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Fluorescent carbon nanoparticles also termed as carbon quantum dots (CQDs) have attracted so much interest when compared to the traditional semiconductor quantum dots due to their applications in chemical sensing, biomedical imaging, nanotechnology, photovoltaics, light-emitting diodes (LEDs), and electrochemistry. Along with their optical features, CQDs have desired properties such as less toxicity, environmentally friendly nature, inexpensive, and simple preparation processes. In addition, CQDs can have their physical and chemical properties controlled by surface passivation and functionalization. This article provides an account of CQDs because of their distinct characteristics and considerable capacity in diverse applications. The article is categorized into various sections that highlight various synthesis methodologies of CQDs with their advantages/disadvantages and their potential applications in sensors, bio-imaging, drug delivery, solar cells, and supercapacitors. The different applications of CQDs can be demonstrated by controlled synthesis methods. We have also discussed gas sensing applications of CQDs briefly and provided a brief overview of osmotic power generation using CQDs for energy applications.
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1 INTRODUCTION
From the last decade, carbon quantum dots (CQDs) have fascinated the interest of many global researchers. Specifically, carbon-based nanomaterials (CNMs) such as carbon nanotubes (CNTs) (Rao et al., 2018), graphene (Lin et al., 2018), nanodiamonds (Clancy et al., 2018), and fullerenes (Georgakilas et al., 2015) have gained more attention in the last few years. However, nanodiamond preparation and segregation are more challenging (Chauhan et al., 2020). CNTs, graphene, and fullerenes have low aqueous solubility, which makes them unable to produce brighter fluorescence in visible areas, and also have limited applications (Zhang et al., 2011). CQDs are a new family of CNMs with zero dimensions, having an average size of <10 nm (Jamaludin et al., 2019). CQDs are also known as carbon dots (CDs) in some cases. CQDs were first obtained in the preparative electrophoresis filtration of single-walled CNTs (Singh et al., 2018). Because of its benign, plentiful, and less cost, CQDs with intriguing features are considered a field of growing importance (Liu et al., 2020). Carbon is a dark-colored substance with a low water solubility and feeble fluorescence. Carbon-based quantum dots, also known as carbon nano-lights gathered much interest because of their high solubility as well as intense luminosity (Farshbaf et al., 2017). Similarly, carbon nano-dots (CNDs), graphene quantum dots (GQDs), and polymer dots (PDs) have also played a vital in this direction. GQDs, CNDs, and PDs are the same in appearance as well as photo-electrochemical characteristics, and although the chemical groups may differ in internal structure and morphology [11], they are the carbon-based skeleton of mono-dispersed spherical nanoparticles and a high concentration of oxygen groups present on their surface (Jeevanandam et al., 2018). For proper tuning of electrical structures of these materials to make photoluminescent, their size and chemical groups on the surface need to remain cautiously tuned (Smith and Nie, 2010). CQDs also have superior optical features of classic semiconductor quantum dots (SQDs) while compensating for the limitations of the traditional material when it comes to the environment, biohazard, and cytotoxicity. Great development is made in CQDs in terms of their production, characteristics, and functions in the last several years (Baker and Baker, 2010; Li et al., 2012; Shen et al., 2012). Photoluminescent carbon-based quantum dots outperform typical SQDs and organic dyes for their great solubility, elemental inactivity, and surface tenability as well as photobleaching defiance (Zheng et al., 2015).
Carbon-based quantum dots have prospective uses in imaging, drug delivery, and sensing of the biomolecules for their superior biological properties, such as minimal toxicity and good biocompatibility (Maiti et al., 2019). CQDs exhibited remarkable electronic capabilities as donors and acceptors of electrons, which cause chemi-luminescence and electrochemical luminescence that permitted them to be used in many applications such as in optronics, catalysis, and sensing (Chen et al., 2020). In addition, CQDs have shown excellent properties such as eco-friendly, harmless, greater water solubility, quantum size-effect property, bio-compatible, and cost-effective. The CQDs can be synthesized by using different facile techniques. However, there are still some problems in the performance and efficiency of the CQDs. The CQDs itself may not fulfil all the requirements. Therefore, additional functional groups are introduced on the CQDs surface. The surface modified CQDs are not superior compared to SQDs. Hence, further research is required to improve the properties of CQDs in order to match its performance as similar to SQDs (Lim et al., 2015).
To highlight the importance of CQD-based research, we have used the Scopus database to find out the total number of articles published up to date using the keyword “carbon quantum dots” in article title and abstracts. As shown in Figure 1, it is very obvious that the number of research papers on CQDs is keeping on increasing every year. This review article provides latest developments on CQDs’ synthesis, their distinct characteristics, and various potential applications. The review article is categorized into various sections that include various CQD synthesis methodologies and their potential applications in sensors, bio-imaging, drug delivery, solar cells, and supercapacitors.
[image: Figure 1]FIGURE 1 | The bar graph representing the increasing trend in the number of publications on “CQDs” in the period of 2015 to May 2022. These results were obtained from the Scopus database by using the keyword “carbon quantum dots” in the article title and abstract.
2 SYNTHESIS METHODOLOGIES OF CQDS
Synthesis methods of CQD are categorized into two types: (i) top-down and (ii) bottom-up techniques (Carbonaro et al., 2019). Physical or chemical methods are used in the top-down approach to destroy or disperse the bulk carbon source into small-sized CQDs (Figure 2). The top-down methodologies are known as arc-discharge, laser ablation, and acidic oxidation (Pillar-Little et al., 2018). The bottom-up approach involves a series of chemical reactions that polymerize and carbonize small molecules into CQDs. The bottom-up synthesis methods are microwave pyrolysis, combustion routes, the electrochemical method, and hydrothermal/solvothermal synthesis (Singh et al., 2018) (El-Shabasy et al., 2021).
[image: Figure 2]FIGURE 2 | Schematic diagram of various CQD synthesis methodologies.
2.1 Top-Down Approaches
2.1.1 Arc-Discharge
This method involves reorganizing carbon molecules during breakdown from bulk carbon sources powered by gas plasma produced in a sealed reactor in an anodic electrode (Figure 3) (Arora and Sharma, 2014). Under the electric current, the temperature in the reactor can achieve 4,000 K, resulting in plasma with huge energy. Carbon vapor assembles in the cathode to generate CQDs. During the synthesis of single-walled carbon nanotubes (SWCNTs) by the arc discharge technique, a team of researchers from the United States generated three types of carbon nanoparticles with comparative molecular masses and photo-luminescence (Dey et al., 2014).
[image: Figure 3]FIGURE 3 | Schematic representation of the submerged arc-discharge in water (SADW) method for production of CQDs. Reprinted with the permission from Chao-Mujica et al. (2021)).
The fluorescence of the as-prepared CQDs can be orange, blue-green, or yellow at 365 nm. The carboxyl group (hydrophilic) was introduced on the surface of CQDs by using HNO3. Because of the different scales and very low yield of carbon particles generated during the arc-discharge method, the CQDs obtained by this approach showed strong water solubility with a large particle size of around 18 nm in general. Furthermore, nanoparticles obtained from arc-discharge may also contain a number of complicated components that were challenging to filter and remove (Zuo et al., 2016). Chao-Mujica et al. synthesized CQDs in water using a submerged arc-discharge process. The obtained CQDs have exhibited a quantum yield of 16% and emitted two consistent bands in the spectrum of 320–340 nm (band A) and 400–410 nm (band B) with excitation wavelengths of 275 nm (band A) and 285 nm (band B), respectively. These CQDs were utilized as a fluorescent biomarker for in-vitro investigations on L929 murine fibroblasts in a cell culture (Chao-Mujica et al., 2021). This approach can provide CQDs that can be used in bio-imaging applications. This kind of CQD showed a low quantum yield (QY) and limited particle size scalability. However, it had shown a good photoluminescence (PL) property.
2.1.2 Laser Ablation Method
This method illuminates the objective’s surface with a great-energy laser pulse. As a result, it enters a thermodynamic state with extremely high pressure (75 KPa) and temperature (> 900°C), which rapidly warms up and condenses to a plasma state where vapor crystallizes for the formation of carbon nanomaterials (Hu et al., 2011). A simple method for producing CQDs is by irradiating a carbon precursor dispersed in various conventional organic solvents with a laser (Figure 4). The synthesized carbon nanoparticles were aggregated with varied sizes and showed no observable PL. The sample was then treated with a dilute HNO3 solution and refluxed for 12 h before being reacted by polyethylene glycol (PEG) (Zuo et al., 2016). The CQDs were discovered to have visible and tunable photoluminescence (Li et al., 2011). The surface condition of CQDs can be adjusted by using the appropriate organic solvent to vary the PL properties of the created CQDs and passivated CQDs having high PL with a diameter of around 5 nm. Laser ablation is a useful technique for making CQDs with a restricted size distribution, high water solubility, and fluorescence (Hu et al., 2009). The fluorescence QYs of CQDs were ranged from around 4%–10% when excited at 400 nm (Desmond et al., 2021).
[image: Figure 4]FIGURE 4 | Diagram depicting the progression of CNT/CQDs formation using the laser ablation process. This image was modified and reprinted with the permission from Zan Lu et al. (2019).
Ren et al. reported the pulsed laser ablation approach that was used to create N-doped micro-pore CQDs (NM-CQDs). The NM-CQDs had a QY of 32.4 percent and a fluorescence lifespan of 6.56 ns. Because of the stable and strong PL emission, these CQDs were employed for cellular staining and imaging, which displayed good internalization in many cells (Ren et al., 2019). Cui et al. reported the dual beam laser ablation method to create CQDs from low-cost carbon fabrics. It has been used for cell bio-imaging and demonstrated 35.4 percent QY. As-synthesized CQDs by laser ablation was applied in biomedical imaging. Generally, CQDs emit more PL (depending on the solvent and precursor) and this approach produces more PL emissions (Cui et al., 2020). An enormous number of raw materials are required to make CQDs, and the particle sizes could not be controlled, resulting in low QY, which are the disadvantages of this method. It is worth mentioning that this method is rapid and effective and the surface state of CQDs is tunable.
2.1.3 Acidic Oxidation
Exfoliating and disintegrating bulk carbon into nanoparticles while concurrently inserting hydrophilic functional groups on the surface such as hydroxyl or carboxyl groups has been a common method (Shen and Xia, 2014). The synthesis of hetero-atom-doped CQDs in a large scale using acidic oxidation and hydrothermal reduction was reported in 2014. To begin, a combination of HNO3, H2SO4, and NaClO3 was used to oxidize carbon nanoparticles obtained from Chinese ink (Yang et al., 2014). The oxidized CQDs were then hydrothermally reacted with nitrogen, sulfur, and selenium sources. Respectively, di-methyl formamide (DMF), sodium hydro-sulfide (NaHS), and sodium selenide (NaHSe) have been used as precursors. In comparison to pure CQDs, the produced N-CQDs, S-CQDs, and Se-CQDs have exhibited adjustable longer fluorescence life span, better PL performance, and good quantum yield (QY). The heavily doped hetero-atoms can change the PL characteristics that are favorably connected to the electro-negativities of N, S, and Se, according to the findings. When utilized as electrocatalysts, the electronic framework of the associated CQDs would be changed by the active hetero-atoms on the surface, which provided good electrocatalytic activity (Hassan and Saleh, 2021). However, heavily doped CQDs have the potential to interact with group 3 to 12 metal ions in the periodic table, and N-CQDs, S-CQDs, and Se-CQDs might have the ability to attract a few additional metal ions, such as Fe3+, Co2+, and Ni2+, to generate single-atom catalysts (SAC) (Jiang et al., 2015). Feng et al. synthesized CQDs from coke by using this method, which showed 9.2% of QY (Feng and Zhang, 2019). Similarly, Iannazzo et al. prepared GQDs from multi-walled carbon nanotubes (MWNT) through the acidic oxidation technique for targeted HIV treatment, medication, and delivery. For the goal of targeting, reverse transcriptase inhibitors (RTIs) were changed on the surface of GQDs (Iannazzo et al., 2018). Tang et al. reported an acidic oxidation process that was used to make GQDs from graphene oxide (GO). The obtained GQDs had shown peroxidase-like catalytic activity and used to detect H2O2 with a detection limit of 87 nM. CQDs are also employed to prepare electrochemical sensors and drug delivery applications after it was produced by the acidic oxidation technique (Tang et al., 2016). The acidic oxidation method is simple and effective to produce CQDs on large scale. However, in this method, some strong oxidizers may be used, which could cause burning or explosion, and the post processing is also very complicated.
2.2 Bottom-Up Approach
2.2.1 Combustion Route
Combustion pathway is a simple technique with easy scaling up, precisely controlled design of starting molecules, cheap, and environmentally friendly process, so it received great attention in improving the bottom-up strategies for CQD production (Varma et al., 2016). Combustion methodology has been proposed for the CQDs’ synthesis, which got quickly adopted by numerous researchers (Xu et al., 2018). For example, fluorescent graphene quantum dots (GQDs) were produced by combusting citric acid and then functionalized with carboxyl groups via acetic acid moiety conjugation at high temperatures. GQDs in a homogeneous size of 8.5 nm with abundant carboxyl groups on the surface were produced (Li S. et al., 2017). The N/S-co-doped CQDs were efficiently fabricated by a one-step combustion treatment of cellulose-based bio-waste willow catkin (Salix gracilistyla) (Figure 5) (Cheng et al., 2019). The synthesized CQDs have a homogeneous size distribution and a large number of carboxyl groups present in the structure. This method of production is simple and easy to scale up. The combustion method produced small polycyclic aromatic hydrocarbons (PAHs) that are an existential hazard (Desmond et al., 2021).
[image: Figure 5]FIGURE 5 | Schematic illustration of the preparation of N/S co-doped CQDs. This was adapted and modified with the permission from Cheng et al. (2019).
Xiang et al. reported the thermal pyrolysis (combustion) process to make multicolor emissive CDs from citric acid and urea. The photoluminescence QY of blue, green, and red emissions reaches as 52.6%, 35.1%, and 12.9%, respectively, on the CDs. The CDs can also be uniformly disseminated in epoxy resins and produced as clear CDs/epoxy composites for devices that output different colors and white light (Miao et al., 2018). This method is simple, large-scale synthesis is possible, and CDs exhibited high QY and good PL intensity. The CQDs obtained from this method could be used for bio-imaging and optoelectronic applications.
2.2.2 Microwave Pyrolysis
Microwave pyrolysis is one of the most well-known bottom-up techniques due to its simplicity and commercialization viability. CQDs were produced with the help of microwave irradiation using a modified commercial microwave (Figure 6) (Başoğlu et al., 2020). Microwave irradiation causes polar molecules in the solvent to interact with opposing electric and magnetic fields, resulting in atomic level heating. This method is effective because the high frequency energy created by the electromagnetic radiation is directly applied to the reactions with no physical interaction or medium. This method resulted in a quicker reaction with a higher selective yield and energy. As a result, when compared to other existing heating methods, this method offered rapid synthesis, eco-friendly, an energy and time saving method, minimal impurity, size and temperature regulation with enhanced safety, good reproducibility, and excellent control over reaction conditions that all resulted in impressive CQDs’ synthesis (Tungare et al., 2020). A simple microwave pyrolysis method was reported for the production of CQDs by mixing poly(ethylene-glycol) and a saccharide in water, which formed a clear solution that later was heated it in a microwave (Zhu et al., 2009).
[image: Figure 6]FIGURE 6 | Synthesis procedure for microwave-assisted pyrolysis for CQDs. This was adapted and modified with the permission from Monte-Filho et al. (2019).
The PL characteristics of the produced CQDs were excitation-dependent. As-obtained CQDs with oxygen-containing groups could serve as metal ion coordination sites in the development of carbon-based electrocatalysts. Zhu et al. reported the QY of synthesized CQDs as 82.7%. After a dialysis filtration, it drops to 45.1%, and after a phase transfer filtration, it drops to 57.5% (Zhu et al., 2021). The highest QY observed was 61.3% for N-S-CQDs synthesized by the microwave-assisted method (Wang et al., 2015). Nakano et al. reported N-CQDs for H2O2 detection, which was synthesized from citric acid using a one-spot microwave aided technique (Nakano et al., 2018). Arsalani et al. reported the microwave pyrolysis technique to synthesize polyethylene glycol linked fluorescent carbon dots (PEG-CDs) from gelatin for drug delivery application. Due to its enhanced nuclear delivery in vitro, the PEG-CDs act as a nano-carrier for an anticancer drug of methotrexate (MTX), which demonstrated as a better antitumor efficacy than free MTX, and it resulted in extremely effective tumor growth inhibition and enhanced targeted cancer therapy (Arsalani et al., 2019). Shejale et al. also reported the microwave pyrolysis method to produce N-CQDs. These NCQDs were used in the dye sensitized solar cell (DSSC)/quantum dot sensitized solar cell (QDSSC) construction to boost the device performance. The usage of NCQDs as a co-photoactive layer resulted in a high photo-conversion efficiency of 8.75% and a photocurrent density of 18.13 mA/cm2 under one solar irradiation. As a co-sensitizer and sensitizer, the achieved power conversion efficiency was from 55% to 99%, which was better than NCQDs (Shejale et al., 2021). This method produced CQDs with good physiochemical and optical features, including wide spectrum absorption, high charge carrier extraction, rapid charge carrier transportation, and tunable emission. Although it is a convenient one-stop and environmentally friendly method, the size of the CQDs cannot be controlled. This method is also rapid, scalable, cost-effective, and eco-friendly to produce CQDs.
2.2.3 Electrochemical Methods
The electrochemical approach is a straightforward and convenient method of preparation that could be performed at ambient temperature and pressure (Ahirwar et al., 2017). The electrochemical approach for CQD synthesis is broadly reported because of its ease in altering the particle dimension and their PL performance. Electrochemical carbonization of sodium citrate and urea in deionized (DI) water produced blue-emission CQDs (size ∼2.4 nm) that might be used as a highly subtle detector for Hg2+ in the discarded water (Hou et al., 2015). As a result, the idea of combining CQD synthesis and electrocatalyst fabrication in a single-pot electrochemical process seems attractive. As shown in Figure 7, CQDs were produced using a three-electrode setup with a working electrode (WE) as a graphite electrode, a counter electrode (CE) as a platinum foil or Pt wire, and a reference electrode (RE) as an Ag/AgCl electrode. As an electrolyte, alkaline alcohol (e.g., 0.1 M NaOH/EtOH) was utilized. The colorless CQD dispersion was achieved by applying a stable potential of 5 V to the graphite electrode (working electrode) for 3 h in a nitrogen (N) environment (Liu et al., 2016). The electrolyte remained transparent throughout the electrochemical oxidation process for CQD production, and the graphite electrode surface did not enlarge significantly. This occurrence was differed from other publication, which reported brown CQD dispersal and an enlarged electrode when graphite rods or other carbon materials were used as working electrodes (Devi et al., 2018).
[image: Figure 7]FIGURE 7 | Schematic illustration for CQD generation via an electrochemical oxidation of the graphite electrode in alkaline alcohols.
It can be observed that the EC approach for CQD synthesis has used alkaline alcohol as an electrolyte. This method can be considered as an environmentally friendly, low-cost method and highly repeatable (Liu et al., 2016). Tian et al. reported the QY of exfoliated CQDs as 5.6%. Sun et al. also synthesized Fe-N-CQDs, which showed 7.5% of QY by utilizing the electrochemical method which is lower than that of other methods (Tian et al., 2020; Sun et al., 2021). Niu et al. (2017) reported the photoluminescence and electroluminescence applications of N-GQDs that were synthesized from different ammonia solutions via an electrochemical technique. These NCQDs have shown a wide range of applications, including efficient cell imaging, fiber staining, and Fe3+ detection. Ramila et al. also reported the synthesis of CQDs from graphite sources for sensing applications. A CQD-based sensor was used to detect dopamine with the LOD of 99 nM (Devi et al., 2018). Electrochemically synthesized CQDs are employed in bio-imaging and sensor applications. This method is a sustainable and environmentally beneficial method. However, it has poor size control. The CQDs obtained by the electrochemical method showed high level stability, and the size distribution is uniform. The pre-treatment of raw material and purification of CQDs are time-taking processes and also difficult to estimate the concentration of the CQDs.
2.2.4 Hydrothermal/Solvothermal Methods
A hydrothermal process is a bottom-up method that involves an easy system set-up as well as the particles formed in uniform size with a great quantum yield. The hydrothermal method is one of the most often utilized procedures in CQDs’ synthesis (Thambiraj and Shankaran, 2016). To make the reaction precursor, organic compounds of small size are suspended in water or an organic solvent. Then, it transferred into the stainless steel autoclave lined with Teflon, which is commonly used in the laboratory for the hydrothermal method (Figure 8) (He et al., 2018). At a relatively high temperature, organic molecules merged to produce carbon seeding cores, which grew into CQDs with sizes less than 10 nm (Azam et al., 2021).
[image: Figure 8]FIGURE 8 | Schematic representation of the Teflon-lined stainless-steel hydrothermal autoclave.
The highest QY of CQDs was around 80% which was nearly equal to fluorescent dyes. CQDs were made with a high yield utilizing carbon and nitrogen sources (citric acid and ethylenediamine) in a hydrothermal procedure. As-synthesized CQDs were used to prepare biosensors for sensing of Fe3+ in living cells (Pu et al., 2019). Full-color CQDs with controlled photo-luminescence at many different wavelengths were created by adjusting the quantity of graphitic nitrogen in hydrothermal conditions. Furthermore, biomolecules with abundant carbon and nitrogen could be employed for proper tuning of interior architectures of CQDs during hydrothermal condensation (Lu S. et al., 2019). This technique is a potential strategy for designing and fabricating novel electrocatalysts with customizable doping composition and electronic architectures because of its simple synthetic procedure and variable hetero-atom doping. Atchudan et al. reported CQDs made from banana peels using a hydrothermal technique for bio-imaging, and they displayed 20% QY (Atchudan et al., 2021b). Arumugam et al. synthesized CQDs from broccoli using a hydrothermal process and used it to fabricate sensors. The CQDs can detect Ag+ with the LOD of 0.5 µM (Arumugam and Kim, 2018). Mahani et al. also synthesized CQDs by hydrothermal carbonization of citric acid and then modified with transferrin (TF) to enhance water solubility and association with specific cell receptors. The drug (doxorubicin) was loaded onto a TF-CQD carrier for delivery to breast cancer cells (MCF-7) (Mahani et al., 2021). Similarly, Sahoo et al. reported hydrothermal fabrication of NiS-CQDs from lime juice for supercapacitor applications with a specific capacity of 880 Fg−1 at a current density of 2 Ag−1. With a particle size of 1.3 nm, the compound remained unchanged up to 2000 charge-discharge cycles (Sahoo et al., 2018). Huang et al. synthesized CdS-CQDs by a hydrothermal technique using cotton fiber and urea, which was later used in quantum dot sensitized solar cells (QDSCs) with an average size of 2.97 ± 0.4 nm. CdS-CQD-derived QDSCs have exhibited a power conversion efficiency of 0.606%. This was 40.9% higher than QDSCs based on CdS (0.430%) (Huang et al., 2020a).
When we compare the benefits of all the methods used for the production of CQDs, the hydrothermal method is a simple one and yielded CQDs with high QY, controllable particle size, and no need of expensive chemicals. CQDs obtained from hydrothermal was also employed in bio-imaging, drug administration, sensor development, solar cells, and supercapacitors. The hydrothermal method is cost effective, eco-friendly, and non-toxic. This method may yield CQDs with various sizes and low QY.
3 PROPERTIES OF CQDS
3.1 UV–Visible Absorption
The UV–visible absorption (UV–vis) spectrum could reveal the information of emission as well as excitation states of the material. In CQDs, the UV–vis absorption produced from various precursors in various solvents is visibly different. CQDs have a variety of configurations, but they all absorb UV light in the same way. Rather than providing specific instances, we will simply list some frequent UV–visible absorption phenomena. In the UV range of 260–320 nm, the more absorption peaks may usually be seen clearly (Azam et al., 2021). The absorption spectrum of CQDs can be observed in the wavelength region of 220–270 nm. It is clear that electrons can move to the C=N bonds from the π-orbit. Electronic transition from C–O or C=O bonds to the π* orbital is responsible for the absorption spectrum in the 280–350 nm range (Figure 9). The electronic transition of the polar functional groups of CQDs is ascribed to the absorption spectral region of 350–600 nm, demonstrating that surface chemical components may lead to absorbance in the UV–visible ranges (Kang et al., 2020). According to several studies, the absorption band of CQDs red-shifted when surface functional groups are treated or their sizes are adjusted. Even certain exceptional CQDs exhibit longer absorption spectra of 600–800 nm, which are attributed to aromatic ring-containing architectures. The N-CQDs unlike the previously stated CQDs had a high excitonic absorption spectrum due to their quantum size. The discrepancies in absorption spectra of CQDs reflect their differences in the structures and distinct hybridization or compositions to a certain extent (Holá et al., 2017).
[image: Figure 9]FIGURE 9 | (A) UV–Vis absorption spectra of CQDs, inset: optical images under daylight (left) and UV light (right). (B) PL spectra of CQDs at different excitation wavelengths. Reprinted with permission from He et al. (2018).
3.2 Photoluminescence
In the past few years, the study into PL is one of the intriguing aspects of CQDs, and it has exploded with applications in photocatalysis and other fields. The wavelength of PL emission is larger than the wavelength of excitation, as is the case with Stokes-type emission (Chu et al., 2019). There were also numerous reports in the literature on the observations of PL emissions in CQDs, which are being attributed to a variety of sources. A detailed look at the spectroscopic characteristics of the emissions, as well as the structural properties of the underlying materials, showed that the majority of the detected PL emissions may be divided into two groups. The first is related to band-gap transition associated with conjugated π-domains, while the second one is due to more complex causes that are more or less linked to deficiencies in graphene structures. The production or inducement of the π-domains is frequently predicated on the exploitation of flaws in graphene sheets; therefore, the two aspects may be intertwined in many circumstances (Cao et al., 2013). Several researches have explored the correlation between the excitation wavelength (λex) and PL emission of CQDs. The ex-dependent emission of fluorescent CQDs with the surface modification of polyethylene glycol (PEG-1500N) or propionylethyleneimine-coethyleneimine (PPEI-EI) is clearly visible, as shown in Figure 10 (Sun et al., 2006). This behavior was further validated by another study, which found that CQDs synthesized by one-step thermal treatment of 4-aminoantipyrine, which emit the ex-dependent PL emission from 525 to 660 nm with excitation wavelengths ranging from 425 to 625 nm (Wang R. et al., 2017).
[image: Figure 10]FIGURE 10 | Aqueous solution of the PEG-CQDs: (A) excited at 400 nm and photographed through bandpass filters of different wavelengths as indicated and (B) excited at the indicated wavelengths and photographed directly. (C) Absorbance (ABS) and luminescence emission spectra (with progressively longer excitation wavelengths from 400 nm on the left in 20 nm increment) of propionylethyleneimine-co-ethyleneimine (PPEI-EI) CQDs in an aqueous solution. The emission spectral intensities are normalized to quantum yields (inset: normalized to spectral peaks). Reprinted with permission from Sun et al. (2006).
Apart from the excitation wavelength, the PL emission of CQDs is also examined in relation to their size manipulation. CQDs with the sizes of around 1.2–3.8 nm were synthesized using a one-step alkali-assisted electrochemical technique. Optical views of CQDs with four different sizes, exposed in white (natural-light lamp) and UV-light (365 nm), are shown in Figure 11. The PL spectra for blue-, green-, yellow-, and red-emitting CQDs are red, black, green, and blue lines, respectively. A thorough investigation revealed that the PL characteristics fluctuate dramatically with the size of CQDs, indicating that the HOMO-LUMO gap is highly dependent on the particle size (Zhu et al., 2015). The band-gap decreases significantly as the particle size increases, and the gap energy in the visible wavelength range can be acquired from particles with diameters ranging from 1.4 to 2.2 nm, which also agrees well with the visible spectrum emission of CQDs with diameters less than 3 nm. As a result, they indicated that the potent emission of CQDs is caused by a quantum-sized graphite structure rather than the carbon–oxygen surface. CQDs obtained from different alkyl-gallates with various sizes exhibited a similar steady-state of PL spectra, indicating that CQD PL emission is size-independent (Hola et al., 2014).
[image: Figure 11]FIGURE 11 | Size effect of CQDs. (A) Typical sized CQDs optical images illuminated under white (left; daylight lamp) and UV light (right; 365 nm); (B) PL spectra of typical sized CQDs: the red, black, green, and blue lines are the PL spectra for blue-, green-, yellow-, and red-emission CQDs, respectively; (C) relationship between the CQD size and the PL properties; and (D) HOMO–LUMO gap dependence on the size of the CQDs. Reprinted with permission from (Li et al., 2010).
3.3 Up-Conversion Photoluminescence
The certain CQDs emit UCPL emissions in addition to normal photoluminescence (PL) emission (Zong et al., 2011). In contradiction to regular PL, UCPL emission has a lesser energy emission spectrum than the excitation spectra, i.e., the excitation wavelength is longer than the emission wavelength. This is especially appealing for in-vivo bio-imaging, as bio-imaging at longer wavelengths particularly in the NIR region is typically favored due to increased photoelectron tissue penetration and lower background self-fluorescence. When activated by an 800 nm femto-second pulsed laser (FPL), the authors have reported that their CQDs produce visible light, implying that they had up-conversion capabilities (Zheng et al., 2015). Following that, numerous additional groups discovered up-conversion fluorescence emissions (UCFE) from CQDs made using fundamentally different synthetic techniques (Wang et al., 2012). In addition to regular down-conversion, the fluorescence intensity of CQDs produced by immediately heated ascorbic acid solution at 90°C has exceptional UCFE features (Jia et al., 2012). Green illumination with a peak wavelength of 540 nm was released from their CQDs after stimulation in the near-infrared region of 800–1,000 nm. The multiphoton excitation mechanism is a key component that, most likely caused the UCFE.
The multiphoton excitation is insufficient to compensate for the UCFE characteristics of CQDs due to the nearly constant band-gap energy of 1.1 eV between both the excitation and emission photons (Zuo et al., 2016). They speculated that such UCFE is caused by electrons relaxing from a greater energy level of the π-orbital (LUMO) to the σ-orbital, since when a greater number of lower energy photons excite the electrons in the π-orbital, a few electrons will inevitably migrate to the LUMO. The electrons in the σ-orbits can be excited as well, but they only release down-conversion light. A few of the observed UCFE, on the other side, are artefact’s arising from typical down-conversion emissions stimulated by the leaky components from the spectro-fluorometer of mono-chromator second diffraction. The leaky component can be repaired by simply introducing a long-pass filter into the excitation channel. As a result, significant caution must be used when evaluating CQD fluorescence emissions, and more information is needed to understand up-conversion CQDs (Wen et al., 2014).
3.4 Photo-Induced Electron Transfer
In solutions, the CQDs either will be electron acceptors or electron donors that can be quenched effectively, indicating that photo-induced CQDs are also both greater electron donors and acceptors. Despite the fact that this photo-induced electron transfer property of CQDs has been widely reported, a direct demonstration and understanding of the photo-induced charge dissociation in CQDs has yet to be achieved (Roy et al., 2015). Through redox reactions, certain indirect analytical proof was gained. Photoluminescence decay experiments of CQDs using the recognized electron acceptor 2, 4-dinitrotoluene (−0.9 V vs. NHE) and electron donor N,N-diethylaniline (DEA, 0.88 V vs. NHE) revealed this PIET characteristic (Zhang et al., 2012). CQDs’ significant PIET property opens up new possibilities for redox processes such as light energy conversion as well as associated applications. CQDs in compound photocatalysts can efficiently capture photo-generated electrons from semiconductors, resulting in improved photo-induced electron and hole separation efficiency (Xia et al., 2016). In addition, the photo-excited CQDs’ redox active nature was established in the metal ion reduction in an aqueous solution. The production and depositing of the noble metal (silver, gold, or platinum) on the surface of CQDs are caused by the treatment of CQD aqueous solution with a noble metal (silver, gold, or platinum) salt. Hence, the noble metal is electron-affinitive, and it absorbs electrons from the attached CQDs, disturbing radiative recombination’s once more, resulting in the exceptionally effective static quenching of fluorescence emissions exhibited (Xu et al., 2012).
3.5 Electroluminescence
As semiconductor nanomaterials are well-known for exhibiting electroluminescence (EL), it is no surprise that CQDs have sparked interest in EL research that could be useful in electrochemical domains (Xu et al., 2018). The emission color of CQD-based light emitting diodes (LEDs) can be adjusted by the driving current. Under various working voltages, color switchable EL from the identical CQDs ranging from blue to white was observed. The researchers developed two theories based on the band-gap emitters of a conjoined p domain and the edge effect generated by some other surface irregularities to better explain the luminescence process of CQDs (Sk et al., 2014). The quantum-confinement effect of p-conjugated electrons in the sp2 atomic structure determines the PL properties of CQD fluorescence emission from the conjugated p domain, which can be changed by its scale, edge orientation, and morphology. Surface flaws such as sp2 and sp3 hybridized carbon as well as other surface irregularities of CQDs cause fluorescence emission, and even fluorescence emission and peak positioning are connected to this defect (Wang et al., 2014).
3.6 Chemiluminescence
The CL characteristics of CQDs are first found, when the CQDs co-existed with oxidants such as potassium permanganate (KMnO4) and cerium (IV). Oxidants like KMnO4 and cerium (IV) can introduce holes into CQDs, according to electron paramagnetic resonance (EPR) (Lin et al., 2012). This process boosts the abundance of holes in CQDs and speeds up electron–hole annihilation, leading to CL emission and energy release. Furthermore, the CL intensity was influenced by CQD concentrations within a particular range. The optimal temperature of electron dispersion in CQDs was also discovered to have a favorable impact on the CL when the temperature was raised. The fact that the CL characteristics can be designed by modifying their surface groups is intriguing for this system (Teng et al., 2014). In a highly alkaline solution, a novel CL phenomenon was noticed for the CQDs as prepared (NaOH or KOH). In a solution of NaOH, the CQDs showed high electron donor capacity towards dissolved oxygen, forming the superoxide anion radical (O2−). The greatest electron-donating potential of CQDs was directly demonstrated by these findings. The CL performance in highly alkaline solutions has been attributed to the recombination rate of the injected electrons by “chemical reduction” of the CQDs and thermally stimulated produced holes. The CL of CQDs opens up new possibilities for their use in reductive substance analysis. CQDs’ dual activity as an electron donor and acceptor has enormous potential in optometry and catalysis (Zhao et al., 2013).
3.7 Biological Properties
Developing vibrant CQD bio-probes with better stability has made significant development. However, with further utilization in live cells, tissues, and animals, biocompatibility of the functionalized CQDs remains a crucial challenge. Over the last several years, systematic cytotoxicity tests have been performed on both surface modified and unmodified CQDs. The arc-discharge of graphite rods yielded CQDs, which were subsequently refluxed in HNO3 for 12 h for cytotoxicity testing. Up to a rather higher concentration of 0.4 mg/ml, raw CQDs appeared to be harmless to cells. Luminescent CQDs made by electrochemically treating graphite were also tested in a cytotoxicity assay employing a human kidney cell line, and the dots had no effect on the cell viability. Besides, a soot-based method for the production of CQDs with an average diameter of 26 nm was used (Hong et al., 2015). The CQDs showed little cytotoxicity at the doses required for fluorescence cell imaging, according to the outcome of cell viability experiments. In cytotoxicity tests, the cytotoxicity of the CQD surface modified with functional groups such as PPEI-EI, PEG, PEI, BPEI [branched poly-(ethylenimine)], and PAA [poly(acrylic acid) was assessed (Cao et al., 2007; Yang et al., 2009; Dong et al., 2012; Wang et al., 2011)]. The PEGylated CQDs are non-cytotoxic at dosages far greater than those required for cell imaging and applications in all possible configurations. Furthermore, mice treated with CQDs passivated with PEG1500N for toxicity testing for up to 28 days, also with results indicating no major adverse effects in vivo. Furthermore, the PPEI-EI passivated CQDs were mainly harmless to the cells under a considerably large threshold of carbon core-equivalent PPEI-EI concentration, according to the data (Ding et al., 2014). As per the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] experiment, even at quite high doses, a PEI-free sample was evidently harmless to HT-29 cells. PEI-modified CQDs were more toxic to cells than PPEI-EI-modified CQDs. Because PEI is the homo-polymer equivalent to PPEI-EI with an ultimate EI fraction of 100 percent, the more ethylenimine (EI) units inside the PEI may be related with lesser concentration thresholds for CQDs to become cytotoxic. Even at modest concentrations (50 mg ml−1), free PAA in a water insoluble solution was considered to be toxic to cells. At a certain CQD core comparable concentration level, the PAA-modified CQDs were comparable to free PAA and are both toxic to the cells after a 24-h exposure and less so after a 4-h exposure. PEG and PPEI-EI, for example, are suitable for CQDs modified for in-vivo imaging and biosensing because they have minimal cytotoxicity even at higher concentrations. If the concentrations were kept lower enough and the exposure time is kept short enough, molecules with higher cytotoxicity, such as BPEI and PAA, can still be employed to modified CQDs used in vivo (Namdari et al., 2017).
3.8 Catalytic Properties
CQDs have been widely used in the photocatalytic field to improve catalyst activity due to their high photocatalytic activity. For example, visible-light responsive CQDs produced from pear juice used for effective methylene blue (MB) degradation (Das et al., 2019). CQDs’ excellent light absorbance and electron transport were credited with their higher photocatalytic activity. In less than 2.1 h, the deterioration ratio of MB had reached 95 percent. By loading CQDs made from orange peel waste onto ZnO, C-dots/ZnO composite based catalyst was prepared (Prasannan and Imae, 2013). The C-dots/ZnO composite catalyst has shown a greater photocatalytic performance than the ZnO catalyst (Prasannan and Imae, 2013). The excited electrons from ZnO are transported to CQDs in this manner, preventing the electron–hole pairs from recombining. Due to the interaction between ZnO and water, hydroxyl radicals are formed. Likewise, the interaction of electrons on CQDs with oxygen produced superoxide ions. The produced superoxide ions can be used to destroy azo dye. CQDs made from lemon peel waste are immobilized on TiO2, resulting in a CQDs/TiO2 composite catalyst (Tyagi et al., 2016). MB dye was degraded using the CQDs/TiO2 catalyst that was obtained. These findings showed that CQDs are important in the realm of photocatalysis. In addition, the CQDs/TiO2 composite was effective for methyl orange decomposition (Deng et al., 2021). The presence of H+ and •OH in visible light was related to the deterioration ability.
4 POTENTIAL APPLICATIONS OF CQDS
CQDs have recently attracted a lot of attention as a potential opponent to standard SQDs because of their nontoxicity, chemical stability, high optical absorptivity, and ease of synthesis (Drummen, 2010). CQDs could be a viable substitute for harmful metal-based quantum dots. Applications of CQDs in various fields such as energy, chemical sensing, optronics, and biological application have been demonstrated (Namdari et al., 2017). CQDs are also used in a variety of energy-related industries (including supercapacitors and solar cells) (Li X. et al., 2015) and in biological applications such as bio-imaging, bio-sensing, and drug delivery (Devi et al., 2019). It has also been used for chemical sensing of heavy metal ions (Matea et al., 2017). CQDs has also been used in sensors, photocatalysts, and optical devices such as light-emitting diodes due to their superior optical and electronic capabilities (LED) (Soley, 2017). In the below section, we have discussed recent applications of CQDs in sensors, bio-imaging, drug delivery, solar cells, and supercapacitors.
4.1 Sensors
CQDs have emerged in recent years for their use in the preparation of sensor systems with lower limit of detection (LOD), even up to pico- or femto-molar ranges. Advantages of CQDs are facile production, low cost synthesis procedures, simple functionalization routes, outstanding brightness, high QY, chemically stable, and minimal toxicity (Zhou C. et al., 2021; Zhang et al., 2020). When the sample contains a metal ion (like Fe3+), CQD sensors work by quenching or blocking the CQD’s absorption spectrum (Arumugham et al., 2020). The charge transfer mechanism could be the cause of the fluorescence emission attenuation. Figure 12 shows the function of the Fe3+ ion fluorescence sensor, which is on the emission quenching of CQDs. Static quenching, dynamic quenching, inner filter effect (IFE), photo-induced electron transfer (PET), and fluorescence resonance energy transfer (FRET) are all the different quenching mechanisms of the CQDs (Zu et al., 2017). Static quenching is when a quencher interacts with the CQDs, resulting in the development of a non-fluorescent ground-state complex. In static-quenching, the development of the ground-state complex may change the emission spectra of CQDs (Tang et al., 2021). Herein, an increase in temperature can damage the durability of the ground-state complex, reducing the static-quenching effect. In dynamic-quenching, the excited position of CQDs comes back to their ground state as a result of energy transfer among the CQDs and quencher. In comparison to static-quenching, dynamic-quenching has definitely no effect on the optical absorbance of CQDs and only disturbs the excited position of the CQDs (Zu et al., 2017). In addition, the appearance of the quencher may alter the lifespan of CQDs. When it comes to dynamic quenching, a rise in the temperature can help to strengthen the dynamic quenching effect. When energy is shifted from a higher-energy donor to lower-energy acceptor, the contact of two fluorescent molecules divided by a range of typically 10 nm leads to magnification of the acceptor fluorescence at the loss of the donor fluorescence or quenching. The role of FRET of quantum dots (QD) in analyte sensing is schematically represented. At first, the existence of a quencher reduces the QD’s emission.
[image: Figure 12]FIGURE 12 | Surface passivated green fluorescence CQDs [positively charged ions (Fe3+) or attracted by the negatively charged surface of the CQDs for sensing confirmation by fluorescence quenching mechanism].
The presence of a quencher in close proximity suppresses the QD’s emission at first. The QD emission can be recovered, especially when the quenching dye interacts competitively with the target molecule in the vicinity of the analyte (Oh et al., 2005). The IFE is caused by the absorber in a sensor system absorbing the photon to do excitation and/or emission of light. To construct the IFE-based detection system, an absorbent and a fluorescent must be present in the system. The absorber’s (particles) absorption spectrum overlaps with the fluorescence emission and/or excitation spectrum in the IFE model. As a result, the absorber can control the emission of fluorescence (fluoro-particles) (Molaei, 2020). Furthermore, absorber’s absorption should be precise and responsive to the system’s analyte concentration. Sensors based on CQDs have been used to detect a variety of species, including metal ions, acids, water contaminants, drugs, and other compounds. CQD-based sensors appear to be interesting with more possibilities for high-performance, yet precise sensors in a wide range of applications.
4.2 CQDs for Gas Sensors
Gas sensor devices are critically needed to monitor air pollution and maintain human health. Advancements in the field of small semiconductor structures could overhaul the notion of traditional gas sensors in this area. The distinctive electrical and optical capabilities of semiconductor materials are due to the containment of charge transfer in one or more spatial dimensions (Nikolic et al., 2020). Quantum dots (QD), which contain electron–hole pairs in all three dimensions, provided new perspectives into material characteristics. QD based chemical sensor research has been among the most quickly growing topics in modern sensing technology. QDs’ structures have demonstrated significant sensing capability, showing that they are becoming a new group of materials for use in chemi-resistive systems. Therefore, detection systems are only now beginning to incorporate QD-based frameworks (Zhang and Wang, 2012). The results of the experiments indicate that more research is needed to fully comprehend the impact of synthesis techniques and added materials on QD sensing properties. Furthermore, the materials’ sensitivity and selectivity should be examined on the basis of the band-gap alterations in QDs when the diameter is adjusted.
On the semiconductor surface, the gas adsorptions are classified into two types: physical adsorption (physisorption) and chemical adsorption (chemisorption). The van der Waals forces drive physisorption, which is a weakly dipolar attraction between solid materials and gas molecules. In physisorption, the heat produced is below 6 kcal/mol. In chemisorption, a strong contact between solids and gas molecules resulted in charge transport between the solid surface and gaseous species. In chemisorption, the heat produced is larger than 15 kcal/mol. As a result of the temperature rises, the physisorption process decreases and chemisorption increases. At high temperatures, physisorption might turn into chemisorption (Chang, 2016). Oxygen is the most essential part of air. As a result, the contact of semiconducting materials with oxygen is critical for detecting other gases in the atmosphere. Generally, gas sensors can work in the range of room-temperature (RT) to 500°C (Galstyan, 2017). The ions adsorbed (ionosorbed) oxygen in molecular (O2−) and atomic (O−) forms can trap the surface electrons during these temperatures. At working temperatures less than 150°C, the O2− ions predominate on the sensing element, whereas at higher temperature than 150°C, the O− atomic forms predominate. As a result, the ionosorbed oxygen species take electrons from the n-type semiconductor’s conduction band, forming a depletion region and a Schottky barrier (qVs) at the grain boundaries, as shown in Figure 13. Wang et al. reported silica aerogel surface modification with highly fluorescent CQDs, which was used to detect NO2 gas in a precise and sensitive way. BPEI-CQDs (branched polyethylenimine-capped quantum dots) have 40% higher than QY. The fluorescence intensity of the CQD modified aerogels may be quenched by NO2 gas in a sensitivity and selectivity manner, and there is a decent linear relationship between the fluorescence quenching ratio and NO2 quantity (Wang et al., 2013).
[image: Figure 13]FIGURE 13 | (A) Oxygen extract electrons from metal oxide, thereby decreasing conductivity, and (B) when reducing agent (R) is present, electrons are injected into the oxide again and thus increasing conductivity. Reprinted with permission from Prajapati et al. (2021).
Yu et al. reported the fabrication of the ZnO/CQD composite using hydrothermally synthesized ZnO and CQDs. Herein, CQDs are doped into ZnO by mechanical grinding and mixing, which was used to prevent the surface properties of CQDs from being damaged throughout high-temperature reactions. The ZnO has a wurtzite hexagonal structure with a flower-like microsphere shape, which allowed for larger surface areas for adsorbed gases. In comparison to ZnO nanoparticles, the ZnO/CQD composite displayed a greater gas sensitivity reaction to nitric oxide (NO) gas. The ZnO/CQD combination demonstrated a high NO sensitivity (gas-sensing response Rg/R0 is 238 for 100 ppm NO at 100°C) and selectivity. The ZnO/CQD composite exhibited a LOD of 100 ppb for NO and a response and recovery time of 34 and 36 s, respectively (Yu et al., 2020). Arunragsa et al. reported hydroxyl-modified GQDs (OH-GQDs) onto the inter-digitated nickel electrode to create a different RT gas sensor. The OH-GQDs were made by utilizing a bottom-up strategy involving pyrene hydrothermal treatment. The results demonstrated that the RT OH-GQD gas sensor has good selectivity and sensitivity as well as a rapid reaction to ammonia (NH3) at concentrations ranging from 10 to 500 ppm (Arunragsa et al., 2020). Prajapati et al. have used the grape juice to make SnO2/CQDs by the hydrothermal technique. The SnO2/CQDs based nanocomposite was used as the sensing elements in the sensor. The applications of CQDs on the gas-sensing sensitivities and selectivity were examined. At 275°C, the SnO2/CQD nanocomposite showed better performance for sensing of carbon monoxide with high-sensitivity (Prajapati et al., 2021).
4.3 Photoluminescence Sensors
The fluorescent sensors can detect a variety of metal ions as well as other chemical species (Tammina et al., 2019; Wu et al., 2019). Generally known detection methods of metal ions/chemical species are atomic absorption spectroscopy (AAS) or inductively coupled plasma mass spectrometry (ICP-MS), which are costly and inflexible, and cannot be employed rapidly on the field because of their obstinacy, size, and cost. Due to the relatively low cost, simple handling, and great selectivity and sensitivity, fluorescence-dependent sensors are a better solution for detection of metal ions. The free CQDs in aqueous solutions have a fluorescence feature. The fluorescence emission intensity may alter or disappear due to the prevalence of a quencher inside the solution due to energy or charge exchange between the CQDs and quencher (Molaei, 2019).
Low LOD values are one of the key benefits of CQD-based fluorescence sensors. If the LOD value is low, the sensor is ultra-sensitive. While these conditions were repeated, ions such as Fe2+, Hg2+, Pb2+, Cd2+, Mn2+, and Fe3+ were added to the solution. CQDs behaved differently in the presence of various ions, which was because the synthesized CQDs had a high selectivity for Fe3+ ions in solution (Liu et al., 2022). Table 1 shows the comparison of facile synthesis methods reported for CQDs from various organic and inorganic precursors for selective heavy metal detection. The doped and un-doped CQDs had shown good QY (25%–50.78%) as well as lowest LOD (19 μM–10 nM).
TABLE 1 | The CQDs synthesized from various precursors for sensor applications and measured parameters (LOD, QY, and heavy metal detection).
[image: Table 1]4.3.1 Chemiluminescence Sensor
Chemiluminescence (CL) is a type of electromagnetic radiation created by a chemical reaction involving two reagents, wherein light is released as a stimulated intermediary or product relaxes to its ground state (Chen et al., 2016; Amjadi et al., 2017). Because of its simplicity and high sensitivity, the CL is used in analytical chemistry. Luminol, potassium permanganate, peroxalate, and lucigenin are the most often used and investigated CL reagents in analytical chemistry. However, the traditional reagents have a number of disadvantages, such as high cost, toxic effects, and low sensitivity (Hallaj et al., 2017). In terms of instrumental needs for CL measurement, the CL is simple because here the excitation UV–visible spectra or a spectral resolving apparatus is not required. Light is in fact emitted as a by-product of the chemical process. This method is especially sensitive since it measures a minimal quantity of emitted illumination in CL as in lack of noise. Nevertheless, in CL, most LODs are determined by reagent purity rather than detector (sensor) sensitivity, which accounts for lower LOD levels. CQDs can enhance CL systems in a number of ways, including the following: a) focusing the excited CL emitter, which results in increased CL emission; b) in the reaction, the CQDs can act as a catalyst; and c) CQDs have the power to cause the CL response to occur. The removal of electron and hole-injected CQDs may cause CL emission. The CQDs act as a catalyst for CL of luminol without the use of any extra oxidant (Zong et al., 2018). This behavior could be caused by the reaction between CQDs and luminol, as well as the formation of an active transition complex, which could speed up the electron exchange process in the luminol-dissolved oxygen CL reaction. Modifying the surface states of the dots was found to impact both CL emission and CQD catalytic activity. CQDs’ catalytic activity can be improved by inducing the carboxyl and carbonyl group on their surfaces (Chu et al., 2019). CQDs have the ability to boost H2O2–HSO3’s ultra-weak CL intensity by up to 60 times. This was achieved by forming excited position CQDs (CQDs*), which are produced by annihilating positively and negatively charged CQDs via electron transfer. CQDs produced negatively and positively charged surfaces by reacting with the •OH radical, •SO3−, SO4•−, and •O2− anionic radicals formed by the interaction of H2O2 and HSO3−. In addition to dopamine, Cr(VI), and adrenaline in water, CL sensors were utilized to detect 4-nitrophenol, Cu2+, Fe2+, bisphenol A, indomethacin, hydrogen peroxide, and other compounds (Shah et al., 2016).
4.3.2 Electro-Chemiluminescence Sensor
Several nanostructures including GQDs, PDs, nanocrystals, and inorganic nanocomposites have been employed as luminophores in various ECL systems in recent studies (Qin et al., 2019). Furthermore, these kinds of nanomaterials including heavy metals comprising QDs such as CdS, CdSe, CdTe, and CdTe/ZnS are poisonous and have low biocompatibility and lower sensitivity in some circumstances. CQDs are an emerging nanostructure that has been used in ECL systems (Xu et al., 2014). When compared to semiconductor QDs, CQDs with exceptional optical characteristics such as PL and CL make good ECL luminophores because of their simple synthesis procedure, chemical inertness, easy functionalization, lesser toxicity, and simple labelling. By targeting APOe4 DNA, a double fluorescence and electro-chemical DNA sensor based on an indium-tin oxide (ITO) electrode modified with curcumin, (CM)/GQDs, has been shown to detect Alzheimer’s and arterial coronary disorders. On the GQDs-ITO surface, the electro-polymerization of the CM molecule was carried out with double fluorescent and electro-chemical characteristics. A malonic acid spacer was employed to covalently immobilize an amino-substituted DNA probe using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxy succinimide (EDC/NHS) chemistry, as shown in Figure 14 (Campuzano et al., 2019).
[image: Figure 14]FIGURE 14 | Schematic representation of the electrochemical DNA biosensor. Reprinted with the permission from (Campuzano et al., 2019).
The creation of excited position CQDs* at the electrodes by an electron-transfer mechanism between positively charged CQDs•+ and negatively charged CQDs•− is suggested to Stokes as the source of ECL emission by CQDs (Dong et al., 2013). To achieve the increased ECL activity, CQDs can be utilized as luminophores in the double luminophores ECL system. The CQDs were employed in an ECL system with a perylenetetracarboxylic acid (PTCA) luminophore and a carcinoembryonic antigen immunosensor. With a LOD of 0.00026 fg ml−1, the immunosensor demonstrated exceptional sensitivity. The existence of S2O82− as a co-reactant combines with minimal species of CQDs•− and PTCA•− to produce an excited position of CQDs* and PTCA*, resulted in the development of the excited position of CQDs (CQDs*) and PTCA (PTCA*). Light is emitted when the excited position of CQDs* and PTCA* is created. The surface states have an impact on the ECL emission of CQDs (Chen et al., 2020). CQDs produced a strong ECL emission when the voltage in the ECL system was cycled with Pt sheets as WE and CE and Ag/AgCl as the RE. Mechanical milling produced CQDs with numerous surface states. There was no ECL indication in the absence of the CQDs. The ECL response is greatly increased when K2S2O8 is added as a hole donor. The CQDs revealed dual-wavelength ECL peaks due to their synthesis process, which creates two types of surface states on their surface (Han et al., 2015). The ECL peaks are more right shifted in visible spectra by rising the emission wavelength than the PL spectra, implying that the ECL signal is more reliant on surface conditions than the PL signal. CQDs can be immobilized using graphene, a two-dimensional carbon sheet. Which can magnify the ECL signal of the CQDs due to their huge surface area, excellent chemical stability, superior electrical property, good mechanical stability, and high electro-catalytic activity. The CQDs were immobilized on graphene in an ECL sensor to detect chlorinated phenols in water samples. An ECL signal is produced by the correlation of the CQD’s excited position (CQDs*) and the analyte with the help of S2O82− (as a co-reactant). The inclusion of graphene sheets aids in the creation of CQDs•− and SO4•−, resulting in a high CQDs*+ production yield. In the cathodic ECL process, the exceptional capacity of graphene sheets in electron movement leads to electron transfer from the electrode to CQDs and S2O82−. As a result, CQDs•- and SO4•- generation will be facilitated. The ECL signal is a 48-fold amplification as a result of the multistage amplification. This sensor has a LOD of 1.0 × 10−12 M in the range of 1.0 × 10−12 to 1.0 × 10−8 M. Different species have been detected using ECL systems with the use of CQDs (Yang et al., 2013).
4.4 Bio-Imaging
Bio-imaging refers to a non-invasive technique for visualizing the biological system in actual time. Bio-imaging attempts to interfere with living processes even less than possible. Furthermore, it is frequently used to obtain information about the studied specimens in the 3-D structure from outside, i.e., without medical intervention. Bio-imaging is a larger sense, referring to methods for imaging living cells that have been maintained for study. Bio-imaging encompasses the study of subcellular framework and whole cells as well as tissues and multicellular organisms. CQDs have been identified as desirable candidates for bio-imaging due to a greater tunable photoluminescence (PL), lesser toxicity, hydrophilic nature, and great opto-chemical stability under UV irradiation. Although, most of the CQDs effectively generate blue emission with a short excitation spectra, which severely limits bio-imaging (Wang X. et al., 2019; Marković et al., 2020). Several studies have shown that the hetero-atom doped CQDs have extended wavelengths and multicolor fluorescent, making them suitable for longer period and actual time cell imaging as well as in vivo bio-imaging. The use of cell images demonstrated that N-CQDs with excellent biocompatible might tag with PC12 cells. In comparison to single hetero-doped CQDs, dual hetero-atoms of nitrogen, phosphorus, or boron co-doped with CQDs display excellent biocompatibility and high QY. The o-phenylenediamine (OPD) and boric acid (BA) used for the synthesis of yellow fluorescent N,B-CQDs by the microwave-assisted hydrothermal method. 50 g/ml of N,B-CQDs is treated with HeLa cells to produce the fluorescence image (Liu et al., 2018).
HeLa cells emitted bright yellow fluorescence, principally in the cytoplasm post-treatment with N, B-CQDs under illumination at a specific wavelength of 405 nm, and there was no major difference in the cellular structures or survival rate. When N, P-CDs concentrations reached 1,000 g/ml, no harmful effects were observed in the human bone cancer cell (U2OS) or human colon cancer cell (HT29) (Martynenko et al., 2017). On the other hand, multi-doping has received less attention because of the complicated methods and reaction conditions required. When compared to (dual-atom) co-doped CQDs, the (three atom) tri-doped CQDs have rich functional species on the surface which incorporated more excited position, among these are the excited electrons in CQDs, go through the inter-state conversion as well as radiative recombination, resulting in a variety of fluorescence emissions at specific wavelengths. Because of its similar size to carbon, N plays a vital function in electrical modification. The introduction of the N-dopant was created a special surface pattern that can facilitate intense radiation recombination. Through a collaborative effect, the inclusion of sulphur improves the effect of N atom-doped CQDs. However, adding a third species decreases the size of CQDs and enhances fluorescence QY and efficiency dramatically, just like F-doping in the carbon moieties improves ORR catalysis. Doped CQDs have various advantages in sensing and bioimaging because of their unique property. The function of specific elemental dopants in generating multicolor emissions in CQDs, on the other hand, has yet to be investigated. Table 2 shows QY, Ex/Em wavelength of un-doped, single atom doped, dual atoms doped and three atoms doped CQDs. These results pointed to a promising future as a suitable cell imaging vehicle for in-vivo imaging.
TABLE 2 | Synthesis of CQDs from various organic and inorganic precursors for bio-imaging applications and their noticeable parameters of Ex/Em wavelengths, average particle size, and QY.
[image: Table 2]4.5 Drug Delivery
Chemotherapy is commonly used to treat cancer and other disorders, although it lacks precision and is associated with toxicity and multi-drug resistance. As a result, targeted medication administration is chosen as a way for increasing drug bio-availability and efficiency while reducing side effects (Molaei, 2019). However, the medicine leaks until it reaches their intended destination as a result of this. The effective target agents such as CQDs are needed as double nano-carrier systems that combine bioimaging and targeted drug delivery vehicle while minimizing cytotoxicity (Qian et al., 2014). CQDs that have been functionalized can minimize cytotoxicity caused by drug leakage into normal cells.
Amino groups on the surfaces of functionalized CQDs are employed to crosslink with tumor theranostics (Cai et al., 2021). CQDs formed by microwave pyrolysis of citric acid cross-linked with PEGylated oxidized alginate and subsequently conjugated with theranostic doxorubicin (DOX) via acid-labile Schiff base connection. Theranostic nanoparticles were shown in vitro to have the ability to release medications in a pH-dependent way in the acidic microenvironment of the tumor (Li G. et al., 2020). Furthermore, their fluorescence enabled imaging-guided drug administration. CQDs have also been utilized to transport drugs to specific parts of the nucleus and mitochondria. Mitochondria are involved in a variety of malignancies and metabolic diseases. When compared to commercially available MitoTracker dyes and mitochondrial-specific temperature reliant carrier and receptor-mediated endocytosis, CQDs made from chitosan, ethylenediamine, and mercaptosuccinic acid were found to have lengthy mitochondrial monitoring. CQDs are a good substitute for AuNPs, and varied functionalization could lead to better drug conjugation possibilities in combination with target agents, resulting in a rise in drug delivery decisions, as illustrated in Figure 15. The luminescence of CQDs and the site of their emission aid in distinguishing between living and apoptotic cancer cells (Singh et al., 2018). When CQDs included in hydrogel were seen using fluorescence microscopy, they were picked up by A549 cells and emitted green light. The amount of green light emitted related to the concentration level of CQDs in the gel. CQDs obtained from hydrothermal methods were used in a drug delivery mechanism to deliver the anticancer medicine (DOX) to the pointed location. Another study discovered that drug-loaded CQDs were more localized than DOX alone (Li G. et al., 2020). Conjugated CQDs were tested for activity in the body by incubating them in HepG2 and MCF-7 cells. The DOX-conjugated CQDs were found to be more toxic in cancer cells than in normal cells. It is difficult to use in brain tumors and neurological illnesses due to partial brain-impermeability and short medication retention in the brain and blood–brain barrier. As a result, precise tumor cell imaging is necessary for accurate diagnosis and prognosis. CQDs were also utilized to target brain cancers in conjunction with tumor infiltrating peptides (Pardo et al., 2018). To infiltrate the tumor’s vascular barriers, RGERPPR-infiltrating peptides (tumor-penetrating peptide) with CQDs were employed. CQDs were hydrothermally synthesized from citric acid and functionalized with maleimide-polyethylene glycol-amino succinimide succinate (Mal-PEG-NHS) and RGERPPR. The nanoparticles that resulted effectively pointed glioma and provided in-vivo bioimaging. Table 3 shows the various drug delivery applications of CQDs with the information of different kinds of drug loaded, and the ligament attached on the CQDs’ surface depends upon the targeted cells.
[image: Figure 15]FIGURE 15 | Schematic representation of the CQD-guided drug delivery system.
TABLE 3 | Information of various drug delivery applications using CQDs and various synthesis processes.
[image: Table 3]4.6 Solar Cells
Solar cells (SCs) have gone through three generations of growth as of now. The first generation of solar cells is made of crystalline SiO2 with the core of mono-crystalline SiO2. However, crystalline SiO2 is costly, and cell production is expensive. SiO2, an indirect band-gap material, has a substantially lower absorption coefficient in the visible region than other optoelectronic materials (Green, 2002). Because of these flaws in crystalline SiO2 SCs, researchers began to look into thin-film SCs, which is entered in the second generation of development. Materials with a high absorption coefficient and a direct band-gap structure are used in thin-film SCs. The benefits of thin-film SCs include their smaller thickness, inexpensive, and various types. There are currently GaAs thin-film SCs, CdTe thin-film SCs, and so on (Imamzai et al., 2012). Thin-film SCs on the other hand have drawbacks such as limited rare-element reserves and arduous mining, and a few are environmentally toxic. Solar cell evolution is now in its third generation with dye-sensitized SCs (DSSCs), polymer SCs, perovskite SCs, and quantum dot SCs. In general, fabrication cost, performance, and durability are used to rank photovoltaic devices. The most significant issue is to balance these factors in photovoltaic devices to have a role in the international energy industry. Despite the many benefits of PSCs, further modifications will be extremely useful for their prospective commercial deployment. Non-toxic materials, reduced charge carrier recombination, manufacturing large-scale production, and improved stability under environmental conditions must also be managed (Shi and Jayatissa, 2018). Perovskite composites are initially employed in the n-i-p FTO/meso-porous scaffold/perovskite materials/hole transport layer (HTL)/metal contact arrangement. However, it requires a high-temperature sintering operation. Furthermore, planar PSCs (in both nip and pin configurations) can be made using a low-temperature technique. As a result of the economic concerns, planar PSCs are preferred. In considerations of both planar as well as mesoscopic structures, the methyl ammonium lead iodide (MAPbI3)-based PSCs are most analyzed light absorbers (Zaman et al., 2017). The creation of a defect at the surface due to iodine and methylamine ion/defect mobility is a significant performance limiting characteristic for organo-halide PSCs. Organic ions escape from perovskite crystalline caused by weak bonding and unstable, which resulted in a non-stoichiometric perovskite layer surface. Due to this process, the non-radiative charge recombination (NCR) occurs at grain-boundaries. NCR reduces the fill factor (FF), lowering the overall energy output that cells can generate. The hysteresis loop of I-V curves is another barrier to commercial viability due to non-uniformity and the surface defects (Girish et al., 2022). Here, the CQDs often have a wide spectrum of light absorption tailing into the visible area, which is advantageous for solar cell applications (SCs). Previously, CQDs were used in a wide range of SCs, along with dye-sensitized SCs, organic SCs, and silicon-based SCs (Meng et al., 2017; You et al., 2020). In a typical perovskite SCs, researchers introduced a sub-monolayer of CQDs between the perovskite and the mesoporous titanium dioxide (TiO2) layers. In addition, they have used CQDs as an additive for MAPbI3 stabilization via passivation of the perovskite grain boundaries, which improved the power conversion efficiency (PCE) (from 17.59 to 18.81%) and perovskite SC consistency (Guo et al., 2018). The carboxylic, hydroxyl, and amino groups are passivated on the CQDs surface, which made the contacts strong and stable with the uncoordinated Pb in MAPbI3, resulting in a decreased trap-state density and improved optoelectronic characteristics. Furthermore, the interaction between CQDs and MAPbI3 created a protective layer that prevented the perovskite from coming into touch with water, improving SC stability. Kirbiyik et al. reported that hetero-atom doped CQDs (N-CQDs), which was introduced in PSCs to serve as an intermediary, assist in the formation of a dense as well as smooth perovskite layer, which gained PCE of 14% (Kırbıyık et al., 2020). CQDs are considered to be potential replacements to poisonous and fragile inorganic halide perovskite-based solar cells, despite the fact that current research on CQDs in the field of solar cells is scarce, much alone their device efficiency (Paulo et al., 2016). Li et al. reported the electron transport layer (ETL) in planar n-i-p hetero-junction perovskite solar cells (SCs) that play a significant role in energy separation and determines the shape of the perovskite film. CQDs/TiO2 composite with low visible spectrum absorption was a desirable property for perovskite SCs. We attained an exceptional efficiency of 19% using our innovative CQDs/TiO2 ETL in combination with a planar n-i-p hetero-junction under stable illumination test circumstances. When compared with TiO2 alone, a CQDs/TiO2 combination boosted both the open-circuit voltage and short-circuit current density (Li H. et al., 2017). Zhang et al. reported the N-doped CQDs (NCQDs) that can mix with rutile TiO2 to create NCQDs/TiO2 hierarchical nanoparticles built by nanorods with improved photo-catalytic activity, which is demonstrated under visible irradiation. The pseudo first order reaction constants for rhodamine B (RhB) deterioration on NCQDs/TiO2 (0.11 min−1) are 215.7, 7.3, and 1.3 times greater than those for NCQDs (0.00051 min−1), TiO2 (0.015 min−1), and CQDs/TiO2 (0.086 min−1), respectively. The open-circuit voltage and fill factors are 0.46 V and 43% (Zhang et al., 2013). Carolan et al. reported a simply customized atmospheric pressure micro-plasma to make N-CQDs. The band-gap energy structure of N-CQDs is revealed, and they are used as the photo-active layer in a solar cell with an open-circuit voltage of 1.8 V and a PCE of 0.8% (Carolan et al., 2017).
4.6.1 Dye-Sensitized Solar Cells
DSSCs are the third generation of solar cells, and they have sparked a lot of interest because of their versatility, lesser cost, and easy processing (Zhang et al., 2013). Although DSSCs offer more advantages from the multiplicity of organic dyes and achieve desirable performance, photo-bleaching of organic dyes, higher cost, ruthenium-containing dyes (produce toxicity), and volatile electrolyte might have limited their widespread applications. CQDs with consistent optical absorption derived from a wide range of low-cost sources show promise in DSCs (Riaz et al., 2019). A CQD interlinked dye and semiconductor complex system has been established for the development of extremely efficient photoelectric conversion technologies in 2013. Because of the integrated hyper-chromic effect between Rhodamine B (RhB) and CQDs, CQDs not just to increase the UV–visible absorption of RhB solutions (Figure 16). The CQDs not only act as an electron transfer mediator (or bridge) between photo-generated electrons and suppress their recombination, but they also efficiently suppressed photo-generated electron recombination, resulting in a greatly improved photoelectric conversion efficiency.
[image: Figure 16]FIGURE 16 | (A) Scheme of electron transfer to CQDs from RhB. (B) The CQDs work as an electron transfer mediator. Reprinted with the permission from (Wang and Hu, 2014).
The addition of CQDs to the dye and the semiconductor complex increased the complex’s photoelectric conversion efficiency by seven times (Ma et al., 2013).
Geleta et al. reported the nanocomposites of n-type ZnO and p-type NiO semiconductors as photo-anodes in DSSCs to improve PCE. The impact of CQDs on the n-ZnO and p-NiO nanocomposite was also studied. With the incorporation of 8 wt% NiO, the efficiency achieved was 1.58 times than that of ZnO. Furthermore, doping CQDs in ZnO/NiO nanocomposites (8 wt%) increased the efficiency by 3.8 times than ZnO/NiO nanocomposite without doping (Geleta and Imae, 2021). Huang et al. reported for the first time, allium fistulosum as a sensitizer in quantum dot-sensitized solar cells (QDSSCs) to synthesize nitrogen self-doped CQDs using a one-pot hydrothermal technique. CQDs with blue fluorescence have a size of 11.67 nm. The CQDs’ HOMO and LUMO levels are −5.22 eV and −3.80 eV, respectively, which corresponded to TiO2 and the electrolyte energy levels. All of this demonstrated that CQDs might be used as sensitizers in QDSSCs and a 0.45% PCE with a fill factor of 0.60 (Huang et al., 2020b).
4.6.2 Organic Solar Cells
Organic solar cells (OSCs) are also called as polymer solar cells. They can be mass-produced on a large scale using the roll-to-roll process and are distinguished by the device’s flexibility as well as lower cost (Vercelli, 2021). CQDs have recently been used in organic solar cells as an electron acceptor (eA) (Cui et al., 2018), active-layer dopant (Liu et al., 2014), hole transport layer (HTL) (Li et al., 2013), electron transport layer (ETL) (Pali et al., 2018), and interfacial modification layer (Lin et al., 2016) as well as dopant of buffer layer (Yan et al., 2016), which all illustrated CQDs’ excellent applications in OSCs. However, it is important to note that the majority of CQD synthetic methods for OSCs struggle from stringent operating parameters, which might also restrict their wide practical implementation. However, despite the fact that many researchers have focused on un-doped and N-doped carbon based nanomaterials for its use in OSCs, the studies are reported the hydrothermal synthesis of N,S-CQDs (Riaz and Park, 2022). In OSCs, ZnO is among the most often utilized ETLs. Furthermore, because of several surface imperfections and uneven of energy gaps with the photo-active layer, the ZnO-based cells are normally requiring a light-soaking method to obtain high efficiency of the device.
Wang et al. reported the N,S-CQD-modified ZnO ETL cells that had a higher PCE of 9.31% that was greater than the un-modified ZnO cells (Wang Y. et al., 2019). Zhang et al. reported high performance inverted poly-SCs through the use of a bilayer ZnO/CQDs’ electron extraction layer (EEL). The inverted poly-SCs based on a polymer composite blend have a significant enhancement in PCE of 9.64%, which is 27% higher than a control cell of 7.59% (Zhang et al., 2018). On the other hand, the spectral ranges of both PL and excitation of the CQD-filled polysiloxane composite well matched the harvest-spectrum (480–650 nm) and unutilized optical-spectrum (380–480 nm) of the bulk hetero-junction (BHJ) solar cell (Zhang et al., 2017) because the CQD-filled polysiloxane composite may emit light with wavelengths ranging from 400 to 650 nm when excited at 320–450 nm. As the composite’s emission wavelength range corresponds to the responding curve of the P3HT:PCBM based BHJ SCs, depositing a layer of the composite on the cover glass can boost power conversion efficiency by roughly 12% as a consequence of enhanced absorbance of near UV and blue/violet part sunlight (Figure 17) (Müllerova et al., 2016).
[image: Figure 17]FIGURE 17 | Schematic architecture of the BHJ solar cell with the LDS layer. Reprinted with the permission from (Wang and Hu, 2014).
4.7 Supercapacitors
Supercapacitors are unlike batteries, and it is an energy-storage device that hold high output power for extended periods of time (Raza et al., 2018). The development of a nanomaterial-based electrode having a greater specific-capacitance and longer-term consistency is a better alternative for supercapacitors. Despite present efforts, more studies are needed to develop novel porous, conducting, and large surface area carbon products with enhanced specific capacitance as well as cycle stability (Jian et al., 2017; Sahoo et al., 2018). CQDs are often used in supercapacitors because of its size and structure adjustable properties and excellent electrical conductivity. As a result, utilizing metal oxide/sulfide and CQDs to synthesize nanohybrid structures has been demonstrated as a promising technique for creating effective and consistent supercapacitors. An environmentally friendly technique to synthesize CQD-MnO2 nanostructures from a sustainable waste source to obtain high power density and specific-capacitance was reported. CQD-MnO2 had a greater surface area and enhanced electrical conductivity compared to virgin MnO2, as evidenced by the highly conductive CQDs according to the structural investigation (Xu et al., 2017). CQDs can enhance the electrical conductivity of metal oxide/sulfide hybrids while also improving the electrochemical properties of energy storage systems. Figure 18 shows that the CQDs@PANI composite increases the energy storage density in the supercapacitor. A simple, ecologically friendly, and one-pot synthesis-method has been used to make manganese oxide graphene (MnOx CDGs) nanohybrids. Because of their greater electrical conductivity and higher electrochemical function, transition-metal sulfide is more suitable for use in energy storage technologies from an electronic stand-point.
[image: Figure 18]FIGURE 18 | (A) Schematic illustration of the synthesis of core shells C-QDs@PANI by pyrolysis. (B) Schematic illustrations and corresponding SEM images of C-QDs@PANI/CFs (LI). Reprinted with the permission from (Permatasari et al., 2021).
These characteristics helped to create energy storage systems that are both stable and high-performing. A unique hierarchical porous nano-flower-like nanocomposite in 2020 was reported by incorporation of CQDs into a CuS nanostructure (CuS@CQDs). To make the CuS@CQDs nanocomposite, researchers used two separate methods: the impregnation combined method (ICM) and the solvothermal synthesis method (SSM) (Quan et al., 2020). According to the Brunauer–Emmett–Teller (BET) investigation, these nanocomposites have a surface area of 111.2 m2g−1 when compared to virgin CuS (22.8 m2g−1). Furthermore, studies of pore-size distributions found that nanocomposites contain a substantial number of mesopore structures. CuS@CQDs nanocomposite electrodes showed a higher specific capacitance and a power density of 920.5 Fg−1 and 397.75 Wkg−1, respectively (Rasal et al., 2021). Furthermore, the devices displayed longer period stability with 92.8 percent of its initial effectiveness persisting after 10,000 charge and discharge cycles. According to the structural analyses, these nanocomposites possessed a porous structure with a surface area that was roughly 40% higher than the pure NiS nanostructure. When compared to pure NiS nanostructures, these nanocomposites showed better charge transfer kinetics, surface area, and charge-discharge stability as evidenced by electrochemical experiments (Ouyang et al., 2021). Furthermore, the NiS CQD-based nanocomposite had a greater specific capacitance than pure NiS electrodes. Moreover, the researchers have developed the CQD-based nanohybrids and subjected to characterization technique to measure the specific capacitance, energy storage density, high power density and cycle consistency, as shown in Table 4.
TABLE 4 | CQD-based nanocomposites and their uses in the fabrication of supercapacitors and comparisons of device performance.
[image: Table 4]5 SUMMARY AND OUTLOOK
The CQDs were invented in 2004 during sanitization of single walled carbon nanotube (SWCNT). From the previous discussion, we noticed that the many researchers have synthesized and developed the CQDs by various methodologies. The CQDs have shown excellent properties such as good biocompatibility, lesser toxic, fluorescent in nature, simple synthesis, good electrical conductivity, and low cost. Therefore, CQDs have been used in many important applications such as sensors, bio-medical, optoelectronics, and energy sectors. However, the result of expectation is not fulfilled and the large-scale production is quite critical. In the future, the CQDs’ production must be upgraded by sophisticated synthetic procedures, right elemental doped and right surface passivation. For example, the CQDs were doped to electrically conducting materials to develop the conducting micro-fluid or fluorescent conducting ink for sensor and microelectronic systems (El-Shamy, 2019; Zhou Q. et al., 2021). Because of this type of CQD could be optically fluorescent and electrically conductive, CQD was also used in drug delivery because they have a good biocompatible property. In drug delivery applications, it is used as a carrier because of their fluorescent property. The drug will be delivered to the targeted location as carried by tracking of continuous fluorescence emission. In the case of CQDs doped with electromagnetic or magnetically induced material, then the drug will be delivered to the targeted location with the help of the external magnetic or electromagnetic field by the controlled drug carrier. In supercapacitor application, the CQD was made into a nanohybrid form to make a high-power density and high-energy density supercapacitors. These are all the futuristic development of CQDs.
Recently, CQDs are utilized for energy generation via an osmotic power generation (OPG). In OPG, the pressure retarded osmosis (PRO) is involved to generate the power. The osmotic pressure gradient energy is generated in PRO by combining two different salinities of water. Due to the chemical potential difference across the semipermeable membrane, water quickly permeated from the feed side into pressured salty water in this method. Earlier authors have utilized the thin film composite (TFC) as a main membrane material in the PRO process. They have investigated reverse electro-dialysis (RED) and demonstrated how Gibbs free energy of mixing when fresh river-water flows into sea-water can be used to generate sustainable power (Ingole, 2021). However, with their direct interaction with numerous foulants in raw water, the substrates of PRO membranes are especially prone to fouling. This results in a significant loss of power density and makes commercialization of PRO technology difficult. A simple surface modification method was established to produce a novel type of nanoparticle-modified PRO membranes with antifouling property. Zhao et al. synthesized CQDs with the size of 3.2 nm from citric acid using a thermal pyrolysis method for OPG. They are covalently bonded to the polydopamine (PDA) layer grafted onto the substrate surface of poly (ether sulfone) (PES) membranes. PRO tests at 15 bar further showed that the CQD modified membranes had a significantly greater power density (11.0 vs. 8.8 W/m2) and water retention after backwash (94 vs. 89%) than the unmodified ones (Zhao D. L. et al., 2017). Gai et al. have used 1.0 M NaCl solution and distilled water as the feed pair for OPC. They have newly designed TFC membranes with 1 wt% Na+-modified CQDs that had a peak power density of 34.20 W/m2 at 23 bar (Gai et al., 2018). To the best of author’s knowledge, this was the highest power density reported in the literature for OPG using CQDs. For real time usage, it needed further improvement.
More research is still required on CQDs that have opened up a new option for bio-sensing and organic solar cells for future applications. Even though we are currently capable of understanding CQD synthesis methodologies and their prospective applications in sensors, bio-imaging, drug delivery, solar cells, supercapacitors, DSSCs, etc., more research is still needed. It is difficult to manufacture CQDs in a simple and environmentally friendly method with a predetermined structure and size for advanced research and specific applications. CQDs are expected to have a growing role in analytical and bio-analytical science in the coming years. Nevertheless, CQDs with high QY are uncommon till now. Future studies should be focused on greatly increasing the QY of CQDs, as well as the creation of geometrically, compositionally, and structurally well-defined CQDs. When no size limit is set on CQDs’ growth, they expand in incredibly wide ranges. Furthermore, there are unknown features in CQDs that have yet to be studied, which keeps their nanoscale chemical and physical nature unexplained, limiting their use in energy storage devices. Another pressing challenge affecting CQD industrialization and synthesis is that the rapid evolution of their raw material sources. Apart from that, CQDs’ ability to cut production costs is limited due to a lack of standardization, which has limited their widespread use and commercialization. To further realize the promise of these increasingly essential carbon materials, we predict the progression of more inexpensive, simple, and novel synthetic technologies, as well as innovative promising uses have to be developed.
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