel for supercapacitors and found that graphene introduction increased capacitance performance and cycling stability [143].





5. Environmental Applications of Graphene and Its Derivative-Based Composites


The environment has been harmed by human activities in many ways, which has resulted in poor human health, an increase in diseases, and the deaths of not only humans but also other species of life. Human activity has caused many types of pollutants to enter our ecosystem. Some of these pollutants include heavy metals, dyes, poisonous gases, harmful chemicals, pesticides, crude oil, and many other things [144]. To counter this, many researchers are still researching how to efficiently detoxify our environment that is full of these harmful elements [145]. Some of the methods used to remove these pollutants are adsorption, absorption, chemical reduction, physical removal of pollutants, biological treatment, photocatalytic degradation, etc.



Graphene and its derivatives can become powerful materials for environmental detoxification, specifically wastewater treatment. Their magnificent properties can enhance the work of many conventional methods for environmental detoxification. The three main ways which can utilize the properties of graphene for environmental applications are adsorption, photocatalytic degradation, and filtration. There are other ways by which graphene can be used to separate pollutants from the water or air, such as electrochemical separation. Here, we have shown the recent developments in the research area of adsorption, photocatalysis, and filtration using graphene and its derivative-based materials.



5.1. Filtration


Filtration removes pollutants from contaminated water using a membrane film. There are several methods for doing this, including microfiltration, nanofiltration, membrane distillation, reverse osmosis, and forward osmosis. All these processes are based on the simple principle of separation of different molecules of either different sizes or different charges. The effectiveness of all these processes depends upon the type of membrane used for filtration. Pristine graphene and graphene oxide have come out as excellent membranes for filtration processes [146]. Graphene membranes can be used for nanofiltration, membrane distillation, reverse osmosis, and forward osmosis. The biggest advantage of graphene is its very small thickness, which directly affects the permeability of water through it. Pristine graphene on its own does not allow water to pass through it. The delocalized pi orbital on both sides of the graphene structure prohibits any material to pass through it, but this problem can be solved by creating pores on the graphene sheets [147]. These pores can be made in such a way that they will be large enough to let the water molecules pass through them, but which will hold back the other impurities. There are several methods for generating these holes. For example, exposing the graphene sheet to a gallium ion gun produces defects on the graphene sheets, and these sheets, when treated with an acidic solution, will form pores [147]. The size of these pores can be controlled by controlling the contact time of graphene with acid. Many researchers have been using various techniques to utilize this aspect of graphene for water and air filtration. For example, Vishwanath et al. used a multilayer graphene/cellulose composite for the filtration of methylene blue and Rose Bengal. The prepared composite showed that the filtration percentages for methylene blue and Rose Bengal were 98% and 94%, respectively [148]. Gayen et al. utilized graphene oxide in the filter bed for river water filtering and found a substantial difference in performance with and without the graphene filter. The iron removal efficiency was 84.5 and 70.7% with and without the graphene oxide filter. The removal effectiveness of hardness was 61.34% without a graphene oxide filter and 86.55% with one. Arsenic was removed 82% without graphene oxide and 90.9% with a graphene oxide filter. The fluoride removal efficiency was 58% without the graphene oxide filter and 73.1% with the graphene oxide filter [149]. Graphene shows promising results in the field of filtration. It can even be used in reverse osmosis for the filtration of saline water. Ndlwana et al. prepared mixed matrix membranes from polydopamine-crosslinked graphene nanoplatelets and found that the rejection of salts NaCl and MgSO4 were enhanced to 99.85 and 99.95%, respectively, with the help of graphene [150]. All of these findings indicate that graphene will soon become an essential component of many filtration processes.




5.2. Adsorption


Adsorption has become a vital option for wastewater treatment in recent years. Low cost, reusability, high efficiency, high select ability, ease of use, wide pH range and high performance make adsorption one of the most likable processes for wastewater treatment. Adsorption can be used to remove organic or inorganic contaminants by chemical or physical adsorption [151]. Many adsorbents are currently being used for wastewater treatment such as activated carbon, starch, agriculture waste, cyclodextrins, zeolite, etc. [152]. Graphene as a novel material shows quite a promise in the field of adsorption for environmental applications such as wastewater treatment. Graphene shows high adsorption capacity because of its high surface area, high porosity, presence of a functional group, and the presence of π-π bonding. Graphene can either show chemical or physical adsorption. The type of adsorption can be determined by Dubinin–Radushkevich isotherms [153]. For example, Vasudevan and Lakshmi studied the adsorption of phosphane on graphene and by using Dubinin–Radushkevich isotherms, they found that adsorption was chemical by nature [154]. Zhu et al. showed the physical adsorption of CNCl and NH3 on graphene due to the weaker adsorption energy and lower charge transfer [155]. Adsorption overall shows great potential for wastewater treatment such that many researchers have been developing various methods to enhance the adsorption capacity of graphene. For example, Dai et al. prepared polyvinyl alcohol-supported graphene oxide aerogel for wastewater treatment. The prepared sample showed that adsorption capacity was 96% for Congo red (CR) and methylene blue (MB), which were calculated using UV–Vis spectroscopy [156]. Nandi et al. prepared graphene nanoplatelets using human nails and obtained 99% adsorption of arsenic from wastewater [157]. Lingamdinne et al. prepared graphene oxide using the modified Hummer’s method and they found that the maximum adsorption capacity for cobalt was 21.28 mg/g at pH 5.5 [158]. Azam et al. reported Hummer’s synthesis of graphene oxide (GO) from graphite for the detoxification of Pb(II) from wastewater to control environmental pollution. The phenomenon of adsorption was taken into consideration for the removal of this toxic pollutant from the contaminated water. The possible mechanism followed by the GO adsorbent for the removal of heavy metal is explained in Figure 9 [159].




5.3. Photocatalysis


Photocatalytic degradation is a type of advanced oxidation process. It has become a better approach to clean up wastewater because it can break down organic chemicals such as dyes that are difficult to break down using previous methods [160,161]. In order to degrade organic molecules via photocatalysis, you need a photocatalyst, which aids in the creation of radicals that further aid in the breakdown of organic compounds. When a photon with sufficient energy interacts with a photocatalyst, electrons move from the valence band to the conduction band. The valence band will develop a hole as a consequence of this action. After interacting with H2O and O2, the electron from the conduction band and the hole from the valence band may both contribute to the production of free radicals [162]. Because of their appropriate band gaps, semiconductors such as ZnO, TiO2, ZnS, and MnO2 are often used as photocatalysts. This is because their band gaps range from ~3.0 to 3.5 [163]. However, they have certain drawbacks such as low absorption rate of visible rays and fast recombination of electron and hole pairs generated during the process. This is the part where graphene can become a viable solution. Graphene’s miraculous qualities including rapid electron transport, high electron acceptance (because of π-conjugation), high specific surface area, adsorption, mechanical strength, and chemical and thermal stability make it useful to be used with a semiconductor to increase their properties. Graphene porous structures with a higher number of trapping sites can hold semiconductors very firmly. Graphene can take electrons from these semiconductors, shortening the time required for electron–hole combination. It can also absorb visible light and transmit energy to the semiconductor, extending the range of spectra absorbed by the photocatalyst. A mechanism of the photocatalytic activity of graphene is shown in Figure 10.



Researchers have developed graphene composites with different semiconductors to increase their performance; for example, Chen et al., (2021) found an increase in photocatalytic degradation of bisphenol A when they introduced the reduced graphene oxide in graphitic carbon nitride. This study shows how a promising metal-free rGO/g-C3N4 photocatalyst works to break down bisphenol A in visible light [165]. Israr et al., (2020) prepared a cobalt ferrite–graphene nanoplatelet-based composite. Their study showed that the introduction of graphene increased the photocatalytic activity for the degradation of methylene blue from 38.3% to 98.7%. This was because graphene slowed down the recombination of electron–hole pairs in semiconductors [166]. Yan et al., (2020) prepared a graphene/polypyrrole composite and obtained a 94.8% removal efficiency of phenol using photocatalytic degradation [167]. Muhmood et al. prepared a heterojunction of graphitic carbon nitride and red phosphorus showing traits similar to graphene. The prepared samples were used for photocatalytic degradation of coloured and non-coloured, toxic category III organic compounds. The Mott–Schottky study revealed that the composite possessed type-I heterojunction with an enhanced catalytic behaviour. The improvement in catalytic behaviour was due to the charge transfer between red phosphorus and graphitic carbon nitride through heterojunction. It was observed that under the influence of visible light, photogenerated electrons moved from the conduction band of graphitic carbon nitrate to the conduction band of red phosphorus because of the higher negative edge potential of the graphitic carbon nitrate. On the other hand, the holes generated during this process were not able to move freely because of the increased negativity of the valence band of red phosphorus versus graphitic carbon nitrate. This whole process resulted in a lower recombination rate of holes and electrons, which in turn enhanced the photocatalytic activity of the prepared samples (Figure 11) [168].



All these examples show that graphene can greatly enhance the photocatalytic ability of semiconductors, and graphene shows a promising future for environmental remediation due to its various abilities and properties. Table 4 summarizes numerous studies on wastewater treatment utilizing graphene and its composites. Furthermore, graphene shows antibacterial activity. Hu et al. in 2010 were the first ones to report the antibacterial properties of graphene [169]. After that, many researchers studied the antibacterial and antimicrobial properties of graphene. Since then, other mechanisms for graphene antibacterial activity have been proposed, including oxidative stress, membrane stress, and electron transfer. When the graphene comes in contact with bacterial membranes, it can physically harm the bacterial productivity by deactivating their proteins and lipids. There is another way by which graphene can affect bacteria, and graphene electron acceptance can affect the integrity of the bacteria membrane by taking an electron from it. These recent studies have shown that graphene has the potential for antibacterial activity. Thus, graphene can provide an all-around solution for wastewater treatment [170].





6. Major Challenges for Environmental Applications of Graphene and Its Derivative-Based Composites


Even though graphene has extraordinary properties, and it can enhance the efficiency of many materials, the production of graphene is still in its initial phase. The cost of producing quality and pure graphene is still high, and only a few methods of producing graphene have been commercialized. There are still many challenges which must be addressed to fully utilize graphene. It is still a challenge to produce large amounts of defect-free graphene with a consistent structure. The conventional methods used for preparing graphene, such as mechanical exfoliation, cannot be used on a bigger scale, and the method which can be used on a bigger scale such as the chemical vapor deposition method can result in structural defects when transferring the graphene from one substrate to another. One of the methods to prepare graphene is by making use of graphite oxides, which are mostly made by the Hummer method. Hummer methods can cause the release of toxic gases such as chlorine dioxide and nitrogen dioxide, which pose a threat to the environment [186]. One of the major drawbacks of graphene is the limitation in its production. Recent studies have also shown that graphene can show cytotoxic and genotoxic tendencies. It has been observed that graphene, when inhaled, can cause damage to our lung cells because of the sharp edges present in it. Graphene derivatives are dissolvable in water and various solutions; thus, there is always a risk of aquatic pollution from the overconcentration of graphene in water bodies. Knowledge and information about the toxic impacts of graphene are still largely unknown [187,188]. There are still many setbacks for graphene which must be overcome before using graphene in an efficient way for environmental application. Graphene must become a better option than conventionally used materials by lowing its adverse effects on the environment. Only then can it overtake the other conventionally used materials for environmental applications. Some of the major challenges in the path of utilizing graphene can be summarized:




	
High-cost requirement for synthesis of high-grade graphene;



	
Availability of scientifically matured conventional materials;



	
Difficult to produce on a larger scale with the same consistency;



	
Introduction of defects while handling graphene can cause significant loss in its properties;



	
Graphene and its derivatives show cytotoxic and genotoxic tendencies;



	
Sharp edges of graphene can cause cellular damage in the human body.









7. Future Scope and Concluding Remarks


Graphene has emerged as a wonderful material with amazing properties, which makes its derivatives promising candidates for the future. They can be introduced in many materials as a composite and can enhance their properties. They can be used in medical areas, electrical devices, and even for construction purposes. They can also be used in DNA sequencing, OLEDs, field effect transistors, membrane filtration, energy storage, etc. [189]. Since 2010, there has been a continuous increase in the number of reported studies in the area of graphene-based materials. In the future, improvement in the production of graphene might be a key point for the commercial development of graphene. Prior to its widespread commercial application, graphene’s environmental drawbacks must all be overcome. In addition, it is essential to identify the negative effects of graphene on human health as early as possible so that the solutions to this problem may be studied as early as possible. Although a large number of studies are being performed on enhancing the properties of graphene and its derivatives, there is still very little research performed on its toxicity. To take further steps in the development of graphene-based materials, we must first overcome these small hurdles so that graphene potential can be fully utilized. In our review work, we have covered the background, properties, synthesis, and composites of graphene and its derivatives with different compounds. The environmental concern of graphene and its derivatives were also addressed by various techniques such as adsorption, filtration, and photocatalysis. Lastly, we provided an overview of the challenges and opportunities in the development of graphene and its derivatives in this study. Thus, we have concluded that graphene and its derivatives can behave as a beneficial and excellent photocatalyst and adsorbent material for potential environmental applications.
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Figure 1. Graphene and its derivatives [15]. 
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Figure 2. Five different configurations of graphane where the carbon atom is equivalent. Here, the blue- and red-coloured dots represent the adsorption of hydrogen above and below the layer of graphene [17]. 
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Figure 3. Structure of (a) graphene, (b) graphene oxide (GO), and (c) reduced graphene oxide (rGO) (reprinted with permission from Reference [44]). 






Figure 3. Structure of (a) graphene, (b) graphene oxide (GO), and (c) reduced graphene oxide (rGO) (reprinted with permission from Reference [44]).



[image: Catalysts 13 00111 g003]







[image: Catalysts 13 00111 g004 550] 





Figure 4. (A) Schematic diagram of CVD setup. (B) Schematic illustration of standard CVD growth process. RT and GT are room temperature and growth temperature, respectively. (C) Growth kinetics of CVD-grown graphene on Cu foil (CH4 case) (reprinted with permission from [72]). 
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Figure 5. (a) Schematic illustration of the ultrasonic-assisted electrochemical exfoliation of graphite. (b) The steps in the electrochemical exfoliation mechanism of graphite. (c) Picture of exfoliated graphene powder (reprinted with permission from [84]). 
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Figure 6. Scheme of crystal structure of 35pFeMn: (a) asymmetric unit, (b) FeMn coordination system, (c) unit cell along a direction, and (d) unit cell along c direction (reprinted with permission from [124]). 
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Figure 7. In−situ schematic representation of graphene-based SnO2 nanocomposite (reprinted with permission from reference [133]). 
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Figure 8. Schematic representation of mixed hydrogel device produced by solar steam generation (reprinted with permission from reference [141]). 
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Figure 9. The probable adsorption mechanism of Pb(II) ions on the surface of graphene oxide from an aqueous solution (reprinted with permission from reference [159]). 
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Figure 10. Graphene-based photocatalysis (reprinted with permission from [164]). 
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Figure 11. Schematic diagram of photo-generated charge transfer in red phosphorus/graphitic carbon nitride composite under visible light irradiation (reprinted with permission from reference [168]). 
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Table 1. Applications of various graphene-based derivatives.
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	Synthesis
	Composite
	Application
	Reference





	In Situ
	Ag/GO and r-GO
	Biosensing, Catalysis
	[59]



	Simple physisorption method
	Au-GO and Au-rGO
	SERS (Surface-enhanced Raman

scattering) and Catalytic
	[60]



	Oxidation/thermal

reduction process
	Ru/rGO and Rh/rGO
	Catalysis
	[61]



	In Situ
	TiO2/GO
	Photocatalysis
	[62]



	In situ
	MnO2/GO
	Supercapacitor
	[63]



	Electrochemical Deposition
	ZnO/rGO
	Photovoltaics
	[64]



	Chemical Vapor Deposition
	Graphene/Ni/Cu
	Transistor
	[65]



	Mechanical Exfoliation
	Few-layer graphene
	Supercapacitors electrodes
	[66]
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Table 2. Advantages and disadvantages of different synthesis methods of graphene and its derivatives.






Table 2. Advantages and disadvantages of different synthesis methods of graphene and its derivatives.





	Synthesis Methods
	Advantages
	Disadvantages
	References





	Chemical vapor

deposition
	High-quality graphene with high yield
	High cost
	[89]



	Mechanical exfoliation
	Cost-efficient and high-quality graphene

production
	Low Yield
	[73]



	Chemical exfoliation
	Rapid process and high-quality graphene production with high yield
	Uses toxic chemical and have toxic by-products
	[79]



	Electrochemical

exfoliation
	High yield (commercialized)
	Can contain impurities

between graphene layers
	[90]



	Epitaxial Growth
	High-purity graphene production
	Time-consuming with low Yield
	[85]
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Table 3. Structural properties of graphene and its derivatives.
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dCX (Å)

	
dCC (Å)

	
ɵCCX (Degree)

	
ɵCCC (Degree)

	
a (Å)

	
References






	
Graphene

	
-

	
1.42

	
-

	
120

	
-

	
[91]




	
-

	
1.421

	
-

	
120

	
2.46

	
[92]




	
-

	
1.425

	
-

	
120

	
2.468

	
[93]




	
-

	
1.42

	
-

	
120

	
2.46

	
[94]




	
-

	
1.42

	
-

	
120

	
2.46

	
[95]




	
Graphane

	
1.111

	
1.533

	
107.45

	
111.39

	
2.532

	
[93]




	
1.11

	
1.53

	
107.43

	
111.42

	
2.54

	
[92]




	
1.12

	
1.52

	
107.35

	
111.51

	
2.51

	
[94]




	
1.111

	
1.53

	
-

	
-

	
2.54

	
[96]




	
Fluorinated graphene

	
1.37

	
1.55

	
108

	
111

	
2.55

	
[97]




	
1.383

	
1.581

	
-

	
-

	
2.606

	
[98]




	
1.38

	
1.58

	
-

	
-

	
2.61

	
[99]




	
1.371

	
1.579

	
-

	
-

	
2.6

	
[91]




	
Graphene oxide

	
1.095

	
1.41

	
-

	
120.1

	
-

	
[100]




	
1.094

	
1.41

	
-

	
120.1

	
-

	
[100]




	
1.095

	
1.41

	
-

	
120.2

	
-

	
[100]











[image: Table] 





Table 4. Graphene and its derivative-based composites for wastewater treatment.
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	Composite
	Method
	Pollutants
	Efficiency
	References





	ZnO/RGO/Polyethylene glycole
	Adsorption
	Phenolic Pollutants
	86.54% in 45 min
	[171]



	GO/Nitrogen-doped carbon
	Adsorption
	Uranium Pollutants
	879.2 mg/g
	[172]



	rGO/CNT
	Adsorptive filtration
	Sulfamethoxazole
	98–93%
	[173]



	Red phosphorus/Graphene
	Photocatalysis
	Rhodamine B
	100% in 3 min
	[174]



	GO/PAN, GO/PPy, GO/Psty
	Adsorption
	Actacid orange
	9.65, 43.99, 21.10 mg/g
	[175]



	mrGO/BiOCl, mrGO/BiOCl/Ag
	Photocatalysis assisted Adsorption
	Tinidazole
	24% and 94%
	[176]



	RmGO/Polyaniline
	Adsorption
	Moxifloxacin and Ofloxacin
	27.33 and 47.7 mg/g
	[177]



	GO/glass fibre
	Filtration
	Oil/water emulsion
	99.4% retention rate
	[178]



	rGO/titanate nanotube
	Hybrid adsorption/photocatalysis
	Methylene blue
	99.8%
	[179]



	Ag nanowires/TiO2 nanosheets/graphene
	Photocatalysis
	Methylene blue
	71–100% (under optimal condition)
	[180]



	graphene/MgAl
	Adsorption
	Chromium (VI)
	172.55 mg/g
	[181]



	TiO2/graphene
	Photocatalysis
	Methyl orange
	100% in 210 min
	[182]



	Ag/Ag3PO4/BiVO4/RGO
	Photocatalysis
	Tetracycline
	94.96% in 60 min
	[183]



	g-C3N4/graphene quantum dots
	Photocatalysis
	Oxytetracycline
	80% in 120 min
	[184]



	MnO2/graphene
	Adsorption
	Tetracycline
	1798 mg/g
	[185]
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