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Abstract

:

Over the past several decades, industrialised and developing nations have attempted to enhance sustainability. Demands for energy and the acceleration in environmental deterioration are the two primary obstacles to progress. The daily generation of municipal solid waste has been a significant factor in the deterioration of the ecology. To address this issue, a considerable amount of municipal solid waste may be used to synthesise SiC nanomaterials from organic and inorganic fractions and use them as carbon and silica sources. Nanomaterials have progressively received widespread prominence as the development of particulate materials accelerates at an incredible rate. One such material is silicon carbide (SiC), which has garnered considerable interest due to its remarkable performance and wide variety of applications. This review article discusses the SiC polytypes, including cubic, hexagonal, and rhombohedral SiC. The characteristics of silicon carbide, such as its biomimetic, surface, and thermal properties, are also discussed. In addition, the synthesis of silicon carbide was described in depth, including microwave sintering, the calcination method, the carbothermal redox reaction, and much more. The final section describes the applications of silicon carbide, including wastewater treatment, medical implants, and gas detection.
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1. Introduction


Municipal solid waste (MSW) originates from households, institutions, construction and demolition sites, and other sources. The World Bank predicts that global MSW generation will reach 2.2 billion tonnes by 2025 [1]. Waste management has become a global threat due to new technology, affecting both developed and developing countries. Poor waste management has ecological, social, and economic impacts. Management of MSW in an environmentally responsible way is essential for balancing the three pillars of sustainability and reducing negative social and economic impacts. Separating MSW into organic (carbon-rich) and inorganic (silica-rich) waste fractions would allow it to be used as a raw material in synthesising SiC, which could subsequently be used to help reduce MSW. Biomass is the organic fraction of MSW that cannot be consumed or converted into a product. Biomass waste includes corn stover, sugarcane bagasse, animal manure, sawdust, and wood shavings. These substances contain carbohydrates; lipids; proteins; lignin; and minerals like calcium, iron, and phosphorus. Usually, waste is either burned or dumped without sorting. Combustion emits methane, carbon monoxide, and nitrogen dioxide, making it environmentally harmful.



In 2009, a Swedish study revealed that the primary cause of the brown haze that blanketed significant hectares of South Asia was mainly the incineration of biomass compared with fossil fuel combustion. Hence, it is worthwhile to consider transforming waste into something valuable to achieve a sustainable waste management system. The researchers synthesised SiC (50–100 nm in diameter and 64.21 m2·g−1) using automotive waste glass (rich in silica) and waste coffee grounds (rich in carbon) [2]. SiC inherits the distinctive qualities of composite structural materials, such as strength, hardness, corrosion resistance, and wear resistance. SiC can be used as feedstock in abrasives and modern refractories due to its high-temperature characteristics, including a low thermal expansion coefficient, oxidation resistance, and high thermal conductivity. SiC’s high critical breakdown voltage and rapid carrier saturation drift velocity make it a possible third-generation semiconductor for high-frequency applications. Three-dimensional objects known as nanomaterials have one or more dimensions in the nanometre range (1–100 nm). The size effect refers to a phenomenon where a material’s qualities change as its size reduces. The effect is substantial for nanoscale particles in three dimensions because there is a negative relationship between the number of atoms and the separation between energy levels. The move from macroscopic progression to distinct microscopic atoms, known as “quantum” functionalities, widens the energy gap of the substance [3]. Each particle has fewer atoms, and the surface atoms are unstable, leading to a high surface energy and a lower melting point.



Other features of nanoparticles, such as magnetic, optical, and thermal properties, may change significantly more than bulk materials. Initially, the SiC nanoparticle was first discovered by Acheson et al. [4] by using silica and carbon as feedstock. In addition to this, SiC nanoparticles have gained attention due to their “quantum” properties and exceptional attributes, and articles on their generation and applications are increasing [5]. Their applications include the aircraft industry, the automobile and transportation industry, and spacecraft and power distribution systems. Electronics and sensors are critical for improving system capabilities and efficiency in the aircraft sector. Some of these devices are in the aircraft’s aero surface portions as well as in hot engines to manage their key components, where reliable and stable operation under high-temperature circumstances is required. SiC devices can reduce a significant proportion of wiring and avoid problems related to the cooling system [6].



High-temperature SiC electronics could remove the requirement for thermal radiators in spaceship systems. These radiators are required when low-temperature electronics are used to dissipate the heat generated by the spacecraft’s electronics. In the case of the low option, the use of SiC electronics will reduce the size of the radiator, whereas the high option may eliminate the cooling system. Consequently, the satellite’s load would be reduced. This is essential because the extra space and weight saved will allow us to fit vital equipment on a satellite.



The long-term performance of solar system exploration instruments necessitates SiC electronics; for example, the parching atmosphere of Venus’s surface at 460 °C requires high-temperature electronics [7]. With SiC power electronics, electric power distribution systems can be enhanced. In modern power electronics, a significant excess power reserve is created to provide a safety margin for the electric power supply, allowing it to satisfy power demand in normal and emergency situations. Using SiC power electronics that can recognise and compensate for local errors in real-time can lower this margin. It eliminates the requirement for additional power plants. These devices with existing powerlines will increase power transmission capacity [8]. All these applications motivate scientists to conduct research in the field of SiC.



Over the past two decades, researchers have authored review articles on the structure, characteristics, and applications of silicon carbide (Elsevier search engine: as of 26 July 2022. Figure 1).



Although researchers have conducted an extensive study on the synthesis, characteristics, and characterisation of SiC, to our knowledge, the synthesis of SiC from municipal solid waste is limited. As a result, this review is structured as follows: The first section focuses on the polytypes of SiC, followed by the various methods for synthesising SiC, such as carbothermal redox reaction, microwave sintering, pyrolysis, and detonation. Furthermore, the article discusses the biomimetic, surface, electrical, and other properties of SiC. Lastly, the article details the applications of SiC that include energy-based, composite-based, and medical fields.



This article aims to establish a bridge for researchers working on artificial neural networks and HYSYS software to use the process parameters available in the synthesis of SiC so that they can build a model that may have the ability to determine the ideal process parameter that could generate a significant amount of SiC from the waste that is generated every day in an inexpensive and environmentally friendly manner.




2. Structure of Silicon Carbide


SiC crystallisation was discovered as early as the 1900s. Polytypism is a significant crystalloid–chemical phenomenon for viewing crystalline substances as interconnected elements of integrated frameworks, as well as a cognition technique helpful in solving fundamental and empirical problems. Carborundum, or silicon carbide, is composed of interlocking sheets of silicon and carbon covalently bound together. In Figure 2, a tetravalent element (carbon) is connected to a semiconductor substance (silicon), where the closest interconnected material is 1.94 Å in length. In comparison, the closest span between two components of the same compound in the SiC lattice is 3.10 Å in length.



They are usually in the form of SiC4 or CSi4, as represented. Pauling’s equation was used to calculate the 12% ionic contribution of neighbourhood-oriented tetra-bonds. The modest positive charge on the Si atom causes the ionic contribution to the bonds between atoms. This is evident in the SiC X-ray spectrometer’s Ka doublet transfer. SiC’s polymorphism means that it has several distinct 1D ordering patterns with no change in stoichiometry.



Even though there are numerous SiC polytypes, it is usual to refer to 3C-SiC as β-SiC and any non-cubic structures (4H-SiC, 6H-SiC, 9R-SiC, and 15R-SiC) as α-SiC. The stacking sequence distinguishes polytypes [9]. α-SiC is heated more than β-SiC. 4H-SiC, 6H-SiC, and 15R-SiC stack ABCB..., ABCACB..., and ABCABCBCABACABCB..., as represented in Figure 3. The Si/C atomic ratio is normally one; however, vacancies can change it. Table 1 shows SiC polytypes’ lattice constants, electron mobility, bandgap, and more. The difference in bulk energy between SiC polytypes is 0.99 meV.atom−1, according to abinitio calculations. Nishino et al. [10] developed an efficient approach to synthesise 3C-SiC on silicon; many groups have gathered data on its development mechanisms, setting the groundwork for its widespread use. Cubic-SiC or 3C-SiC is the only substance produced on a host substrate, with the advantage of growing the SiC at the necessary thickness for the intended application. The potential to grow SiC on the silicon wafer substrate with a diameter of 150 nm has been a boon for scaling up.



Although the fabrication of 3C-SiC/Si epilayers appears to be quite attractive for leveraging the favourable characteristics of SiC at a low cost, the poor crystal quality of these epilayers, in contrast to what has been obtained on hexagonal bulk SiC wafers, has prevented their use in device fabrication. 3C-SiC remains on the market for a variety of applications due to a favourable trade-off between cost savings and an excellent opportunity for scalability versus worse quality compared to hexagonal polytypes. Due to the instability of 3C-SiC, it is transformed to 6H-SiC around 2100 °C. In addition, because of the instability of cubic-SiC, it is not easy to produce large amounts at a reasonable rate. Crystals of 2H-SiC are regarded as one of the rare crystalline silicon modifications. These crystals could measure 3.2 mm in the z-direction and 0.28 mm in the x-direction and are usually clear but may be colourless or chroma-coloured due to the reduction of methyl trichlorosilane in a hydrogen environment at 1300–1400 °C. The susceptor temperature profile and the presence of methyl trichlorosilane in hydrogen substantially impact the crystallisation of 2H-SiC. Using the first principle, the elastic constants, and electrical characteristics of 2H-SiC and 4H-SiC were determined. The calculation of the total energy of both polytypes revealed that their phases are comparable.



The finding demonstrated that 4H-SiC has a more rigid elasticity than 2H-SiC [15]. Even 2H-SiC substances are unstable at elevated temperatures, and it is not possible to synthesise large 2H-SiC crystals. Consequently, 4H-SiC and 6H-SiC polytypes are in vogue and have garnered significant attention [16]. Using molecular dynamic simulation based theoretical CASTEP code simulations, the effect of pressure on many SiC polytypes was investigated.



At room temperature, 10–200 GPa pressures were applied to 2H-SiC, 4H-SiC, and 6H-SiC. The induced pressure range did not modify the tetragonal lattice’s shape, but compression changed its electrical and structural properties. As pressure rises, 4H-SiC and 6H-SiC bandwidth narrows [17]. 3C-SiC’s bandwidth increased due to its high electron mobility, induced pressure sensitivity, and saturation velocity. Intermediate band solar cells often use Cubic-SiC as a buffer/window layer because of their bandgap. It has simple access to deep levels, a crucial requirement for a photovoltaic material [18].



Cubic-SiC has an inherent concentration of 1016 per cm3 at 30 °C, allowing it to be utilised as a buffer layer in a solar cell instead of cadmium sulphide, together with molybdenum, tin oxide (window), and antimony triselenide (absorber) [19]. SiC polytypes have different electronic capabilities, leading to various electronic band frameworks and optoelectronic features. 4H-SiC is superior to other SiC polytypes for high-power and electronic device applications due to its high critical electric field strength and hole mobility. Therefore 4H-SiCs are utilised in power device applications. 6H-SiC possesses a robust covalent bond, high hardness, a low thermal expansion coefficient, and excellent thermal and chemical stabilities. This makes 6H-SiC excellent for precision nanomoulding dies and high-performance mirrors, where fast, easy manufacture with faultless surface integrity is crucial.



9R-SiC is a rhombohedral SiC. These have an identical microscopic and crystallographic nature to that of Cubic-SiC. 9R-SiC’s band gap is greater than 2H-SiC due to its poor hexagonality. 9R-SiC has a higher conduction band, which makes it a strong choice for high-frequency and high-voltage applications [20]. 15R-SiC wafers are hard to procure despite their mobility for MOSFET devices. 15R-SiC growth requires a substrate. The C-face of 4H-SiC at 1750 °C and the Si-face of 6H-SiC at 1900 °C are used to grow 15R-SiC. The band structure, density of states, lattice parameter, and charge density of 15R-SiC were deduced using density functional theory based on the plane wave pseudopotential framework. The electrical structure and optical features were examined using estimated band structure and density of states. 15R-SiC is an indirect band gap semiconductor with a 2.16 eV charge density, which indicates that the Si-C bond is a hybrid bond semiconductor with an appropriate covalent bond but weak ionicity.



A natural superlattice, 21R-SiC has atomic-scale colour centres with controlled spin states via optical and microwave channels. In photoluminescence, spin-3/2 zero-phonon lines vary in fine structure between the ground and excited states. Changes in photoluminescence intensity under magnetic resonance circumstances and the crossover of ground and excited spin levels open ventures in quantum computing, magnetometry, and thermometry [21]. Density functional theory was used to study the electrical structure and optical linear response function of 21R-SiC. The lattice parameter, density of states, complex dielectric function, energy band structure, and absorption coefficient establish a theoretical correlation between 21R-SiC’s optical properties and electronic structure. The calculated energy band structure was utilised to evaluate 21R-SiC’s dielectric function and extinction coefficient, giving a theoretical framework for designing photoelectric substances.




3. Synthesis of Silicon Carbide


3.1. Microwave Sintering


Moshtaghioun et al. [22] used microwave sintering to produce β-SiC nanoparticles from silicon dioxide and carbon. Before the reaction, the mixture of carbon and silicon dioxide particles was milled for 40 h to enhance the reaction activity and lower the heat input. The milled mixture was subjected to microwave sintering at 1200 °C for 5 min to generate β-SiC (ø—15–30 nm) with 98.5% purity, as shown in Figure 4.



Zhan et al. [23] used microwave sintering to synthesise β-SiC at 1650 °C for 1 h with a purity of 75.7%. During the execution, the microwave oven was coupled with infrared thermal support to generate β-SiC. Furthermore, they found that a surge in the residence time and temperature favoured the production of β-SiC. SiC nano-whiskers were generated using microwave sintering of graphite and silica in a ratio of 1:3 at 1400 °C for 0.5 h. The mechanism used in this process was a vapour solid since no catalyst was deployed. α- and β-SiC were generated using a microwave heating approach with coal mineral particles as the carbon source and tetra-ethoxy-silane as the silicon source at 1100 °C for 10 min [24].




3.2. DC Arc Discharge Plasma


Pak et al. [25] used DC arc discharge plasma to transform silica and carbon into SiC. The procedure used a carbon-electrode along with an electric-arc reactor, as shown in Figure 5. The 100 Å DC arc between the graphite rod and crucible in ambient air was applied to a ball-milled combination of cubic silica and charcoal, generating 26.7% SiC. Adjusting the arc discharge current amplitude changes phase composition and SiC yield. The arc discharge’s volt–ampere properties were examined with a dual-channel oscilloscope. The first channel tracked voltage, and the second channel tracked current.



Integrating voltage and current to draw a power curve determined dissipated energy. Infrared thermometers recorded the temperature every 2 s till 1850 °C. The current was held constant while the impregnation ratio (Si:C = 1:4, 1:2, 1:1, and 2:1), residence period (10–30 s), and arc discharge trials were varied (1–3). When this triple-fold arc approach is applied at 220 Å for 25–30 s, silicon and carbon are converted to SiC.




3.3. Detonation Technique


Langenderfer et al. [26] implemented an approach to synthesise nano-diamonds of SiC that involved a mild steel pressure tank as a detonator. The charge was formulated by blending equal quantities (120 g) of both TNT and RDX that had been previously melted in separate boilers at 100 °C. An amount of 10 g of poly-carbo-silane was added to the TNT and RDX mix. The charge was cast in a hollow cylindrical container, and the cast material was suspended in the vessel’s middle. To begin the charge, the reaction vessel was cleansed with argon. After detonation, the vessel was shut for 0.17 h to allow the amorphous carbon to settle, as represented in Figure 6. The vessel was then opened, the amorphous carbon was collected, and the solid particles sank to the bottom. The supernatant was centrifuged at 4500 rpm to sediment the suspended particles for 0.75 h. The moisture was removed by placing them on a hot plate, followed by the addition of HCl to separate metal, metal oxides, and impurities. The acquired powder was then washed with distilled water and centrifuged till the pH of the wastewater approached 5. As a result, SiC was generated by using poly-carbo-silane to detonate explosives. The denoted soot contained amorphous carbon, nano-diamond, and silicon dioxide spheres.




3.4. Calcination Approach


Tan et al. [27] proposed a novel method for producing SiC by obtaining paper tissue (carbon-rich), spherical glass (silica-rich), and Fe (catalyst), then calcining it. The mixture was then made up of 0.15 g of Fe (NO3).39H2O liquefied in 50 mL of water and 1 g of silica-rich material. The mixture was injected into the paper tissue (3.5 g) and dehumidified in a hot air oven at 100 °C for 10 h, as mentioned in Figure 7. The forerunners were then fed into a tubular reaction chamber and calcined for 2 h at 1600 °C in an argon atmosphere. To extract carbon, the chamber’s output was sintered at 800 °C for 5 h. The iron and silica content were removed by injecting a blend of hydrogen chloride and hydrogen fluoride. Thus, SiC was synthesised using a calcination approach. This research opens new possibilities for recycling wastepaper and glass into low-cost microwave absorber nanomaterials.




3.5. Pyrolysis Technique


Rajarao et al. [28] synthesised porous β-SiC Nanoparticles (ø—20–80 nm) using waste macadamia shells as the carbon source and silica at 800 °C in an argon atmosphere. Sun et al. [29] presented a method for creating SiC using solid residue (carbon) and sandstone (silica) powder. The residue was procured from EtOH-SCC mining. The superfluous was cleansed with ethanol to remove the available liquid tar and then dehydrated at 60 °C for 12 h to separate the ethanol, followed by cooling the materials to atmospheric temperature and grinding them to a particle size of 250 μm. Later, the residue was strained with HCl and sintered at 75 °C for 48 h to separate the metallic impurities. After that, it was cooled, filtered, and washed with ion-free distilled water. The sandstone specimens, acquired from the Plumbago Creek silica sand sediment, were size reduced to 75 µm. Hydrochloric acid was sprinkled to remove the metallic particles from the sandstone powder. The cleansed residue and the sandstone grains were sintered at 1300–1600 °C for 1–3 h in an argon environment to produce SiC. The extra carbon in the SiC was removed by heating it at 850 °C for 6 h. It was demonstrated that a ball-milled sample of rice husk heated at 1500 °C for 2 h in an argon atmosphere yielded 69.2% SiC whiskers and SiC particulates [30]. The generation of porous β-SiC was carried out by utilising corn stover and sandstone as initiators in an aluminium crucible at 1700 °C for 4 h under an argon gas flow of 50 mL·min−1 [31]. By pyrolysing organo-silicas, SiC with a large specific surface area of 100 m2·g−1 can be formed.




3.6. Molten Salt Synthesis Strategy


β-SiC nanowires (ø—10–50 nm) were produced by heating the silicon (partial reaction with NaF:NaCl = 10:1) and graphite in the ratio of 1:2 at 1400 °C for 3 h. SiC was generated on the surface of the graphite to prevent the oxidation of the inner graphite. The energy requirement for this process can be reduced from 1400 to 1150 °C if the raw material is coated with black carbon. The diameter of the SiC can be changed by varying the silica and carbon black fractions. Molten silicon and carbon react at 1100–1300 °C in a mixture of 95% KCl and 5% sodium fluoride in an argon environment to synthesise SiC on the surfaces of the graphite flakes [32]. Silicon and graphite powders are fed into a corundum furnace at 1200 °C to synthesise necklace-shaped SiC/SiOx heterojunctions that contain both SiC/SiO2 (ø—0.3–1 μm) and Beans-SiO2 (ø—2–5 μm). The generated products have the potential to be used in violet blue-emitting devices [33].




3.7. Sputtering Approach


The synthesis of SiC thin films with high adhesive strength by the amalgamation of metal vapour vacuum arc ion-source implantation and ion beam-assisted deposition was fulfilled by pre-treating the silicon with carbon at an ion hypnotic power of 5 × 106 ions·cm−2. In another scenario, the targets were carbon (Mz grade) and silicon (5N purity), and they were subjected to sintering at 700 °C with a pressure of 1 Pa to synthesise SiC with excellent chemical and optical characteristics. A radio frequency magnetron co-sputtering approach was used for producing amorphous SiC films for use as a solar cell passivation layer. The target for this method is silica and carbon to deposit the film on p-type silicon (100) and glass substrates at room temperature. The emergence of crystalline and amorphous SiC films is proved using a single-composite target magnetron sputter deposition technique.



To attain controllable C content in the SiC films, the graphite coverage area was varied between 5 and 15%, with stoichiometry achieved at 12.85%. With no external heat during deposition, the films on Si substrates crystallised into 21H-SiC. SiC films deposited on quartz substrates under the same process parameters are amorphous. These films have an optically measured band gap of 3.4 eV, a refractive index of 1.96 at 1300 nm, and a high transparency of 85% in visible and near-infrared regions [34].




3.8. Solvothermal Synthesis


One-dimensional SiC was produced in an autoclave at 600 °C by a Mg-catalysed co-reduction of silicon-tetrachloride and 2-ethoxyethanol. Researchers tested the solvothermal preparation of 1D (nanorods, nanobelts, nanowires) and 2D SiC nanomaterials (nanosheets and hollow spheres). SiC composites can be made from extra carbon sources. SiC nanoparticles can be primed with waste plastics, creating a new path for plastic recycling. Using iodine and sulphur as additions lowered the processing temperature, highlighting the solvothermal method’s uniqueness. The pyrolysis of polymethyl silane at 550 °C has been used to produce SiC nanoflakes and nanowires via a solvothermal technique. The nanostructures have high photoluminescence at 405–425 nm under 340 nm excitation wavelength [35].




3.9. Replica Technique


The porous carbon and silicone oil were sintered at 1600 °C for 1 h in an inert atmosphere to yield 40% of coated SiC. This approach was considered simple, and feedstocks were inexpensive, making the process viable for industrial applications. Organic foam impregnation produced SiC reticulated porous ceramics, with polyurethane sponges as templates and deionised water or alcohol as slurry solvents. The impregnation route comprises two stages; the first stage is where the raw materials are fed into a furnace at 700 °C, followed by sintering at 1800 °C in an argon environment.



The apparent density, sintering behaviour, and microstructures of the framework of SiC reticulated porous ceramics formed with aqueous slurry under different sintering aids and sintering processes, as well as the alcohol slurry, were compared. The test results demonstrated that the apparent density and microstructure of the samples produced with Y2O3 + AlN as a sintering aid were superior to those formed with Al2O3 as a sintering aid. The samples generated using alcohol slurry provided optimal properties for the aqueous slurry [36].




3.10. Siliconising Method


This is a method of synthesising textile-shaped β-SiC. The process involves siliconised silicon fabric with silicon monoxide vapour at 1400 °C with a pressure of 0.09 Pa to produce a combination of cubic (3C-SiC) and hexagonal SiC (6H-SiC). SiC fibres have a high mechanical tensile strength of 1470 MPa, a nanoscale hardness of 10 GPa, and an elastic modulus of 110 GPa [37].




3.11. Solid State Approach


3C-SiC and 6H-SiC were generated using a solid-state approach by utilising silica and activated carbon at 1300 °C for 6 h at 98 wt% [38]. Ugraskan et al. [39] proposed a solid-state method for producing high-quality SiC with a particle size of 850 nm. The solid-state method entails the reaction of three different materials: mixed waste glass (silica), magnesium, and graphite (carbon) with an impregnation ratio of 1:3:1, which were fed into the ball mill for size reduction. The milled mixture was heated at 600 °C for 14 h in an aluminium furnace in argon with a heating rate of 10 °C·min−1, as represented in Figure 8. The resulting grey powder of SiC was washed with 5 M hydrochloric acid to remove the impurities. The acidity and basic constants of SiC were recorded as 0.086 and 0.077 for this specific study.




3.12. Carbothermal Reduction


The carbothermal reduction technique involves the usage of graphite flakes and microfine silica in equal proportions as feedstocks. They were fed into a reactor at 1300–1850 °C for 2 h in the presence of noble gas to generate SiC, as represented in Figure 9. The removal of surplus carbon can be accomplished by heating at 950 °C for 1 h in an oxidising environment. This is a promising solution since it eliminates the need for acid leaching prior to installation. In another scenario, the raw materials used for the process were silica xerogels and carbon, fed into a furnace at 1400 °C for 2 h to yield SiC nanowires (ø—50–400 nm).



Zhong et al. [40] utilised activated carbon and silicon dioxide particles to generate SiC nanoparticles (ø—20–30 nm) at 1500 °C. These SiC nanoparticles demonstrated agglomeration. Incorporating 3 wt% lanthanum as a catalyst during the reaction reduces the activation energy from 695 J·g−1 to 295 J·g−1, and the temperature required declined to 1360 °C from 1530 °C. To synthesise SiC, the carbothermal reduction requires a high temperature near the melting point of silicon dioxide. As a consequence, the silicon dioxide particles are prone to coalescence, resulting in a product with an unfavourable morphology. To mitigate the concern of agglomeration, a core-shell structure was proposed. This structure primarily encased silicon dioxide in carbon to maintain adequate contact between the reactants while allowing the particles to scatter without conglomeration.



In order to prevent fatal crashes in the chemical industry, fuel cell applications, and engine tests, it is essential to find hazardous and flammable gases rapidly and precisely in harsh environments. SiC is a promising candidate for gas-sensing devices used in harsh environments.



Ceballos-Mendivil et al. [41] proposed a carbothermic reduction technique that could produce a nanostructure of β-SiC at 1500 °C for 2 h in an argon environment using SiO2/C nanocomposite. This has resulted in the introduction of a low-carbon dioxide emission approach that has provided a significant amount of active carbon for composite development and is more thermally stable. A mixed sol of coal fly ash, water glass, and activated carbon (a carbon source) was employed in a furnace at 1500 °C for 4 h to create nano-whiskers of SiC. The efficiency of this approach was 75% [42].



To synthesise cubic and hexagonal SiC with a surface area of 863 m2·g−1, Ecklonia Radiata macroalgae were fed into an alumina crucible at 1550 °C for 15 min [43].




3.13. Chemical Vapour Deposition


Chemical vapour deposition (CVD) is widely used in material manufacturing because of its low deposition temperature, ease of operation, and low maintenance costs. CVD uses hexamethyl-disilyl amine as the precursor and nitrogen as the carrier gas to deposit SiC coatings on C/C composite substrates at 750–1500 °C for 2 h. The surge in temperature will create smoother SiC. Deposition temperature affects phase transition, coating shape, and structure. The cold-wall technique produces densely packed and crystallised SiC films. β-SiC nanowires require a catalyst with 100 nm thickness and a temperature of 600 °C [44].



A greyish film of β-SiC nanorods (ø—10–30 nm) could be formed on the silicon surface at 2200 °C for 2 h by making use of solid carbon and silicon in a warm filament CVD. The precursor dicarba-closo-dodecaborane reacts with the Si substrate to generate amorphous-SiC nano springs and helical nanowires in a plasma-enhanced CVD approach. CVD was used to create flower shaped SiC nanostructures. The silicon substrate and gallium nitride powder were fed into a tube furnace at 1000 °C, and the advent of methane gas triggered the expansion of the nanostructures. By using a gas phase reaction, the generation of β-SiC monocrystalline thin films (ø—0.4–1.7 μm) via CVD at 1400 °C at 1 atm was implemented.



In conclusion, this path generates SiC with relatively large surface areas from gaseous forerunners. Nevertheless, this strategy consumes a lot of energy, and scalability is impossible. As a result, there is an opportunity to pursue gas phase approaches that are quick, high-yielding, and have low energy consumption. Table 2 represents the synthesis techniques and their influential parameters of silicon carbide.




3.14. Sol-Gel Technique


Najafi et al. [45] synthesised SiC nanopowder with a surface area of 171.4 m2·g−1 and particle size of 20–40 nm using liquefied precursors of tetraethyl orthosilicate (silicon-rich), Resol (carbon-rich), and hydrochloric acid as a catalyst. Ammonium polycarboxylate was used as a dispersant during gelation to limit product size and maintain solution durability. When the pH < 4, the solution was stable and formed β-SiC nanoparticles (ø—1–10 nm). On the contrary, when the PH surged from 4 to 7, the solution stability lowered, and the particle size increased. Sol–gel reactants are hydrolysed and gelated for homogeneous mixing. During the sintering of the gel to make SiC nanoparticles, gradient-oriented nucleation is possible, leading to the formation of SiC whiskers or nanowires.




3.15. Other Synthesis Techniques


3.15.1. Synthesis of Nanoparticles of SiC


Radiofrequency inductively heated plasma synthesises fine SiC nanopowder (ø—30–100 nm) from organic precursors (tetra-ethyl-orthosilicate, Hexa-methyl-disilane, and vinyl-trimethoxy-silane). To remove the impurities that existed in the SiC, they were subjected to thermal and hydrofluoric acid treatment [57]. A modified sol–gel method was used to synthesise ultrafine SiC nanoparticles at 1450 °C, and Si/C (1:1) was formed. The feedstock utilised was binary carbonaceous silicon xerogel and ferric nitrate as catalysts [58]. A femtosecond pulsed laser ablation technique was utilised for the synthesis of 4H-SiC (ø—2.84 nm) with a pulse width of 35 femtoseconds, a repetition rate of 1 kHz, a wavelength of 800 nm, and a single pulsed energy of 3.5 mJ focused by the lens at a residence time of 1.5 h. The value of the nonlinear absorption coefficient was found to be 3 × 10−13 m·W−1 [59]. A controlled generation of pyramid-shaped SiC nanoparticles (ø—5–20 nm) was implemented by the carbonate contamination of the silicon surface at a temperature range of 780–880 °C in the absence of oxygen. The density of the SiC nanoparticles can be altered by varying the amount of the carbonate species that are being deposited on the top layer of the silicon surface [60]. A molten salt electrosynthesis process generated SiC nanoparticles (ø—8–14 nm) from ultrafine silicon dioxide and carbon in molten calcium dichloride at 900 °C [61].




3.15.2. Synthesis of Nanowhiskers of SiC


SiC whiskers sprouted on the inner surface of the crucible after heating at 1600 °C for 3 h under 0.11 MPa under an argon environment and quick cooling. SiC whiskers generate when Si in FeSi and FeSi2 melt films react with carbon diluted from the graphite furnace [62]. C-SiC composite nanowhiskers were generated via molten salt synthesis from Si powders, graphite as feedstock, and salt medium as NaF at 1300 °C for 3 h. SiC whiskers 10–50 nm long grew on the flake graphite surface, and the oxidation activation energy was 45.72 kJ·mol−1 [63]. SiC nanowhiskers were fabricated at 1400 °C for 0.5 h at a heating rate of 20 °C·min−1 by making use of graphite and silica with a ratio of 1:3 [46]. Microwave sintering by utilising graphite and silica in a ratio of 1:3 fed into a furnace synthesised SiC nanowhiskers at 1400 °C for 0.67 h [64]. Microwave heating of silica and graphite in the ratio of 1:3 in a hot plate at 1400 °C for 0.33–1 h obtained SiC nanowhiskers with minimal weight loss of 6% and band gap of 2.8 eV [65]. Nanowhiskers of SiC were formed by microwave heating of silica and graphite with a ratio of 1:3 at 1350–1450 °C for 40 min. The optimised temperature was 1400 °C, and the absorption bands of Si-C were present at 803.5/cm [66].




3.15.3. Synthesis of Nanowires of SiC


β-SiC nanowires (ø—10–25 nm) with uniform amorphous SiO2 wrappers (ø—20–70 nm) and a length of 20 μm have been produced by carbothermal reduction of the sol–gel derived silica containing carbon nanoparticles. The acquired β-SiC nanowires depend on the higher quantities of SiC nuclei and the nanometre-sized SiC nucleus sites on carbon nanoparticulates [67]. SiC nanowires can be synthesised by utilising silicon and phenolic resin as feedstock and sintering it at 1450 °C in the presence of argon with a constant flow rate of 50 mL·min−1. The diameter and Young’s modulus of the SiC nanowires ranged from 215 to 400 nm and 559.10 to 576.50 GPa, respectively [68].



The pyrolysis technique was used to generate huge quantities of pure 3C-SiC nanowires by using SiO2/Si (silica-rich source) and graphene oxide (carbon-rich source) at 1350 °C for 3 h [69]. Nanowires of SiC with a diameter of 30–80 nm were fabricated by a direct reaction of graphene nanosheets with Si and SiO vapours at 1500 °C without a catalyst [70]. β-SiC nanowires were fabricated with a diameter of 80–100 nm using silica powder and ethanol as feedstock and ferrocene as a catalyst at 1550 °C for 2 h [71].




3.15.4. Synthesis of Nanofibres of SiC


Wang et al. [72] evaluated heat-resistant Tyranno SA/SiC composites synthesised by chemical vapour infiltration. At 2000 °C, composites retained 58% of their flexural strength. Zhao et al. [73] treated 3D polymer impregnation, and pyrolysis KD-I fibres reinforced SiC with a bending strength of 514.1 MPa at 1400 °C for 1 h in an inert environment. Lu et al. [74] generated 3D SiCf/SiC composites with polycarbosilane and KD-I fibres as the reinforcement. The composite’s ultimate tensile strength was 339.70 MPa at 1300 °C without oxidation. The electrospinning approach was implemented by making use of polycarbosilane as feedstock and toluene as a solvent to synthesise SiC fibres with an average diameter of 10.40 μm [75]. Large quantities of 2H-SiC with diameters of 200–800 nm and small quantities of 3H-SiC with a length of 3–15 μm were synthesised by sintering silicon nitride in the presence of argon at 1800 °C and 190 MPa [76]. A siliconising approach was used to fabricate SiC fibres at 1400 °C by using SiO gaseous vapour and carbon cloth as raw material. The obtained SiC fibre was like the morphology of the carbon texture [77].




3.15.5. Synthesis of SiC Using Polycarbosilane


The ceramic conversion of liquid polycarbosilane at 1300 °C under an argon environment obtained β-SiC with a crystallite size of 2 nm. Liquid polycarbosilane obtained as a by-product of polycarbosilane synthesis via a catalytic route was a viable SiC precursor for chemical liquid vapour deposition processes [78]. Selective solvent precipitation of high-molecular-weight polycarbosilane yields β-SiC micro powders. Polydimethylsiloxane was pyrolysed to form polycarbosilane (>3000 Da). Fine polycarbosilane powders (ø—10–100 μm) were sintered at 1200–1450 °C in argon. Polycarbosilane-high molecular weight is thermally stable. β-SiC particles were inert up to 1000 °C and reactive above that temperature [79]. Polymeric and oligomeric carbosilanes with Si atoms linked by methylene groups were employed to make nano-sized tubules and bamboo-like SiC structures by chemical vapour deposition and liquid precursor infiltration as well as pyrolysis inside nanoporous alumina filter discs, followed by dissolving the alumina framework in aqueous hydrofluoric acid.



SiC nanotubes had 200–300 nm outer diameters, 20–40 nm wall thicknesses, and 60 μm lengths. Chemical vapour deposition-derived SiC nanotubes annealed at 1600 °C in an argon environment provided nanocrystalline β-SiC or β-SiC/C composites in the shape of the source nanotubes, whilst liquid precursor-derived nanostructures converted to single crystal SiC nanofibers [80]. In an electrospinning approach, polycarbosilane fibres with a diameter of 1 μm were calcined at 1200 °C for 2 h to transform into β-SiC fibres with a diameter of 0.8 μm [81].



Polycarbosilane precursor was subjected to sintering at 1200 °C to generate 85% of β-SiC and trace quantities of α-cristobalite [82]. The chemical vapour deposition technique was employed for converting polycarbosilane films into polycrystalline β-SiC when heated at 200–1200 °C under a vacuum pressure of 10 torrs. The thickness of the polycarbosilane should always be less than 1 μm to avoid extensive cracking, thereby minimising the cost of transformation [83].




3.15.6. Synthesis of SiC Using In Situ Reaction Synthesis


SiC–Boron nitride composites were synthesised via the in situ technique that utilised silicon nitride, boron carbide, and carbon as feedstocks. The in situ process was advantageous for obtaining better composites with fine grain size and homogeneous microstructures. The SiC (25 vol%) doped with boron nitride via the in situ approach had a peak strength of 588 MPa, comparable with the monolithic SiC (peak strength—620 MPa). These in situ SiC–BN composites might have superior thermal shock resistance and mechanical strain tolerance [84].



Tetraethoxysilane in N-methyl morpholine-N-oxide-dissolved cellulose. Such solutions have a lower viscosity than neat cellulose solutions. This makes composite fibres conceivable in cellulose solution. Introducing 10% tetra-ethyl-oxy-silane in a cellulose matrix does not modify fibre strength, but the modulus of elasticity rises from 20% to 30%. It enables the thermal treatment of composite precursors to generate C-SiC fibres [85]. A spark plasma sintering method was utilised by making use of titanium, silicon, and carbon as raw materials to fabricate SiC at a faster rate with a grain size of 100 nm. The produced SiC did not form by direct interaction of silica and carbon, but it actually formed during the intermediate phase of the process [86]. SiC particulates (ø—0.2–10 μm) were synthesised by the in situ reaction of liquid–solid aluminium–silicon–carbon alloys at 750 °C. The particle size is positively correlated to the temperature of the approach [87].






4. Purification Approaches of Silicon Carbide


4.1. Thermal Treatment


Acid leaching and heat treatment extracted metallurgical-grade silicon from ingot sludge waste. Hydrofluoric acid and hydrochloric acid were used for leaching to eliminate the metal contaminants. The remaining SiC was sorted by melting point using 1600 °C in an inert environment, and the purity of silica was 99.70% [88]. The higher fatigue strength of 218.52 MPa was observed for the composite specimen comprising 9 wt% of SiCp and 4 wt% of fly ash at a sintering temperature of 670 °C, at a stirring speed and duration of 100 rpm and 15 min, respectively. The fatigue life cycle of the composites ranged from 9.29 × 105 cycles to 2.64 × 109 cycles under the conditions mentioned earlier [89]. SiC powder, along with excess carbon, was synthesised at 1550 °C from a Si sludge-to-C (1:1.4). To remove excess carbon from the obtained SiC, the product was heat-treated in the air at 750 °C for 5 h. The carbon was either removed as carbon monoxide or carbon dioxide when heated in the oxygen environment [90].



The induction heating process ingeniously combines the merits of different heating rates with superior purification phenomena and minimal material consumed. The induction heating process was subjected to 1300 °C for 5 h in a vacuum state. At the end of the initial heat preservation stage, high-purity argon was injected to maintain a constant pressure of 100–150 torr, and then the temperature was increased to 1650 °C for 5 h. Then, the temperature again surged to 2050 °C for 15 h. In the final stage, the temperature was slowly decreased to ambient temperature. Thus, a high-quality SiC source with a minimal weight loss of 6.7% and contaminants, such as Al, B, Fe, Mg, Na, and Ti, in the range of 1.10 ppm was observed [91].




4.2. Acid Leaching


The investigation involved the utilisation of sulphuric acid as the leaching agent for removing the iron and aluminium from quartz sand (silica-rich). The optimal leaching rates for iron and aluminium were 98% and 94%, respectively, after thermal treatment at 100 °C for 2 h. The impregnation ratio of solid to liquid was 1:4, and the grain size of quartz was between 0.125 mm to 0.250 mm [92]. The impact of introducing hydrogen peroxide as an oxidising agent on cleansing metallurgical grade silicon by leaching with hydrofluoric acid was examined as a function of leaching temperature, particle size, leaching duration, and leaching agent concentration.



Hydrogen peroxide in hydrofluoric acid lixiviant increased the removal ability for metallic contaminants without affecting hydrofluoric acid concentration. Leaching with 1 mol·L–1 hydrofluoric acid and 2 mol·L–1 hydrogen peroxide at 55 °C for 0.25 h improved metallurgical grade silicon purity from 99.74% to 99.96%, and subsequent leaching improved it to 99.99% [93].




4.3. Floatation


Mean and median particle sizes are 3.98 µm and 1.71 μm before flotation and 9.30 µm and 9.70 μm after flotation. Flotation can recover SiC from waste silicon slurry. The effective hydrofluoric concentrations of 0.80 mol·L−1 for the first stage and 0.60 mol·L−1 for the second stage lead to a SiC recovery efficiency of 76.60%. In a two-stage flotation process, the ideal oxidation-reduction potential is −400 mV for the initial stage and −300 mV for the secondary, allowing 84.30% SiC recovery efficiency. At an ideal hydrofluoric acid concentration, 52.80% of SiC was recovered [94].





5. Properties of Silicon Carbide


5.1. Biomimetic Properties of Silicon Carbide


SiC biomaterials are employed in biosensing and optoelectronics due to their physical and thermo–mechanical properties. The material SiC has a high modulus of elasticity (425 GPa), a high hardness (46 GPa), and a low coefficient of friction (0.16). Moreover, it is a ceramic material appropriate for high chemical conditions, whereas amorphous ceramics have a thermal stability limit of 245 °C. SiC is biocompatible due to its broad bandgap of 2.5–3.1 eV based on polytype (2H-SiC, 4H-SiC, 6H-SiC, 15R-SiC, and 21R-SiC) and its chemical inertness that resists corrosion under harsh temperatures. To increase the creep resistance and endurance of oxide-free SiC, boron and carbon are added. Boron- and carbon-doped SiC is a suitable material for biomedical implants [95] due to the exclusion of grain boundaries. Physicochemical features of natural resources generated from plants with potential biological applications include mechanical properties, stiffness, stretchability, lightweight, and abrasion resistance.



The biomimetic synthesis approach entails a reaction of carbonaceous biopreform and infiltrating silicon melt at 1200 °C in the presence of oxygen to obtain biomorphic Si-SiC ceramic composites with flexural strength and Young’s modulus of 264 MPa and 247 GPa. Si-SiC composites were converted into porous (49 vol.%) SiC ceramics by depleting the surplus silicon phase in channel apertures with carbon. SiC-based materials can be used for structural applications and in designing filters that can withstand extreme temperatures and photocatalysts [96]. The morphologies, grain size, pore orientation, and pore size of these substances make them an exciting component in the biomedical sector due to their physicochemical characteristics.




5.2. Surface Properties of SiC


Observations indicate that SiC nanoparticles have a greater specific surface area than bulk materials. These features of nanoparticles have a substantial impact on their chemical stability and homogeneity, affecting their uses.



Several scientists, for instance, analysed the surface properties of SiC nanoparticles. Nanocomposites’ surface properties are essential for the creation of stable colloidal solutions and ceramic slurries. However, biosynthetic approaches such as the pulsed laser ablation method can manufacture SiC nanoparticles with enhanced hydrophilicity but mass-producing SiC nanoparticles is challenging. Changing the surface of SiC nanoparticles is one strategy for addressing the problems.



Organic and inorganic SiC nanoparticle modifications are the most common. Transplanting organic molecules onto the surface of SiC particles primarily constitutes the primary organic modification [97]. A layer of biotic material was placed on the exterior of modified SiC nanoparticles to prevent the nanoparticles from agglomeration and to enhance the adhesive strength of the SiC-resin interface.



In terms of inorganic modification, Saini et al. [98] modified SiC nanoparticles with concentrated nitric acid. C––O (1701/cm), -C––C- (1538/cm), and C–O (1185/cm) are present in the changed SiC, which may be the result of nitric acid oxidation. Surface treatment can alter the properties of SiC nanocomposites, allowing them to be utilised in current nanocomposites, innovative materials, and functional ceramics. Surface porosity and high surface area are the two most important characteristics of SiC ceramics for defining their surface properties. The characteristics of SiC nanocomposites can be modified using surface treatment, enabling them to be utilised in modern nanocomposites, novel materials, and functional ceramics. Surface porosity and high surface area are the key features of SiC ceramics for determining surface properties [99]. The surface properties of materials must be determined to explain wettability, cohesion, and adhesiveness. Furthermore, determining properties is critical for making the assessed materials suitable for industrial applications. Flow microcalorimetry, contact angle, and liquid adsorption can all be used to investigate surface attributes. Inverse gas chromatography at infinite dilution approaches is commonly employed by researchers. There is a need for a more detailed study to represent that SiC has exceptional surface properties and can be utilised for diverse applications.




5.3. Thermal Properties of SiC


Due to its high melting point (2700 °C) and chemical resistance, SiC is suited for high-temperature applications. Due to the size effect, nanoparticles have a huge surface area, resulting in a significant variation in thermal characteristics. Nano–thermodynamics has been developed to bridge the gap between macroscopic and nanoscale systems. Nano–thermodynamics of metal nanocrystals have been researched in depth. Huseynov et al. [100] examined the thermal breakdown of β-SiC nanoparticles using thermogravimetric analysis. The relationship between the mass of SiC nanoparticles and temperature at various heating rates was studied.



Due to their substantial specific surface area, SiC nanoparticles can absorb water and other compounds in the air. Initially, when the temperature increases, these adsorbed pollutants are removed, resulting in a decrease in sample mass. The sample’s mass increased as the temperature exceeded 800 °C, owing to SiC oxidation. Then, the effect of neutron radiation on the thermal behaviour of β-SiC nanoparticles was studied [101].



Timofeeva et al. [102] investigated the impact of surfaces and particle size on SiC’s thermal conductivity. The surface energy of nanoparticles does not affect their thermal conductivity, as demonstrated by the research. Given the same volume% and an increase in nanoparticle particle size from 6 nm to 90 nm, their thermal conductivity surged. It was found that particle size was positively correlated to thermal stability. Due to their better thermal stability at 800 °C and radiation resistance, SiC nanoparticles can be used in the aerospace and nuclear energy domains.




5.4. Electrical Properties of SiC


SiC is a semiconductor with exceptional electrical characteristics that make it ideal for semiconductor devices with high frequency. The side effect has been shown to have an impact on the material’s electrical properties, and some SiC nanoparticles possess distinctive electronic characteristics, including dielectric constant and conductivity. The impact of frequency and temperature on the electrical characteristics of β-SiC nanoparticulates was studied by See et al. [103].



The dielectric constant of SiC steadily declined as the frequency increased. Furthermore, there was no correlation between the surge in temperature and the dielectric constant of SiC that could be explained by the bandgap theory’s simple electron hopping. It has been noticed that element doping substantially influences the dielectric constants of SiC nanoparticles. To date, scientists have created Co, Fe, Cu, Ni, and N-doped SiC nanoparticles to enhance their dielectric constant. The variation in atomic valence creates corresponding voids, and the dielectric constant becomes escalated whenever these compounds reach the SiC lattice and substitute Si atoms. For instance, Fe atoms are trivalent, indicating they have three electrons that bind with supplementary compounds.



A p-type material with Fe-Si imperfections was formed if Si atoms were substituted by iron atoms in SiC, which improved the dielectric constant. Huseynov et al. [104] also revealed that neutron irradiation could innovate doping in SiC nanoparticulates, which improved the dielectric constant. On the other hand, Huseynov et al. [105] tested the influence of neutron irradiation, frequency, and temperature on SiC nanoparticle conductivity. Whenever the frequency was 0.95 kHz, the conductivity did not vary, but when the frequency was 2 kHz, it increased correspondingly. When the frequency was reduced to 1 kHz, the conductance of SiC nanoparticles inflated from 2×10−6 S·m−1 (100 K) to 8 × 10−5 S·m −1 (400 K), implying that towering temperature and frequency can cause SiC nanoparticles to develop more carriers. They also discovered that neutron radiation caused a nuclear phase shift in silicon atoms, resulting in the production of 31P, which improved the concentration of n-type donors as well as improved conductivity. To conclude, neutron irradiation and doping can enhance the electrical properties of SiC nanoparticles, expanding their horizons in diverse fields.





6. Applications of SiC


6.1. Wastewater Treatment-Based Applications of SiC


Wastewater management is a vital sector with environmental challenges that require immediate attention. Vegetable oil waste from numerous sources, especially the food industry, pollutes the air, water, and soil. Fraga et al. [106] synthesised first-generation and second-generation SiC membranes with unique top layers to separate oily wastes. These commercially made membranes remove suspended particles, grease, and oil from industrial effluent. For molecular separation, ceramic membranes are used in petrochemical, beverage and food processing, water purification, bioreactors, and chemical manufacturing.



SiC’s high chemical and thermal stability has attracted several industries. Current energy demand and environmental deterioration have pushed scientists to investigate hydrogen as an environmentally benign option. Commercial hydrogen generation necessitates using a large number of fossil fuels, which emit greenhouse gases that contribute to global warming.



For the development of innovative solutions, photocatalytic water-splitting techniques have emerged as a viable option for hydrogen production. Diverse compounds were utilised for artificial photosynthesis in the presence of a photocatalyst, and a vast amount of research was conducted. Most metal oxides respond more effectively to ultraviolet rays than to visible light due to their larger band gap. Thus, there is an urgent need for visible-light-driven photocatalysts capable of creating hydrogen through artificial photosynthesis. The semiconductor’s bandgap must be between 1.23 eV and 3.0 eV for this to be possible. SiC is the optimal material because of its bandgap (2.3–3.3 eV) and good physical and chemical properties. The three different morphologies of SiC (whiskers, vermiform, and particles) are robust, and they possess acceptable photocatalytic efficiency under ultraviolet irradiation for hydrogen generation via artificial photosynthesis in the absence of a sacrificial agent.



Initially, Au nanoparticles decorated with SiC nanowire hybrids were formed via deposition–precipitation at 350 °C for 2 h. Disodium sulphate was used as a sacrificial reagent in water under simulated sunshine from a 300 W xenon lamp. Over the composition-optimised Au/SiC composite (with 0.5 wt% Au), the photoactivity for hydrogen evolution (1495.8 μ·mol·h−1g−1) was increased significantly along with apparent quantum efficiency of 2.12%. Au (0.5 wt%)/SiC composite exhibited superior photocatalytic and structural stability in cycle tests. Photoluminescence, time-resolved photoluminescence, and photoelectrochemical analysis revealed enhanced charge separation and recombination acted as a way to enhance the photocatalytic and photoelectrochemical performances of SiC [107,108].




6.2. Composite-Based Applications


Wang et al. [109] described the development of a silicon nanoporous pillar array (Si-NPA), a silicon micro-nanometre structural composite model comprised of arrayed nanoporous silicon pillars. Various temperature and gas sensors with excellent sensitivity, short response times, and minimal hysteresis have been manufactured using Si-NPA or its nanocomposite materials as sensing substrates. These results indicate that Si-NPA could be utilised as a sensing element and as a prototype for producing sensing materials.



A large quantity of SiC nanowires (ø—15 nm) was generated utilising a catalyst-assisted CVD technique on Si-NPA. At ambient temperature, the humidity sensor capabilities of SiC nanowires/Si-NPA were studied by evaporating interdigital coplanar silver electrodes onto the surface of the specimen. At 100 Hz, a capacitance gain of 958% was only achieved when the relative humidity rose from 10% to 94%. Response and recovery times were 110 s and 90 s, respectively, and the most significant relative humidity hysteresis was 4.5% at 75% relative humidity. It has been demonstrated experimentally that SiC nanowires/Si-NPA sensors exhibit exceptional measurement reproducibility and long-term stability.



Ceramic fillers can provide electrical insulation due to their high thermal conductivity and moderate electrical conductivity. SiC ceramics can serve as fillers due to their outstanding thermal conductivity of 90 W·m−1K−1, exceptional thermal endurance, low thermal expansion coefficient, superior mechanical properties, and exceptional chemical durability. The high dielectric constant (40 MHz at 1 MHz) limits its use in fully interconnected electronic packaging systems for applications involving fast signal transfer. Yang et al. [110] developed a 20% loaded epoxy resin nanocomposite containing SiC nanoparticles with a conductivity of just 0.8 W·m−1K−1.




6.3. SiC Used for Energy Applications


Designers of spintronic devices have shown an interest in diluted magnetic semiconductors. Typically, they are produced by doping with magnetic metallic elements. SiC may be mature enough for higher power and more advanced electrical circuits, making it a crucial diluted magnetic semiconductor.



Seong et al. [111] fabricated V-shaped SiC nanowires that were only slightly magnetic and lacked a hysteresis loop at 5K. Tian et al. [112] created single-crystalline Mn-doped 3C-SiC nanowires from powders of Si, SiO4, Mn, and graphite. The magnetisation was analysed as a function of the magnetic field curves at 5K and 300K. In the case of Mn-doped SiC nanowires, the hysteresis loops at 5K and 300K demonstrate conclusively that the sample possesses substantial ferromagnetic ordering.



Mn-doped 3C-SiC nanowires can exhibit ambient temperature ferromagnetism. The results of the superconductor interferometric device indicate that nanowires exhibited room-temperature ferromagnetism behaviour. The ambient temperature ferromagnetism property of nanowires facilitates their use in spintronic devices.




6.4. Medical Applications of SiC


SiC bioceramics are appropriate for use in biomedical implants due to their bio-inertness, as well as their user-friendliness, mouldability, physical stability, non-reactivity, and biocompatibility. This SiC biomaterial may also be used to coat total hip replacements, ortho implants, and artificial heart valves. Recent efforts have been focused on the three-dimensional printing of bio-inert ceramic materials based on SiC.



Si micro-matching provides SiC with superior chemical and mechanical properties, enabling its usage in hip implants and prosthetic bone replacement. These cast ceramic materials are used as body components and to aid in life-saving therapies [113].



Cancer is one of the deadliest diseases, with many different forms of cancer progression and only a few medications available to treat them, although not totally. Nanoparticles made of 3C-SiC are one of the most intriguing strategies for combating cell proliferation. SiC nanoparticles could be utilised as active antiproliferative agents for cancer diagnostics. Nevertheless, cytotoxicity is arguably the most prevalent concern connected with SiC-based nanoparticles, and it is unknown if SiC-based nanomaterials can handle crucial problems and Si.



Current advances in three-dimensional tissue engineering have caught the attention of scientists studying its applications in the bio-derived medical field. It is difficult for 3D biomedical engineering to create complicated artificial organs using three-dimensional tissue constructs that can absorb nutrition and dispose of waste [114]. Most of them are constructed without using sacrificial spacers for various reasons, including cost, inconvenient methods, and time. When exposed to ultraviolet light coupled with a photo-initiator, this produces chemicals that are harmful to cells.




6.5. Applications of Non-Stoichiometric SiC


The silicon-rich SixC1x films were fabricated in a low-energy plasma-amplified CVD reactor with a silane-rich atmosphere. By adjusting the radio frequency strength of the plasma, it appears possible to tune the silicon molar ratio, resulting in a range of materials with various Si/C ratios. The absorbance of the SixC1x films was between 400 nm and 600 nm, whereas the band gap was observed between 1.49 eV and 2.05 eV. The material’s performance was also evaluated for solar components, with lower series resistance, better efficiency, and shunt resistance upon reduction of the film’s diameter. The higher absorption of visible electromagnetic radiation by silica-rich SiC thin films indicates the material’s potential for use in electronics. Designing SiC ring–wave–guide resonators for use as data format followers or as an inverter [115].



Majid et al. [116] investigated the surfaces (1010) and (1120) of the material using a self-consistent charge-dependent tight-binding technique derived from second-order density functional theory. Surfaces under standard temperature and pressure are found to be semiconducting, while specific non-stoichiometric reconstructions have metallic properties. All the silicon atoms in the first layer were replaced with carbon atoms, resulting in a carbon-terminating material and a violation of stoichiometry.



As the Si-Si bond is longer than the Si-C bond, the Si-terminating surface proved stable across a broad temperature range. In contrast, the carbon-terminating surface was only stable in conditions with a higher carbon fraction. The Si terminating surface was found to be metallic, with a silicon equivalent state positioned 0.5 eV above the valence band maximum. In contrast, the carbon-terminating surface exhibited a carbon-associated state at 2.9 eV above the Fermi level; the valence band maximum was deemed semiconducting. The applications of silicon carbide, as well as their influencing characteristics, are shown in Table 3.





7. Conclusions and Future outlooks


This review emphasises the synthesis, characteristics, and utilisation of SiC nanomaterials. The shape of as-received raw materials, sintering method, processing temperature, particle size, and process parameters influences the synthesised product of SiC. Homogeneity in the obtained SiC can be challenging to attain. The synthesis of SiC had temperatures ranging from 750 °C to 1800 °C, and a residence time of 1–6 h with or without catalyst was discussed. Electrical, biomimetic, biocompatibility, and thermal properties of SiC were described to use in divergent applications.



Further research is essential to determine the relationship between cubic, hexagonal, and rhombohedral SiC structure and performance. This allows the selection of SiC nanoparticles with the required performance for nanodevices. SiC nanoparticles’ cytotoxicity must be examined further for medicinal and biological applications. Researchers must study SiC’s performance at extreme temperatures.



There is a need for research in the generation of α-SiC because substantial investigation has been undertaken in the β-SiC. SiC’s tribological and mechanical characteristics must be analysed for different applications. Researchers should focus on solid-state systems that can produce SiC at lower temperatures. SiC nanoparticles are employed in composites, catalysts, bioadhesives, etc., due to their exceptional characteristics. Most of these applications remain under investigation, but they have promising applications. This requires extensive research, constructive interaction, and coordination between scholars.
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Figure 1. Number of review articles published per year from 2012 to 2022. 
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Figure 2. Covalent bonding of silicon carbide. 
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Figure 3. Structure of both alpha and beta silicon carbide. 






Figure 3. Structure of both alpha and beta silicon carbide.



[image: Processes 11 00283 g003]







[image: Processes 11 00283 g004 550] 





Figure 4. Microwave sintering of silicon carbide nanoparticles. 
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Figure 5. Schematic representation of arc discharge plasma. 
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Figure 6. Detonation synthesis of silicon carbide. 
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Figure 7. Calcination approach to generate silicon carbide. 
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Figure 8. Solid-state synthesis of silicon carbide. 
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Figure 9. Carbothermal synthesis of silicon carbide nanoparticles. 
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Table 1. Characteristics of cubic and hexagonal silicon carbide.
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Properties

	
Unit/Condition

	
Types of Silicon Carbide

	
References




	
Cubic

	
Hexagonal




	
3C

	
2H

	
4H

	
6H






	
Bandgap

	
eV

	
2.360

	
3.300

	
3.263

	
3.023

	
[11]




	
Lattice constant a

	
Å

	
3.083

	
3.076

	
3.070–3.081

	
3.081

	




	
Lattice constant c

	
Å

	
7.551

	
5.048

	
10.05–10.08

	
15.117

	




	
Lattice constant c/na

	
-

	
0.817

	
0.821

	
-

	
0.818

	




	
Si/C

	
-

	
1.046

	
-

	
1.001

	
1.022

	
[12]




	
Carbon vacancies

	
1020 cm−3

	
33.6

	
-

	
7.3

	
16.3




	
Jagodzinskii notation

	

	
h

	
hc

	
hcc

	
c




	
Critical breakdown field strength

	
MV·cm−1

	
>1.5

	
-

	
2–3

	
2–3




	
Saturation rate

	
107 cm·s−1

	
2.7

	
-

	
2

	
2




	
Dielectric constant

	
Static

	
9.72

	
-

	
9.66

	
9.66

	
[13]




	
High Frequency

	
6.52

	
-

	
6.52

	
6.70




	
Infrared refractive index

	

	
2.55

	
-

	
2.55–2.59

	
2.55–2.59




	
Optical photon energy

	
meV

	
102.8

	
-

	
104.2

	
104.2




	
Radiant recombinant coefficient

	
10−12 cm3·s−1

	
-

	
-

	
1.5

	
-




	
Phonon Energy

	
meV

	
-

	
-

	
46.7–104.3

	
36.3–104.7




	
Space group

	
-

	
F43m

	
P63mc

	
P63mc

	
P63mc

	
[14]




	
Hexagonality

	
%

	
0

	
100

	
50

	
33




	
Density

	
g·cm−3

	
3.215

	
3.219

	
3.215

	
3.212




	
Thermal conductivity

	
W·cm−1k−1

	
3.6

	
-

	
4.9

	
4.9




	
Electron Mobility

	
cm2·V−1s 30 °C

	
≤1000

	
-

	
≤850

	
≤450




	
Hole Mobility

	
cm2·V−1s 30 °C

	
≤40

	

	
≤120

	
≤100




	
Electrical resistivity

	
Ω cm

	
102–103
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Table 2. Synthesis of silicon carbide along with their process parameters.
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Process Condition

	
Methodology

	
Form of SiC

	
Yield (%)

	
Diameter (nm)/

Particle Size (µm)

	
References






	
1

	
1200 °C; 0.1 h

	

	
Beta

	
98.5

	
15–30 nm

	
[22]




	
2

	
1650 °C; 1 h

	
Microwave sintering

	
Beta

	
75.7

	
-

	
[23]




	
3

	
220 Å; 3–8 × 10−3 h

	
Powder

	
-

	
-

	
[24]




	
4

	
1600 °C; 2 h

	
SiC

	
-

	
-

	
[27]




	
5

	
800 °C

	
Beta

	
-

	
80 µm

	
[28]




	
6

	
1300–1600 °C; 1–3 h

	
SiC

	
-

	
-

	
[29]




	
7

	
1500 °C; 2 h

	

	
Nanowhiskers

	
69.2

	
-

	
[30]




	
8

	
1800 °C

	
Replica

	
Nanorods

	
-

	
-

	
[36]




	
9

	
1400 °C

	
Siliconising

	
Textile-Beta

	
-

	
-

	
[37]




	
10

	
1500 °C

	
Carbothermal redox

	
SiC

	
-

	
20–30 µm

	
[40]




	
11

	
1500 °C; 2 h

	
Beta

	
-

	
-

	
[41]




	
12

	
600 °C

	
Sol–Gel

	
Nanowires-Beta

	
-

	
100 µm

	
[44]




	
13

	
1400 °C

	
Nanopowders

	
-

	
20–40 µm

	
[45]




	
14

	
1400 °C; 0.5 h

	
Nanowires

	
-

	
-

	
[46]




	
15

	
1500 °C; 1 h

	
Strands-Beta

	
-

	
8.2–300 nm

	
[47]




	
16

	
1400 °C; 3 h

	
Beta

	
-

	
-

	
[48]




	
17

	
1650 °C; 1 h

	
SiC

	
-

	
10 nm

	
[49]




	
18

	
1500 °C; 5 h

	

	
Mesoporous

	
-

	
-

	
[50]




	
19

	
1500 °C; 1 h

	
Thermal evaporation

	
Nanoporous

	
-

	
50–200 nm

	
[51]




	
20

	
1700 °C; 1 h

	

	
Nanowires

	
-

	
20 nm, 2 µm

	
[52]




	
21

	
1100 °C; 2 h

	
Sputtering approach

	
Nanoclusters

	
-

	
165 µm

	
[53]




	
22

	
1800–1950 °C

	
Carbothermal reduction

	
Porous—40–55%

	
-

	
0.003–30 µm

	
[54]




	
23

	
1250–1350 °C

	

	
Nanostructured

	
-

	
-

	
[55]




	
24

	
750–1500 °C; 2 h

	
CVD

	
Coatings

	
-

	
-

	
[56]
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Table 3. Applications of silicon carbide along with their influential parameters.
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Applications

	
Process Condition

	
Particle Size (nm)/Porosity (%)

	
Thickness (μm)/Diameter (mm)

	
Parameters

	
References






	
1

	
Membrane Technology

	
1600–2000 °C 1 h, Ar

	
500–50000 nm; 40–47%

	
-

	
0.18–0.25 H2O/Powder

	
[117]




	
2

	
Membrane Technology

(Oenology)

	
-

	
250 nm

	
3 mm

	
0–14 (PH resistance)

2–72 hL·h−1 (Permeate flow)

	
[118]




	
3

	
Membrane Technology

(Ceramic foam)

	
4–10.3 MPa

27 Pa (Pressure Drop)

	
6–15 × 104 nm

	
-

	
<10 µm (Pores)

69.2–84.1% (Foaming agent)

70.2–94.6% (Particulate filtration ɳ)

	
[119]




	
4

	
Membrane Technology

(Filtration)

	
0.47–5.44 MPa

	
5.52–36.09 nm

	
-

	
50% (Pore channels)

5.67 × 105 L·m−2h−1bar−1 (Max. H2O permeability)

96.1% (Removal rate)

	
[120]




	
5

	
Membrane Technology

(High-temperature insulation)

	
1300–1400 °C

	
-

	
-

	
0.217 W·m−1k−1 (Thermal conductivity)

	
[121]




	
6

	
Membrane Technology

(Oil water separation)

	
1000 °C, 38–45 MPa

	
400 nm, 46%

	
-

	
3700 L·m−2h−1bar−1 (Pure H2O permeance)

>90% (High rejection rate/Oil droplets)

	
[122]




	
7

	
Membrane Technology

(Pressure sensor)

	
-

	
150–820 nm

	
-

	
 ± 1% (High size accuracy), 87.4 °C (Step side wall)

	
[123]




	
8

	
Membrane Technology

(Gas permeability)

	
1450 °C, 2 h, 8 wt%

23.83–25.55 MPa

	
42.72–43.88 %

	
-

	
95.22% (Strength retention rate)

6.18 × 10−9 m2 (Darcian permeability)

	
[124]




	
900–1150 °C, 24h

22–33.6 MPa

	
-

	
-

	
47.5%, 900 °C (Hot modulus of rupture)

57.4%, Glass bonded support

	
[125]




	
32.15–38.77 MPa

	
9.93–34.92 nm, 22–120%

	
-

	
5.817 × 10−12 m2 (Gas permeability)

	
[126]




	
9

	
Membrane Technology

(Water filtration)

	
1000 °C, 3h

	
78 nm

	
-

	
700 Lmhbar−1 (H2O membrane permeance)

	
[127]




	
10

	
Membrane Technology (Spray coating)

	
-

	
2310 nm

	
-

	
0.12 mg·m−3(Dust concentration)

99.95% (Filtration efficiency)

105.2 L·m−2h−1bar−1 (Gas filtration permeability)

	
[128]




	
11

	
Membrane Technology

(Gas sensors)

	
500 °C

	
-

	
-

	
312 mW (Power)

3174.64 ppm·°C−1 (Resistance to K)

	
[129]




	
12

	
Membrane Technology

(Microfiltration)

	
1100 °C, 1 h

	
93 nm

	
-

	
>210 L·m−2h−1bar−1 (H2O membrane permeance)

	
[130]




	
13

	
Membrane Technology

(Water in oil emulsification)

	
170 °C

	
980–1160 nm, 26–48%

	
-

	
-

	
[131]




	
14

	
Photocatalytic Technology

	
-

	
0.489 nm

	
-

	
694 nm·h−1 (Material removal rate)

	
[132]




	
15

	
Photocatalytic Technology

(Composite foams)

	
400–700 °C

	
-

	
-

	
16–24 wt% (TiO2)

	
[133]




	
16

	
Photocatalytic Technology

(Energy storage)

	
-

	
0.113–0.738 nm

	
-

	
1.109 μm·h−1 (Material removal rate)

	
[134]




	
17

	
Field effect transistors

(Channel transistor)

	
-

	
4.1 nm

	
-

	
1457, 1132, 980 µA·µ−1m−1 (P-type)

229, 35, 21 µA·µ−1m−1 (N-type)

	
[135]




	
18

	
Field effect transistors

(Epitaxial bilayer)

	
25–200 °C

	
-

	
-

	
40 GHz (Max. oscillation frequency)

	
[136]




	
19

	
Metal semiconductor field effect transistor with bulgy channel

	
-

	
-

	
-

	
63.76% (Breakdown voltage)

72.85% (Max. output power density)

4.42% (Cutoff frequency)

	
[137]




	
20

	
Metal semiconductor field effect transistor with p-type doing

	
-

	
-

	
-

	
30% (Bulgy channel), 78% (Breakdown voltage)

137% (Max. output power density)

18% (Characteristic frequency)

	
[138]




	
21

	
Cleaning method

	
-

	
12,000 nm

	
150 mm

	
150 mm (4H-SiC)

	
[139]




	
22

	
Electrochemical

(Mechanical polishing)

	
-

	
-

	
-

	
14.54 µm·h−1 (Material removal rate)

4.5X (>Electrochemical)

290X (>Mechanical)

	
[140]




	
23

	
Electrochemical capacitance

	
-

	
-

	
-

	
3.1 Ω (Low charge transfer resistance)

3.2 mF·cm−2 (Areal capacitance value)

100 mV·s−1 (Cycle voltammetry cycle)

50 mV·s−1 (Scan rate)

	
[141]




	
24

	
Catalyst

	
20 min

	
-

	
-

	
62 µm·h−1 (Material removal rate)

163.33 to 25.45 nm (Surface roughness)

	
[142]




	
25

	
Electrochemical performance

	
-

	
-

	
-

	
5 wt% catalyst,

200 F·g−1 at 0.5–3 A·g−1 (Specific capacitance)

	
[143]




	
26

	
Lithium–ion batteries

(Anode material)

	
-

	
400–600 nm

	
-

	
>99% (Coulombic efficiency)

1000 mA·h·g−1 (Specific capacity)

0.5 A·g−1 (Charge discharge rate)

	
[144]




	
27

	
Lithium–ion batteries with electrochemical stability

	
-

	
-

	
-

	
98.06% (Coulombic efficiency)

748.2 mA·hg−1 (Initial discharge capacity)

0.1 A·g−1 (Charge discharge rate)

816.3 mA·hg−1 (Reverse capacity) at 100 cycle

1.0 A·g−1 (Charge discharge rate)

	
[145]




	
28

	
Electrochemical corrosion

	
-

	
8170–22,420 nm

	
-

	
0.44 gm·cm−2 hr−1 (Degradation rate)

	
[146]




	
29

	
Nuclear fusion reactor

(Composite)

	
1323 MPa

	
-

	
-

	
(Infiltrated Tungsten Copper) 2 wt%–SiC

0.373 (Highest particle–particle contiguity)

	
[147]




	
1380 °C, 3 h, 9:1 (Si:SiO2)

	
600–800 nm

	
-

	
34% (Conversion rate of carbon to SiC)

>94% (SiO gas)

	
[148]




	
30

	
Light water reactor

	
300 °C, 15 MPa

	
-

	
-

	
5.1 MeV (Irradiated Chemical Vapour Deposition)

	
[149]




	
31

	
Fusion ceramic welds

	
1450 °C

	
-

	
-

	
160–200 Å, 36.9  ±  1.3 Vol% SiC

	
[150]




	
1700 °C, 600 MPa

	
-

	
-

	
3–4 MPa·m0.5 (Before welding)

2–2.5 MPa.m0.5 (After welding), 40–60% (Strength)

	
[151]




	
32

	
3D printing

	
600 °C

	
-

	
-

	
Room Temp, 4 GHz, −57 db, 3 GHz, −15 db

2.7–3.9 GHz

(Max. Electromagnetic wave absorption bandwidth)

−16–64 db

(Min. electromagnetic wave reflection coefficient)

	
[152]




	
33

	
Catalyst

(Hydrogen production)

	
-

	
-

	
-

	
2248.5 μL·h−1g−1 (Photoreaction rate)

2.1 (Individual platinum loading)

	
[153]




	
34

	
Automobile brakes

	
120–153 MPa

	
6%

	
-

	
2.3 g·cm−3 (Density), 0.33 (SFC)

	
[154]




	
35

	
High-speed trains

(Brake pads)

	
-

	
-

	
-

	
33 stops at 14 m/s, 93.1% (Coefficient of friction)

8 stops at 55 m/s, 98.9% (Coefficient of friction)

	
[155]




	
-

	
-

	
-

	
0.443 at 37 m/s, 0.486 at 55 m/s, 0.460 at 69 m/s,

0.469 (HMFC), 0.895 (SC), 0.147–0.338 cm3·MJ−1

	
[156]




	
1.25 MPa

	
-

	
-

	
200–350 Km·h−1

	
[157]
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