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Abstract

:

Carbon-based quantum dots and their nanocomposites have sparked immense interest for researchers as sensors due to their attractive physico-chemical properties caused by edge effects and quantum confinement. In this review article, we have discussed the synthesis and application of nanocomposites of graphene quantum dots (GQDs) and carbon quantum dots (CQDs). Different synthetic strategies for CQDs, GQDs, and their nanocomposites, are categorized as top-down and bottom-up approaches which include laser ablation, arc-discharge, chemical oxidation, ultrasonication, oxidative cleavage, microwave synthesis, thermal decomposition, solvothermal or hydrothermal method, stepwise organic synthesis, carbonization from small molecules or polymers, and impregnation. A comparison of methodologies is presented. The environmental application of nanocomposites of CQDs/GQDs and pristine quantum dots as sensors are presented in detail. Their applications envisage important domains dealing with the sensing of pollutant molecules. Recent advances and future perspective in the use of CQDs, GQDs, and their nanocomposites as sensors are also explored.
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1. Introduction


Carbon-based materials have gained immense attention for environmental decontamination owing to their appealing physicochemical characteristics viz large specific surface area, tunable structure, low toxicity, and outstanding stability. Quantum dots (QDs) are semiconductor nanoparticles (NPs) of a size less than 10 nm, confined inside spatial dimensions with quantized energy states [1,2]. The atoms in the QDs are arranged similarly to those in bulk materials, however because of 3-dimensional truncation, there are more atoms on their surfaces. QDs have exceptional luminescent and electrical features, including a narrow emission, broad and continuous absorption spectrum, and great light stability [3,4].



Semiconductor-based QDs are highly effective inorganic fluorescent probes, having long-term photobleaching resistance. In terms of biocompatibility, chemical inertness, and low cytotoxicity, carbon-based QDs viz. carbon quantum dots (CQDs) and graphene quantum dots (GQDs) outperform the typical semiconductor QDs such as CdSe dots, ZnO dots and others [5,6,7,8]. They utilize easily available natural resources as raw materials, and have a number of advantages, including wavelength-dependent luminescence emission, ease of synthesis, and bioconjugation [9,10]. Their optical characteristics are improved by the non-zero band gap. They also exhibit edge effects caused by the existence of a functional group on their surface. In the case of carbon-based QDs, a broad photoluminescence emission with strong excitation wavelength dependency and broad absorption bands are seen [11]. Most researchers have reported their applications in electrocatalysis [12,13,14,15], light-emitting diodes [16], tumor imaging and therapy [17], cell labelling [18], and cell imaging research [19]. As per data from Science Direct, more than twenty-three hundred articles have been published on CQDs and GQDs to July 2022. However, a review elaborating the sensing properties of nanocomposites made of CQDs, and GQDs, is lacking. In the present review, a complete account on the synthesis of CQDs, GQDs, and their nanocomposites, with various inorganic and organic materials, is given. The current research scenario for their environmental application as sensors, and future thrust areas of research, are explored.




2. CQDs and GQDs


CQDs are small carbon NPs with a size less than 10 nm having excellent conductivity, chemical stability, environmental friendliness, high photostability, broadband optical absorption, low toxicity, photobleaching resistance, high surface area, and ease of modification. The photoluminescent properties of CQDs are their most notable feature [20,21]. CQDs have high fluorescence stability, which indicates that the fluorescence emission intensity can remain constant even after a long time of continuous stimulation. CQDs are an appealing option in sensor applications because of their unique properties [22]. Due to many carboxyl groups on their surface, CQDs have outstanding potential to either contain appropriate chemically reactive groups for functionalization, or to connect with diverse polymeric, organic, biological, inorganics, or natural materials, for surface modification. Surface passivation promotes fluorescence, and surface functionalization improves solubility in both aqueous and non-aqueous media [23]. When there is a lot of oxygen in the air, it creates a new energy state inside the band gap of CQDs, which causes the diameter to shift [24]. Thus, CQDs as sensors have grabbed the interest of researchers [25].



GQDs are two-dimensional nanocrystals composed of small graphene particles with lateral diameters less than 100 nm. Single atomic layered GQDs containing only carbon are ideal. They are also known to include oxygen and hydrogen, as well as many layers having a thickness of less than 10 nm. GQDs have an adjustable band gap energy between 0 and 6 eV. Due to the quantum confinement effect, and conjugated edge effects, the band gap can be tailored by modifying the lateral size or surface chemical characteristics [26]. GQDs have exceptional optoelectronic capabilities, high biocompatibility, and low manufacturing costs, making them a viable alternative to well-known metal chalcogenides-based quantum dots. In addition, compared to typical semiconductor quantum dots, graphene has remarkable thermal and electrical conductivity because of the bonding below and above the atomic plane [27,28]. Tunable photoluminescence (PL), outstanding biocompatibility, remarkable spin property, exceptional UV-blocking capability, and high photo stability, are among the wide range of excellent properties of GQDs, along with other physical characteristics such as high surface area and surface grafting assistance through conjugated network [29]. As the pH of GQDs solution is increased from 1.0 to 11.0, a red shift from 522 to 575 nm is detected [30]. This is caused by deprotonation of oxygen-containing functional groups like carboxyl, hydroxyl, and epoxy. A peak at 626 nm is detected at pH levels of more than 11.0, giving it red florescence. They are quite sensitive to changes in pH and temperature, and even with a small change in temperature or pH, a rapid shift in fluorescence has been reported. Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) images reveal monodispersed GQDs and CQDs [31,32] (Figure 1). Because of their distinctive photoluminescence properties and tendency to conjugate with various biomolecules, CQDs and GQDs have gained much interest in biomedical and bioanalytical applications. The development of sensitive bioanalysis systems for use in point-of-care testing would also benefit from the usage of CQDs and GQDs in conjunction with their unique optical properties. The simple accessibility of several types of carbon dots for therapeutic usage may mark a discernible improvement in their application. Excellent performance and excellent practicality have been demonstrated for the CQDs-based biomacromolecule detection in point-of-care testing for viruses [33]. Very recently, Li et al. [34] successfully used Gd3+ doped CQDs and specific antibody to detect SARS-CoV-2. Yuan et al. [35] utilized GQDs, gold nanoclusters that were conjugated with antibodies to detect pathogens.




3. Difference between CQDs and GQDs


CQDs and GQDs differ in their structural properties. GQDs are crystalline and sp2 hybridized, while CQDs are amorphous and sp3 hybridized. Surface defects produce the fluorescence of CQDs, which have a diameter of less than 10 nm. Quantum confinement causes the fluorescence of GQDs, which range in size from 2 to 20 nm [36]. GQDs are distinguished from carbon dots (CDs) by the graphene sheets within the dots, which is less than 100 nm in size and just 10 layers thick. CDs are usually carbon nanoparticles that are quasi-spherical in shape [37]. GQDs are ideal spherical nanocrystals of sp2 carbon nanosheets, whereas other types of carbon-based dots, such as CQDs, have a more complex structure with a carbogenic core, which in some cases resembles graphene nanolayers coupled with amorphous carbon. Two types of carbogenic spherical structures: one with a crystalline core holding both sp2 and sp3 carbons; and the other with a disordered structural core containing predominantly sp3 carbons, can be present. Bandgap transitions are produced by conjugated domains of QDs, which resemble massive aromatic systems with substantial conjugation of certain electronic energy bandgaps for photoluminescence emissions. Such electronic transitions are caused by the absorption of light by a number of high-density electrons in the sp2 hybridized orbitals, which have a substantial absorption band in the ultraviolet region [38]. The synthesis of CQDs, GQDs, and their nanocomposites, is covered in the next two parts. Figure 2 shows different methods of synthesis of CQDs and GQDs.




4. Synthesis of CQDs, GQDs and Their Nanocomposites


“Top-down” and “bottom-up” methods can be used to synthesize CQDs and GQDs, respectively [31] (Figure 3). Bottom-up methods include carbonization or pyrolysis of tiny organic molecules, as well as step-by-step chemical fusion of smaller aromatic molecules, whereas top-down methods include chemical, electrochemical, or physical decomposition approaches of big sized suitable materials containing carbon, like carbon black, graphene oxide, graphite, or carbon fibers [39,40]. CQDs can operate as electron sinks, transporting electrons from the semiconductor surface to the reactants [41]. The addition of metals (Cu, Ln, Zn, etc.), organic chemicals (L-tryptophan, polyethylenimine, etc.), and inorganic compounds (TiO2, ZnO, Fe3O4, etc.) to CQDs/GQDs improves optical characteristics by causing surface defects and altering the band gap [42,43,44,45,46,47]. The overall qualities required for their application in diverse fields can be enhanced by changes in the electronic structure [48]. The next section elaborates the synthesis of CQDs, GQDs, and their nanocomposites, using both top-down and bottom-up methodologies, as well as some unique synthesis routes.



4.1. Top-Down Methods for the Synthesis of CQDs and Their Nanocomposites


Physical or chemical techniques are commonly used to remove and chop massive carbon substrates to make tiny CQDs in the top-down methodology [49,50]. Xu et al. [20] and Bottini et al. [51] synthesized CQDs with varied quantum yields (QY) (0.016) by arc discharge processing of single wall/multi wall carbon nanotubes (SWCNT, MWCNT). This approach can reorder carbon atoms obtained from the breakdown of bulk carbon precursors [52]. Biazar et al. [53] developed a technique for producing CQDs and CQDs/TiO2 by using a direct-current arc discharge among high-purity graphite electrodes with size 27 nm. Though arc discharge was initially engaged in CQDs synthesis, the quantum yield (QY), homogeneity, and size of the generated CQDs are inadequate, and this approach has scale-up limitations as well, as there is the necessity for a small quantity of metal catalysts. As a result, further purification procedures are required. Furthermore, because of the high temperature requirement, this is not an ideal approach for the synthesis of CQDs.



Carbon materials can also be etched with a high-energy laser to produce CQDs with definite fluorescence quantum yield. Sun et al. [54] proposed a CQD synthesis approach that involves laser etching a carbon target in water vapor followed by acid treatment to produce CQDs with intense photoluminescence and a small size, which is beneficial for attaining higher QY. Doate-Buendia et al. [55] and Yu et al. [56] synthesized fluorescent CQDs by illuminating the target carbon glassy particles contained in toluene and polyethylene glycol 200 with laser with QY (15% and 18%) and size (3 and 4.2 nm), respectively. It is feasible to change the surface of CQDs during laser irradiation by using appropriate organic solvents; as a result, the PL properties of the manufactured CQDs can be adjusted [57]. The benefit of using double pulse laser technology over single pulse laser technology is the ability to employ the second pulse’s shock wave ablates the created CQDs even more, resulting in smaller particles [58]. By producing a high number of functional groups on the surface of CQDs, this method can improve their optical and catalytic sensing capabilities. This approach was used by Nguyen et al. [59] to make CQDs as small as 1 nm. Laser etching is among the most efficient way of making CQDs with a narrow size range, a strong fluorescence characteristic, and good water solubility. This approach, however, has a limited practical utility since it requires post-processing activities, sophisticated apparatus, and expensive machinery, and there have only been a small number of examples of GQD produced by laser from environmentally favorable raw materials.



Carbon compounds are treated with powerful oxidants such as hydrogen peroxide, nitric acid, and sulfuric acid, in the chemical oxidation technique. This methodology is simple to use, quick, and highly repeatable, and it allows for large-scale CQD manufacturing. Using nitric acid and concentrated sulfuric acid, Liu et al. [60] and Peng and Travas-Sejdic [61] produced fluorescent and luminous CQDs from candle soot and carbohydrates, respectively. CQDs made from candle soot have an adjustable fluorescence, which opens up a new way to make multicolor luminous CQDs with size smaller than 2 nm and QY of 0.8 to 1.9%. By combining different acids and H2O2, fullerene carbon soot [62] and coal pitch powder [63] can be transformed into CQDs. In addition, by exfoliating carbon fiber fragments with nitric acid reflux and regulating the molecular weight selection and crystallization time, Bao et al. [64] generated CQDs with varied degrees of surface oxidation and sizes (2.5–3.0 nm) with QY of 1.1 to 20.7%. Chen et al. [65] heated and refluxed citric acid and polyethyleneimine (PEI) to produce PEI-CQDs with 1–6 nm size dispersion. The caustic chemical reagents utilized in this approach necessitate tight experimental conditions. As a result, utilization of mild oxidant during chemical oxidation of CQDs is an essential research direction.



In the presence of acid, alkali, or oxidants, ultrasonic waves could be utilized to break down carbon products into nanoparticles, which is a new approach for CQD synthesis that eliminates complex post-treatment operations, allowing for the simple synthesis of CQDs with small sizes. In 2011, Li et al. [66] used ultrasonically processed glucose in the basic or acidic environment to create photoluminescence CQDs with 7% of quantum yield and a radius of less than 2.5 nm. This approach was employed by Qiang et al. [67] to make CQDs from potato starch. Huang et al. [68] and Lu et al. [69] described a thiol-terminated polyethylene glycol functionalized fluorescent CQDs (size: 2–10 nm) and blue fluorescent N-CQDs (QY:3.6 percent and size: 2.5–5.5 nm) synthesis technique using ultrasound. Even when the same solvent is employed in the synthesis procedure as Huang et al., the size of the obtained CQDs is different, highlighting the relevance of the source of carbon used in the procedure. Zhang et al. [70] and Ma et al. [71] created BiOBr/N-CD nanocomposites and nitrogen doped carbon dots (NCDs) utilizing citric acid and ethylenediamine as the starting material in the former case, and aqua ammonia and glucose as the precursor in the latter case. These precursors produced NCDs with high water dispersibility and no surface changes, as well as steady and robust visible emissions and high up-conversion photoluminescence. Dang et al. [72] used a simple and economical process for massive manufacturing of white fluorescent carbon dots (WCDs) using a one-phase ultrasonic technique with polyamide resin with QY of 28.3 % and size (2–4 nm). The ultrasonication process was used to create mesoporous CQDs NC with ZnO films [73]. The presence of CQDs caused the mesopore collapse of the inorganic matrix of ZnO, which resulted in a low surface area of NC. The ultrasound-assisted approach has low equipment needs, is simple to use, and saves time, but the QY of CQDs is typically poor, making the requirements for high fluorescence performance challenging. As a result, the preparation process must be constantly monitored.



Top-down approaches were generally used in the initial phases of CQD fabrication research since post-processing procedures are challenging [74,75]. The sp2 conjugate structure of CQDs generated with high-energy techniques makes it easier to express inherent luminescence from the carbon nucleus. CQDs with a broad variety of optical characteristics and quantum accuracy can be created by adjusting reaction parameters, delaying the reaction, and fine-tuning the cleansing operations, even if the sizes and quality of CQDs are hard to regulate in these procedures [76]. Figure 4 shows various methods for synthesis of CQDs [77]; they include laser ablation method, microwave, electrochemical, and hydrothermal methods.




4.2. Bottom-Up Methods for Thesynthesis of CQDs and Their Nanocomposites


In the bottom-up synthesis of nanometer-sized CQDs, microwave and hydrothermal radiation are commonly used to assemble tiny organic compounds or oligomer starters [78,79]. The produced CQDs can exhibit greater QY and remarkable optical characteristics when subjected to high frequency, strong radiation, and intense heat [77]. Researchers have been favoring this approach for producing CQDs in recent years since it is simple to prepare and operate, the process parameters are controlled, as well as the raw components being affordable, allowing for one-step high-volume CQD synthesis. CQDs and N-CQDs were made by direct carbonization or pyrolysis of dispersed carbonaceous micro-crystals of asphaltene and ethylene diamine tetra-acetic acid (EDTA), respectively, with QY of 87% and 5.1% by Wang et al. [80] and Ma et al. [81]. Simplified processes, solvent-free techniques, scalable generation, shorter reaction duration, low cost, and a wider precursor tolerance, are advantages of this technology. Furthermore, changes in key parameters such as reaction temperatures, reflux duration, and reaction pH are used to optimize the optical properties of CQDs. Wang et al. [82] synthesized NiS/CQD/ZnIn2S4 nanocomposites by the microwave method.



Different raw materials such as glucose, citric acid [83], and polyacrylamide, have been used to make CQDs via hydrothermal treatment [84]. Nabiyouni et al. [85] synthesized CuFe2O4-CQD nanocomposite by this method. CQDs were synthesized by Zhang et al. [86] and Wang et al. [87] using ascorbic acid and cyanobacteria with an average size of CQDs 2 nm and 2.48 nm, and QY of 6.75 and 9.24%, respectively. Liu et al. [88] synthesized N-CQDs using high temperature (200 °C) with a size of 5 to 6 nm and QY of 46.01%. The size and shape of CQDs, the solvent used, and the reaction duration in the hydrothermal process, have been demonstrated to be substantially linked to their PL efficiency and fluorescence QY. The dust color of CQDs denoted the production of Fe2O3-CQDs composite, via hydrothermal treatment [47]. Due to the presence of CQDs, a faint XRD peak at 26° was noticed. In the XRD pattern of ZnO-CQDs nanocomposites, a similar diffraction peak of CQDs was detected at 26° [46]. By adding glucose to a ternary nanocomposite of CQDs with Fe3O4@mesoporous-TiO2 nano pom-pom balls and processing the resulting solution hydrothermally at 140 °C for 4 h, multiple w:w ratios of ternary nanocomposite of CQDs with Fe3O4@mesoporous-TiO2 koosh balls were synthesized in varying w:w ratios [89]. N-CQDs, TiO2, and Fe3O4, were used to make a similar ternary nanocomposite [90]. Terbium (III)-N-doped carbon dots (N-CDs-Tb-DPA) and copper nanoclusters@nitrogen-doped carbon quantum dots (CuNCs–CNQDs) nanohybrids were manufactured in two steps by He et al. [91] and Li et al. [92]. Al-Enizi et al. [93] used a simple hydrothermal approach to make a CQDs/Ce-NiO nanocomposite with a good BET surface area of 731 m2 g−1. One of the most often used methods of CQD synthesis is the hydrothermal method, which has the advantages of ease of use, low-cost, environmental friendliness, and simple equipment. However, this approach needs a high temperature of reaction and a lengthy reaction time.



Microwave synthesis refers to the chemical synthesis of CQDs that takes place in the presence of microwave irradiation. Microwave technology has been recognized as a speedy and cost-effective tool for efficiently slowing down reaction times and providing contemporaneous homogeneous heating, which aids in the production of a smooth size distribution of QDs. Under high frequency microwave, Zhu et al. [94] and Rodrguez-Padrón et al. [95] produced fluorescent CQDs with a narrow size by using polyethylene glycol, and lignocellulosic raw material, respectively. Choi et al. [96] used microwave-induced thermal carbonization to pyrolyze AB2 type lysine and make CQDs that are water soluble and have 23.3% of quantum yield. This synthesis took around 5 min to complete. N-CQDs were produced by microwave heating of xylan as a precursor in the ammonia solution using 2-azidazole and glycerin, respectively, with size (4.4 and 2.8 nm), QY (4% and 27.9%), and LOD (6.49 and 6.3 nm) by Yang et al. [97] and Feng et al. [98]. Mondal et al. [99] used a home microwave oven to make amino functionalized CQDs. Sharma et al. [100] used this technique to study a quaternary composite of CQDs with La, Cu, and Zr elements. The presence of CQDs in La/Cu/Zr trimetallic nanocomposite was confirmed by FT-IR spectra that showed asymmetric and symmetric C-H stretching vibration peak at 2921 and 2849 cm−1, respectively. Microwave heating is an interesting and effective process for preparing carbon materials, particularly CQDs with tiny dimensions. Because of its time and energy savings, predictable operations, and lack of complex equipment, the microwave aided approach has become one of the most widely utilized methods of CQD synthesis.



Nanocomposites of CQDs have also been synthesized using other methods such as simple stirring and calcination. For the synthesis of nanocomposites of ZnO foam with CQDs, Ding et al. [46] employed a simple mixing approach. CQDs were made by treating sucrose hydrothermally at 185 °C for 5 h in a Teflon-lined stainless-steel autoclave. To make ZnS/CQDs NC, Kaur et al. [101] employed ascorbic acid as a precursor. This method was employed by Liu et al. [102] to make CQDs-AgNO3 NC. Briscoe et al. [103] synthesized ZnO nanorods coated with CQDs by simply soaking ZnO prepared over fluorine doped tin oxide substrates in a 0.1 m zinc acetate solution in methanol after spray pyrolysis.




4.3. Top-Down Methods for Synthesis of GQDs and Their Nanocomposites


The top-down technique is widely used in the synthesis of GQDs. In a traditional top-down synthesis, resources of carbon, such as carbon nanotube [104], graphite powder [105], carbon black [106], coal [107], and carbon fiber [108], are oxidized, separated, and broken, at the oxidized defect site. Researchers created a weak electrolyte electrochemical approach to expedite the oxidation and cutting process, resulting in a high yield of GQDs, in order to manufacture controllable and highly crystalline GQDs in aquatic conditions. Huang et al. [109] and Chen et al. [110] developed GQDs with ammonia and borax solution, however QY is 28 times higher in the first instance than in the later. Shinde et al. [111] used LiClO4 as the electrolyte in propylene carbonate and cut multi-walled carbon nanotubes (MWCNTs) by a two-step electrochemical oxidation to produce size-tunable GQDs (size = 3, 5, 8.2 nm and QY = 6.3%). A large-scale synthesis of multicolor GQDs, including orange (O)-GQDs, yellow (Y)-GQDs, blue (B)-GQDs, and green (G)-GQDs, was reported using a low-cost energy source, coke, and a simple and straightforward one-step electrochemical technique [112]. The electrochemical oxidation technique provides a stable GQDs solution, but it takes a long time to pre-treat raw materials and purify GQDs products, and the QY is low, making large-scale GQD production difficult.



GQDs were synthesized by Liu et al. [113] and Lu et al. [114] utilizing carbon black as a source of carbon and H2O2 and nitric acid as oxidants, respectively, with size (4.2 and 3–4.5 nm) and QY (5.1 and 4.1%) but the latter technique was reported as faster. To make GQDs, Peng et al. [115] employed GO as a precursor, to obtain a size range of 1–4 nm. The cage-opening, oxidation, and fragmentation processes, were activated after fullerene was treated with a combination of chemical oxidant and strong acid. Acid treatment and chemical exfoliation of multi-walled carbon nanotubes resulted in GQDs with a zigzag edge structure, two-dimensional morphology, and homogenous size distribution (MWCNTs) [116]. However, because strong oxidants such as sulphuric acid and nitric acid are used, the chemical oxidation technique is not particularly eco-friendly, and the waste produced is likely to harm the atmosphere. Chua et al. [117] employed fullerene as carbon precursor to build tiny GQDs (2–3 nm) by the hydrothermal method.



The hydrothermal method is a rapid and easy way to make GQDs. This approach has a number of benefits, including minimal cost, no need of dialysis or purification, high quantum yield, and a straightforward experiment. Higher quantum yield is obtained in this method due to the extreme conditions used in this approach and the lack of material exchange with the environment; the reaction follows both an aromatization and a polymerization process [118]. Without the need of a costly catalyst or any strong acids, this technique simply needs deionized water as a reaction medium [119]. Additionally, this technique does not need dialysis bags to remove extra strong chemicals or acids that were utilized, nor does it require a base solution to balance the pH of the solution [120]. Pan et al. [121] and Zhang et al. [122] employed GO as precursor material for the hydrothermal formation of GQDs and reduced graphene quantum dots (rGQDs) and obtained QY of 6.9% and 24.62%, respectively. Wang et al. [123] described a large-scale manufacturing of GQDs from rice husks with QY of 15%. Experiments revealed that the synthesized GQDs were biocompatible and quickly transferred into the cytoplasm, making them suitable for cell imaging. Starch [116] and neem leaves [124] have also been identified as GQD precursors. They are simple and environmentally benign feedstock for GQD production that does not require the use of acid or oxidation. The GQDs had a strong PL emission, good water solubility, low cytotoxicity, and great biocompatibility, as they were produced. Inserting heteroatoms into GQDs can improve their chemical and physical characteristics. For example, Liu et al. [125] synthesized B, N-GQDs with QY of 5.13% using a one-pot hydrothermal technique. This technique was employed by Pan et al. [126] to make TiO2/GQDs NC. Furthermore, Zhao et al. [127] synthesized NC of GQDs with MoS2. It does, however, constitute a safety concern due to high pressure and temperature, and the long time, generally at least 5 h [128,129]. For the synthesis of water soluble GQDs, Tang et al. [130] used a microwave aided hydrothermal technique.



One of the most prevalent issues when using the oxidative cleavage or hydrothermal/solvothermal methods is the extended reaction time. The microwave technique is extensively used to prepare GQDs because it is a fast-heating process. It can not only reduce reaction time but also increase output yield [131,132]. GQDs and rGQDs were made by cleaving GO and calcining Calotropis gigantea latex to 300 °C under microwave irradiation, by Li et al. [133] and Murugesan et al. [134]. Greenish yellow luminescent GQDs with QY of 11.7% were obtained in the former case. For the synthesis of GQDs, Wen et al. [135] presented a comprehensive O3/H2O2/ultrasound technique and obtained a size of 4–10 nm. In a supercritical CO2/H2O system aided by ultrasound, Gao et al. [136] employed natural graphite, oxide graphite, and expanded graphite, as raw materials to synthesize extended graphene quantum dots (EGQDs), pristine graphene quantum dots (PGQDs), and graphene oxide quantum dots (GOQDs). The results of the studies indicate that this technique is an eco-friendly, fast, less costly, and wide GQD manufacturing technique, that can provide a green option for the manufacturing of a variety of GQDs. Researchers have reported an increasing number of production processes depending on standard methods such as pulsed laser ablation (PLA) and chemical vapor deposition (CVD) due to the unusual shape and good characteristics of GQDs. To open up a novel approach for preparing GQDs, Kang et al. [137] employed pulsed laser ablation to generate GQDs from multi-walled carbon nanotubes (MWCNTs). The synthesized GQDs had a visible blue photoluminescence with a QY of 12%, as well as adequate brightness and resolution for photoelectric applications.




4.4. Bottom-Up Method for Synthesis of GQDs and Their Nanocomposites


Bottom-up techniques, such as controlled fabrication or carbonization from appropriate organic compounds or polymeric materials, have been reported less frequently than top-down approaches. Bayat et al. [138] and Teymourinia et al. [139] employed glucose and corn flour as precursors for the production of green photoluminescent single-layer graphene quantum dots (SLGQDs) and GQDs, respectively. Corn flour-based GQDs have a diameter of 20–30 nm. Low cost, high yield, and wide scale, are all advantages of the prepared SLGQDs. By combusting trisodium citrate and then ultra-filtering them, Hong et al. [140] developed a novel process for making single layer GQDs with an ultra-small lateral dimension of quantum confinement effect, 1.3 ± 0.5 nm and a QY of 3.6%. The application of the molecular carbonization process is difficult. The GQDs created using this approach are multi-dispersive due to the inability to properly regulate the structure and size of GQDs [141]. Li et al. [142] used controlled synthesis to create GQDs with 168, 132, and 170 carbon atoms. The GQDs have a regular shape and size, as well as a specified number of carbon atoms. The synthesis method, on the other hand, entails a series of multistep, sophisticated chemical reactions that take a lot of time to complete and provide a poor yield. Wang et al. [143] recently developed pyrene-derived GQDs with -OH group with a QY of 63%.



Pyrolysis of carbon-containing sources with chemicals of interest to be added is another method employed by some scientists. Dong et al. [144] stated that Fe3O4@GQDs NC was made by pyrolyzing citric acid. Under stirring for 30 min, an aqueous solution of acetic acid and chitosan was added to the co-precipitated Fe3O4 NPs. Kadian et al. [145] used a bottom-up strategy to produce sulphur doped graphene quantum dots (SGQDs) via direct pyrolysis of citric acid and 3-Mercaptopropionic acid. The synthesis of chitosan (CS)-GQDs NCs with a size of 2.5 nm was carried out by Ou et al. [146] using a simple stirring process. Bu et al. [147] employed this process to make TiO2 from N-GQDs by calcining the mixture at 200 °C for 2 h in a N2 environment. The XRD pattern validated the decorating of N-GQDs on the black TiO2 surface, with all of the products’ diffraction peaks matching the crystal structure of anatase TiO2. GQDs, Bi2O2CO3, and N-Bi2O2CO3/GQDs composites, with a size of 3–5 nm were synthesized by Liu et al. [148] using a refluxing and magnetic stirring approach. Figure 5 shows various method of synthesis of GQDs. Citric acid has been widely used as a precursor in the formation of GQDs. To make blue luminescent N-GQDs by hydrothermal technique, Ju et al. [149] employed citric acid and dicyandiamide as carbon sources and achieved a QY of 32.4%. Deka et al. [150] synthesized hydrophobic graphene quantum dots (h-GQDs) with a size of less than 10 nm, grown through CVD using hydrogen and acetylene as raw materials.



It is worth noting that the yield of GQDs and CQDs was higher when synthesized via bottom-up techniques as compared to top-down. In addition, the physical and chemical features of GQDs, such as shape, morphology and surface condition, can be better controlled via bottom-up techniques. Moreover, the choice of starting material is vast in the bottom-up methods than the top-down methods. The GQDs created using a bottom-up approach had fewer faults than those created using a top-down approach.




4.5. Synthesis of CQDs, GQDs, and Their Nanocomposites from Natural Products


CQDs have been fabricated from various natural sources, such as denatured milk [151], food wastes [152], dried leaf [153], grass [154], and pomelo fruit [155]. Xue et al. [156] and Xue et al. [157] synthesized CQDs and N-CQDs from lychee seeds and peanut shell waste by pyrolysis with a QY of 10.6% and 9.91%, respectively. Bankoti et al. [158] synthesized phosphorous, sulphur, and nitrogen doped CQDs, from onion peel waste by the microwave method. Sugarcane bagasse [159] and corn stalk [160] was used to obtain CQDs with a quantum yield of 17.98% and 16%. Hui et al. [161] synthesized nitrogen, bismuth doped CQDs from rice husk and utilized it for dye degradation and the removal of heavy metal. Bright blue luminescent GQDs were synthesized from sugarcane bagasse with a QY of 12.54% [162]. S-doped GQDs were synthesized from durian by Wang et al. [163] with a QY of 79%. Wang et al. [164] and Ahmed et al. [165] synthesized GQDs from rice husk and corn powder by using the hydrothermal method.





5. Sensing Applications


The outstanding optical and electrical features of inorganic semiconductor QDs are used to construct the sensors. Nonetheless, due to their non-biocompatibility, intrinsic toxicity, and presence of a heavy-metal core, these inorganic QDs have proven to be a failure. Furthermore, their colloidal structure makes it difficult to couple them with appropriate external components. Carbon-based QDs have been investigated for their potential in sensing applications for a wide range of analytes with high selectivity and sensitivity. Carbon-based QDs, unlike other common QDs, are soluble in aqueous solvents and are non-toxic in nature. Surface flaws and excellent optical properties characterize CQD and GQD-based nanocomposites (NCs), making them ideal for use as sensors for the detection and destruction of hazardous pollutants, respectively. The limit of detection (LOD) for CQDs and GQDs is in the nanomolar, picomolar, or even femtomolar levels, making them suitable for use in precision sensor systems [166]. There are many different kinds of sensors, including chemiluminescence, photoluminescence, and electrochemiluminescence.



Due to their inflexibility and expensive pieces of equipment, detection methods like inductively coupled plasma mass spectrometry (ICP-MS), and atomic absorption spectroscopy (AAS) for the identification of metal ions and chemical species, are costlier and cannot be employed rapidly on-site. Photoluminescence-based sensors, on the other hand, are better options for these applications due to their low-cost, straightforward operation, high level of sensitivity, and selectivity. The low value of LODs in CQDs and GQDs fluorescence sensors is one of their key advantages [167]. The sensor is ultrasensitive if LOD has a low value. Additionally, the CQDs and GQDs photoluminescence sensors have the benefit of having strong selectivity, which enables them to identify particular ions or chemical compounds in a mixture of other ions or chemical species. Fe3+ [168], Hg2+ [169], Pb2+ [170], and organophosphorus insecticides [171] have all been detected using CQDs-based sensors.



Chemiluminescence (CL) sensors have become more and more common in sensing due to their benefits of easy equipment, high sensitivity, wide linear range, and no interference from background scattering light [172]. For the detection of Fe2+ [173], Cu2+ [174], H2O2 [175], and 4-nitrophenol [176], CL sensors have been employed.



Because of its straightforward setup, higher sensitivity, and label-free nature, electrochemiluminescence (ECL), also known as electrogenerated chemiluminescence, has been regarded as one of the clever combinations of chemiluminescence and electro-chemistry and has been used increasingly in analytical chemistry. Therefore, in order to demonstrate the ECL emission property that is crucial for the creation of ECL sensors, researchers presented several semi-conductor nano-crystals (also known as semi-conductor QDs, CQDs, and GQDs). When the light-emitting samples have been created in place, close to the electrode surface, the ECL exhibits practically little background, giving the opportunity to regulate the reaction’s location and timing [177].



There are currently just a few research articles on the direct usage of carbon-based QDs as sensors. The majority of research, however, have described the utilization of carbon-based QDs in combination with other materials. The next subsections address the key sensing applications of CQDs and GQD-based NCs.



5.1. CQDs and Their Nanocomposites as Sensing Platforms


CQDs have attracted interest in sensor fabrication because of their unique chemical and physical features. CQDs offer distinct qualities such as nontoxicity, outstanding biodegradability, remarkable chemical inertness, large surface area, fantastic water consistency, and porosity, all while keeping health, environmental, and eco-friendliness in mind. As a result of these remarkable characteristics, they are becoming brilliant and attractive basic components for efficient fluorescence sensing platforms [178,179]. The optical characteristics of CQDs are considerably altered by doping with heteroatoms. For example, it was discovered that the excitation bands of Tb-CQDs [180], Eu-CQDs [181], and Co-CQDs [182], overlapped with the absorption bands of 2,4,6-trinitrophenol, tetracycline, and Cr (VI) ions, respectively, although the lifespan of each CQDs-based NC remained unaltered. As a consequence, the extremely effective inner filter effect (IFE) was primarily responsible for the fluorescence quenching of doped-CQDs in the sensing of 2,4,6-trinitrophenol, tetracycline, and Cr (VI) ions. They displayed good specificity and accuracy with a detection limit of 200 nm for TNP, 0.3 mM for tetracycline, and 1.17 mM for Cr6+ ions. Because of the interaction between Fe3+ and the phenolic hydroxyl group on the surface of Cu-CQDs, Xu et al. [183] employed Cu doped CQDs for Fe3+ detection. As a consequence, Fe3+ and Cu-CQDs created an electron transport mechanism. Tb doped CQDs, on the other hand, were employed to detect harmful Hg2+ and were extremely sensitive even when other metal ions were present. Under a UV lamp (=365 nm), an instant color change from blue to green was seen in the presence of a very small quantity of Hg2+ [99]. Costas-Mora et al. [184] used carbon dots for the detection of methyl mercury (Figure 6).



CQDs with surface coatings, such as Ag/CQDs, can alter their characteristics. In the presence of Ag NPs, Hg2+ ions convert to Hg and disintegrate into minute fragments, which subsequently join with Ag NPs to produce an AgHg amalgam coating on the surface, lowering absorbance. In Ag/CQDs, the CQD has aided in the quick electron transference from Ag NPs to Hg2+ ions [102]. Wan et al. [185] employed L-Tryptophan capped CQDs (L-CQDs) in aqueous solution to detect Hg2+ ions (LOD of 11 nm) with a fast response time (within 1 min). This is because of strong interaction between Hg2+, amino, and carbonyl moiety in L-CQDs, which resulted in an electronic structural modification. This fluctuation drives the charge transfer mechanism, causing excitons to recombine, suppressing the fluorescence emission.



For the detection of Pb2+ ions in porphyria, surface coated and heteroatom doped CQDs, i.e., copper nanoclusters@nitrogen-doped carbon dots (CuNCs-CNQDs), were utilized. The self-calibration signal was provided by CNQDs, whose fluorescence kept almost unaltered in the presence of Pb2+. CuNCs-CNQDs nanohybrids were employed as ratio metric probes to detect Pb2+ at concentrations ranging from 0.010 to 2.5 mgL−1, with LOD of 0.0031 mgL−1 depending on the fluorescence intensity ratio difference between the fluorophores [92]. Finally, the probe was found to be effective in detecting Pb2+ in porphyria with relative standard deviations (RSDs) smaller than 5%. He et al. [91] accomplished a similar detection of Hg2+ in sea food using Terbium (III)-referenced N-doped carbon dots (N-CQDs-Tb). At Hg2+ concentrations of 1–161.51 M, the fluorescence ratio (F436/F543) revealed a clear straight proportionality with a low LOD of 37 nm. With recoveries of 86.45–114.47 percent and RSDs of 0.20–1.92 percent, the sensor demonstrated great precision, high reliability, and selectivity in the identification of Hg2+ in seafood. Glucose [186], DNA [187], heavy metals [188], nitro-explosives [189] (Figure 7), and pesticides [190,191,192,193,194,195], are only a few examples of CQD-based sensors that have been used to identify particular targets. Li et al. [196] removed pentachlorophenol by using CQDs in presence of S2O82− (Figure 8). Zhang et al. [197] modified carbon dots by combination with aptamers (Apt), nano-particles (NPs), molecularly imprinted polymers (MIPs), antibodies (Abs), and enzymes for the detection of pesticides. An electrochemical carbonization process utilizing urea and sodium citrate, for example, with limits of detection of 3.3 nm and 0.5 nm, respectively, displayed exceptional specificity and accuracy regarding Hg2+ and photoluminescence emission, in the manufacture of CQDs [198,199]. Sn2+, Cr6+, Fe3+, Mn2+, Pb2+, and Cu2+, were among the heavy metals that were successfully detected [200]. H2O2 in an aqueous solution was monitored using CQD-based fluorescence turn-on sensors. The photo-induced electron transfer method gives the sensor great specificity and accuracy, with a LOD of 84 nm [201]. Due to unique properties of carbon-based quantum dots, they are used in multianalyte sensing. Qin et al. [202] synthesized AC-CQDs from activated carbon and conjugated five amino acids with it and detected eleven metal ions (Cr3+, Ni2+, Co2+, Mn2+, Er3+, Mo5+, Cu2+, Fe3+, Yb3+, Mn2+, and La3+). Song et al. [203] synthesized CQDs for sensing of glucose, H2O2 and Fe3+ with LOD of 1.71, 0.82 and 0.25 µM, respectively.




5.2. GQDs and Their Nanocomposites as Sensing Platforms


GQDs have a larger edge dimension than their vertex, resulting in single or many panels of graphene with chemical moieties on their lateral surface, providing a large number of chemical functionalization sites [204]. Using the π-π interaction, they can readily be conjugated with a range of nanomaterials, resulting in hybrid nanomaterials [205]. Due to their dimensional similarities to antibodies, proteins, aptamers, and small-nucleic acids, GQDs can also be grafted with these molecules. They may effectively improve the surface of biosensors so that a large number of receptors can be absorbed. A form of low molecular weight single-stranded ribonucleic acid or deoxyribonucleic acid sequence, known as an aptamer, is selected from a random oligonucleotide library using the method of ligand systematic evolution by exponential enrichment [206,207,208]. GQDs can be used as nanozymes or electrocatalysts to catalyze hydrogen peroxide (H2O2) in order to identify target analytes in a label-free manner. They have catalytic properties similar to peroxidase (POD), resulting in a redox reaction between H2O2 and an electron-donating substrate. Palladium nanoparticles loaded N-GQDs and N doped carbon hollow nanospheres was used for the sensing of H2O2 by Xi et al. [209] (Figure 9). The photocurrent response of an NGQDs/MoS2 based photoelectrochemical (PEC) sensor decreased when the quantity of acetamiprid in the testing solution rose, according to Jiang et al. [210]. The best time for the construction of the PEC apta sensor was found to be 40 min. This is due to the fact that the presence of acetamiprid around indium tin oxide (ITO)-NGQDs/MoS2 caused the creation of an acetamiprid-aptamer complex, which increased the electrode’s resistance from 87.4 to 160.1, lowering the photocurrent. N-GQDs produced by Liu et al. [211] and Yang et al. [212] were utilized to detect Hg2+ with LODs of 2.5 M and 0.45 nM, respectively. Pb2+ detection is especially critical since this metal ion can harm the respiratory tract severely. For the detection of Pb2+, Zn2+, and Cd2+, Ou et al. [146] created chitosan-GQDs (CSGQDs) nanocomposite and modified glassy carbon electrode (GCE), which they then paired with in situ plated bismuth film. Lu et al. [213] created ultrasensitive biosensors based on GQDs for the sensing of Cd2+, Cu2+, and Hg2+ ions, with LODs of 4.3 pm, 8.3 nm, and 9.8 pm, respectively (Figure 10).



Carbon-based QDs and related NCs have detection limits in the femtomolar and picomolar ranges with good selectivity, however, there are significant challenges to overcome. In comparison to typical QDs, they have a lower quantum yield and intensity. The impact of oxygenase functional groups on the optical characteristics and selectivity of sensors should also be explored. Nair et al. [214] used PVA/S-GQD films to detect carbamate pesticides (carbofuran and thiram) in an ultrasensitive and selective fluorescent manner, with detection limits of 60 ppb and 210 ppb for carbofuran and thiram, respectively. The composite film luminescence properties revealed that the polymer matrix prevented S-GQDs from clumping together, preserving their emission qualities. The application of coffee grounds-derived poly(ethylene imine) (PEI) functionalized GQDs as a PL sensor for detecting Fe3+ and Cu2+ ions in the environment was described by Wang et al. [120]. The significant chelating impact and binding capacity of Fe3+ and Cu2+ ions with the N functional groups of PEI functionalized GQDs was attributed to the PL quenching process. Wang et al. [163] presented a report on synthesis of GQDs from Durian that were then changed with sulfhydryl to generate a PL sensor that could detect a range of metal ions (Hg+, Zn+, Ag+, and Cd+). Suryawanshi et al. [215] described the formation of amine ending GQDs from biomass as an efficient and accurate ON-OFF-ON sensing platform of Ag+ ion in water, due to their intense luminescence and precise functionalization. The light absorption of Am-GQDs (II) was lowered when additional metal ions were added, such as Cu (II), Co (II), Hg (II), Fe (II), Fe (III), Ni (II), and Pb (II). Although different metal ions quenched the fluorescence of Am-GQDs, this system was adjusted to allow for the identification of Ag+ ions alone. The amino acid “L-cysteine,” that has a strong affinity for Ag+ ions, was used to accomplish this. Because Ag+ ion was removed from Am-GQDs and attached to a -SH group of L-cysteine, the quenched fluorescence was restored by adding L-cysteine to the Am-GQDs-Ag+ combination. Fan et al. [216] employed GQDs to identify trinitrotoluene (TNT) in solution depends on the fluorescence quenching of GQDs caused by TNT. This demonstrates that TNT is deposited on the surface of GQDs by a π-π contact. Using the electrochemical fluorescence emission features of GQDs, Xu et al. [217] developed a novel type of electrochemical fluorescent sensor to detect Fe3+ ions. The Table 1 and Table 2 below shows the detection of various heavy metal ions and pesticides using CQDs, GQDs, and their nanocomposites. CQDs and GQDs conjugate with specific recognition elements or biomolecules such as aptamers, antibodies, and peptides, for sensing of pollutants. N-CQDs were conjugated with anti-aflatoxin M1 antibody for production of the fluorescent nanosensor. This nanosensor possess a high sensitivity of 0.2–0.8 ng/mL and LOD of 0.07 ng/mL towards anti-aflatoxin M1 [218]. Wang et al. [219] synthesized fluorescent apta sensor for the detection of acetamiprid pesticide with a LOD of 1.08 µg/L. With excellent stability, low-cost, and high specificity to targets, aptamers are often used as the preferred recognition elements to replace antibodies in the construction of various sensors. Wu et al. [220] fabricated the magnetic microspheres-vinyl phosphate-modified CDs (MMIPs-CDs@VPA) fluorescent sensor exhibiting excellent sensitivity for organophosphorous detection within 2 min with LOD of 0.0015 mmol/L.




5.3. Mechanism of Sensing


For the detection of different metal ions or other chemical species, photoluminescence sensors can be utilized. Band gap transitions resulting from conjugated π domains are necessary to understand the process of fluorescence emission. Electrons shift to legally permitted excited states as a result of photoexcitation. When these photoexcited electrons return to their equilibrium states they release the extra energy, which can be used for both radiative and non-radiative processes, and light may or may not be released. This energy emission is caused by a difference in the energy levels of two electron states that are engaged in switching between the excited and equilibrium states. Any fluorescence change associated with the concentration of various analytes, including changes in intensity, wavelength, anisotropy, or lifetime, theoretically has the ability to be employed as a sensor. The fluorescence variations of CQDs and GQDs, which have been used in sensing applications, are caused by a number of causes [221]. The CQD and GQD sensors work by quenching or preventing the fluorescence emission from quenching in the existence of the analyte, which could be a metal ion or another species [222]. The charge transfer mechanism may be the cause of the quenching of fluorescence emission. For example, pesticides may alter the optical signal strength of CQDs and GQDs in a certain environment. A PL sensor can be created for precise target pesticide detection based on the established relationship between the added pesticide content and the signal change of CDs.



Fluorescence quenching has been thoroughly investigated for exploring photogenerated redox processes in carbon nanoparticles. A number of processes regulate fluorescence detection using C-dots. These hypotheses are built on the presumption that any interactions between C-dots and analyte reduces the quenching effect, resulting in a drop in fluorescence intensity or a rise in fluorescence intensity. Dynamic quenching, static quenching, Forster resonance energy transfer (FRET), photoinduced electron transfer (PET), and inner filter effect (IFE), are all examples of quenching mechanisms in CQDs and GQDs (Figure 11). When C-dots and analyte interact, a non-fluorescent complex (ground state) forms, which subsequently returns to the ground state without emitting any photons, this is known as static quenching [223]. Because of charge or energy transfer between the analyte and C-dots, dynamic quenching occurs when an excited state comes back to the ground state. FRET occurs when the quencher’s (ground state) absorption spectra intersect with the C-dots’ emission spectrum (excited state). In the PET quenching mechanism, the transfer of energy between C-dots and the quencher results in the production of cationic and anionic radicals, respectively. IFE quenching occurs when the quencher’s absorption spectra intersect with the C-dots’ excitation or emission spectra. Chemiluminescence is a chemical reaction that involves at least two reagents and produces light when an excited intermediate or product relaxes to its ground state. The source of light emission in CL sensors is a chemical process. A photodetector, a readout device, and a reaction cell, are the instruments found in CL sensors. This approach is extremely sensitive because just a little amount of CL’s emitting light is observed when there is no background noise. Additionally, the reagent purity rather than detector sensitivity is what causes low levels of LOD in CL. A solution system can generate active intermediates by complicated physical or chemical changes, such as electron transfer, under the induction effects of applied current or voltage. To produce electrochemiluminescence signals through the creation of excited state species, these reactive intermediates can engage in redox chemical reactions with either luminophore (anodic or cathodic core actant mechanism) or self (free radical annihilation process). This approach, known as electrochemiluminescence (ECL) sensing, exhibits significantly lower background noise because it does not require an external light source and is free from stray light interference. A wide detection range may be obtained by repeating and accurately measuring ECL signals due to sensitive regulation of micro-current. Additionally, ECL sensors can be used in conjunction with a portable, inexpensive ECL analyzer to identify various pesticide residues in real time on the spot.





6. Conclusions and Future Perspectives


In this article, the emerging carbon-based quantum dots viz carbon quantum dots (CQDs), graphene quantum dots (GQDs), and their nanocomposites, are explored in detail and their synthesis and applications as sensors have been discussed. They have carbon core with oxygenase functional moieties on their surfaces with several exciting advantages over conventional metals based QDs, along with chemical stability and low toxicity. However, study of carbon-based QDs is in its initial stages. Even though considerable research on synthesis techniques has been reported in the last decade, finding a scalable, productive, but simple manufacturing pathway for the synthesis of carbon-based QDs with good quality remains a difficulty. Sensing activity of carbon-based QDs is mainly due to an abundance of functional groups, large surface area up-conversion photoluminescence, and the electron reservoir properties of CQDs. The π-π interaction of carbon-based QDs are mainly responsible for detection of pollutants.



These carbon-based QDs have opened up a plethora of interesting possibilities in environmental and biochemical sensing applications, allowing for unparalleled levels of flexibility and integration for multi-analyte detection. Despite excellent breakthroughs in the domain of carbon-based QDs-based sensors, commercialization initiatives for such sensors lag behind. One possible solution is to guarantee that academic research is properly integrated with stringent scale-up protocols and rigorous validation procedures, which would surely make a significant difference in the eventual deployment of such devices in clinical diagnostics and other industries.
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Figure 1. (a) TEM; (b) HRTEM image of GQDs (Adapted from the Ref. [31] with the permission of catalysts); (c) TEM; and (d) HRTEM image of CQDs (Adapted from the Ref. [32] with the permission of ACS Applied Materials and Interfaces). 
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Figure 2. Different methods for synthesis of CQDs and GQDs and their distinctive features. 
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Figure 3. Schematic representation of GQD synthesis using top-down and bottom-up approach (Adapted from the Ref. [31] with the permission of ACS). 
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Figure 4. Synthetic approach for CQDs: (A) laser ablation method; (B) microwave method; (C) electrochemical method; and (D) hydrothermal method (Adapted from the Ref. [77] with the permission of nanomaterials). 
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Figure 5. Synthetic approach for GQDs: (A) microwave assisted hydrothermal method (Adapted from the Ref. [130] with the permission of ACS); (B) oxidation cutting (Adapted from the Ref. [115] with the permission of ACS); (C) hydrothermal method (Adapted from the Ref. [117] with the permission of ACS). 
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Figure 6. Scheme for illustrating the process of sensing methylmercury with the use of CQDs as probe (Adapted from the Ref. [184] with the permission of ACS). 
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Figure 7. Schematic illustration of 2,4,6-Trinitrotoluene (TNT) detection based on fluorescence quenching of N-CQDs (Adapted from the Ref. [189] with the permission of ACS). 
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Figure 8. Schematic showing the ECL detection of pentachlorophenol by using CQDs in S2O82− solution (Adapted from the Ref. [196] with the permission of ACS). 
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Figure 9. H2O2 detection in cancer cells using GQD-based sensors depending on palladium (Pd) nanoparticle-loaded N-GQDs and N-doped carbon hollow nanospheres (HNS) (Adapted from the Ref. [209] with the permission of ACS). 
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Figure 10. For the identification of Cd2+, Cu2+, and Hg2+ ions, a GQD@mesoporous silica-nanochannel film (VMSF) was electrophoretically deposited on the electrode surface (Adapted from the Ref. [213] with the permission of ACS nano). 
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Figure 11. Sensing mechanism of fluorescent CDs: (A) PET; (B) IFE; (C) SQE; and (D) FRET. 
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Table 1. Sensing behavior of CQDs and GQDs for detection of heavy metal ions.






Table 1. Sensing behavior of CQDs and GQDs for detection of heavy metal ions.





	
Sr. No.

	
Sensing Platform

	
Analyte Detected

	
LOD

	
Detection Range

	
Reference






	
1

	
Cu-CQD

	
Fe3+

	
1 nM

	
0.001–200 μM

	
[183]




	
2

	
Tb-CQD

	
Hg2+

	
168.8 ppb

	
0.2–0.8 ppm

	
[99]




	
3

	
Ag-CQD

	
Hg2+

	
85 nM

	
0.5–50 μM

	
[184]




	
4

	
L-Tryptophan-CQD

	
Hg2+

	
11 nM

	
_

	
[102]




	
5

	
N-CQD-Tb

	
Hg2+

	
37 nM

	
1–161.51 μM

	
[185]




	
6

	
CuNCs-CNQDs

	
Pb2+

	
0.0031 mg/L

	
0.01–2.5 mg/L

	
[92]




	
7

	
NGQD

	
Hg2+

	
2.5 nM

	
2.5–800 μM

	
[211]




	
8

	
N-GQD

	
Hg2+

	
0.45 nM

	
1–1000 nM

	
[212]




	
9

	
CS-GQD/Bi modified GCE

	
Zn2+

	
8.84 μg/L

	
50–450 μg/L

	
[146]




	
Cd2+

	
1.99 μg/L




	
Pb2+

	
3.10 μg/L




	
10

	
PEI-GQD

	
Fe3+, Cu2+

	
40 mg/L

	
0–1 μM

	
[214]
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Table 2. Sensing behavior of CQDs and GQDs for detection of pesticides.
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	Sr. No.
	Sensing Platform
	Analyte
	LOD
	Reference





	1.
	CQDs
	Diazinon, glyphosate, and amicarbazone
	0.25, 0.5 and 2 ng/mL
	[190]



	2.
	CQDs
	Diazinon
	0.038 ± 0.01 µM
	[191]



	3.
	CuS/CQDs/g-C3N4
	Diazinon
	2.2 × 10−6 M
	[192]



	4.
	N,P-CQDs/Au NPs
	Carbendazim
	0.002 µM
	[193]



	5.
	MoS2-GQDs
	2-methyl-4-chlorophenoxyacetic acid
	5.5 pmol/L
	[194]



	6.
	CQDs
	pentachlorophenol
	1.3 × 10−12 g/L
	[196]
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