

  carbon-10-00007




carbon-10-00007







C 2024, 10(1), 7; doi:10.3390/c10010007




Review



A Review of Advances in Graphene Quantum Dots: From Preparation and Modification Methods to Application



Yibo Cui 1, Luoyi Liu 1, Mengna Shi 1,2, Yuhao Wang 3, Xiaokai Meng 4, Yanjun Chen 2, Que Huang 1,2,5,* and Changcheng Liu 1,2,*





1



School of Environment and Safety Engineering, North University of China, Taiyuan 030051, China






2



Institute of Advanced Energy Materials and Systems, North University of China, Taiyuan 030051, China






3



Hefei National Laboratory for Physical Sciences at the Microscale and Department of Chemistry, University of Science and Technology of China, Hefei 230026, China






4



State Grid Shanxi Electric Power Research Institute, Taiyuan 030001, China






5



School of Resources and Safety Engineering, Central South University, Changsha 410010, China









*



Correspondence: que.huang@nuc.edu.cn (Q.H.); ccliu@nuc.edu.cn (C.L.)







Citation: Cui, Y.; Liu, L.; Shi, M.; Wang, Y.; Meng, X.; Chen, Y.; Huang, Q.; Liu, C. A Review of Advances in Graphene Quantum Dots: From Preparation and Modification Methods to Application. C 2024, 10, 7. https://doi.org/10.3390/c10010007



Academic Editors: Craig E. Banks and Aleksey A. Vedyagin



Received: 31 August 2023 / Revised: 5 December 2023 / Accepted: 25 December 2023 / Published: 8 January 2024



Abstract

:

Graphene quantum dot (GQD) is a new type of carbon nanometer material. In addition to the excellent properties of graphene, it is superior due to the quantum limit effect and edge effect. Because of its advantages such as water solution, strong fluorescent, small size, and low biological toxicity, it has important application potential in various fields, especially in sensors and biomedical areas, which are mainly used as optical electrical sensors as well as in biological imaging and tumor therapy. In addition, GQDs have very important characteristics, such as optical and electrical properties. There are many preparation methods, divided into top-down and bottom-up methods, which have different advantages and disadvantages, respectively. In addition, the modification methods include heterogeneous doping, surface heterogeneity, etc. There are still many challenges in developing GQDs. For example, the synthesis steps are still hard to conduct, but as the inquiry continues to deepen, GQDs will be revolutionary materials in the future. In this work, the literature concerning research progress on GQDs has been reviewed and summarized, while the key challenges of their application have been pointed out, which may bring new insights to the application of GQDs.
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1. Introduction


In recent years, with the development of science and technology and the enhancement of social awareness of environmental protection, the development and utilization of new energy sources and new materials have received attention from various countries [1]. Graphene, a new two-dimensional carbon material with sp2 hybridization, is the thinnest two-dimensional material ever discovered. Due to its properties of being very small and difficult to peel off the monolayer structure, even though scientists have carried out a lot of research, little has been achieved. In 2004, British researchers Andrei Geim and Kostia Novoselov succeeded in obtaining graphene from graphite by repeatedly folding special tapes [2], which won them the Nobel Prize in Physics in 2010. Since then, more and more research has been conducted on graphene, and many advantages of graphene have been gradually discovered, such as the fact that its strength is very large [3] and that it has a high transmittance [4]. Because of its many excellent optical, mechanical, and electrical properties, it is a revolutionary material with very important application potential in many fields.



Quantum dots, also known as “semiconductor nanocrystals”, are nanoscale semiconductors, generally spherical or spheroidal. Because these nanoparticles are very small, the quantum effect determines their characteristics. When UV light hits these semiconductor nanoparticles, they can emit various colors of light. Quantum dots have an important impact on modern life. Quantum dots used in LED display screens can make them have a wider color gamut and higher brightness; applied to the biological field, they can improve the imaging resolution of cells and tissues; and applied to the field of energy, they can greatly improve the efficiency of the battery. In the early 1980s, Louis Bruce and Alexei Yekimov each independently succeeded in synthesizing quantum dots. In 1993, Mungi Bavendi changed the method of making quantum dots to such a high quality that the trio were awarded the Nobel Prize in Chemistry in 2023, a technology that some say will bring about an energy revolution. Heiner Linke, a member of the Nobel Prize Committee for Chemistry and a member of the Royal Swedish Academy of Sciences, commented that quantum dots can be seen as a milestone in the whole field of nanotechnology and a huge breakthrough for mankind in regulating the properties of materials. Quantum dots have very important potential applications. In the field of quantum computing, they are expected to be used to prepare quantum bits. In the field of biology, they can be used for more accurate medical imaging, early cancer detection, and drug delivery systems. In other fields, they can be used to create highly sensitive sensors, for the development of more efficient lasers and photonics devices, and so on. In conclusion, quantum dots have now greatly affected people’s lives and are one of the high-profile technological revolutions. In the future, there will be more and more research.



The graphene quantum dots we are looking at are a combination of both. Quantum dots are semiconductor nanocrystals with a particle size generally less than 100 nm [5], characterized by a broad excitation spectrum and a long fluorescence lifetime. Graphene quantum dots are zero-dimensional graphene particles consisting of one or several layers of tiny graphene lamellae [6,7,8], so it is similar to graphene in crystal structure; it not only possesses various properties of graphene but also exhibits better performance due to the properties of quantum dot materials. First of all, we know very well that graphene has a zero band gap and does not produce luminescent behavior under light irradiation, which will greatly limit the range of applications of graphene materials in optics, whereas nanoscale GQDs have a band gap, and the existence of the band gap gives them the ability to produce electron holes [9], so GQDs are widely used in the optical industry instead of graphene. Secondly, GQDs have oxygen-containing groups represented by hydroxyl and carboxyl groups on the surface and edges of GQDs, which make GQDs possess better water solubility [10], and they can be chemically grafted by conjugated bonding. They can also be functionalized by doping heteroatoms or other materials to form composites, which expands the applications of GQDs. Finally, due to edge and quantum confinement effects, GQDs have the advantages of good biocompatibility, photobleaching resistance, chemical inertia, excellent optical properties, and high dispersibility [11,12,13].



Due to the good conductivity, photoluminescence ability, and fluorescence properties of graphene quantum dots, it can be used as a probe to identify various targets and has become a new research material in the field of sensing [14]. For example, in gas sensors, conductive polymers such as polyaniline, polythiophene, and their derivatives have been widely investigated as sensitive materials for gas sensors in previous studies because they can operate at room temperature and have excellent mechanical properties [15]. However, it was found to have poor thermal stability, which affects the application of polymer-based sensors. It was found that quantum dot materials have better specific surface area and unique surface effects, and their photoelectric properties are highly stimulus-responsive to gas adsorbents. Due to this property, GQDs have received increasing attention as gas-sensitive materials [16]. In addition, GQDs do not have significant toxicity compared to other conventional semiconductors [17], and GQDs have the advantages of being environmentally friendly and biocompatible, which allows them to be used in bioassays. Secondly, optical oxygen production and other characteristics can be used to treat cancer, etc., and also have good application effects in biomedical fields [18]. However, in the process of synthesizing GQDs, a large number of other oxygen-containing groups will be produced, which can easily become the electron hole to non-radiation recombination center, thereby limiting its application in sensing and biomedicine, so we can modify graphene quantum dots to make their performance superior.



The main purpose of this paper is to introduce the current research status of GQDs, including the structure and properties of graphene quantum dots, their preparation and modification methods, and then introduce the research of graphene quantum dot composites in biomedicine, chemical sensing, and other related fields, as well as briefly summarize the challenges that they are currently facing, and finally look forward to the future direction of graphene quantum dot research.




2. Structure and Properties of Graphene Quantum Dots


2.1. Structure of Graphene Quantum Dots


Carbon nanomaterials can be categorized into zero-dimensional, one-dimensional, and two-dimensional carbon nanomaterials according to their dimensionality. Zero-dimensional carbon nanomaterials refer to carbon materials that are all nanoscale in three dimensions. There are mainly fullerene and fullerene-like Cn-structured carbon nanomaterials, nanodiamonds, carbon nanodots, and graphene quantum dots, which have different structures. In fullerenes, C atoms are hybridized into bonds with sp2, a single carbon atom has a coordination number of 3, forming 3 σ bonds with the surrounding three carbon atoms, and the remaining orbital forms a cloud of π electrons, thus forming aromatic carbon molecules [19]. Different from the sp2 hybrid bonding of fullerene and Cn structures, nanodiamonds is generally sp3 bonded inside, maintaining the integrity of the crystal structure as a whole, and there are graphite shells or carbon suspension bonds outside. Similar to nanodiamonds, carbon quantum dots are roughly spherical particles with internal carbon nuclei that maintain crystalline integrity, but the particle size of carbon quantum dots is smaller compared to nanodiamonds, typically around 10 nm.



Graphene quantum dots (GQDs) are a quasi-zero-dimensional form of graphene with the same crystal structure as graphene. The ideal infinite graphene crystal consists of two sets of nested sublattices (lattices A and B) with a distance of 0.142 nm between neighboring cells. and they belong to different sublattices, with three x-bonds inside each lattice and carbon atoms C occupying lattice points to form a periodic six-membered ring structure in the graphene plane [20]. C atoms are closely stacked, each carbon atom is connected to 3 carbon atoms by sp2, 3 of the 4 valence electrons are paired with the valence electrons of the surrounding 3 carbon atoms to form δ-bonds, and the unpaired π-electrons work together to form large π-bonds, and this unique electronic structure confers an allotropic nature that is different from that of other carbons. The structure of the graphene quantum dot is shown in Figure 1.




2.2. Nature of Graphene Quantum Dots


2.2.1. Optical Performance


Graphene quantum dots have excellent photostability and photoluminescence properties, and their light-absorbing capacity is generally closely related to the structure of graphene oxygen-containing groups and quantum dots. They are usually reflective in the ultraviolet region, which decreases with increasing wavelengths [21,22]. The causes of light mainly include two aspects: the surface edge state and the conjugate π bond. The effects of surface edge states on the photoluminescence of graphene quantum dots include their jagged edge types, oxygen-containing groups, amino groups, and quantum dot nuclei. When graphene quantum dots only have fewer surface chemical groups, the band gap of conjugated π bonds is considered to be the main cause of photoluminescence, and the photoluminescence of graphene quantum dots can be adjusted by adjusting the size of the conjugated π bonds. Studies have found that GQDS has a long luminous wavelength and low energy. Compared with carbon quantum dots, there is a higher PL quantum yield. Zhu et al. [23] synthesized GQD with different fluorescences, which can range from the UV to the red light region and have better photostability than conventional fluorescent moieties. Li et al. [24] found that carbon quantum dots obtained by the alkali-assisted electrochemical method have good transition luminescence properties, excitation with a long wavelet length, and low energy. It has an important potential for applications in bioimaging and medicine.




2.2.2. Water Solubility


The surface of GQDs is rich in oxygen-containing functional groups, such as hydroxyl and carboxyl groups. Therefore, it is particularly water-soluble and can form a stable aqueous solution. In addition, some groups can be introduced on the surface of GQDs to change the types of hydrophilic and hydrophobic groups and synthesize many different graphene quantum dots. Cho et al. [25] coupled the synthesized hydrophilic GQD with N,N′-dicyclohexyl carbon diimide and reacted with epoxy ring-opening simultaneously, realizing the change of hydrophilic to hydrophobic GQDs.




2.2.3. Electrical Properties


(ECL) electrochemiluminescence is a luminescent phenomenon produced by electrochemical reactions in solution. As an analytical technique, ECL combines the advantages of chemiluminescence analysis without background light signals and reaction electrochemical analysis utilizing electrode potentials that are easy to control with the advantages of high sensitivity, good selectivity, and no acoustic noise. It should have outstanding advantages, such as a wide range. In recent years, many researchers have found that semiconductor quantum dots have ECL properties, while GQDs have a higher specific surface area and richer surface states and therefore have better potential as ECL luminophores [26]. Typically, GQD nanosheets, especially monolayer GQDs, have a higher specific surface area than CQD nanoparticles, which means that GQDs may have richer surface states. In addition, oxidized GQDs increase the emission sites of GQDs due to the increase of oxygen-containing functional groups, resulting in stronger electrochemiluminescence effects. For example, the hydrothermal onset potential of GQDs prepared from graphene oxide sheets can be as low as 0.4 V, and a stable ECL signal with a relative standard deviation of only 1.0% was measured in a continuous cyclic scan. Jung et al. assembled GO nanoplates into a porous network using an ion-mediated assembly (IMA) method. The metal substrate was immersed in GO solution, and GO nanosheets were attracted to the anode and adhered to the surface with the assistance of an applied voltage. The GO was then converted to reduced graphene oxide (rGO). Conductive rGO filters with a porous structure and a high specific surface area can be connected to voltage applications for novel electrostatic PM filtration. Ionic liquids (ILs) are liquids composed entirely of ions and have been widely studied in the field of electrochemistry due to their high conductivity and electrochemical stability [27].




2.2.4. Toxicity and Cytocompatibility


Carbon is a vital element of human tissue and is non-toxic. In addition, a series of carbon-based compounds are the basis of human tissues. And the carbon material is chemically inert, so GQDs have excellent biocompatibility and environmentally friendly properties. Chong [28] et al. studied the toxicity of graphene quantum dots in organisms and in vitro in detail. In vitro experiments found that graphene quantum dots have extremely low toxicity due to their ultra-small size and high oxygen content, while in vivo experiments on the distribution of graphene quantum dots in mice showed that graphene quantum dots do not accumulate in the major organs of the mice but are rapidly excreted through the kidneys and do not show significant toxicity at high doses. Some researchers have demonstrated the very low cytotoxicity of graphene quantum dots by co-culturing graphene quantum dots with MC3T3 cells and conducting MTT assay experiments. In conclusion, graphene quantum dots have very low cytotoxicity and good biocompatibility and can be used for high-concentration bioimaging and other biomedical applications. The effect of functional groups on the cytotoxicity of graphene quantum dots was determined by comparing their ability to produce reactive oxygen species. It has been shown that the keto carbonyl group has a significant effect on the reactive oxygen species formation ability of graphene quantum dots, so the removal of oxygen functional groups from graphene quantum dots improves the photostability and reduces the cytotoxicity of graphene quantum dots, which provides a molecular-level indication for better design of biocompatible graphene quantum dots. Graphene quantum dots with a large number of oxygen-containing groups are effectively used as surgical nanoradiation sensitizers for radiation therapy due to their good biocompatibility [29]. The results show that GQDs have very high biocompatibility and low in vivo cytotoxicity compared to quantum dots [30].






3. Preparation of Graphene Quantum Dots


There are many methods for the preparation of graphene quantum dots, and the synthesis can include the “top-down method” and the “bottom-up method” [22]. The top-down strategy focuses on the use of chemical, electrochemical, or physical means to cut large areas of graphene oxide, carbon nanotubes, carbon fibers, and carbon black, which contain a large amount of graphene structure, to form GQDs of very small size [31]. Such methods mainly include microwave ultrasound-assisted peeling, chemical peeling, the hydrothermal method, the solvothermal method, and the electrochemical peeling method [32]. For example, Li [33] et al. prepared quantum dots by laser ablation; Zhang [34] et al. prepared graphene quantum dots by pyrolysis; and Wang [35] et al. used ultrasonic-assisted chemical oxidation to prepare yellow visible fluorescent carbon quantum dots from petroleum coke. The advantages and disadvantages of each method from top to bottom are listed in Table 1.



There are many advantages to the top-down method, namely that raw materials are easy to obtain, easy to operate, have a large output, and have a relatively simple process flow. However, the disadvantages are also very obvious. Firstly, it is difficult to remove the by-products in the GQDs prepared by the chemical cutting method, and secondly, it is difficult to precisely control the structure and size of the GQDs when doing the experiments due to the randomness of the cutting sites and the large proportion of defects in the products, and thus the quantum yield is often not high. The bottom-up strategy mainly uses small-molecule carbon-containing compounds (such as citric acid, glucose, pyrene, etc.) as carbon source materials and directly prepares graphene quantum dots through chemical means to control the reaction. Such methods mainly include metal catalysis, pyrolysis carbonization, the soft template method, solution chemistry, etc. [9]. For example, Lu [42] et al. successfully prepared GQDs with a fixed structure by controlling the heating temperature using the fullerene open-cage method. The advantages of this method are that the size and morphology of graphene quantum dots can be adjusted very accurately, and the quantum yield ratio is also high. The disadvantage is that the operation steps are cumbersome and complicated.



The advantages and disadvantages of each method, from bottom to top, are listed in Table 2.



3.1. Top-Down Method


3.1.1. Electrochemical Method


The electrochemical method mainly uses graphite and carbon fibers as anode materials to provide carbon sources and uses the defects in graphite as sites for electrochemical oxidation to drive free radicals in solution to cut the carbon source materials under the action of an applied electric field to produce hydroxyl, carboxyl, and other oxygen-containing functional groups. At the same time, the ions generated by the electrolyte act as electrochemical scissors under the action of the electric field force to cut the graphene flakes into small and intact GQD structures by oxidizing the C-C bonds. Huang et al. [46] used graphene paper as an anode and ammonia water as the electrolyte to prepare amino-functionalized GQDs with an average diameter of 4.7 nm. Tan et al. [47] successfully prepared graphene quantum dots using graphite rods as carbon source material and potassium persulfate aqueous solution as an electrolyte. Li et al. [24] prepared GQDs in a phosphate buffer solution using graphene film as an electrode, and their properties were very stable. Wongrat et al. [48] used graphite rod as carbon source material and citric acid and KCl as mixed electrolytes to peel graphite into GQDs with an average diameter of 2.6 nm. Various research results have shown that the yield of GQDs prepared by weak electrolytes is much higher than that of strong electrolytes. This is mainly due to the fact that a strong electrolyte will prematurely tear the graphene paper and detach it from the anode, which in turn stops the electrochemical cutting. The preparation method of the electrochemical method is shown in Figure 2. This method can obtain GQDs with stable quality, but the raw material processing is complex and the yield is low, so it is difficult to prepare on a large scale.




3.1.2. Hydrothermal Method and Solvothermal Method


The principles of the hydrothermal method and the solvothermal method are basically similar; compared to other types of synthesis methods, this method is a relatively simplified one. The mechanism of the hydrothermal method is to oxidize the carbon source material, generate a large number of oxygen-containing functional groups on its surface, further oxidize to carbonyl pairs at room temperature, and then add NaOH, NH3•H2O, and other alkaline substances. Due to the instability of carbonyl pairs, carbon atoms on epoxy bonds can be removed under the action of hydrothermal action, thereby breaking up to obtain GQDs. The method is mainly divided into three stages: (1) oxidation of graphene in a mixture of concentrated sulfuric acid and concentrated nitric acid; (2) oxygen-containing functional groups such as epoxy groups are introduced on the oxidized graphene sheet, and these oxygen-containing functional groups tend to be arranged in a straight line on the carbon skeleton; (3) the oxidized graphene is subjected to hydrothermal treatment under weak alkaline (pH = 8) conditions to remove oxygen-containing groups, resulting in sheet rupture, the formation of GQDs, and finally filtration and purification. The main difference between the solvothermal method and the hydrothermal method is that DMF and other organic solvents with certain reducing properties are used instead of water as solvents, and graphene is reduced while being broken. Su et al. [49] prepared nitrogen-doped graphene quantum dots (N-GQDs) by the one-step hydrothermal method using graphene oxide, ethylenediamine, and hydrogen peroxide as raw materials. Pan et al. [36] obtained GQDs with a size of 5~13 nm by using a three-step hydrothermal method. He used graphene oxide and concentrated acid as raw materials for the reaction under alkaline conditions. According to the reaction mechanism, there may be some mixed epoxy chains in the graphene oxide sheets, which are composed of fewer epoxy groups and more carbonyl groups, and the presence of these linear defects makes the GSs susceptible to attack and fragmentation. Because tricarbonylenes are most common at jagged edges, the two electronic leaps observed in PL spectra can be viewed as leaps from the σ and π orbitals to the lowest unoccupied molecular orbital. A hydrothermal method was developed to cut pre-oxidized GSs into ultrafine GQDs with strong blue-light emission. The discovery of new PLs bands from GQDs will extend the applications of GQDs materials in other fields such as optoelectronics and biological labeling [50]. Pan et al. [51] and Li et al. [50] improved the three-step hydrothermal method, respectively, and Pan et al. [51] changed the weak alkaline condition of the hydrothermal condition to a strong alkaline pH > 12, which reduced the product size to 1.5~5 nm. The preparation method is shown in Figure 3. Li et al. [50] modified the surface passivation of the product GQDs with PEG to increase the fluorescence quantum yield to 28%. Shen et al. [52] first used hydrazine hydrate to reduce GO after the surface was passivated by PEG to prepare GQDs, and then restored it by the hydrothermal method after improvement. Compared with Pan et al. [51], the main difference was that the surface of GQDs was passivated by PEG. Xie et al. [53] used different carbon materials as carbon sources, such as carbon nanotubes (CNTs), graphene oxide (GO), and carbon black (CB), and prepared GQDs by hydrothermal method (products were expressed as C-GQDs, G-GQDs, and S-GQDs, respectively). The main reaction mechanism of this method is that, during the reaction process, the oxidant H2O2 used is generated under hydrothermal conditions. OH, these free radicals can make more efficient oxidative cleavage of carbon materials at high temperatures. The results show that the prepared C-GQDs have a uniform size distribution and the smallest particle size, while the PL fluorescence intensity order of the obtained GODs is exactly the opposite, with C-GQDs being the largest and S-GQDs being the smallest, and the fluorescence intensities of C-GQDs are 1.3 times and 1.5 times that of G-GQDs and S-GQDs, respectively. Further studies showed that the particle size of the three GQDs tended to gradually decrease with an increase in reaction temperature. PL spectroscopic studies have shown that the PL spectrum of GQDs is blueshifted as the particle size decreases. This study provides a method that can effectively adjust the fluorescence properties of GQDs, so it is expected to be well applied in the fields of optoelectronic devices and biological imaging.




3.1.3. Chemical Stripping Method


The chemical stripping method can also be referred to as strong acid oxidation or oxidative cutting. The working principle is to use the oxidizing effect of strong acids and strong oxidizing agents to directly cut carbon materials such as graphene oxide and carbon nanotubes to obtain nanoscale GQDs [38]. Influenced by its own functional groups, the carbon material has a tendency to fracture in a jagged direction in the microstructure, so it can be cleaved to form GQDs by chemical oxidation. The most important feature of this method is that by controlling the temperature in the reaction, GQDs of different sizes and emitting different colors of fluorescence can be obtained. For example, GQDs emitting blue, green, and yellow fluorescence can be prepared at 120 °C, 100 °C, and 80 °C, respectively. The method is simple and effective and is suitable for the large-scale production of GQDs, but it requires the use of strong acids, such as sulfuric or nitric acid, in the preparation process. However, this method introduces other oxygen-containing groups, which leads to increased toxicity of GQDs, and it is difficult to remove the oxidant used in the oxidation process, which seriously affects the biocompatibility of the product GQDs. Peng [38] et al. used a very simple method, as shown in Figure 4, to prepare GQDs by stripping carbon fiber with a mixture of concentrated sulfuric acid and concentrated nitric acid. By controlling the temperature, GQDs with different emission colors and sizes were obtained, which could be used as fluorescent biological probes. With the deepening of research, people gradually began to look for green oxidants to replace strong acids and made certain progress. For example, Lu et al. [54] used black carbon as a precursor and H2O2 as an oxidant to produce graphene quantum dots, and the only products that came out of the reaction were H2O and GQDs, which not only avoided the intrusion of other impurities but also did not require other subsequent steps, and the synthesized graphene quantum dots were uniform in size with good photostability and biocompatibility. The produced GQDs can be well applied as fluorescent probes for biological cell imaging, which is the fastest green preparation method reported so far compared with other reported research methods and provides a new idea for the green preparation of GQDs.




3.1.4. Microwave Ultrasonic Assisted Stripping Method


General top-down strategy methods such as hydrothermal and electrochemical methods are not suitable for large-scale production of GQDs due to the large reaction time required for heating by conventional heating sources. Thus, we can utilize microwave radiation to provide additional heat, which can significantly shorten the reaction time, resulting in the rapid formation of high-quality GQDs. In addition to microwave-assisted stripping, ultrasound-assisted stripping has also been used for the simple and gentle fabrication of GQDs. The basic mechanism is that ultrasonic waves will produce alternating high and low pressure waves in the liquid, which will continuously form vacuum vacuoles, and under the action of pressure, the vacuoles gradually rupture. They produce high-velocity liquid jets and strong hydrodynamic shear forces to shear the material together. Li et al. [39] reported for the first time the preparation of GQDs by microwave-assisted chemical cracking of GO tablets under acidic conditions. The preparation method is shown in Figure 5 and tested the ORR performance of graphene composite materials. This method not only shortens the reaction time but also increases the quantum yield of graphene quantum dots. The mechanism is initiated by the acid oxidation of epoxy groups, which forms hybrid lines on some specific types of carbon lattices, making them vulnerable to attack. With the advantages of low cytotoxicity, low cost, and easy labeling, such ECL-active GQDs are expected to have a promising application in the development of novel ECL biosensors [55]. Luo et al. [40] reported the two-step preparation of white fluorescent GQDs. Methods: Yellow-green fluorescent GQDs were pre-synthesized under ultrasonic and microwave irradiation. The average transverse size of GQDs was more uniform. After irradiation with microwaves in an alkaline environment, the GQDs were converted into WGQDs, which were photochemically stable and non-toxic. According to the test results, the lateral sizes of WGQDs remained at similar intervals and were also more uniform. Measurements with atomic force microscopy (AFM) showed that the prepared graphene quantum dots consisted of multilayer graphene. Zhuo et al. [41] first prepared GQDs from graphene by direct ultrasonic spalling. Tang et al. [45] used glucose as a precursor to prepare GQDs of uniform size by using the glucose microwave-assisted hydrothermal method (MAH). Due to the microwave assistance, the resulting product has a good size and appearance, and because the only reactant in the reaction process is glucose, no surface passivator or inorganic additives are required, so the purity of the product GQDs is high.





3.2. Bottom-Up Method


3.2.1. Carbonization and Pyrolysis Method


The carbonization pyrolysis method can also be called the small-molecule carbonization method, which has become a very simple method due to the continuous research on GQDs. The basic mechanism is to use an instrument to heat the small-molecule precursor carbon source material at a temperature higher than its melting point, and when it reaches a certain temperature, it condenses and condenses to obtain a small-molecule graphene quantum dot material. This method can use many different precursors, such as ethanolamine, amino acids, coffee grounds, carbohydrates (sucrose or glucose), citric acid, etc. [43], and different precursors can produce different types of GQDs. The carbonized thermal solution method of using glucose as a carbon source is shown in Figure 6. Precursor molecules for the preparation of pyrolysis-mediated GQDs generally include both aromatic and non-aromatic moieties; the former can be directly pyrolyzed to obtain the materials due to the presence of off-domain orbitals, but the non-aromatic moieties have to undergo intramolecular and intermolecular dehydrogenation for the preparation of GQDs. Shehab [56] et al. directly carbonized glucose at high temperature to obtain water-soluble GQDs, which have a size of 7~10 nm, high crystallinity, and a large number of carboxyl groups at the edge. Qu et al. [57] prepared N- and S-co-doped GQDs using thiourea and citric acid as precursors, respectively. Liu et al. [58] used hexaphenylbenzene as a carbon source to prepare uniform-size GQDs; their transverse size is 60 nm and their longitudinal thickness is 2~3 nm. Its basic process is mainly divided into three steps: first, the use of dehydrogenation cyclization will result in six Phenylbenzene becoming powder, and then artificial graphite is obtained by carbonization cracking. Finally, GQDs were prepared using artificial graphite as a carbon source and recovered with hydrazine, originally to increase their quantum yield [58].




3.2.2. C60 Open Cage Method


The basic mechanism of preparing graphene quantum dots by the C60 open-cage method is to prepare GQDs with homogeneous morphology by controlling the temperature and using a mixture of active transition metals or a mixed solution of strong acids and strong oxidizers to open the fullerene under certain reaction conditions. The main reaction process is as follows: when the temperature is heated to a certain degree, due to the different lattice constants of C60 and Ru single crystals, under the catalytic effect of the transition metal Ru, the carbon atoms in the C60 molecules will be embedded in the surface of Ru single crystals and will be gradually fractured into carbon clusters; and then, when annealed at different temperatures, these clusters will undergo diffusion and aggregation to form different shapes and sizes of GQDs, and the shapes and sizes of GQDs can be controlled by changing the annealing temperatures and densities of clusters. Loh et al. [42] reported the catalytic decomposition of fullerenes (C60) by the live-wave transition metal Ruthenium (Ru) to prepare a series of atomic-level GQDs. Lu et al. [42] used ruthenium metal to catalyze the fracture of C60 to generate carbon clusters under high temperature conditions, which were then diffused and aggregated to obtain GQDs. Lu [42] prepared GQDs of different sizes and morphologies by adjusting the temperature by the cage opening method, which proved the advantages of such methods. The mechanism chart for C60 to prepare GQDs is shown in Figure 7. Kaciulis et al. [59] mixed fullerenes, H2SO4, and NaNO3 in an ice water bath, then added KMnO4 for reaction and dialysis to obtain GQDs with a transverse size of about 15 nm and a thickness of about 0.5–2 nm.




3.2.3. Solution Chemical Method


Solution chemistry is also a more commonly used method in bottom-up strategies, and GQDs are formed after continuous oxidation and polymerization of small molecules. However, this method has a drawback: as the size of the polymer continues to increase, the gravitational force between the bonds increases, and the water solubility of the formed product will become lower and lower, so we generally need to adopt the solubilization method, that is, connect the solubilization group at the edge of the GQDs, so that the reaction can be carried out better. Li et al. [44] based their study on the oxidative condensation reaction using small organic molecules as precursors. By precisely controlling the ring number of six rings of graphene quantum dots, quantum dots with different ring numbers are obtained, and the precise control of GQD size is realized. The GQDs prepared by this method have a precise molecular structure, and the band gap or other properties of the GQDs can be further adjusted by adjusting the size of the GQDs or modifying other functional groups on their molecules. Although this method can precisely design and control the molecular structure and size of GQDs, the process is particularly complicated due to the multi-step organic synthesis reaction involved in the preparation, and the yield of GQDs is relatively low, so there are few research reports on the preparation of GQDs by this method.




3.2.4. Chemical Vapor Deposition Method


Chemical vapor deposition (CVD) is a common method for preparing 2D graphene. In CVD technology, the flow rate of hydrogen (H2) and C sources, growth time, temperature, and the surface morphology of the substrate are key parameters that determine the size of the final product. By adjusting these parameters, the nucleation rate of graphene can be accelerated to exceed the growth rate, thereby reducing the size of the final graphene product. The CVD method is commonly used to synthesize graphene, and rarely is CVD utilized to synthesize GQDs. Fan et al. [60] invented a chemical vapor deposition (CVD) reaction on a copper substrate to synthesize GQDs, with the advantages of fast synthesis speed, controllable quantum dot size, and good dispersion. Lee et al. [61] reported the use of the chemical vapor deposition (CVD) method to fabricate uniform GQDs by size control. The fabrication process was divided into two components: the first step required the assembly of PS-PDMS BCP films on raw materials, followed by the preparation of monolayer graphene on Si/SiO2 substrates using chemical vapor deposition. The second step involves the use of ordered arrays of silicon dots generated by an oxygen plasma etching process as a mask layer for the patterning of the GQDs, which is important for improving the performance of the GQDs as well as for understanding the effects of size and functionalization on the GQDs.



The main methods currently used in research to synthesize graphene quantum dots are hydrothermal, chemical oxidation, and strong acid exfoliation, which have many advantages but have drawbacks that prevent them from being scaled up to the industrial quantities required for large-scale applications. So in the subsequent research on the continuous improvement of the production methods, Some researchers and scholars have now found some novel methods, and the microwave irradiation method mentioned above not only makes the reaction time much shorter but also can greatly improve the quantum yield. This method not only eliminates the need for additional reductants to avoid the introduction of impurities but also integrates the sheet-cutting and reduction processes. Environmentally friendly, green technology is also a requirement for our existing industries. In many methods studied so far, the synthesis of GQDs requires high-quality carbon precursors, toxic organic solvents, concentrated acid or alkali treatments, and high temperatures, which may produce a large number of impurities, and people have begun to look for new and environmentally friendly methods for their preparation. For example, in the preparation of GQDs from carbon-containing wastes, Wang et al. [62] used coffee grounds as raw material, Ding et al. [63] used renewable lignin as raw material, and Tran et al. [64] used gelatin as raw material, realizing the effective utilization of solid waste. A technique applicable to the preparation of large-scale nonfunctional GQDs has also been proposed, based on the principle that graphite suspensions are passed through micrometer-sized z-channels at high speeds and pressures to generate high shear rates, whereas millimeter-sized suspensions of graphite flakes are first exfoliated into micrometer-sized graphene, which is then further shrunken and fragmented into nanometer-sized GQDs [65]. Methods of preparing graphene quantum dots are still being researched, and we may see more efficient and environmentally friendly methods in the future.






4. Characterization of Structural Properties of Graphene Quantum Dots


We have summarized the preparation methods of graphene quantum dots in a more systematic way, but whether the structural properties of graphene quantum dots prepared by different methods change or not, in order to have a better in-depth understanding, we decided to choose the most promising method available—the hydrothermal method—to prepare graphene quantum dots and to characterize their structural properties.



Among the many methods for the preparation of graphene quantum dots, the hydrothermal method is one of the most commonly used due to its simplicity, the lack of special equipment, and the homogeneity of the synthesized products. Experimentally, blue fluorescent graphene quantum dots were synthesized by hydrothermal chemical reaction using micrometer-sized graphene sheets (GSs) as raw materials. Their TEM results are shown in Figure 8. Using the Gaussian function, the diameters of graphene quantum dots are mainly distributed between 5 and 13 nm, and their average particle size is 9.6 nm, which is a relatively narrow particle size distribution, indicating that the synthesized graphene quantum dots are relatively uniform in particle size [40].



The atomic force microscopy (AFM) analysis of graphene quantum dots is shown in Figure 9, which indicates that most of the graphene quantum dots have a thickness of about 1–2 nm, i.e., the quantum dots consist of two layers of graphene. The prepared graphene quantum dots have a size of 9.6 nm and a thickness of 1 nm, which means that our graphene quantum dots have a disk-like rather than spherical shape [40].



The compositions of the prepared graphene quantum dots were analyzed, and Figure 10a shows the full-scan XPS spectra of the oxidized and hydrothermally reduced GSs, and it can be clearly seen that the carboxylate signal at 289 eV is weakened after the hydrothermal treatment, while the sp2 carbon peak at 284.4 eV remains almost unchanged; and Figure 10b shows the Raman spectra of the reduced GSs of the graphene quantum dots, with one G-band at 1590 cm−1 and a D-band at 1325 cm−1 and they have an intensity ratio of 1.26 [40]. From the figure, there are very distinct and sharp absorption peaks, indicating that graphene quantum dots are mainly composed of C=C.



The fluorescence spectra of graphene quantum dot solutions at different excitation wavelengths were tested using a fluorescence spectrometer. The results are shown in Figure 11a. From the figure, it can be seen that at the excitation wavelengths from 320 to 410 nm, the position of the detected PL peak remained at 430 nm, and the PL peak was independent of the excitation wavelength. Meanwhile, with the increase in the excitation wavelength, the PL intensity is strong and then weak, and the luminous intensity is maximized at the excitation wavelength of 350 nm. With the gradual increase of the excitation wavelength, the PL peak was red-shifted with the increase of the excitation wavelength. Using quinine sulfate as a standard reference, the quantum yield of our prepared graphene quantum dots was calculated to be 6.9%. As can be seen from Figure 11b, the wavelength of the PL peak becomes larger under the excitation at 320–420 nm. Meanwhile, the concentration intensity gradually becomes weaker with the increase in the excitation wavelength.



The prepared graphene quantum dots were characterized by structural characterization, morphological characterization, and fluorescence properties, and the main characterization methods were TEM, AFM, and XPS. The results show that the prepared graphene quantum dots have abundant oxygen-containing functional groups, including carboxyl, hydroxyl, and carbonyl groups. The morphology of graphene quantum dots was characterized by TEM and AFM, and from the characterization results, we can see that the graphene quantum dots are more concentrated in terms of the size distribution and the thickness, which indicates that the graphene quantum dots are discoidal rather than columnar in shape, and that the graphene quantum dots have obvious lattice stripes, which indicates that the crystalline properties of the graphene quantum dots are good; they have good crystallization properties. For the characterization of fluorescence properties, most researchers believe that the absorption peaks between 200 and 270 nm are attributed to the C=C bond π-π* jump, while the absorption peaks larger than 260 nm are attributed to the C=O bond n-π* jump, while our graphene quantum dots have an absorption peak at 280 nm, which suggests that it is caused by the C=O of the graphene quantum dots, and the electron jump mode is n-π* jump [22]; The photoluminescence spectra of graphene quantum dots prepared by the hydrothermal method show that the fluorescence intensity of graphene quantum dots is different at different excitation wavelengths but exhibits the same law: with the increase of the excitation wavelength, its fluorescence intensity is stronger and then weaker, and there will be the maximum luminescence intensity at a certain wavelength of irradiation.




5. Modification Method of Graphene Quantum Dots


With the continuous research on graphene materials, a relatively complete set of preparation methods has been formed. However, in the process of research, people have continuously found that, in some aspects, ordinary graphene quantum dots are not very useful, while modified GQDs can play a great role. and the modification can not only improve the conjugation of the overall structure but also change its own fluorescence properties, biocompatibility, and other properties, which will enhance the quantum yield and optical properties of graphene quantum dots [39,66]. There have been many studies on the modification of graphene quantum dots, and the modification methods are generally categorized into three kinds: heteroatom doping, grafting modification, and constructing heterojunction.



5.1. Heteroatomic Doping


People have studied a lot about the doping of graphene quantum dots. Among them, the heterogeneous atoms are nitrogen [67], boron [68], sulfur [69], and some metal elements such as doping, as well as the methods of boron-nitrogen [70], nitrogen-phosphorus, etc. The chemical activity and electronic structure of GQDs doped with different atoms will be greatly improved, and their quantum yield will be increased. Doping different dopants will make different changes in their physicochemical properties, so it is important to choose different dopants according to the application [71]. The combination of doped metal elements with hetero-covalent bonds contributes to the improvement of electron transfer capacity [72,73]. However, the radius of general metal elements is large, and doping into carbon atoms may cause inhomogeneity, and some metals are also toxic, which may lead to ineffectiveness. Non-metallic ions can enter the semiconductor to form stable chemical bonds, so the study of non-metallic doping will be the main research direction.



5.1.1. Nitrogen Doping


Nitrogen doping has become one of the most common and effective methods to modulate the quantum yield and improve the fluorescence performance of GQDs. Since nitrogen is adjacent to carbon in the chemical element table with a small difference in radius, its electronegativity is greater than that of carbon. The doped nitrogen will resonate with the effective orbitals of GQDs and improve the electronic activity, which makes it easier to be doped into GQDs. It has been found that doping N atoms into the original nanomaterial enhances its PL behavior, leading to enhanced applications in biosensing, fluorescence imaging, and several other areas [65]. Common nitrogen sources generally include ammonia [74], dimethylformamide (DMF), nitric acid [74], melamine, and quadrol [75]. A diagram of a laser ablation device is shown in Figure 12. Calabro et al. [75] synthesized N-GQDs based on a variety of substances in ammonia, quadrol, and pyridine as nitrogen sources using the laser ablation method. It was found that the surface contains the pyria group and has a long fluorescent life. Xin et al. [76], based on N-methylpinol, ammonium persulfate, and hydrogen peroxide as raw materials, replaced the strong acid peeling of graphite-synthesis N-GQDs, reducing the residual front-drive body. Qu et al. [77] use citric acid as the carbon source and sulfur as the element to prepare the nitrogen-doped graphene quantum dot (N-GQDs). It has a very high quantum yield and shows excellent optical luminous performance, which can be applied in the field of optical catalysis. Tran et al. [64] use the microwave assistance water thermal method with passion fruit juice and boric acid as raw materials doped graphene to prepare boron-nicotyle-doped graphene quantum dots (B, N-GQDs). It was found that GQDs increase the length and marginal state of effective coexistence and improve the ability to detect tetracycline. With the gradual deepening of the study of nitrogen doping, more and more precursors are used to synthesize graphene quantum dots doped with nitrogen; the most common are citric acid and urea. For example, Yan et al. [78] use citric acid and glycine as raw materials. They are heated to 200 °C with instruments. The obtained liquid is added to a sodium hydroxide solution and continuously stirred, and the N-GQDs are finally synthesized. Martinez et al. [79] use citric acid and glycine as raw materials, syrup solution and sodium hydroxide solution as reagents, mix at a certain temperature, and successfully prepare N-GQDs. It is characterized by the prepared nitrogen-doped graphene quantum dots, and a richer oxygen-containing group was found, which improves the functionalization of use and has a significant improvement in fluorescent performance and launch wavelength. In addition, doped quantum dots and other semiconductor formation composite materials can also further improve the performance of GQDs. For example, Yang et al. [80] used the physical stirring method to synthesize the PD@n-GQDs composite material. Among them, the PDNPS has good decentralization and fine particle size. Compared with PD@GQDs, the current intensity is increased, showing a higher current response and superior electrochemical catalytic activity.




5.1.2. Phosphorus Doping


Doping phosphorus can change the band structure, electronic structure, and element content of graphene quantum dots and has been shown to be a good way to change their fluorescence properties. Common phosphorus sources include lecithin, phosphoric acid, THPC, ATP [80], Sodium phytate [81], etc. Li et al. [81] used a high-purity graphite rod as the working electrode, platinum and other electrodes, and sodium-planting electrolytes to synthesize P-GQDs as phosphorus sources. In the experiments, the phosphorus mainly existed with the C3PO bond, and the C3PO key could make the GQDs. The fluorescent performance has been significantly improved. Wang et al. treated lecithin through solvents to obtain phosphorus-doped graphene quantum dots (P-GQDs), which increased quantum yield [70]. Wang et al. [82] used citric acid as the carbon source and sodium-free sodium sulfate water to thermally synthesize P-GQDs. Due to the poor electrical negativeness of phosphorus and sulfur, the transmission rate of electrons is accelerated. GQDs have better performance than unit-element-doped GQDs. Figure 13 shows the synthetic processes and structural illustrations for GQDs and P-GQDs.




5.1.3. Sulfur Doping


The sulfur doped into graphene quantum dots mainly exists in the form of C–S–C bonds to improve fluorescence performance and C–SO2–C bonds to improve photocatalytic performance. Sulfur can change the band structure of GQDs to increase the path of electron transition, which has great potential in optics. It has been demonstrated in the literature that doping S atoms can provide more energy for photoexcited electrons, which can better regulate the electronic structure and optical properties of nanoparticles [65]. The most common sulfur sources are: 3-cymbal propyate (MPA), Na2S [84], cysteine, sulfuricate, sulfate [85] and ammonium sulfate. In the work of Luo et al. [86], sulfur powder was used as raw materials to synthesize sulfur doped graphene quantum dots (S-GQDs). He found that there are two ways for sulfur atoms to dope, one is that sulfur atoms replace carbon atoms, and the other sulfur atoms attach to graphene to form a bond state, which will greatly increase the quantum yield. Hasan et al. [87] use cheap and easy glucosamine and thiourea are made of N, S-GQDs through a microwave assisted water thermal method. Fan et al. [84] used NH4OH and NA2S as the front-drive body to synthesize N,S-GQDs, who found that doping sulfur changed the state of nitrogen, creating more active sites and promoting electron transfer. Luo et al. [88] used the water thermal method to synthesize the N-type S-GQDs. S-GQDs are mainly used as the rapid and effective electronic migration area activation zone as photochemical electronics, which will quickly promote catalytic reactions and improve optical conversion efficiency. Yang et al. [89] placed the graphene oxide and dibenzyl disulfide in the argon, annealing, and cracking system to obtain a sulfur doped graphene. This sulfur doped graphene shows a better catalytic effect than traditional metal catalysts.




5.1.4. The Doping and Common Doping of Other Atoms


In addition to commonly used nitrogen atoms, phosphorus atoms, and sulfur atoms that can be mixed with GQDs, there are also other atoms for research. Ge et al. [90] used soluble 1,3,6-trinitropyrene and borax through ultrasound in the NAOH solution. B-GQDs are obtained after the solution is subjected to hydrothermal reaction and then dialyzed. The radius size of B and C is similar, and like nitrogen, it can be added to GQDs very uniformly, and oxygen-containing groups are added to the surface of graphene quantum dots to increase functionality. Zhang et al. [91] found that, through the water heat method, boron-doped graphene quantum dots (B-GQDs) were prepared by cutting large pieces of boron-doped graphene, which were characterized and found to have good crystallinity and improved fluorescence properties. Atoms such as Si and Cl can also be doped into GQDs. Atoms such as Si and F [66] can also be mixed into GQDs. There are many experiments that mix two or several different atoms together to make GQDs. For example, Wang et al. [82] mixed the C6H8O7, sodium phytate, and Na2SO4 solution and heated it, then obtained the solution for centrifugal dialysis processing and obtained a sulfur-doped graphene quantum dot (SP-GQDs). This experiment proves the possibility of two atoms. The other two atoms are mixed together to make the graphene quantum dot have a higher crystallinity. Xu et al. [92] mixed concentrated sulfuric acid, nitric acid, and coal, passed the ultrasonic treatment, and then heated in the oil bath. Finally, NPS-GQDs were obtained by the filter membrane and dialysis bags in the dialysis bag. The schematic diagram of the PL annihilation and anti-consuming motor of B-GQD in a glucose environment is shown in Figure 14.





5.2. Surface Function


Surface functionalization, in a superficial sense, is to make some changes to the surface of graphene quantum dots. It is well known that there are many oxygen-containing groups and hydrophobic π-structural domains on the surface of GQDs that can be used as active sites for surface modification, which can be used to control the surface properties of GQDs, eliminate the non-irradiation complex centers, modulate the fluorescence color of quantum dots, and increase the quantum yield, so that if the oxygen-containing groups are changed reasonably, it will increase the original properties. Therefore, if the oxygen-containing groups are changed reasonably, their original properties will be increased. Surface functionalization is generally divided into two ways: one is to introduce small organic molecules or polymers with strong electron-absorbing efficiency in the process of synthesizing GQDs to change their surface state; the other is to chemically transfer certain groups on the surface of GQDs [11].



5.2.1. Hydroxyl Modification


GQDs contain a large number of hydroxyl groups on their surfaces and edges, which can be esterified with carboxyl group-containing polymers, condensed with silane coupling agents, and Kitter reacted with cyano groups to increase the π-π conjugated sp2 structure, which provides the bonding ability for GQDs and increases their conjugated system, thus improving the optical properties. Islam et al. [93] found that by esterization reactions to generate surface defects in GQDs and carbon fiber (CF), the degree of coexistence has been increased to significantly improve the capacitance of composite materials, and the material has broad application prospects in the field of flexible electronic devices. Kang et al. [94] realized the pyridine function of GQDs through the couplet of 3-amino-trice trimethyl oxyxane, and the obtained materials are better dissolved. The reaction of the silane coupling agent with the hydroxyl group of the GQDs yielded amino-functionalized GQDs, and the amidation of the amino group with the carboxyl group of 2,6-bis(pyrazol-1-yl) isonicotinic acid (TpyCOOH) led to the fluorescent GQDs-tpy, which detects metal ions by using the liganding of Zn2+ with the trilobalts, leading to the quenching of the fluorescence by metal-ligand charge transfer. Pourhashem et al. [95] used a silane coupling agent as a bridge between GQDs and epoxy resin. XPS showed that C-Si and Si-O-Si bonds appeared at 283.6 eV and 532.7 eV, respectively, indicating that the silane coupling agent was involved in the above reaction. Due to the interfacial interaction between the two surfaces to improve the specific surface area and structural compatibility, the maximum emission wavelengths at 460 nm were observed under the excitation of 420 nm, which increases the optical properties of the product. Zhang et al. [96] used Kitter’s reaction to functionalization of GQDs, which can change its electrical performance by changing the degree of cross-linking between the two. The preparation process is shown in Figure 15. Through the surface active sites provided by GQDs, the low-cost and highly tunable composites are utilized to expand the sp2 structure of the π-conjugation and enhance the conjugated system after crosslinking with carboxyl groups, silane coupling agents, and cyano groups through esterification, condensation, and Kitter reactions, which clearly exhibit good maximum emission wavelength and other properties.




5.2.2. Carboxyl Base Modification


The surface of GQDs also contains a large number of carboxyl groups, which can undergo esterification and amidation reactions with hydroxyl groups, amino groups, etc., and produce more active sites through conjugation to increase their electrical properties. Chan et al. [97] used GQDs carboxyl group and amine functional TIO2 reaction to covalent prices to prepare GQDs/TIO2 composite materials. Under visible light irradiation, GQDs generate electrons and transfer them directionally to the TiO2 surface, facilitating photogenerated charge separation, which effectively improved its optical performance. Cho [25] et al. reduced the strong conjugated interaction between GQDs by grafting hexylamine and significantly inhibited the aggregation of GQDs. The diagram of the modification is shown in Figure 16. The amphiphilic nature of the modified GQDs, most of which are located at the interface between the water and organic phases, allows the Pickering emulsion to remain stable for several months; it was also found that the fluorescence emission of the GQDs is caused by the radiative decay of excited electrons from the lowest unoccupied molecular orbital (LUMO) at the jagged edges of the GQDs to the highest occupied molecular orbital (HOMO). Tachi et al. [98] used phenolic hydroxyl groups and GQDs carboxyl genetic reactions, effectively suppressing non-radiation reorganization, significantly accelerating the transfer of photocopy electronics, and increasing its quantum production rate. By grafting different materials to undergo amidation and esterification reactions and adding catalysts such as EDC to accelerate the reaction rate, the chemical structure of GQDs was significantly altered, and the integrity of the surface π-electron network, optical properties, and surface stability were enhanced.




5.2.3. Aromatic Ring Modification


Direct grafting of molecular chain segments on the aromatic ring structure of GQDs themselves by the Gomberg–Bachmann reaction, the olefin epoxidation reaction, and the Huisgen reaction was used to improve the fluorescence properties of these GQDs. The resonance effect between the grafted molecular chain segments and the GQDs produces defective states in the band gap, which effectively modulates the photoluminescence of the quantum dots, improves the quantum yield, and systematically tunes the fluorescence properties of the GQDs. Guan et al. [99] used the Gomberg-Bachmann reaction between the NN triple bonds on the aromatic rings containing different substituents, such as aniline, sulfonine, 4-aminobenzoic acid, and 5-amino-1-naphthalene sulfonic acid, which exhibited bright blue, yellow-green, green, cyan, and other fluorescences, respectively, and found that especially the aromatic rings containing sulfonic acid groups could greatly increase the QY of GQDs. The coupling of individual electrons in the δ orbital of aryl groups converted from diazo ions and aromatic ring double bonds of GQDs produces defect states, which improves the efficiency of electron-hole recombination. Carbon-carbon double bonds are prone to providing electrons and being oxidized, so Wang et al. [100] used hydrogen peroxide as an oxidizing agent to break the aryl ring double bonds through an electrophilic addition reaction, forming epoxy functional groups on the surface of the GQDs, which enhances the surface activity and broadens the range of light absorption at 400~450 nm, expanding their applications in bio-imaging and photothermal therapy. The discovery by Hossain et al. [101] that graphene can be modified in situ by the diazotization reaction of amines opens up new chemical avenues for the functionalization of graphene. Various other reactive functional groups introduced through this reaction can be used to trap and immobilize metal atoms or bioactive molecules. The specific process is shown in Figure 17. Graphene quantum dots broaden light response by increasing structural conjugation via the Gomberg-Bachmann reaction, olefin epoxidation, and the Huisgen reaction.




5.2.4. Other Modifications


In addition to the typical graft modification using carboxyl and hydroxyl functional groups on the surface of GQDs as described above, researchers have also investigated other modification methods. Ge et al. [102] first prepared GQDs electrochemically, then added H2O2 and stirred under UV light irradiation for 24 h to obtain hydroxylated graphene quantum dots (H-GQDs), which showed stronger C-OH peaks in the infrared spectrum; after the oxidation, some broken π-conjugated electronic structures in the GQDs were reorganized, which led to an increase in π-electron leaving domains, making it easier to be The fluorescence intensity of H-GQDs is 5.5 times higher than that of GQDs due to the deprotonation of the functional groups on the surface of GQDs, which are negatively charged, and monodispersion is achieved by the repulsion of the negative charge. Ashraf et al. [103] prepared Cu2O-CuO@GQDs with a core-shell structure in the presence of sodium dodecyl sulfate by taking advantage of the electrostatic interactions existing between the negatively charged GQDs and the positively charged hexagonal Cu2O-CuO. The material exhibits excellent electrocatalytic properties with a high specific surface area and high electrical conductivity.





5.3. Composite Material


Composite materials are solid materials made of two or more pure or homogeneous substances that have superior performance to the original single This material is superior to the original single material and has a comprehensive effect. Organic materials have particular advantages, such as easy film formation, high carrier mobility, etc., which can greatly complement the performance of GQDs and will lead to many new applications. In recent years, there has been increasing interest in developing new GQD composites [104]. Distributing other semiconductor materials on the surface of GQDs or between the layers to form a composite material with graphene as the matrix, using its excellent electrical conductivity, fast electron transport, and other properties to improve performance, accelerate the separation rate of electron-hole pairs, inhibit the non-radiative recombination of the two, enhance their optoelectronic properties, and expand the scope of their applications, is an effective way to improve the performance of the composite material. Many materials have been applied to form composites with GQDs, and these composites have shown the ability to improve and optimize device performance. According to their composition, GQDs are broadly categorized into the following three types: undoped GQDs composites, single-doped GQDs composites, and double-doped GQDs composites.



5.3.1. Undoped GQDs Composites


Undoped GQDs composites are composites formed directly from GQDs and other semiconductors, and under the condition of light excitation, the valence band electrons of the semiconductor receive energy to jump to the conduction band, leaving holes in the valence band, and the electrons are transferred to the conduction band of the other semiconductor, thus realizing a large number of electron transfers, narrowing the photogenerated bandgap, and expanding the photoresponse to the visible range. He et al. [105] first used polyacrylonitrile nanofibers (PAN) as a substrate in situ to prepare BiOI/PAN composite fibers, with BiOI sheets arranged vertically and uniformly around the PAN to form a hierarchical structure on its surface. Then, GQDs were sprayed onto the BiOI surface to form S-type heterojunctions. The degradation performance of the composite for phenol was significantly improved by the combined effect of the fiber hierarchical structure and S-type heterojunction. Zhang et al. [106] prepared composites of GQDs and reduced graphene oxide (rGO) with a unique three-dimensional structure and found that the GQDs/rGO complexes were more active than GQDs and rGO in the reduction of nitroaromatics, and their catalytic performance was closely related to the ratio of GQDs to rGO in the composites, with the defects and the edges being the active sites, and the mass ratio of GQDs to rGO was 1:4. The mass ratio of GQDs to rGO of 1:4 showed the highest catalytic activity. In addition, the catalytic performance is also attributed to the unique 3D network structure, which facilitates the adsorption of reactants and the diffusion of products. Goswami et al. [107] synthesized GQDs/ZnO/GaN-NT composites by uniformly dropping GQDs into ZnO/GaN-NT and spin-coating (4000 r/min) at 200 °C. It was found that the effective introduction of GQDs could act as an incident ultraviolet absorber and electron hole generator, and the energy band structure could be tuned for better charge transport. The specific process is shown in Figure 18. Through the direct composite of GQDs with other semiconductor materials, GQDs composites combine the advantages of graphene, quantum dots, and oxide semiconductors, which is not only a simple process but also effectively accelerates electron transfer by increasing photogenerated carriers, improves the separation efficiency of electron-hole pairs, and better absorbs the energy so as to improve the photocatalytic activity. GQDs composites provide a good design route for photocatalysts, and there is room for long-term development.




5.3.2. Single-Doped GQDs Composites


Doping can effectively change the electron density of semiconductor materials, reduce the exciton binding energy and the lowest unoccupied molecular orbitals of GQDs, and further composite with semiconductor nanoparticles to efficiently inhibit the non-radiative recombination of electron-hole pairs and relatively improve the catalytic performance. Therefore, theoretically, the doped GQDs and other semiconductor composites coupled with close contact can improve the photocatalytic activity of electron-hole pair separation and redox reactions. Yang et al. [108] first synthesized heterojunctions by ultrasonically mixing GQDs with BiVO4 before using the hydrothermal method. Due to the energy level effect of nitrogen atoms, they can increase the mobility of photogenerated electrons, thus improving their photocatalytic activity. On this basis, Li et al. [109] synthesized N-GQDs/TiO2 composites using a hydrothermal method, and the N-GQDs showed stronger absorption peaks in the UV range than the GQDs, which significantly improved the photocatalytic performance. The contents of pyridine N and graphite N were as high as 22.47% and 31.44%, respectively, when the content of ammonia was added at 50 mL, and the photocatalytic activity was about 95% after 12 min. This indicates that pyridine N and graphite N play an important role in photocatalytic performance. The composite of nitrogen-, sulfur-, and phosphorus-doped graphene quantum dots with other semiconductor materials has certain advantages over other single materials, and the resulting multi-energy level effect promotes interfacial charge transfer, prolongs the charge lifetime, and reduces the photoresist effect. Meanwhile, the electron-hole-pair composite rate in the GQDs composite material decreases, and its emission spectra and luminescence efficiency can be greatly changed, and it can be used as a kind of high-efficiency photocatalyst.




5.3.3. Double-Doped GQDs Composites


The double-doped GQDs introduce different energy levels of nitrogen, phosphorus, and sulfur states during the photocatalytic reaction, which can better absorb visible light to generate electron holes based on the difference in their ability to transport electrons, and the heterojunctions formed by the composites significantly inhibit the light-induced carrier recombination due to the charge-differential coupling effect of the diatom, which exhibits excellent catalytic activity. Li et al. [110] prepared nitrogen-sulfur co-doped graphene quantum dot (NPG)/Bi5O7I nanocomposites by solvent-thermal method, which can more effectively improve the ability of GQDs to utilize light under light irradiation, and the electrons of Bi5O7I will also be transferred to the surface of NPG, which will enhance its reducing properties. The transfer of a large number of electron hole pairs in the composite was utilized to effectively improve the photocatalytic degradation ability. Cai et al. [111] fabricated N,S-GQDs/g-C3N4 composites by physical stirring, which enhanced the visible light absorption ability of the composites, and the photogenerated electrons could be effectively transferred to the N,S-GQDs due to the interfacial contact formed between the g-C3N4 and the N,S-GQDs, which indicated that the visible-light-driven photocatalytic activity has been effectively improved, and it can also be said that there is a tendency for quenching of the fluorescence intensity after the addition of the quantum dots. Tian et al. [112] used the same method to form composites of N,S, and GQDs with reduced graphene oxide/titanium dioxide nanotubes (RGO/TiO2NT). The UV-Vis absorption spectra showed C=N, C=S, and S=O peaks at different wavelengths, which broadened the range of light absorption. The pollutants were adsorbed on the surface of the catalysts to be oxidized indirectly by hydroxyl and superoxide radicals, and the narrowing of the bandgap was attributed to the formation of the Ti-O-C chemical bond between TiO2NT and RGO. The doubly doped GQDs enhance the absorption of visible light through the introduction of multi-energy-level energy states, improve electron conduction and diffusion, and act as sensitizers to improve the spectral absorption of the composites. It does not affect the synthesis of a single semiconductor, and due to the presence of energy level differences, the composites formed, which effectively enhance the binding force and significantly inhibit carrier recombination, exhibit smaller band gaps than the singly doped GQDs and obtain good visible light absorption, thus significantly accelerating the degradation of pollutants. In conclusion, GQD composites can be good for improving and optimizing the performance of devices. New GQD functions can be developed by utilizing doping, composites, and other techniques, which will open up new application areas for GQDs [104].






6. Application Field of Graphene Quantum Dots


GQDs have important application potential in many fields, and his current research focuses on several areas, such as catalysts, biomedicine, sensors, and photovoltaics. This article will briefly introduce its catalysts and photovoltaic devices and focus on various sensors and biomedical aspects, such as bioimaging, tumor treatment, etc.



6.1. Catalyst


GQDs have some specific chemical groups that make them catalytic, and the electron-hole pairs generated by semiconductors under illumination have redox ability. GQD can improve the performance of catalysts by promoting charge transfer, accelerating the separation rate of electron-hole pairs, or enhancing photoadsorption [113]. Li et al. [39] prepared products to launch Blue-ray and have electrocatalytic activity. In an alkaline medium catalytic oxygen reduction reaction (ORR), its catalytic activity is equivalent to that of commercial PT/C catalysts. Liu et al. [114] mixed N-GQDs and Bi2Ti2O7 for 60 min to form composite materials. Electron transfer from Bi2Ti2O7 to N-GQDs and holes to Bi2Ti2O7 effectively promotes the separation of electron-hole pairs, increases the electron transport rate, and improves the degradation performance. Qu et al. [32] prepared nitrogen-doped graphene quantum dots with oxygen-rich functional groups by introducing nitrogen atoms in situ in GQD by electrochemical method using an acetonitrile solution containing tetrabutylammonium perchlorate as an electrolyte, and the prepared GQDs had photocatalytic properties. Yang et al. [108] compounded N-GQDs and BiVO4 to form a heterojunction and used the superoxide free radicals generated by the composite material to degrade the methyl blue, and it was found that the main oxidant comes from the OH of the N-GQDs and not the hole of the BiVO4 valence band. What is generated shows that the introduction of N-GQDs in this composite material improves the efficiency of optical conversion, inhibits the recombination of electron-hole pairs, and greatly improves the degradation ability. Zhu et al. [31] used BiOCL/BiVO4/N-GQDs for tri-heterogeneous heterolytic high-efficiency degradation of BPA. Their schematic diagram and the charge separation process under visible light irradiation are shown in Figure 19. The introduction of nitrogen effectively accelerated the electronic transmission rate and accelerated the electronic acupoint pair through the synergy of three components. The separation shows excellent degradation performance. Figure 20 is the ORR performance test diagram of the composite material catalyst.




6.2. Photovolatic Device


Due to the excellent optical and electrical properties of GQDs and their application cost, they have potential application prospects in the fields of organic light-emitting diodes, high-performance photovoltaic devices, such as organic-inorganic hybrid solar cells, dye-sensitive solar cells, and organic light-emitting diodes. Yan et al. [83] reported that GQDs have good optical absorption ability and optimized absorption in ultraviolet and visible light zones. In addition, the computationally simulated band model of GQDs shows that when GQDs obtain an electron from I−, they have the ability to inject electrons into the wide bandgap of TiO2. In addition, they have also discovered the application value of GQDs in photochemical cells, especially near-infrared light, which has made their application range in the optical field larger. Li et al. [117] mix green fluorescent GQDs and electronic receptor polymers and make thin-film solar cells. Figure 21a is a device schematic diagram. Figure 21b,c are test devices. Light current-voltage (J-V) curve charts They are divided into two groups, namely the original sample group and the addition of 10 wt% of the GQDs group. After experimentation, the latter’s photoelectric performance was significantly improved. Gupta et al. [118], mixing GQDS and P3HT or MEH-PPV co-mixing polymer components, Compared with GS and the commonly used polymer devices, the efficiency of solar batteries and their organic light-emitting diodes have greatly improved at the same time. These studies all prove the application potential of graphene quantum dots in the field of batteries or diodes.




6.3. Sensor


6.3.1. Graphene Quantum-Point Photoelectric Chemical Sensor


GQDs have active functional groups on the surface, autofluorescence performance, and superior theoretical conductivity, which can be used as a substance connected to biological probes on electrochemical biosensors or directly capture metal ions. They have also been used in electrochemistry. SSDNA molecules can interact with graphene quantum dots, and together they can be used as probes to prepare electrochemical sensors. Zhao et al. [119] based on the strong interaction between ssDNA and graphene materials, using the pyrolytic graphite electrode modified by graphene quantum dots and the ssDNA molecule of a specific sequence as a probe, the principle of action is that when the reaction between ssDNA and GQDs occurs, a strong bonding force will be generated, which will inhibit the electron transfer between the electrochemically active substance [Fe(CN)6] 3-/4- and the electrode, which will weaken the signal. When paired DNA appears, it can bind to ssDNA, which in turn increases the electrical signal. Ran et al. [120] combined nitrogen-doped quantum dots with cobalt oxide to form a complex, which was then combined with the antibody modified by the golden nanoparticles to build an electrified student material sensor that can be used to detect human epididymal proteins. The linear range is 0.002~20 ng/mL, and the detection limit is 1.5 pg/mL. Zhang et al. [121] prepared an electrochemical luminous biosensor based on the T7 nucleic acid external enzyme auxiliary cycle amplification and DNA-mediated silver nanoparticles for analysis of Microsna. The schematic diagram of the electrochemical sensor they use is shown in Figure 22. Wang et al. [122] developed a photoelectric student material sensor through the energy transfer between carbon quantum dots and gold nanoparticles. Two miRNAs were detected by two hairpin probes modified on Aunp. Ions can be detected with electrochemical sensors. For example, Chen et al. [123] used graphene quantum dots and S2O28− to build a sensor to detect Cr6+ in water samples. There are also studies using doped graphene quantum dots as electrochemical sensors. Qu et al. [124] developed, through N-doped GQD, a high-sensitivity fluorescent biosensor for tyrosinase (TYR) and acid phosphatase (ACP) activity. Cui et al. [125] prepared new N- and S-doped GQDs and developed composite-based complexes.




6.3.2. Gas Sensor


Gas sensors are mainly divided into semiconductor gas sensors and optical gas sensors. The styles generally include flat-screen [16], tube [126], and film type [127]. Their shape is shown in Figure 23. The working principle of the two sensors is also different. Gas sensors mainly determine the gas concentration by testing the gas to give and receive electrons on the surface of sensitive materials to determine the resistance or current change. The working principle of the optical sensor is to determine the absorption of the wavelength by determining the sensitive material in the gas [128]. In order to enhance the gas-sensitive properties of traditional materials, graphene quantum dots are generally combined with traditional sensitive materials in the form of doping or blending. On the one hand, GQDs are P-type semiconductors, and when combined with N-type semiconductors, PN junctions are generated, which can adjust the resistance of the sensor [129]. Secondly, GQDs have the characteristics of high mobility, and their doped heteroatoms and functional groups also play a role in electron migration. These properties enhance gas sensitivity, which we illustrate with NH3 gas sensors and NO2 gas sensors.



As a polar molecule, NH3 easily interacts with GQDs reactions, causing a sensor response. Arunragsa et al. [130] took pyrene as the raw material, using the hydroxyl-based GQDS to study the sensitive characteristics of OH-GQDS to 8 different gases, and found that the sensor has excellent sensitivity and selectivity to NH3. The N atom in NH3 has the strongest response to the hydroxyl group. Chen et al. [16] used the prepared GQDs to study the sensitivity of NH3 at room temperature and experimentally prepared the sensor with two different sets of samples, namely GQDs solutions with pH 5 and pH 7, and the results were completely different. Firstly, the response value of the sensor with a low pH value is greater than that of the other group, and the resistance of the sensor prepared with acid in NH3 decreases, and the resistance of the sensor prepared with neutral preparation increases, and the effect is greater in the presence of water. This is because sensors prepared with acidic solutions will have a large number of carboxyl groups on their surface to increase the resistance, and in the case of relative humidity, it will react with NH3, and a large number of carboxyl groups will be deprotonated, which will lead to a decrease in resistance, so the regulation of NH3 can be realized. Polymer sensors have always been limited in their range of applications due to some disadvantages, but when combined with GQDs, their gas-sensing performance can be greatly enhanced. Gavgani et al. [131] used the prepared sulfur and nitrogen- doped graphene quantum dots to compose with polyiline and deposit on a flexible polytic dilately glycolic film as a sensor. Studies have found that under the same NH3 concentration, the performance of the doped sensor is much greater than before doping. This is because the doping of the atom will enhance the concentration of the cave load and enhance the interaction between molecules. The performance of different gas sensors is shown in Figure 24, and the parameters of NH3 gas sensors based on GQDs are listed in Table 3.



There are many studies on NO2 gas sensors. Abbasabadl et al. [133] prepared a Fe-doped reduction oxygenic graphene quantum dot material for NO2 gas detection. The research results indicate that the mixed materials have a larger volume and surface area. Doping with other atoms will also produce more electron-hole pairs on the surface of graphene quantum dots, improving the electronic properties of the material. Lv et al. [134] prepared N-GQDS-modified three-dimensional pores In2O3 and SnO2 to test the response value of the sensor to NO2. N-GQDS and these materials will form heterogeneous knots, and the unique structure and holes of these materials also increase the spread of the diffusion, so the doped graphene quantum point will have a better response value for NO2.




6.3.3. Optical Sensor


Since graphene quantum dots can induce signal changes by binding to metal ions, GQDs optical sensors have been widely used for detection [135,136,137]. The doped GQDs have stronger fluorescence properties and also make the detection range wider. Das et al. [138] used oxide graphene as the carbon source, taking Dimethylformamide as a solvent. The solvent-thermal method is used to synthesize nitrogen-doped graphene quantum dots. Due to the presence of hydroxyl groups inside the functional groups of GQDs, they can assist gold particles in detecting trivalent iron ions. Optical sensors can also be used as bioprobes. The role of GQDs in biosensing is to detect and indicate the presence of biomolecules, which works on the principle that the combination of the detected biomolecule with a specific functional group on top of the graphene quantum dots changes the fluorescence properties of the GQDs, which can be utilized to detect certain biomolecules. Shi et al. [139] developed a biosensor using GQDs in conjunction with AuNPs for the detection of S. aureus-specific gene sequences. The carboxyl groups on the surface of the GQDs were first activated using conventional carbodiimide chemistry, and the GQDs were modified with aminated ssDNA. these aunp were also modified with a thio-DNA probe, which, if sequences from the target staphylococcus were present, would bridge the gap between the probe sequences on the GQDs and the probe sequences on the aunp to bring the two close enough together to allow energy transfer to occur. With the addition of the target oligonucleotide, the fluorescence signal will have a much higher fluorescence bursting efficiency. This illustrates the power of explicit modification of GQDs in biosensing.





6.4. Biological Field


The in vitro and in vivo toxicity of graphene quantum dots (GQD, ultra-small GO of 3–5 nm) was studied, and the effect of graphene oxide (GO) size on its biotoxicity was studied using GO at 20–30 nm as a control. The results of WST, ROS reactive oxygen species, and Annexin apoptosis detection showed that GQD had no obvious cytotoxicity at concentrations as high as 600 µg/mL. In vivo distribution, tissue sections, and blood biochemistry The results of the blood routine and other experiments showed that GQD is rapidly excreted from mice and has no significant effect on growth. GO accumulates in the liver and spleen of mice and causes death in some mice after multiple administrations. These studies show that graphene quantum dots have good biosafety and biocompatibility, and graphene size has a certain impact on their accumulation in organisms and the resulting toxicity [28]. Toxicity studies against GQDs are shown in Figure 25.



6.4.1. Cancer Tumor Treatment


The use of GQDs in cancer therapy can be categorized into three categories: photodynamic therapy, photothermal therapy, and drug delivery systems.



Optical therapy is a minimally invasive treatment. Due to its high degree of selectivity for tumors, it is widely used in the clinical treatment of various cancers [140,141]. Effective PDT requires 3 key components: Photosensitizer, light, and oxygen. The synergistic effect between the three can generate reactive oxygen species, among others, and can initiate related transcription factors through apoptosis. There are many scholars who have used different cells to validate the toxicity of graphene quantum dots, and since photosensitizers are usually harmless in the absence of light, tumor therapies can be specifically targeted by selective illumination, limiting damage to surrounding healthy tissue. Ju et al. [109] synthesized the GQD optical agent of N atomic doping by the thermal decomposition method and controlled the generation of GQD-activated oxygen by controlling N-doped amounts to achieve efficient PDT. It was found that increasing the number of doped nitrogen atoms could significantly increase the yield of reactive oxygen species. In addition, NGQD–DOX–APTES were prepared by conjugate modification of the quantum dot surface for nuclear-targeted drug delivery via charge inversion, which can be used as drug carriers and photosensitizers to achieve nuclear-targeted drug delivery and simultaneous release of reactive oxygen species in high concentration. This offers a promising strategy for the development of multifunctional nanobiomedical therapeutic platforms. The application of graphene in tumor treatment is shown in Figure 26.



The working mechanism of photothermal therapy is to convert light energy into heat energy to kill tumors; specifically, when the light is irradiated, the electron absorption energy transitions from the ground state to the excited state, and the kinetic energy increases, making the surrounding environment hot [143]. Materials with photothermal conversion efficiency are transferred into the body and gathered around the tumor, using this method to kill tumor cells. Cao et al. [144] designed a quantum dot porphyrin derivative (GQD-PEG-P) with high unimodal oxygen production capacity and good optical performance that can be used for intracellular cancer-related microRNA detection of tumor cells, and the study found that the mortality rate of derivative-treated cells under laser irradiation was much higher than that of the control group, indicating that this method can be applied to removing cancer cells. Yao et al. [145] developed a system based on the Mesoporous silica nanoparticles as drug hydrochloride carriers and GQD as a local photoresist with a multi-functional synergistic chemical optical therapy platform. Experiments are performed to obtain this system, which has better cancer-removing ability than simple chemotherapy.




6.4.2. Biological Imaging


Fluorescent molecules for bioimaging need to be bright and stable and easily bind to target molecules. Nowadays, fluorescent dyes have poor stability and often do not work well in many cases. GQDs have very good photoluminescence properties due to their nano-size, which, coupled with their low cytotoxicity, high biocompatibility, and photostability, has led to their attention as new fluorophores for bioimaging. The possibility of utilizing GQDs as fluorophores has been demonstrated by labeling multiple cell types [65]. Zhu et al. [23] reported a method of large-scale synthesis of GQDs with strong green fluorescent GQDs. The generated GQDs exhibited significant fluorescence with a fluorescence quantum yield of 11.4%. can be useful in bio-imaging as well as tracking. Jin et al. [146] synthesized S-GQDs using citric acid and sulfur powder as precursors, and S atoms were successfully introduced into the GQDs to diversify the paths of electron leaps, which improved the blue emission intensity of the GQDs, and the fluorescence intensity of the GQDs was significantly enhanced compared with that of the undoped GQDs, which resulted in an optimal emission wavelength of 460 nm at 380 nm, and the fluorescence response performance of the doped quantum dots was utilized to more intuitively visualize the imaging content and to judgment. Zhang et al. [37] used a strong oxidant to treat graphite to obtain a GQDs of about 10 nm. It has good physiological solubility, high photostability, low cytotoxicity, and yellow-green fluorescence with a quantum yield of about 7%. Kuo et al. [147] prepared N-GQDs and compounded them with nitrogen-containing polymers. Presenting a wide range of colors from the UV to the NIR region with no spectral overlap allows for better applications in bio-imaging. Application in biological imaging is shown in Figure 27.



Biosensors can also be fabricated using bioimaging technology for real-time monitoring of in vivo targets. The construction of multifunctional sensors with comprehensive diagnostic and dynamic real-time monitoring functions is one of the frontiers and hotspots of current research. Due to their large specific surface area and high photothermal conversion efficiency, GQDs can realize the loading and controlled release of drugs. The modifiable structure gives them the ability to target diseased tissues [148]. Zhao et al. [149] composited GQDs and o-phenylenediamine by stacking, where the o-phenylenediamine itself does not have fluorescence emission, and thus the composite exhibits the blue emission of GQDs. When Ag+ was detected by the probe, o-phenylenediamine was oxidized to produce 2,3-diaminophenazine with strong fluorescence emission at 557 nm, at which time there was a FRET process between GQDs and 2,3-diaminophenazine. Liu et al. [150] hydrothermally synthesized B,NGQDs using graphite oxide, boric acid, and ammonia solution as raw materials and found that the excitation and emission spectra of the quantum dots completely overlapped with the absorption peaks in the UV-visible absorption spectra of Hg2+, and thus the quenching of the fluorescence of the quantum dots by Hg2+ was due to the IFE fluorescence mechanism.




6.4.3. Drug Delivery Systems


Because of its low toxicity and large specific surface area, graphene quantum dots have a great advantage in drug delivery. First, due to their size, they can easily pass through the loose vascular pores and stay at the tumor site to react, and second, due to their biocompatibility characteristics, they can interact stably with various molecules. Due to their smaller size, greater biocompatibility, easier cellular uptake, and cellular toxicity, they are considered a safe and effective drug delivery vehicle [151]. Drug delivery systems (DDS) load drugs into nanomaterials by adsorption or encapsulation to form drug nanoparticles [152]. Compared with free drug molecules, it has the very obvious advantage that it can enter tumor tissues through the lax vascular pores of tumor tissues, producing high penetration and retention effects at the tumor site. This system can not only realize the co-administration or targeted delivery of multiple drugs but also increase drug utilization, reduce side effects, prolong the circulating half-life, and improve the pharmacokinetics [153,154]. Wang et al. [155] prepared a stable DOX/GQD conjugate through the interaction of GQD and DOX. DOX/GQD conjugate can deliver DOX specifically into the nucleus, while GQD can also deliver DOX specifically into the nucleus. The DOX/GQD conjugate can specifically deliver DOX into the nucleus, and GQD can also enhance the DNA cleavage activity of DOX. Increasing the cumulative concentration of DOX in the nucleus and enhancing the DNA cleavage activity can increase the cytotoxicity of drug-resistant cancer cells. Iannazzo et al. [156] developed a novel delivery system to selectively release therapeutic drugs into cancer cells. GQDs are covalently linked to biotin to recognize the biotin receptor overexpressed on tumor cells. Using the adsorption properties of carbon nanomaterials, the chemotherapeutic drug Adriamycin was loaded onto the surface of the GQDs, and the intrinsic fluorescence of Adriamycin could also be used to track drug release. In their experiments, they found that the cellular uptake of chemotherapeutic drugs gradually increased over time and reached a maximum after a few hours; subsequently, the uptake began to decrease again due to the increase in mortality. Sung et al. [157] prepared “nanosponges” by loading the GQDs and photosensitizing drugs onto porous silica and wrapping cetuximab-immobilized erythrocyte membranes around their surfaces. The tumor-targeting properties of cetuximab increased the aggregation of nanoparticles at the tumor site, and the heat generated by the nanosponges triggered the release of GQDs and drugs under near-infrared light irradiation, which effectively killed and inhibited the tumor.






7. The Challenges and Summary Prospects Faced


In summary, GQDs, as a new type of carbon nanomaterial, have great potential for development in various fields. Although GQDs have made significant progress, they still face challenges in some areas due to some unsolved problems. For example, the optical and electrical properties of GQDs are strongly dependent on their size and morphology, and the methods for synthesizing GQDs have drawbacks such as being time-consuming and environmentally harmful. Obtaining monolayers of GQDs with narrow size distributions that are high quality and precisely controllable is still a challenge. There is no clear boundary for the luminescence mechanism of GQDs, and there is no generalized model to explain all the photoluminescence properties of GQDs in a clear and detailed way, which severely limits the further increase of quantum yield. Optimization is also needed in terms of the detection of gas species, stability, and response performance. (1) adjusting the size of the GQDs during the preparation process, which in turn regulates their forbidden bandwidths and electron transfer efficiency, so as to enable the response performance of the gas sensors to be improved; (2) adopting chemical group modification and elemental doping to make the GQDs easy to bind with specific gases and improve the selectivity of the gas sensors; and (3) further exploring the compounding conditions of the GQDs with other gas-sensitive materials to improve the stability, high-temperature resistance, and aging resistance of the gas sensors. There are also many deficiencies in the study of the biological toxicity of GQDs. Most of the current studies on the biotoxicity of GODs have ignored the potential phototoxicity of GQDs under light exposure, which generates reactive oxygen radicals under light excitation, which reduces cell activity and even leads to apoptosis. In the field of biological detection, there are still few studies on the simultaneous real-time monitoring of carriers and drug molecules in the process of tumor treatment, and more in-depth research is still needed to truly realize the accurate diagnosis and real-time monitoring of tumors. Therefore, the development of multifunctional GQD drug carriers with optical imaging of tumors, controllable drug release, and real-time monitoring of drug release remains a major challenge.



Although there are still many unsolved problems, its excellent optical properties, good biocompatibility, stable photoluminescence, and good solubility due to edge and quantum domain-limited effects are gradually becoming a hotspot in many research fields. The modified graphene quantum dots have the advantages of tunable photoluminescence and fluorescence stability and have broad application prospects in various fields such as biological imaging, fluorescence sensing, cancer treatment, and photocatalysis. In short, the research on GQDs is still in the exploratory stage, and with the deepening of exploration, GQDs as a new multifunctional material may be more widely used in many fields.
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Figure 1. The structure of the GQDs. 
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Figure 2. Electrochemical preparation GQDs [32]. 
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Figure 3. Effect of hydrothermal deoxidization [36]. 
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Figure 4. Chemical stripping method [38]. 
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Figure 5. Microwave/Ultrasonic Dipping Method Diagram (a): Prepare GQDS through the chemical cracking of the microwave-assisted GO tablet; (b): WGQDS preparation process; (c) Mixed acid stripping GO preparation GQDs [39]. 
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Figure 6. Citric acid as a carbon source in the carbonized thermal solution method [56]. 
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Figure 7. (a) Most C60 molecules are adsorbed on the class and decompose the carbon clusters that produce limited mobility; (b) GQDS that is scattered on the surface of the surface to form different appearances that depend on the temperature of the annealing temperature; The appearance is (c) a triangular GQDS and (d) the STM image corresponding to the hexagonal GQDs with the tunnel parameters: v = 0.5 V, i = 1 na [42]. 
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Figure 8. (a) TEM image of GQD; (b) GQD Size Distribution Chart [36]. 
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Figure 9. AFM image of GQD and height profile along the line A-B of GQD [36]. 
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Figure 10. (a) XPS C1s spectra of the oxidized and hydrothermally reduced GSs (b) Raman spectra of the hydrothermally reduced GSs [36]. 
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Figure 11. (a) UV–vis absorption (ABS, red) and PL (at 320 nm excitation) spectra of the GQDs dispersed in water; UV–vis absorption (ABS, blue) spectrum of oxidized GSs. Inset: Photograph of the GQD aqueous solution taken under visible light. (b) PL spectra of the GQDs at different excitation wavelengths [36]. 
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Figure 12. Schematic representation of a typical laser ablation set up [75]. 
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Figure 13. Synthetic processes and structural illustrations for (a) GQDs and (b) P-GQDs [83]. 
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Figure 14. Schematic diagram of PL annihilation and anti-annihilation mechanism of B-GQDs in glucose environment [91]. 
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Figure 15. Schematic illustration of the preparation procedure of GCNF mats [96]. 
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Figure 16. Surface-modified GQDs with hexylamine [25]. 
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Figure 17. Amine-derived diazonium salts undergo spontaneous in situreduction on graphene preloaded [101]. 
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Figure 18. Schematic diagram of the (a–c) fabrication process of the GQD-sensitized ZnO-NR/GaN-NT heterostructure, (d) SEM imageof the GQD/ZnO-NR/GaN-NT heterostructure [107]. 
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Figure 19. BIOCL/BIVO4/N-GQDs Tri-Heterogeneous Kinsene and the charge separation process of the charge under visible light (embedded: internal Z schemes of N-GQDs composed of type P and N domain transmission) [115]. 
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Figure 20. (a,b) Cyclic Voltammetry (CV) curves of (a) N-GQD/graphene and (b) commercial Pt/C on a GC electrode in N2-saturated 0.1 M KOH, O2-saturated 0.1 M KOH, and O2-saturated 3 M CH3OH solutions. (c) Rotating disk electrode (RDE) curves for N-GQD/graphene in O -saturated 0.1 M KOH with different speeds. The inset shows the Koutecky-Levich plots derived from the RDE meas-urements. (d) Electrochemical stability of N-GQD/graphene as determined by continuous cyclic voltammetry in O2-saturated 0.1 M KOH [116]. 
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Figure 21. (a) Schematic device structure of P3HT active layer polymer solar cell doped with GQDs; (b) Energy band diagram; (c) J-V characteristic curve [117]. 
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Figure 22. Schematic of a graphene quantum dots-based electrochemical sensor [121]. 
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Figure 23. (A) Schematic diagram of semiconductor gas sensor test system [127]; (B) Schematic diagram of gas sensor device: Tubular [126], (C) Planar [16], and (D) Thin film type [127]; (E) Schematic diagram of optical gas sensor test system [128]. 
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Figure 24. Current responses of (A) sensor A and (B) sensor B with different concentrations of NH3 [16]; (C) Response concentration curves of sensor A and sensor B [16]; (D) Response changes of sensor A and sensor B to 10 ppm NH3 in different humidity [16]; and (E) acid sensor A [16] and (F) neutral sensor B [16]. 
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Figure 25. (a), Mice were injected seven times with GQD-PEG and GO-PEG, respectively, and three of them died from multiple injections of GO-PEG. Half of the survived mice were sacrificed after 1 day of injections for the study of short-term toxicity; (b), the survived mice were weighted every three days, and no difference from the control group was observed [28]. 
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Figure 26. Tumor therapy-DOX, N-GQD-DOX, and N-GQD-DOX-APTES in MDA-MB-231 intracellular oxygen [142]. 
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Figure 27. (a) Bright field image of MG-63 cells; (b) Image under 405 nm excitation; (c) image under 488 nm excitation [23]. 
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Table 1. The advantages and disadvantages of each method, from top to bottom method.
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Methods

	
Advantages

	
Disadvantages

	
Refs.






	
Top-down

	
Hydrothermal synthesis; Solvothermal synthesis

	
Large output; Simple operation

	
Irregularly size and shape; Strong reductants are needed

	
[24,36,37]




	
Acidic oxidation

	
Large output; Simple operation

	
There are lots of oxygen-containing functional groups left on the GQD surface; Numerous defects

	
[38]




	
Oxidation cutting

	
Relatively cheap raw materials; Large output; Simple operation

	
Too much oxygen—containing functional groups

	
[39]




	
Ultrasonic exfoliation

	
Simple operation; No reduction process; Fewer surface defects and more stable electronic properties

	
Depending on the quality of the carbon fiber, Special devices are needed

	
[39,40,41]











 





Table 2. The advantages and disadvantages of each method, from bottom to top method.






Table 2. The advantages and disadvantages of each method, from bottom to top method.





	

	
Methods

	
Advantages

	
Disadvantages

	
Refs.






	
Down-top

	
Carbonization of organic molecules

	
Well-defined, monodispersed structures; Simple operation

	
Low-output

	
[43,44]




	
C60 open cage method

	
Well-defined monodispersed structures; Precise control over both size and shape

	
Strict reaction conditions; Very high heating temperature; Expensive raw materials

	
[44]




	
Solution chemical method

	
Well-defined monodispersed structures; Easy control of both size and shape; High purity

	
Difficulty preventing aggregation; Low-output

	
[44,45]











 





Table 3. Summary of performance parameters of NH3 gas sensors based on GQDs.
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	Sensing Materials
	Temperature
	Gas Concentration (ppm)
	Sensitivity (%)
	Response/Recovery Time
	Ref.





	GQDs
	Room temperature
	10~400
	14.9~44.5
	26/21 s
	[16]



	OH-GQDs
	Room temperature
	10~500
	1.54~76.63
	64/69 s
	[130]



	S,N:GQDs/PANI
	Room temperature
	100~1000
	42~385
	115/44 s
	[131]



	N-GQDs/PEDOT-PSS
	Room temperature
	1500
	212.32
	6.8/9 min
	[132]



	N-GQDs/PANI
	Room temperature
	1500
	110.92
	7.0/0.083 min
	[87]
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png





media/file52.png
J
L ‘\’
'\' ~ WU
~ J 0
hadl
UU
c
. » |
. . -
. _»
. e 0
4 5
L J
B > - ¢ ontro se DO QD-DO QD-DOX-AP
- .
a2
0
e U
o
1
ontro oo DO GQD-DO QD-DOX-AP






media/file39.jpg
(a) 40

N saurated = —Gsaraed | (b) | ——Nsaurated = O, sarated
30| =+=Opsaturated n M CHOH 20| ==0, saturated n 3 CH,OH
& _ :
= 2o
£ 0 z
i
3 :
Sl miTE
) g em— Nt ol
[ 4] g
§s 6 04 02 G0 02 s G664 G2 oo o2
Potential (V) Potential (V)
© oof—emm @ P
% oajrys Mopm 101 —--after 2days

R e
S/cpny

08 06 04 02 00 02
Potential (V)

48 06 04 02 00 02
Potential (V)






media/file18.png
Fraction (%)

05 10 15 20 285 30 35
Height (nm)






media/file21.jpg
Absorption (a.u.)&

430m
— oxidized GSs
—cans

a8s PL

3200m

PL Intensity (a.u.) &

250300 350 400 450 500 550
Wavelength (nm)

350 400 450 500 550 600





media/file44.png
GQDs/PTCA-NH:
/Au@FesOu

(

nnrnsH2 s

= Eo:

Crosslink
Ly

s i
3D DNA networks

PTCA-NH:

Silver
deposition






media/file26.png
(a)p

1,3.6- Tnnltropyrene e ——

Hydroxyl

n-type GQDs

(b)g

&< E3 :
Hydrotherma
R 6 Tnmtropyrene
H drox I 8
y y P03

.H.C N.O.P






media/file7.jpg
B





media/file28.png
@® C atom
® Batom
@ Oatom

# H atom

W

%, + Glucose, - H>O
: e
. WPESY

W

_-‘\ \ b
y : R
HOOC ,}{1 ow - Glucose, + H,0

HO OH

Relatively low PL Aggregation induced PL increasing






media/file10.png
(c)

(a) N
| \"ﬁ 24 h
- .. 1Mk, "," - - . B ~ .'-‘._ 1
34 72 9 ) iPetety o™ .. H.SO/HNO; fﬁl)ﬂlL;}[IOn S
et e et e S ¢®  Microwave irradiation “ 4 ' 3:1 3(_,] 2 , ——
s & & a'D X6 X6

. f B

8. ‘ 3 e Te' ; = 1 —_—

3 HNO;+H;S0,—3h ~sle s ¢t GO — -/

1I > . f "
EY: ] 0
£
¥
COOH |]"||_1H DIEII}SIN
- X6 —>
L « LY
NE!B“.;"'E]] t‘t‘t‘t'_*“‘lf
r—— " f*" o v Y
Room temperature  HY '
e u
(b)

pH 13.0

e

Microwave 12 h,175 °C

M(H,S0),:F(HNO,)=3:1

Sonication 2 h
microwave 4 h, 80 C

4

Graphite

WGQDs






media/file49.jpg
o e

4 time points of administration

G

38

Mice body weight (g)
b3

- conral
—~—6olp)
“oaim
——ca0 )

34 6 B 1012 14 16 5254
Time (days)

M 20 3 40

Time (days)

5






media/file11.j