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Zinc chalcogenide nanostructures are an important class of non-toxic nanomaterials due to their biocompatible nature, surface flexibility, high degree of crystallinity, and high photoluminescence efficiency that makes them applicable in solar cells biosensors, photocatalysts, LEDs, and electroluminescence materials. There are various methods for synthesizing zinc chalcogenides, including ZnS, ZnSe, and ZnTe, through colloidal, hydrothermal, solvothermal, microwave, and core shell synthesis to prepare highly luminescent material for drug delivery and biomedical applications. The main focus of this review is to explore various synthetic approaches to tune the morphology, size, and surface properties of zinc-based chalcogenide nanostructures, revealing their potential as biocompatible quantum dots. Despite their advantages, zinc chalcogenides also have certain drawbacks, such as low mechanical strength, limited bandgap tunability, and less thermal stability, that can point the way for future research. Thus, this review may prove beneficial for developing and designing more advanced nanomaterials based on existing knowledge, protocols, and strategies.
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1 INTRODUCTION
Semiconductor quantum dots (QDs) and nanoparticles, typically ranging from 1 to 5 nm in size, possess unique optical and electronic properties resulting from the quantum confinement effect that distinguishes them from larger particles. Quantum dots, often likened to artificial atoms, reveal their unique nature with discrete electronic states similar to those found in natural atoms or molecules (Biju et al., 2008; Mussa Farkhani and Valizadeh, 2014). They have garnered significant interest across various fields, including the material sciences and medicine. Quantum dots are known for applications in bio-labeling, bio-imaging, and sensing (Gao et al., 2004; Medintz et al., 2005; Michalet et al., 2005; Sapsford et al., 2006; Smith et al., 2008; Gao et al., 2010; Park et al., 2011), highlighting their singular nature. Among all semiconductor quantum dot materials, zinc chalcogenide (fundamentally sulfides, selenides, and tellurides) nanostructures stand out as promising candidates for replacing other metal chalcogenides owing to their confinement of electrons, biocompatibility, and size-dependent photoemission characteristics.
Earlier research on the nanoparticles of semiconductors primarily focused on chalcogenides of cadmium (CdS, CdSe, CdTe) (Priyam et al., 2005; Chatterjee et al., 2006; Chatterjee et al., 2007a; Priyam et al., 2009). However, zinc has recently replaced cadmium due to its lower toxicity (Chatterjee et al., 2021), biocompatibility, and UV absorption properties. Zinc, a harder Lewis acid than cadmium, exhibits differences in ligand affinity, leading to different reaction rates for similar types of precursors of zinc and cadmium compounds. As the smallest atom in the second column of the periodic table, zinc chalcogenides demonstrate stronger bonding among II–VI compounds, along with higher energy gaps, enthalpies of formation, and melting points. These materials absorb UV light and may be engineered to emit in the ultraviolet or near-blue region. Additionally, zinc nanocrystals serve as exceptional host materials for transition metal dopants. This review highlights the synthesis, properties, and numerous applications of zinc chalcogenides (Scheme 1).
[image: Scheme 1]SCHEME 1 | Graphical representation of zinc-chalcogenides nanostructures employed in numerous applications.
2 VERSATILE PROPERTIES OF ZINC CHALCOGENIDES
Zinc chalcogenides, including zinc sulfide (ZnS), zinc selenide (ZnSe), and zinc telluride (ZnTe), boast numerous significant properties, making them invaluable in optical and optoelectronic devices such as LEDs, photodetectors, and solar cells (Scheme1). Their tunable bandgaps and high optical absorption coefficients enable efficient energy conversion and light emission. ZnS, with its wide bandgap of 3.68–3.91 eV, is ideal for ultraviolet and blue-light emission, while ZnSe, with a bandgap of 2.70 eV, is widely used in infrared optics due to its transparency in the mid- and far-infrared regions. ZnTe, featuring a bandgap of 2.26 eV, finds applications in thin-film transistors, photovoltaic devices, and infrared detectors thanks to its favorable electronic properties and compatibility with existing semiconductor technologies. Additionally, zinc chalcogenide-based nanoparticles can be functionalized for diagnostic applications in cancer detection and drug delivery. With densities ranging from 4.09 g/cm³ for ZnS to 6.34 g/cm³ for ZnTe and melting points from 1,290 °C for ZnTe to 1,850 °C for ZnS, these materials also exhibit increasing refractive indices and dielectric constants. The diverse properties and applications of zinc chalcogenides drive research and innovation in fields ranging from electronics and photonics to environmental monitoring and healthcare, underscoring their essential role in advanced technological solutions.
3 SYNTHESIS OF ZINC CHALCOGENIDE NANOSTRUCTURES
Zinc chalcogenide nanoparticles comprising ZnS, ZnSe, and ZnTe are widely researched, with ZnS being particularly prevalent in various applications. These compound semiconductors exhibit remarkable properties suitable for uses diverse as electroluminescence, electrocatalysis, light-emitting diodes (LEDs), and biosensors (Chatterjee et al., 2012; Chatterjee et al., 2021). ZnS is known for its chemical stability and superior technological characteristics compared to other chalcogenides. It exists in two crystalline forms, zinc blende (sphalerite) and wurtzite, and possesses a relatively large difference between valence band and conduction gap of 3.5–3.8 eV. This large bandgap makes ZnS well-suited for devices that utilize visible and UV light. Various synthesis methods, including solid-phase reactions (Kaito et al., 1987), sol-gel processes (Stanić et al., 1997), solvothermal routes (Yu et al., 1998), colloid chemical techniques (Chatterjee et al., 2007b), sonochemicals (Routkevitch et al., 1996; Zhu et al., 2000), liquid phase chemical precipitation (Duan et al., 2003), ion complex transformation methods (Bredol and Merikhi, 1998), and microwave irradiation (Yin et al., 2004), have been employed to produce Zn-chalcogenide nanoparticles which find applications in numerous optoelectronic devices.
3.1 Effect of capping agents, reaction temperature, and reactant concentration
The synthesis of zinc chalcogenides involves various parameters that significantly influence the properties and quality of the nanoparticles. The effect of capping agents, reaction temperature, and reactant concentration has been examined by various researchers. Capping agents are crucial in controlling the size, shape, and surface properties of Zn-chalcogenide nanoparticles. These bind to the surface of the nanoparticles, preventing uncontrolled growth and agglomeration. Capping agents can be organic molecules, polymers, or surfactants. Common capping agents include thiols, amines, phosphines, and carboxylic acids. They influence the colloidal stability, solubility, and surface reactivity of the nanoparticles. Different capping agents can result in various nanoparticle shapes (spherical, rod-like, etc.) due to their distinct binding affinities and steric effects. The size distribution of nanoparticles can be finely tuned by selecting appropriate capping agents. The choice of capping agent can provide specific functional groups (Chatterjee et al., 2007b) on the nanoparticle surface, facilitating further modification or functionalization for specific applications.
Similarly, reaction temperature is a critical factor in determining the kinetics of nucleation and growth of Zn-chalcogenide nanoparticles. Higher temperatures generally increase the rate of nucleation and growth, leading to faster synthesis processes. However, excessively high temperatures can lead to uncontrolled growth and larger particle sizes.
The concentration of reactants (Zn precursor and chalcogen source) plays a significant role in the synthesis process, affecting the supersaturation level and growth dynamics of the nanoparticles. High reactant concentrations lead to higher supersaturation, promoting rapid nucleation and the formation of numerous small nuclei. Low reactant concentrations result in fewer nucleation sites and larger particles due to slower growth rates. Higher concentrations typically yield smaller and more uniform nanoparticles, as the increased number of nucleation sites limits the growth of each individual particle. Conversely, lower concentrations may produce larger particles with broader size distributions. The ratio of zinc precursor to chalcogen source can affect the stoichiometry and composition of the final zinc chalcogenide product. Precise control over reactant concentration is essential for achieving the desired stoichiometry and minimizing defects. The interplay between capping agents, temperature, and reactant concentration is crucial. Adjusting reactant concentrations in the presence of a particular capping agent can further refine the size distribution and surface properties of the nanoparticles.
3.2 Synthesis of sulfur-based zinc chalcogenide nanostructures
ZnS nanoparticles (6–12 nm) were first synthesized by the team of J.C. Sanchez-Lopez and E.P. Reddy (Sánchez-López et al., 1999). The average mean diameter of prepared nanoparticles was 8 nm. They described that, with changing reaction conditions, they successfully obtained a homogeneous distribution of the desired ZnS nanostructures in a sphalerite phase.
Soon after, Wang and Hong (2000) introduced a novel solid-state method to produce ZnS nanoparticles using zinc acetate and thioacetamide. The reaction temperature ranged from room temperature to 300 °C. Their method involved thoroughly mixing and milling precise amounts of zinc acetate and thioacetamide powders. Subsequently, the mixed powder was heated to 300 °C in an oven. The resulting product exhibited a pure zinc-blende crystal structure, confirming the formation of ZnS nanoparticles. They reported achieving the size variation of ZnS nanoparticles simply by adjusting the temperature of the reaction in the solid-state method.
In 2003, Ling et al. (Wageh et al., 2003) prepared ZnS quantum dots via a colloidal synthesis using mercaptoacetic acid as the surface capping group. At first, zinc acetate and mercaptoacetic acid were taken in a solvent-like dimethylformamide (DMF), and the medium pH was adjusted to 8. Subsequently, a sodium sulfide solution was added to the reaction mixture under a N2 atmosphere. They studied the characteristic features of luminescence spectra and points defect by varying the refluxing time. On the other hand, Lu et al. (2004) reported the low temperature synthesis of ZnS nanoparticles by reaction with zinc acetate and thioacetamide (TAA). This resulted in the formation of cubic nanocrystals of zinc sulfide with 26 times stronger photoluminescence intensity than ZnS nanoparticles and nanowires.
Moon et al. (2006) developed ZnS nanowires through a chemical vapor transport and condensation method. A gold-coated substrate of silicon was used to grow the nanowires by a reaction of zinc oxide and iron sulfide powder. They used FeS powder as a stable sulfur source and utilized ZnO as a possible desulfurization reagent. Alternatively, a simple chemical vapor transport–condensation (CVTC) technique was employed to grow ZnS nanowires on gold-coated silicon substrate (Xia et al., 2003). The liquid gold nanodroplets were formed on the surface, and as the temperature increased, gold–ZnS alloys formed by the absorption of ZnS nanodrops by gold. Finally, ZnS nanowires were collected from the precipitates (Jiang et al., 2003; Kar et al., 2005).
Spherical quantum dots of ZnS nanoparticles 3 nm in diameter were prepared by Chatterjee et al. (2007b) (22) through wet colloidal synthesis. The capping agents used were water soluble thiols of cysteine and mercaptoethanol. The growth rate (dr/dt) of the nanoparticles were measured at a constant temperature and heating rate. The colloidal quantum dots obtained were investigated with TEM and XRD and were found to be cubic crystalline in structure and highly photoluminescent in nature. This indicates a valuable significance in synthesizing fluorescent nanomaterials (Chatterjee et al., 2007b) which shows absorbance in the visible range (Figures 1 and 2).
[image: Figure 1]FIGURE 1 | Systematic study of the growth mechanism of mercaptoethanol-capped ZnS nanoparticles with time of reflux: (A) absorption spectra; (B) photoluminescence spectra (reproduced with permission from ref 22. © 2007; Elsevier).
[image: Figure 2]FIGURE 2 | (A) Wide-angle X-ray diffraction pattern of cysteine-capped ZnS nanocrystals (time of reflux = 30 min); (B) TEM image of corresponding cysteine capped ZnS nanocrystals. Reproduced with permission from ref 22. © 2007, Elsevier).
Anand et al. (2009) reported the hydrothermal synthesis of zinc sulfide nanoparticles using hexamethylenetetramine (HMTA) as a surfactant. Zinc acetate dihydrate, thiosemicarbazide, hexamethylenetetramine, and sodium hydroxide along with deionized water were put into a Teflon autoclave chamber and heated for 8 h at 180 °C. This study revealed the dependence of structural and optical properties on the nature of the surfactant in the hydrothermal method for synthesizing chalcogenides.
In 2013, K. Senthil Kumar and K. Ramamurthi reported a low temperature synthesis of MPA-capped ZnS quantum dots using zinc nitrate, sodium sulfide, MPA (3-mercapto propionic acid), and tetrapropylammonium hydroxide (Senthilkumar et al., 2013). They added MPA solution dropwise into the zinc nitrate solution with the subsequent addition of tetrapropylammonium hydroxide to maintain pH 12, followed by the rapid addition of Na2S solution. The ZnS QDs suspension obtained was clear and colorless, exhibiting a cubic zinc blende structure having a quantum yield almost 31%. They also reported that the emission intensity of synthesized ZnS QDs could be strongly affected by pH.
Bochev and Yordanov (2014) reported the room temperature synthesis of thiol-capped nano zinc sulfide dispersed in water using ZnS, thioglycolic acid, sodium sulfide, and sodium hydroxide. In their approach, the synthesis of ZnS nanoparticles was considered in studying the change in optical characteristics on the precursor concentration and molar ratio of the reactants. The synthesized nanoparticles possess a cubic crystal arrangement and spheroid shape (Figure 3).
[image: Figure 3]FIGURE 3 | (A) Typical explanation of for the observed stability of ZnS nanoparticles in excess of Zn (II) precursor and observed aggregation in excess of S(II) precursor. (B) Images of reaction mixtures containing ZnS nanoparticles prepared at various Zn/S molar ratios (given in the legend). (C) TEM image of ZnS nanoparticles. Electron diffraction pattern and magnified image of a single nanoparticle are given as insets. (D) XRD of ZnS nanoparticles, indicating cubic (sphalerite) crystalline structure (Reproduced with permission from ref 38. © 2014; Elsevier).
In 2015, Senapati and Sarkar (2015) prepared ZnS nanoparticles using a new green chemical approach, employing starch as a capping agent. Starch molecules play a crucial role in the structural modification of composite nanomaterials. Due to presence of anhydrous glucose units previous, ZnS nanoparticles were potentially obtained as cubic crystal structures. Senapati and Sarkar (2015) observed that the energy bandgap values obtained from absorption studies increased with increasing starch concentration.
ZnS thin films were reported by spray pyrolysis (Nithyaprakash et al., 2009; HusseinP, 2013; Lin et al., 2015) in 2015, and the synthesis of ZnS by thermal decomposition, which has single source precursor (Jen-La Plante et al., 2010; Onwudiwe and Ajibade, 2011), has been investigated. In this approach, zinc chloride was added to a solution of ethanol, carbon disulfide, potassium hydroxide, and a secondary amine. They reported the formation of two basic structures of cubic zinc blende (ZB) phase at a low temperature and wurtzite (WZ) phase at high temperature of synthesized ZnS (Kole and Kumbhakar, 2012). They also investigated bandgap and morphological change in structure as the effect of heat treatment at different calcination times of zinc sulfide.
Balavijayalakshmi and Manju (2016) synthesized copper-doped zinc sulfide with various concentrations using wet chemical co-precipitation. They added sodium sulfide solution dropwise into a solution containing cupric chloride and zinc chloride. The resulting mixture was left for 24 h, then centrifuged and heated for 1 h at 160 °C in a hot air oven. The synthesized ZnS was collected in powdered form, and X-ray diffraction analysis revealed a cubic zinc blende pattern. They also observed variation in the bandgap energy, mainly due to the addition of different dopant concentrations, resulting in variations in crystallite size.
In 2018, the team of Q. Alijani and Pourseyedi reported a biogenic method for synthesizing ZnS by leveraging the plant secondary metabolites of Stevia rebaudiana (Alijani et al., 2019). They prepared S. rebaudiana leaves extract in a flask, shaking it at 90 rpm and 37 °C. The resulting mixture was separated by centrifugation followed by the gradual addition of Zn(NO3)2 solution with continuous stirring. Water extract of Stevia and Na2S were then added to the solution, which was incubated at 70 °C, resulting in the formation of ZnS nanoparticles. XRD spectrum analysis confirmed that the ZnS nanoparticles belonged to a cubic structure (Dhas et al., 1999; Labiadh et al., 2016; Tran et al., 2016; Sharifi et al., 2018). According to their findings, the size of biosynthesized nanoparticles could be controlled by the ion source, adjusting the plant extract’s concentration, pH, and temperature.
In 2018, Y. Wang and colleagues reported on the one-pot aqueous-phase synthesis of ZnS quantum dots co-capped by two surfactant molecules, L-cysteine and mercaptopropionic acid, showing dual emission characteristics (Ren et al., 2018). In their method, both capping agents (cysteine and MPA) were added to a zinc acetate solution while maintaining the solution’s pH at 12 through the addition of NaOH. Na2S solution was then added slowly at 100 °C for 1 h to obtain ZnS QDs, which were purified by water extraction and ethanol precipitation and were found to have a cubic structure. The researchers observed the novel nature of the pure ZnS QDs’ strong emission intensity, including dual emissions, which could be accustomed by modifying the molar ratio of cysteine to MPA.
More recently, advanced synthetic methodologies such as colloidal, hydrothermal, solvothermal, microwave, and core-shell synthesis, have been explored to improve the properties and applications of ZnS nanostructures. For example, Ebrahimi and Yarmand (2019) utilized a solvothermal method to produce ZnS nanoparticles with enhanced photoluminescence, demonstrating their potential in optoelectronic applications. Furthermore, Jubeer et al. (2021) highlighted the use of microwave-assisted synthesis to achieve the rapid and efficient production of ZnS nanostructures with controlled morphology and size, enhancing their applicability in bioimaging and photocatalysis. Liu and Li (2018) synthesized ZnS nanocrystals using a hot-injection method, which allowed precise control over particle size and shape. This method involved injecting a sulfur precursor into a hot solution of zinc precursor, resulting in monodisperse ZnS nanocrystals with high crystallinity and photoluminescence. Zhai et al. (2012) used oleylamine as both solvent and capping agent to synthesize ZnS nanoparticles. This method produced highly uniform nanoparticles with tunable optical properties, making them suitable for application in light-emitting diodes (LEDs) and bioimaging. Zhao et al. (2019) developed a hydrothermal method to synthesize ZnS nanorods. By adjusting the concentration of precursors and reaction time, they achieved nanorods with high aspect ratios and excellent photocatalytic properties for the degradation of organic pollutants. Ramamoorthy and Rajendran (2018) reported a one-pot hydrothermal synthesis of ZnS hollow spheres which exhibited enhanced photocatalytic activity due to their high surface area and efficient charge separation. Yan et al. (2016) fabricated ZnS@ZnO core-shell nanostructures using two-step chemical vapor deposition. The core shell structures demonstrated better photocatalytic performance and stability than pure ZnS or ZnO nanoparticles. Hao et al. (2019) synthesized CdSe/ZnS core shell quantum dots using layer-by-layer colloidal synthesis. The ZnS shell improved the stability and quantum yield of the CdSe core, making these quantum dots highly efficient for use in display technologies and bioimaging. Advanced synthetic methodologies such as colloidal, hydrothermal, solvothermal, microwave, and core shell synthesis continue to enhance the functional properties and expand the potential applications of ZnS nanostructures in fields such as optoelectronics, photocatalysis, and biomedicine.
3.3 Synthesis of selenium-based zinc chalcogenides
ZnSe, a II–VI semiconductor, is widely applied in electronics and in devices such as lasers, transistors, beam expanders, and LEDs. ZnSe exhibits two primary structural forms: cubic zinc-blende (ZB) and hexagonal wurtzite (W) (Deng et al., 2007). The bandgap energy of bulk ZnSe nanocrystals is 2.7 eV (460 nm) and exciton binding energy at room temperature is 21 meV (Gudiksen et al., 2001; Wang et al., 2010). Various strategies can be employed to obtain ZnSe nanostructures (Yang et al., 2000; Zhang et al., 2004; Colli et al., 2005; Jiang et al., 2005; Fu et al., 2006; Zhai et al., 2007; Hou et al., 2010; Salem et al., 2016) including radiation, solvothermal/hydrothermal routes for nanobelts, modified vapor deposition for nanowires, metalorganic vapor-phase deposition and simple chemical vapor deposition method for nanotubes, simple thermal evaporation for nanoneedles; and low-temperature synthesis methods for nanoplates have been found.
Chestnoy et al. (1986) first synthesized ZnSe by the colloidal method, where the smallest clusters with lattice defects can be produced at −80 °C, which is a low temperature synthesis in 2-propanol as a solvent or methanol at ambient temperature, otherwise an ethylene glycol–water mixture. They also reported a second excited electronic state of ZnSe clusters which could demonstrate the structure.
A novel organic synthesis of ZnSe quantum dots by hot injection using trioctylphosphine (TOP) as the solubilizing agent and trioctyl-phosphine oxide (TOPO) as the stabilizing ligand has been achieved by Azad Malik et al. (1998). In their approach, ethyl(diethyldiselenocarbamato) zinc was dissolved in TOP and injected into hot TOPO, resulting in nanocrystals that exhibited a broad band edge emission at 446 nm. The crystalline sizes of synthesized nanocrystals ranged from 3.6 to 6.3 nm.
Jun et al. (2000) presented the synthesis of ZnSe QDs in one step using air-stable complex bis(phenyl selenol)zinc–tetramethyl-ethylenediamine (TMEDA) to grow size-dependent quantum dots based on growth temperature. In a typical synthesis, Zn(SePh)2 (TMEDA) was dissolved in TOP and this reaction solution was injected into a hot TOPO solution followed by different reaction temperatures: 320 °C, 340 °C, 367 °C, or 385 °C. The ZnSe QDs obtained showed emission properties lying in the wavelength range 387–451 nm. High resolution transmission electron micrographs showed a spherical structure for ZnSe QDs with average particle sizes of 2.7–4.9 nm.
Norris et al. (2001) devised an organometallic synthesis route to prepare manganese-doped ZnSe nanocrystals using high temperature and selecting dialkyl manganese—MnCl2, trioctylphosphine precursors for adopting a novel synthesis. The introduction of Mn impurity was in the limit of one per nanocrystal (or less), confirmed by EPRand magnetic circular dichroism (MCD) studies.
Karanikolos et al. (2004) presented a method for the size-dependent controlled synthesis of ZnSe nanocrystals. This involved reacting hydrogen selenide gas with diethyl zinc dissolved in heptane nanodroplets of a microemulsion. It was formed by the self-assembly of a poly(ethylene oxide)–poly(propylene oxide) amphiphilic block copolymer in formamide. By varying the initial concentration of diethyl zinc in the heptane, they were able to tune the formation of a single nanocrystal. Emission spectra analysis revealed a blue shift correlated with the average size of the ZnSe nanocrystals, determined to be approximately 6 nm.
Shavel et al. (2004) detailed the synthesis of ZnSe nanocrystals utilizing various thiol groups as stabilizing agents. This involved adding measured amounts of zinc perchlorate, thioglycerol (TG), thioglycolic acid (TGA), and 3-mercaptopropionic acid (MPA) to a basic medium with continuous stirring. The resulting ZnSe nanocrystals exhibited stability at room temperature due to the presence of stabilizing ligands, which prevented aggregation. X-ray diffraction (XRD) studies indicated that the size of the nanoparticles were 2–3 nm and possessed a cubic structure. Additionally, the researchers observed an increase in the photoluminescence quantum yield of approximately 25%–30% after undergoing post-preparative photochemical treatment.
Qian et al. (2006) prepared ZnSe by microwave irradiation. In their approach, ZnCl2, NaBH4, selenium powder, and 3-mercaptopropionic acid was used as a capping agent. The size of synthesized nanocrystals was about 3.4 nm, confirmed by TEM and XRD reports suggesting that as-prepared nanocrystals belonged to a cubic structure (zinc blende). Qian et al. (2006) reported that microwave irradiation and higher reaction temperature accelerated the rapid growth of nanocrystals and also increased photoluminescence quantum yield up to 17%.
Norberg et al. (2006) investigated the preparation of Co2+-doped ZnSe magnetic semiconductor QDs using hot injection. Their synthesis process involved zinc acetate, cobalt acetate, oleic acid, HDA (hexadecylamine), 1-octadecene, TBP (tributylphosphine), and selenium. Moreover, low-temperature electronic absorption and magnetic circular dichroism (MCD) spectra of Co2+-doped ZnSe quantum dots revealed excitonic Zeeman splitting energies that were notably smaller than those anticipated from bulk Co2+-doped ZnSe data. The as-prepared nanocrystals exhibited approximate spherical shapes of diameter 5 nm (Figures 4 and 5).
[image: Figure 4]FIGURE 4 | Summary of experimental dopant distribution Reprinted with permission from Norberg et al. (2006). © 2006, American Chemical Society.
[image: Figure 5]FIGURE 5 | (A, B) TEM images and (C) powder X-ray diffraction of Co2+: ZnSe QDs. Powder diffraction patterns for zinc blende and wurtzite ZnSe are included in (C) for comparison. Reprinted with permission from Norberg et al. (2006). © 2006 American Chemical Society.
Experimental results, including ligand-field electronic absorption and MCD spectra, suggest a homogeneous substitutional speciation of Co2+ in the ZnSe quantum dots. Interestingly, dopants were consistently added, keeping constant concentration at the time of growing nanocrystals, although they were absent from the central core of the quantum dots. Yang et al. (2011) utilized microemulsion to synthesize ZnSe, employing zinc acetate, sodium borohydride, selenium powder, cyclohexane, isopropanol, and Triton X-100. Their study highlighted the significant influence of the cosurfactant on regulating crystal size.
Wang et al. (2009) prepared water-soluble ZnS:Mn d-dots using mercaptopropionic acid (MPA) as the stabilizer to conduct their luminescent and photostability properties. The PL spectrum emission peak of doped nanoparticles was found at around 570 nm. The XRD data revealed a cubic zinc blende structure of synthesized nanocrystals with a diameter of 3.8 nm. The photostability of the Mn: ZnSe d-dots were measured by UV irradiation, allowing these NCs to be used for biomedical applications. Cao et al. (2010) prepared ZnSe by the solvothermal method and analyzed the photocatalytic activity of synthesized nanoparticles. PL spectra showed a broad blue emission band at 443 nm, which was attributed to the near band-edge emission and a defect-related very weak green band at 530 nm. Zhang et al. (2012) noted that CdSe/ZnSe nanocrystals exhibited a dissociation of Zn-Se in a low-temperature region, while both Cd-Se and Zn-Se dissociation occurred in a high-temperature region.
Mai et al. (2018) investigated the single-step synthesis of highly luminescent doped ZnSe:Mn nanoparticles and elucidated their interactions with acid amine. Their method involved injecting NaHSe solution into a Zn2+ precursor solution containing zinc acetate, manganese acetate, and MPA as a capping agent. XRD spectral analysis confirmed the cubic zinc blende structure of the ZnSe nanoparticles. The interaction with acid amide led to a reduction in the number of electrons in the excited state, consequently decreasing the number of electrons transitioning from the excited state to the lowest energy level group due to the formation of an imidazole group (-CO-NH) via MPA. As a result, the addition of acid amine was found to enhance the photoluminescence intensity of the ZnSe quantum dots coated with MPA and starch, while a decrease in photoluminescence was observed in the case of MUA and PVA-coated QDs.
Assadullah et al. (2021) demonstrated the hydrothermal synthesis of ZnSe nanostructures with controlled morphologies, providing insights into the growth mechanisms and optical properties of ZnSe nanomaterials.
These diverse synthetic methodologies, ranging from colloidal to microwave-assisted approaches, underscore the versatility and tuneability of ZnSe nanostructures, promising advances in optoelectronics and material science.
3.4 Synthesis of tellurium-based zinc chalcogenides
Zinc telluride (ZnTe) is a noteworthy semiconductor, belonging to the P (positive)-type category; it boasts distinctive optical and electrical characteristics. Its direct bandgap of 2.26 eV (Ersching et al., 2010) at room temperature makes it a promising material for various applications. Typically, ZnTe adopts a cubic crystal structure, resembling either sphalerite or zinc blende (Promnopas et al., 2014), although it can also be synthesized in hexagonal crystals with a wurtzite structure (Dwivedi and Dubey, 2009). These structural variations significantly influence its properties. ZnTe has immense potential in solid-state devices, serving in diverse roles such as solar cells (Liu et al., 2013), photo-detectors (Shaygan et al., 2014), LEDs (Shkir et al., 2012), optoelectronic devices (Jiao et al., 2015), high-efficiency multi-junction solar cells (Löffler et al., 2005), terahertz (THz) devices (Lincheneau et al., 2014), and electronic devices (Xia et al., 2003). The efficacy of these applications relies heavily on the crystal structure and particle size of ZnTe, underscoring the importance of precise control and understanding of its material properties. ZnTe nanoparticles and quantum dots are commonly prepared with different methodologies such as thermal evaporation, microwave irradiation, chemical synthesis, electrodeposition, and spray pyrolysis (C Sharma et al., 2013; Feng et al., 2013; Kim et al., 2011; Hossain et al., 2008a).
Li et al. (1999) reported the synthesis of ZnTe nano-rods by a solvothermal process where hydrazine hydrate is taken as the solvent. Jun et al. (2001) reported the preparation of ZnTe nanocrystals through one-pot synthesis using the process called “thermolysis”. They used [Zn(TePh)2][TMEDA] as a precursor. In the process of thermolysis, TMEDA dissociated to form ZnTe and Ph2Te at higher temperatures. In this typical synthesis, the zinc precursor dissolved in trioctylphosphine into the hot dodecylamine solvent at 180–240 °C over 2 hours. They found that the synthesized ZnTe nanocrystals were cubic in structure. Control of the nanocrystal size is possible by varying temperature or altering the emplaning surfactants (Figures 6 and 7).
[image: Figure 6]FIGURE 6 | (A) HRTEM image analysis of ZnTe quantum dots showing spherical shape grown at 240 °C (B) TEM image of rod-like ZnTe nanocrystals (C) XRD pattern (D) SAED (selected area diffraction patterns) of 4.2 nm ZnTe quantum dots. Reproduced with permission from ref 101. © 2001, Royal Society of Chemistry.
[image: Figure 7]FIGURE 7 | Absorption spectra of zinc telluride quantum dots grown at (A) 240 and (B) 180 C(A) UV–VIS absorption spectra, (B) Photoluminescence spectra (Reproduced with permission from ref 101. © 2001, Royal Society of Chemistry.
Du et al. (2006) demonstrated the synthesis of ZnTe nanoparticles using ethylenediamine and hydrazine hydrate by the solvothermal method. They reported that synthesized ZnTe has a cubic structure. Their approach was cost-effective over the large-scale production of nanomaterials (Murray et al., 2000; Gates et al., 2002). In some cases, this process is much more effective than in those with single solvents (Yu et al., 2002).
Yong et al. (2007) prepared of ZnTe nanowires by the solution–liquid–solid (SLS) method. In this typical experiment, they injected (TOP)Te solution into a mixture of zinc oxide, phenyl ether, myristic acid, and hexadecylamine, which was heated to 250 °C. The resultant ZnTe nanocrystals were precipitated by the addition of chloroform with a cubic structure. They seem to have formulated a new method following a new multiple nucleation growth model which aids the understanding of the growth mechanism of nanowires.
Ghosh et al. (2011) proposed a simple strategy for synthesizing stable, fluorescent ZnTe/dendrimer nanocomposites via an aqueous route with the variation of dendrimer terminal groups. In this approach, a solution of NaHTe was swiftly injected into a dendrimer solution containing Zn2+ ions. NaHTe solution was prepared using telluric acid dissolved in water, and the solution was heated with sodium borohydride with continuous nitrogen flow. There were varying terminal groups of dendrimers and observed size tunability in synthesized ZnTe ranging from 2.9–6.0 nm with a photoluminescence quantum yield of almost 15%. Jiang et al. (2010) reported a hot injection synthesis procedure of ZnTe QDs. A novel ligand tuning method was used to assemble nanocrystals which can tune their size and morphology and also assemble them into more complex architectures. They used pure oleylamine as a solvent, Zn (Et)2 as a zinc precursor, and TOPTe as a tellurium precursor.
Zhang et al. (2011) discovered by hot injection that they could produce ZnTe by hot injection using two precursors of tellurium (Te) metal: tellurium-trioctylphosphine and polytellurides. They injected freshly prepared Te precursor solution into a zinc solution. The temperature of the system was increased 190–300 °C after the nucleation stage, producing ZnTe nanocrystals. A trial experiment was conducted by injecting a tellurium source solution at 250 °C, yielding ZnTe (ZB phase). They observed that the nanocrystals formed were in the WZ instead of ZB phase as the mixture was heated to 300 °C.
Dantas et al. (2012) proposed the synthesis of Mn2+-doped ZnTe nanoparticles on glass as host matrix named as a fusion method. They synthesized ZnTe nanoparticles using two sequential melting–nucleation approaches using a PZABP glass matrix and a concentration ratio of Mn as a dopant and Zn-precursor concentration, resulting in the growth of Zn1_xMnxTe NCs by thermal annealing in the glass template. Cubic zinc blende structures were developed in glass matrices to grow nanoparticles of ZnTe. The structure did not alter by doping ZnTe nanoparticles with Mn2+ ions.
Mntungwa et al. (2012) used ZnCl2 and NaHTe as precursor molecules and HAD as a capping agent to synthesize ZnTe nanoparticles. NaHTe was prepared by using tellurium powder, which was mixed with deionized water and a reducing agent of sodium borohydride under N2 atmosphere. Aqueous solution of ZnCl2 was added to the above solution, stirred, and dispersed in tri-n-octylphosphine to obtain a TOP–ZnTe solution. This was injected at 230 °C or 270 °C into a hot HDA solution. The XRD result shows that a cubic zinc-blende structure of ZnTe, similarly cubic, and water soluble ZnTe nanowires was formed by ligand exchange (Deng et al., 2013).
Hou et al. (2013) synthesized a single crystalline and highly fluorescent single-ZnTe nanorod via a liquid−liquid interface reaction of zinc acrylate with NaHTe using oleic acid as a capping ligand under 90 °C. This helped to achieve diverse nanoparticle structures via the efficient fabrication of nanoparticles. They noted that as the temperature increased over 100 °C, the PL intensity decreased, which might result in the detachment of the excessive ligands from the surface of nanoparticles. The fluorescence quantum yield was 60% as observed in blue region. This approach was similar to the synthesis of water-soluble cysteine-capped zinc telluride at the low temperature route by Dunpall et al. (2014) that involved injecting NaHTe solution into the mixture of ZnCl2 and L-cysteine ethyl ester hydrochloride (capping agent). They observed the transition of nanospheres of 40–50 nm into nanorods with a size range 60–80 nm long and 20–25 nm in diameter.
Dhungana et al. (2016) reported the aqueous synthesis of ZnTe at room temperature and pressure—a chemical precipitation technique. In their approach, zinc telluride nanoparticles were prepared with a 1:1 M ratio of Zn2+:Te2- using Zn2+ and NaHTe at 90 °C. Their ZnSe nanocrystals possessed cubic structures influenced by the source compound of zinc as well as the dilution of the size and structure of the ZnTe nanocrystallines (Figure 8).
[image: Figure 8]FIGURE 8 | X-ray diffraction pattern of zinc telluride nanocrystals by aqueous synthesis with variation of molar ratio (Zn2+:Te2-) by various dilutions along with TEM image of ZnTe nanocrystals, (Reproduced with permission from ref 117. © 2016; Nepal Academy of Science and Technology).
Interestingly, Luo et al. (2017) synthesized the vertically aligned core shell heterostructure of ZnO/ZnTe core/shell nanocrystals and applied them in photovoltaic devices. Alternatively, Sadaqat et al. (2019) found that they could produce ZnTe nanospheres via a hydrothermal method. They added hydrazine monohydrate to a solution of ZnCl2, tellurium powder, and KOH. They placed the mixture in a Teflon-lined stainless autoclave for 3 h at 200 °C. The resultant ZnTe nanospheres formed were cubic in structure. They demonstrated water splitting catalysis by synthesized ZnTe nanospheres which act as electro-catalysts.
Recent advances have been made in the synthesis of ZnTe nanostructures, further expanding the toolkit of synthetic methodologies. For instance, Ilanchezhiyan et al. (2018) demonstrated the sonochemical synthesis of ZnTe nanostructures with controlled morphologies, providing insights into the photoelectronic functionalities of ZnTe nanomaterials. These diverse synthetic methodologies, including hydrothermal, solvothermal, thermolysis, and fusion methods, provide a comprehensive toolbox for tailoring the properties of ZnTe nanostructures to meet the demands of various applications.
In general, various synthesis methods have been employed for the fabrication of Zn chalcogenide nanomaterials, each offering distinct advantages. Colloidal synthesis involves the reduction of precursor ions in a liquid phase, yielding highly uniform nanoparticles with precise control over size and shape using a surface capping agent. This method is scalable and allows the production of large quantities of nanomaterials suitable for industrial applications. On the other hand, hydrothermal synthesis operates in an aqueous environment under elevated temperatures and pressures, promoting the growth of high-quality crystalline materials with enhanced control over morphology and phase purity. The use of water as a solvent makes hydrothermal synthesis environmentally friendly. Solvothermal synthesis is similar to hydrothermal synthesis but employs organic solvents, enabling higher reaction temperatures and the synthesis of materials with low solubility in water. Solvothermal methods offer tailored properties and are suitable for complex nanostructures. Microwave-assisted synthesis stands out for its rapid reaction times and uniform heating, leading to shorter synthesis durations and energy-efficient processes. This method is ideal for high throughput production and offers control over particle size and distribution. Additionally, core-shell synthesis involves coating core materials with a shell of another material, enhancing properties and functionalities while protecting the core from degradation. Core-shell structures are highly customizable and are applied in catalysis, sensors, and biomedicine. In summary, the choice of synthesis method depends on factors such as desired properties, scalability, reaction speed, environmental considerations, and the complexity of the nanostructures required for specific applications in Zn chalcogenide research and development.
4 APPLICATIONS OF DIFFERENT ZN CHALCOGENIDES
4.1 Sensors
Zinc sulfide (ZnS) has emerged as a promising material for sensing due to its different morphology and wide bandgap. Wang et al. (2012) successfully crafted nanowire-based gas sensors and UV light-sensor thermistors by utilizing nanowires as the active component. ZnS exhibits high sensitivity and rapid response to UV light, indicating its significant potential for UV-light photodetectors. This potential stems from ZnS nanowires’ wide bandgap of 3.77 eV, a crucial characteristic (Figure 9). Additionally, Wang et al. (2012) revealed the thermosensitivity of ZnS nanowires, demonstrating a substantial current enhancement from 1.65 × 10^-7A to 1.89 × 10^-4A—a remarkable 1000-fold increase.
[image: Figure 9]FIGURE 9 | (A) Investigation of sensitivity of ZnS nanowire gas sensors: sensor sensitivity vs. operating temperature of the synthesized dynamic response–recovery curves of the gas sensor towards volatile organic compounds at a series of concentrations: (B) acetone; (C) ethanol. (D) Sensing response of gas sensors to different gases with a concentration of 100 ppm (Reproduced with permission from ref 121. © 2012; Royal Society of Chemistry).
Fang et al., 2009 detailed the fabrication of UV-light photodetectors based on ZnS nanobelts. Their findings reveal that the photo response of an individual ZnS nanobelt-based UV-sensor increases more than thrice in magnitude when illuminated with 320 nm light irradiation compared to its response to visible light. This heightened sensitivity to UV light, coupled with high spectral selectivity, positions ZnS as a promising UV detector in this specific wavelength range. These attributes are clearly depicted in Figure 10.
[image: Figure 10]FIGURE 10 | (A) Optical microscopy image of individual ZnS-nanobelt-based UV-light sensor array composed of individual structures. (B) Schematic diagram of individual ZnS-nanobelt-based UV-light sensor configuration. (C) SEM image of single-crystalline ZnS-nanobelt device taken from marked area in (A). (D) I–V characteristics of individual ZnS-nanobelt-based UV-light sensor illuminated with different wavelengths of 320–600 nm (Reproduced with permission from ref 122. © 2009; Wiley).
Mn+2-doped ZnS QDs have been used to sense the explosive compound 2,4,6-trnitrotoluene (TNT) by photoluminescence. A quenching study of earlier pure ZnS QDs has also been used for the decomposition of organic dyes through photocatalytic degradation. Among other applications, Naeimi et al. (2014) synthesized unsubstituted-1,5-benzodiazepine using ZnS nanoparticles as new catalyst useful for fuel cells in ethanol production.
Future research directions in this field could focus on further enhancing the sensitivity, selectivity, and stability of zinc-chalcogenides-based sensors. Additionally, advances in material synthesis techniques, such as precise control over morphology and surface properties, can lead to improved sensor performance and enable the development of novel sensing applications. Continuing research efforts are crucial for unlocking the full potential of zinc chalcogenides in sensor technology and addressing emerging challenges in sensing various environmental and biological parameters.
4.2 Biomedical imaging
Bioimaging is one of the best tools for disease diagnosis and the treatment of cancer cells by labeling with highly fluorescent nanoparticles and core shell quantum dots. Charvet et al. (2004) conducted bio imaging experiments that utilized biotinylated CdSe/ZnSe core-shell nanocrystals in an aqueous environment to demonstrate their suitability for fluorescent biological imaging. Their method involved fixing neuronal cells from mouse embryo cerebellum grown on polylysine glass covers for 5 days with 4% paraformaldehyde solution. Subsequently, the cells were permeabilized using Triton X100. Then, an antigen–antibody binding technique was implemented to level the damaged cell with fluorescent nanocrystal. The neuronalmicrotubule-specific primary antibody TuJ1 was applied, followed by a biotinylated secondary antibody and streptavidin incubation, leading to the binding of biotinylated nanocrystals. This method facilitated the fluorescent labeling of nanocrystals which targeted specific nerve cells where TuJ1 antibodies were located, showcasing their potential for intracellular labeling (Figure 11).
[image: Figure 11]FIGURE 11 | (A) Fluorescence images of agarose beads labeled with biotinylated nanocrystals (top row) and biotinylated R-Phycoerythrin (bottom row). Mean size of beads is 50 mm. Under continuous irradiation with a mercury lamp (100 W), photos are taken at different time intervals using an Olympus Microscope equipped with a U-MWU band pass filter (cut-off 330–385 nm). (B) Fluorescence image of nerve cells in primary culture labeled with biotinylated nanocrystals (excitation wavelength 458 nm). Control experiment done with Alexa-488 labeled. Reproduced with permission from ref 124 © 2004, Royal Society of Chemistry (Charvet et al., 2004).
Similarly, Saikia et al. (2013a;2013b) synthesized a specific compound by making an alloy complex of the metals Zn, S, and Se for bioimaging. They conducted a comparative cytotoxicity assessment on mammalian lymphocytes for both ZnSe(S)-alloyed nanocrystals and pure zinc selenide quantum dots. Their findings revealed that the alloyed system maintained the high biocompatibility characteristic of ZnSe systems compared to the pure zinc selenides. Additionally, in vitro assays demonstrated a synergistic photoluminescence enhancement in the alloyed system.
Selvaraj et al. (2017) reported the creation of Mn2+ ion-doped ZnSe (core)/ZnS (shell) nanorods using a heating method for the core synthesis followed by a hot injection technique for the shell. They observed a positive red shift in photoluminescence, achieving a quantum yield of 49.35%. These nanorods exhibited excellent permeability in human HEK293 and HeLa cells, making them suitable for bioimaging. The study highlighted a clear relationship between quantum yield, lifetime, Mn2+ content, and ZnS shell thickness.
In a separate study, Singhal et al. (2019) used glutathione (GLT)-functionalized Mn-doped ZnS quantum dots (QDs) as fluorescent materials for bioimaging. The GLT capping rendered the ZnS QDs stable and minimized autofluorescence, with a tuned bandgap allowing activity in the 650–950 nm wavelength range. Additionally, a microfluidic approach was used to synthesize monodispersed ZnS nanoparticles doped with various luminescent ions (Mn2+, Eu3+, Sm3+, Nd3+, and Yb3+). These nanoparticles demonstrated strong luminescence properties and reduced self-quenching, making them highly suitable for optical bioimaging applications.
Further research in the bioimaging application of zinc chalcogenides would focus on improving biocompatibility, enhancing imaging resolution and sensitivity, exploring multifunctional capabilities (such as theranostics), and developing novel synthesis methods for more complex nanostructures. Recent advances in nanotechnology, materials science, and bioconjugation techniques offer exciting possibilities for advancing zinc chalcogenides as versatile and effective bioimaging agents.
4.3 Photocatalytic application
A photocatalyst is defined as a substance that accelerates a chemical transformation under light exposure in the presence of a catalyst that absorbs light and participates in the reaction. Semiconductors like ZnSe are utilized as efficient photodiodes; as thin film in silicon solar cell applications (Cheng et al., 2013), they have been also utilized as photocatalysts due to their ability to address environmental challenges (Yang et al., 2012) such as water and air related contaminants. Xiong et al. (2007) reported that zinc selenide possessing a nanobelt morphology exhibited better photodecomposition efficiency than zinc selenide under equivalent UV light exposure conditions. Their experiment focused on monitoring the adsorption and photocatalytic degradation process of fuchsine acid in the presence of a catalyst. This was accomplished by the absorption of fuchsine acid at 545 nm. The aqueous solution of fuchsine acid was examined when irradiated under ultraviolet light exposure along with ZnSe nanoparticles for different durations, and absorption were measured by UV-visible spectroscopy. This experiment evidenced a significant reduction in the intensity of dye over time. Eventually, the absorption completely vanished compared to the initial intensity of fuchsine acid (Figure 12).
[image: Figure 12]FIGURE 12 | (A) Color change and absorption spectrum of a solution of fuchsine acid (1.0”104 m, 20 mL) in the presence of ZnSe nanobelts (10 mg) under exposure to UV light: (A) initial solution; (B–H) solutions with addition of ZnSe nanobelts, illuminated for (B)1, (C) 5, (D) 10, (E) 30, (F)50, (G) 60, and (H) 70 min (top and middle). (B) Fraction of degraded fuchsine acid in the presence of ZnSe nanobelts, commercial ZnSe, and commercial TiO2 powders, as photocatalysts under exposure to UV light (bottom) (Reproduced with permission from ref 131. © 2011, Wiley.
Chen et al. (2012) investigated efficiency in photocatalysis by nitrogen-doped graphene/ZnSe; they described low temperature one-pot hydrothermal synthesis for the nanocomposite GN-ZnSe. This composite displayed remarkable photocatalytic efficacy due to electron hole recombination. Their findings indicated that the synthesized nanocomposites exhibited enhanced electrochemical properties for reduction reactions of O2 and the photocatalytic fading of methyl orange dye under visible-light exposure.
Zhou and Zhuang investigated the photocatalytic potential of two-dimensional tetragonal (t-) ZnX (X = S, Se) with modeled layered structures, identifying a tunable bandgap that makes these materials promising for energy storage and conversion (Zhou et al., 2017). Fundamental information on the electronic structure, optical properties, and stability of various t-ZnX (X = S, Se) layered structures was derived from DFT calculations, phonon calculations, and molecular dynamics simulations. Liu et al. (2021) developed a Cd0.5Zn0.5S (CZS) nanotwin photocatalyst by creating a twin boundary homojunction on the catalyst surface through a two-electron Z-scheme mechanism, demonstrating high efficiency in producing H2 and H2O2 from water splitting under visible light irradiation. Recently, a low temperature synthesis of (ZnIn2S4) microspheres has been performed by Imran et al. (2022) for the photocatalytic degradation of malachite green, methyl orange, and direct red 80 dyes. They found that a microporous structure is more suitable for the degradation of cationic pigments than anionic pigments with high photodegradation efficiency. A mechanism of the photocatalytic degradation is given in Scheme 2 below, indicating ZnIn2S4 as a potential candidate for dye degradation.
[image: Scheme 2]SCHEME 2 | Schematic representation of the mechanism for understanding photocatalytic decomposition of dyes by ZnIn2S4 microspheres (Imran et al., 2022).
Zinc chalcogenide photocatalysis may include future exploration of novel composite materials, understanding and optimizing charge carrier dynamics, enhancing visible-light absorption, improving the stability and recyclability of catalysts, and up-scaling production for practical applications. Recent advances in materials synthesis, computational modeling, and characterization techniques offer exciting opportunities for further enhancing the photocatalytic performance of zinc chalcogenides.
4.4 Light emitting phosphors application
Shao et al. (2011) developed doped nanocrystals of ZnSe quantum dots. These nanocrystals—specifically Mn-doped ZnSe (Mn:ZnSe d-dots) —were prepared in water solution and demonstrated potential as single white-light generating phosphors for solid-state light. The emission of white light from these nanocrystals is attributed to the combined emission originating from non-coordinated surface selenium sites and yellow light emitting Mn+2 ions.
Ashwini et al. (2020) synthesized zinc sulfide doped with samarium ions by co-precipitation and performed structural, optical, and photoluminescence analyses. Their studies confirmed the successful doping of Sm3+ without affecting the crystal structure, and photoluminescence spectra revealed two emission peaks in the orange region (603 nm) and one in the red (701 nm) due to f–f transitions of Sm3+ in the 4f5 configuration. Tuan et al. (2021) discussed the emission properties of Ce3+ and Eu3+ ions doped ZnS. After detailed characterization, photoluminescence results showed the emission characteristics of the 3+ state electronic energy, with CIE coordinates indicating that ZnS: Ce3+ and ZnS: Eu3+ are suitable for optical display applications. Omata et al. (2019) fabricated Zn(Te1− xSx) quantum dots (QDs) with a ZnS shell using the standard hot-injection method. These QDs exhibited photoluminescence across the visible spectrum, with a narrow band in the blue region and a broad band from green to red emissions due to exciton recombination. The alloyed form demonstrated a lower (Figure 13).
[image: Figure 13]FIGURE 13 | (A) Synthesis schematics of white-light emission Mn2+-doped ZnSe QDs. (B) Digital pictures of d-dots at different [Zn]/[Mn] flow volume ratios. (C) Chromaticity picture of Mn2+−doped ZnSe with white light. (D) PL spectra corresponding to (B) (Reproduced with permission from ref 136. © 2001, Royal Society of Chemistry.
Future research in zinc chalcogenides for light-emitting phosphor applications may include exploring novel dopants and synthesis methods to enhance luminescence efficiency, tuning emission spectra for specific applications, improving stability and durability, and integrating these materials into practical devices for lighting, displays, and optoelectronic applications. Recent advancements in materials synthesis, characterization techniques, and device integration offer exciting prospects for further advancing zinc chalcogenides in light-emitting phosphor applications.
4.5 Optoelectronic applications of chalcogenide nanostructures
For a considerable time, ZnTe nanocrystals have been under scrutiny for their highly photoluminescent properties, particularly in optoelectronic applications. Hieu et al. (2020) investigated the composite structure of ZnTe-ZnO, which exhibited superior sensing capabilities characterized by excellent repeatability, stability, linearity, and gas selectivity, especially at temperatures exceeding 200 °C.
In their investigation, H2S gas sensing was done in the presence of ZnTe and ZnO nanorods, which notably enhanced sensing performance. They observed that a thin coating of ZnTe played a crucial role in enhancing the response characteristics of nano-transducer. The introduction of a thin ZnTe layer facilitated control over the resistance of the ZnO nanorod sensor through p–n junction formation. This contribution led to an amplified sensing response without compromising sensing kinetics. Furthermore, the study examined how p–n junction formation could serve as an effective strategy for enhancing sensor performance by modulating sensor conductance.
Hossain et al. (2008b) emphasized the promising potential of ZnTe boasting a bandgap of 2.20–2.26 eV for utilization in photovoltaic and photoelectrochemical cells. Its cost-effectiveness coupled with a high absorption coefficient renders it a compelling candidate for such device applications (Figure 14).
[image: Figure 14]FIGURE 14 | (A) Current–voltage characteristic of the LED structure. Measurements performed at room temperature. (B) Current–light output characteristic of the LED structure. The detected wavelength is 520 nm (Reproduced with permission from ref 141. © 2002, Wiley.
Ueta and Hommel (2002) showcased the fabrication of pure-green and green–yellow LEDs and the effectiveness of using ZnTe thin films and Zn-rich alloy-like ZnCdTe films in the LEDs within the wavelength range of 505–560 nm. ZnTe’s bandgap energy lies in the green wavelength region at room temperature, making it well-suited for these applications. Additionally, the integration of ZnTe-based material systems, which exhibit lattice matching with ZnTe substrates such as ZnMgSeTe and ZnCdSeTe, has been proposed for the advancement of light-emitting devices with high-performance in future devices (Chang et al., 2002; Yoshino et al., 2002; Hussain et al., 2018).
Moreover, ZnTe finds its niche in heterojunction solar cells, especially when combined with CdTe. Heterojunction solar cells incorporating CdTe/ZnTe/CdS configurations have demonstrated commendable efficiency (Späth et al., 2005) (Figure 14). This multifaceted utility of ZnTe across various optoelectronic and photovoltaic domains underscores its pivotal role in advancing renewable energy technologies (Gessert et al., 1995; Feng et al., 1996).
To sum up, zinc chalcogenide nanostructures exhibit immense potential across various applications but face certain drawbacks that hinder their optimal performance. These limitations include susceptibility to oxidation or degradation, challenges in controlling morphology and size distribution, issues with agglomeration and dispersion, and concerns about toxicity, especially in cadmium-containing chalcogenides. Several strategies can be employed to overcome these challenges. Surface functionalization can enhance stability and dispersibility while mitigating toxicity concerns, making the nanostructures more compatible with biological systems. Advanced synthesis techniques like atomic layer deposition (ALD) and molecular beam epitaxy (MBE) offer precise control over morphology and composition, leading to uniform and tailored nanostructures with improved properties. Designing core shell structures and employing doping or alloying can further enhance stability, functionality, and safety. Encapsulation within protective matrices or composites also improves stability and compatibility. By leveraging these strategies, zinc chalcogenide nanostructures can be optimized for diverse applications while addressing their inherent limitations, paving the way for further technological advances. The overall synthesis methods and diverse applications of Zinc chalcogenides are detailed in Table 1.
TABLE 1 | Synthesis properties and applications of zn-chalcogenides.
[image: Table 1]5 CONCLUSION AND FUTURE PROSPECTIVE
Zinc chalcogenide nanostructures, including quantum dots of ZnS, ZnSe, and ZnTe, can assume various forms, such as nanowires, nanorods, nanobelts, thin films, and spherical nanocrystals. Key factors like capping agents, reaction temperature, and reactant concentration are crucial in producing nanostructures with desirable morphology, porous characteristics, UV-to-visible absorbance, and strong luminescent properties. Additionally, methods involving Zn-rich alloy films and doping with transition metals have been employed to enhance their functionality. Despite some progress, research on core/shell heterostructures like ZnO/ZnSe and aqueous soluble nanostructures for biomedical purposes remains relatively limited, offering ample opportunities for future exploration, particularly in the realm of nanocomposite materials. While ZnS nanostructures have been relatively easier to fabricate, the conditions for ZnSe and ZnTe nanostructures tend to be more challenging. These chalcogenide nanostructures find application in optoelectronic devices, optical and biosensing, photocatalysis, and cells such as photovoltaic and photoelectrochemical, with growing interest in their utilization in solar cells. Looking forward, considerable potential exists for leveraging the biocompatibility, cost-effectiveness, and non-toxic nature of zinc chalcogenide quantum dots in a myriad of biomedical applications. Continued research in this area could lead to significant advances in fields such as drug delivery, bioimaging, and biosensing.
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