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Abstract

:

Transition metal dichalcogenide-based quantum dots are promising materials for applications in diverse fields, such as sensors, electronics, catalysis, and biomedicine, because of their outstanding physicochemical properties. In this study, we propose bio-imaging characteristics through utilizing water-soluble MoS2 quantum dots (MoS2-QDs) with two different sizes (i.e., ~5 and ~10 nm). The structural and optical properties of the fabricated metallic phase MoS2-QDs (m-MoS2-QDs) were characterized by transmission electron microscopy, atomic force microscopy, X-ray photoelectron spectroscopy, Raman spectroscopy, UV–vis absorption spectroscopy, and photoluminescence. The synthesized m-MoS2-QDs showed clear photophysical characteristic peaks derived from the quantum confinement effect and defect sites, such as oxygen functional groups. When the diameter of the synthesized m-MoS2-QD was decreased, the emission peak was blue-shifted from 436 to 486 nm under excitation by a He-Cd laser (325 nm). Density functional theory calculations confirmed that the size decrease of m-MoS2-QDs led to an increase in the bandgap because of quantum confinement effects. In addition, when incorporated into the bio-imaging of HeLa cells, m-MoS2-QDs were quite biocompatible with bright luminescence and exhibited low toxicity. Our results are commercially applicable for achieving high-performance bio-imaging probes.
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1. Introduction


Transition metal dichalcogenides (MX2, where M = Mo, W and X = S, Se), which consist of S-Mo-S triple layers bound by weak van der Waals forces, have attracted great attention owing to their high electrochemical activity, carrier transport efficiency, excellent light–heat conversion, and fluorescence imaging properties [1,2,3,4,5,6]. The MX2 layer compounds show unique electric and optical properties ascribed to polymorphic phase structures, such as metallic (1T/1T′) and semiconducting (2H) phases [4,7]. In addition, the electric and optical properties of the MX2 layer compounds have been tailored to the quantum confinement effect, such as MX2 quantum dots (QDs) and surface states through doping and chalcogen defects in crystals [8,9]. Among them, MX2-QDs have led to significant improvements in bio-sensing and bio-imaging owing to their good dispersibility, strong fluorescence emission, and low toxicity, compared to traditional semiconductor materials, such as CdS and CdSe [10,11]. However, a theoretical understanding of the optical properties and mass production of MX2-QDs is required for realizing practical applications in bio-imaging fields.



As a typical MX2, MoS2 shows a transition from an indirect to a direct bandgap due to quantum confinement with decreasing layer thickness. In addition, MoS2 quantum dots (MoS2-QDs) exhibit a high quantum yield and a broadening of excitonic absorption owing to the enhanced spin–valley coupling and strong exciton binding energy [12]. Furthermore, recent studies about semiconductor QDs (MX2-based QDs) successfully suggested their potential in memory devices and neuromorphic computing because of the tunable electrical/optical characteristics of the QDs [13]. On the other hand, research on metallic-MoS2 QDs (m-MoS2-QDs), which possess interesting characteristics, such as photophysical properties, is rarely reported because of the metastable nature of the metallic phase compared with that of semiconducting MoS2-QDs (e.g., 2H-MoS2-QDs).



To date, the fabrication routes of MoS2-QDs can be generally classified as bottom-up or top-down approaches. Ren et al. synthesized MoS2 QDs using dibenzyl disulfides and sodium molybdate as sulfur and molybdenum sources, respectively, via a bottom-up method. Top-down approaches for MoS2-QDs fabrication using various methods, including the intercalation of alkali metals, solvothermal treatment, photo-Fenton reaction, and liquid exfoliation [13,14], have been suggested. Xu et al. demonstrated the synthesis of MoS2- and WS2-QDs through solvothermal treatment [15]. Xu et al. and Li et al. reported a size-controllable method for highly luminescent MoS2-QDs based on the photo-Fenton reaction [16,17]. Metallic 1T-MoS2-QDs were prepared via hydrothermal synthesis and lithium intercalation of bulk MoS2 [18,19]. However, these approaches are limited by various operating conditions, such as long fabrication times, low yields, and the use of toxic reagents.



In this study, we propose a simple, eco-friendly, and scalable route for fabricating m-MoS2-QDs with different sizes (m-MoS2-QD I: ~5 nm, m-MoS2-QD II: ~10 nm) via the co-intercalation of potassium sodium tartrate (KNaC4H4O6·4H2O) and exfoliation in water, without the use of toxic chemical solvents or surfactants. The structural and optical properties of the m-MoS2-QDs were assessed by transmission electron microscopy (TEM), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, UV–vis absorption spectroscopy, and photoluminescence (PL). In particular, the optical properties of m-MoS2-QDs are affected by the quantum confinement effect and defects, which were assessed by comparison of the results of density functional theory (DFT) calculations and structural analysis. In addition, the biocompatibility and toxicity of the m-MoS2-QDs were monitored.




2. Materials and Methods


2.1. Preparation of m-MoS2-QDs


The m-MoS2-QDs were fabricated using potassium sodium tartrate (Sigma-Aldrich, St. Louis, MO, USA) with Na and K metal ions in MoS2 bulk powder at low temperature. After MoS2 powder (200 mg) and potassium sodium tartrate (20 mg) were mixed by grinding, the compound was kept at 250 °C for 12 h in an autoclave chamber. Then, the resulting compound was dispersed in distilled water and exfoliated to MoS2 QDs by sonication for 1 h in a water bath. After a purification process using a 10 KDMWCO dialysis tube for 24 h, the size-sorting of synthesized m-MoS2-QDs with a wide range of sizes was carried out via centrifuge filtration process (i.e., 8000 and 10,000 NMWL, Amicon Ultra-15). The centrifugation process was conducted at 5000 rpm for 30 min. Finally, m-MoS2–QD I and m-MoS2–QD II powders were obtained after a freeze-drying process [12,20].




2.2. Characterization


Morphology analyses of m-MoS2-QDs were conducted using AFM (SPA400, SII, Chiba, Japan) under ambient conditions in the tapping mode. High-resolution transmission electron microscopy (HR-TEM, Tecnai G2 F30, Hillsboro, OR, USA) was measured after the droplet of the QD suspension was placed on the TEM grid. Raman spectroscopy (LabRAM HR UV/Vis/NIR, excitation at 514 nm, Horiba, Palaiseau, France) was used for the measurement of structural properties of m-MoS2-QDs. The chemical properties of the m-MoS2-QDs were measured by XPS (Sigma Probe, AlKα, Thermo Fisher Scientific, Kyoto, Japan) and FT-IR (FT-IR-4100 type-A, JASCO, Portland, OR, USA) spectra. The optical properties of the m-MoS2-QDs were analyzed by UV–vis spectroscopy (Maya2000, Ocean Optics, Dunedin, FL, USA) and fluorescence spectra (Perkin-Elmer LS 55 luminescence spectrometer, Perkin-Elmer Ltd., Llantrisant, UK) at room temperature. PL measurements were obtained using a 325 nm He-Cd continuous-wave laser with monochromatic light from a 300 W xenon lamp (Coherent, Chameleon Ultra II, Santa Clara, CA, USA).




2.3. Density Functional Calculations


DFT calculations were conducted using the generalized gradient approximation for the exchange-correlation potential [21] and projector-augmented wave potentials [22], as implemented in the VASP code [23]. The wave functions were expanded in plane waves up to an energy cutoff of 400 eV. We employed a supercell geometry with a vacuum region of more than 8 Å to prevent interactions between adjacent supercells.




2.4. Cytotoxicity Evaluation


The cells were cultured and maintained in DMEM low glucose medium (WelGene Inc., Daegu, Korea) comprising 1 g/mL D-glucose, 4 mM L-glutamine, and 110 mg mL−1 sodium pyruvate, with 10% fetal bovine serum, 100 IU mL−1 penicillin, and 100 µg mL−1 streptomycin. Freshly isolated mouse primary hepatocytes were plated at 3 × 105 cells per well in 6-well plates and left to adhere overnight. Various concentrations (0–100 µg mL−1) of m-MoS2-QDs in the culture media were added to each well in duplicate. The cells were incubated for 24 h. Finally, cell soups were collected, and LDH level tests were carried out using a VetTest Chemistry analyzer. The experimental method is similar to previous work [24].




2.5. Cell Imaging


Cells were plated in a 6-well plate at a density of 3 × 105 cells per well, and each well contained 2 mL of culture medium. After overnight culture, 50 µg mL−1 of m-MoS2-QDs was added to the culture medium and incubated in regular cell culture conditions for 24 h. Then, the medium with m-MoS2-QDs was removed from the cells and washed twice with 1 mL 1X filtered PBS. Cells were fixed using 1% paraformaldehyde and mounted with Vectashield antifade mounting medium with DAPI (Vector Laboratories, Inc., Burlingame, CA, USA). For concentration-dependent cell imaging, cytotoxicity test samples were used. Cellular imaging was performed using a LEICA DMI 4000 B microscope equipped with a DFC450C camera (Leica, Germany). A LEICA CTR 4000 lamp (Leica, Germany) was used as the fluorescence light source. For multiphoton imaging at 790 nm, a Zeiss LSM 510 META confocal microscope (Carl Zeiss, Jena, Germany) was used. Experimental steps are similar to previous work [24].





3. Results and Discussion


The overall synthetic route for the m-MoS2-QDs is shown in Figure 1a. The m-MoS2-QDs were fabricated by forming co-intercalation compounds using an alkali metal–organic compound (potassium sodium tartrate tetrahydrate salt) in bulk MoS2 powder. The exfoliation to the m-MoS2-QDs and extraction to different sizes of m-MoS2-QDs (~5 nm and ~10 nm) occurred through a filter centrifugation process (8000 and 10,000 NMWL, Amicon Ultra-15, Merck Millipore, Cork, Ireland). The synthesized m-MoS2-QDs were metallic phase and were well dispersed in water. Further details of the experimental method are described in Section 2. Using AFM and HR-TEM, the m-MoS2-QDs were successfully distinguished into two sizes. The thickness of the m-MoS2-QDs (Figure 1b,c and Figure S1) was distributed in the range of 2–3 nm, regardless of the lateral size, indicating that the m-MoS2-QDs are mono- or bilayers. The topological heights of all m-MoS2-QDs samples fall homogeneously under 4 nm. HR-TEM images of the m-MoS2-QDs are presented in Figure 1d,e and Figure S2, revealing the lateral sizes of ~5 nm (m-MoS2-QD I) and ~10 nm (m-MoS2-QD II), respectively. The size distribution of m-MoS2–QDs and m-MoS2–QDs showed ~83% in the range of 2 ~ 5 nm and ~79% in the range of 10 ~ 13 nm. All m-MoS2-QDs exhibited a highly crystalline structure with a lattice spacing of 0.25 nm, which is consistent with previous reports [12,25]. From the FFT, the m-MoS2-QDs have an octahedral crystalline structure, implying a metallic phase (Figure S3).



In Figure 2a, the specific vibrational modes of m-MoS2-QDs are presented as the J1, J2, and J3 bands at 146.5, 235, and 335.5 cm−1 in the Raman spectra, respectively [7,26,27], indicating the existence of metallic phase MoS2, while there are no peaks in 2H-MoS2. In addition, the characteristic modes of in-plane (E2g) and out-of-plane (A1g) vibrational modes in MX2 were observed regardless of the lateral size in all samples, and the relatively large-sized m-MoS2-QDs showed a blue shift owing to the strain induced by oxygen functional groups. These results indicate that the synthesized MoS2-QDs undergo a structural metallic phase transition, lattice vacancies, and an oxygen-rich phase through tartrate functionalization during strain-induced lattice deformation. Figure 2b,c show the XPS spectra for the Mo 3d, S 2s, and S 2p regions of the synthesized m-MoS2-QDs, which are in the metallic phase. The XPS spectra of the m-MoS2-QDs showed that the transition metal and chalcogen peaks are broadened with additional peaks in terms of lower binding energy (phase transition of MoS2 crystal from 2H to 1T) and higher binding energy (oxygen-related functional groups) compared to those of the semiconducting 2H phase MoS2 [28,29,30]. In addition, the Mo 3d and S 2p peaks of the m-MoS2-QDs are deconvoluted into seven peaks (226.1 eV for S 2s; 229.2 (2H) and 228.3 eV (1T) for Mo 3d5/2 (Mo4+); 232.6 (2H) and 231.7 eV (1T) for Mo 3d3/2 (Mo4+); 236.0 and 234.2 eV for MoOx) [31]. Interestingly, the Mo3d peaks related to the metallic phase (1T) were shifted ~0.9 eV lower than those of the 2H phase MoS2 in the Mo spectra. In addition, the different oxidation peaks of Mo and S in both samples were observed with peak broadening to higher binding energies, which was ascribed to decreased structural uniformity and increase in local strain compared to 2H-MoS2. The S 2p spectra of the m-MoS2-QDs revealed S2− doublet peaks including 1T phase at 161. 7 and 163.1 eV and 2H phase at 162.3 and 163.7 eV, and the S-O peak was broadened at ~169.0 eV, which was ascribed to oxidation of sulfur [32]. These results are consistent with previous works [28,29,30,31,32]. Figure 2d shows the chemical bindings of the m-MoS2-QDs measured by FT-IR analysis. Both samples have the characteristic peaks of the S-O (from 1000~1200 cm−1), C-H band (2923 cm−1), C=O/COOH band (1720 cm−1), and -OH band (1379 cm−1) corresponding to the diverse oxidation states of Mo and S due to the presence of tartrate-related chemicals on m-MoS2-QDs [33]. These results indicate that functional groups ascribed to oxygen groups, doping, and vacancy defects are formed on the surface or at the edge of the m-MoS2-QDs. In addition, the dispersion stability is longer than one month because of the partial negative charge of the oxygen functional groups, as revealed by the zeta potential in Figure S4. From the zeta potential, m-MoS2-QD I has fewer oxygen functional groups than m-MoS2-QD II, resulting in important characteristic differences in the optical properties of these m-MoS2-QDs.



Figure 3a and Figure S5 show the digital images and UV–vis spectra of the synthesized m-MoS2-QDs, which were used to determine their optical properties. The absorption intensity of both m-MoS2-QD I (~5 nm) and m-MoS2-QD II (~10 nm) decreased because of the metallic property of the m-MoS2-QDs compared to that of 2H-MoS2-QDs. The absorption intensity of m-MoS2-QD I is larger than that of m-MoS2-QD II because of the notable difference in excitonic features caused by the quantum confinement effect. In addition, the emitting colors of m-MoS2-QD I and m-MoS2-QD II are blue and green, respectively, under the excitation of a 365 nm ultraviolet lamp. To understand the optical properties of the m-MoS2-QDs derived from different sizes, first-principles calculations within the DFT framework were performed on the representative structural model of 1T-MoS2. Figure 3b,c show the variation in the bandgap of the m-MoS2-QDs without defects with the QD size, where the bandgap increases as the size decreases owing to the quantum confinement effect.



In addition, the PLE spectra were measured at the maximum PL peak positions of both m-MoS2-QD I and m-MoS2-QD II, as shown in Figure 3d,e. The PLE spectra of the m-MoS2-QDs clearly showed two maximum peaks at every emission wavelength. The PLE spectra of the m-MoS2-QD I show a sharp peak at 240–260 nm (A-band), which originates from the stoichiometry of the m-MoS2-QDs as well as a broad shoulder at 290–375 nm (B-band) related to the oxygen defects. However, for the m-MoS2-QD II sample (A-band: 260–285 nm, B-band: 310–390 nm), it is difficult to find a sharp PLE peak due to the oxygen defects, and the maximum peaks were broadened and shifted to the longer wavelength region. The PLE of m-MoS2-QD II with higher oxygen functional groups was dominated by the B-band. These optical properties are consistent with the XPS, Raman, and zeta potential results. Interestingly, the difference of the two PLE peaks was 0.7–0.9 eV, which is similar to the valence band splitting in m-MoS2-QDs, and is due to the strong spin–valley coupling and the quantum confinement effect [12,18]. Figure 3f,g show the two-dimensional contour plots correlated with the excitation and emission wavelengths of m-MoS2-QD I and II. The maximum emission wavelength corresponded to two regions in the PLE spectra. As the excitation wavelength (λEx) increased from 250 nm to 550 nm, the emission peaks were red-shifted in m-MoS2-QD I and II.



The maximum emission peaks of m-MoS2-QD I were gradually red-shifted as the excitation wavelength increased from 250 to 450 nm. In contrast, the oscillation of the emission peak in m-MoS2-QD II was weakened, and the highest luminescence intensity shifted into a longer wavelength. These results indicate that the optical characteristics of the size-dependent m-MoS2-QDs originate from the quantum confinement effect and oxygen content.



Finally, the cytotoxicity of the m-MoS2-QDs (5 nm) toward mouse-derived primary hepatocytes determined using an LDH detection assay is shown in Figure 4a. Interestingly, the m-MoS2-QDs did not impose significant toxicity on hepatocyte cells up to 100 μg mL−1 compared to that of the untreated control sample after 24 h of incubation. However, hepatocytes treated with CCl4 as a liver injury factor showed significantly higher LDH levels, as shown in Figure 4b. Figure 4c illustrates the fluorescent images of mouse-derived primary hepatocytes with highly concentrated m-MoS2-QDs. Although the nuclei of hepatocytes were stained with DAPI, the m-MoS2-QDs mainly stained the cell body rather than the nucleus and showed high green fluorescence after single-photon excitation in overlay images. Furthermore, the m-MoS2-QDs showed stability in the hepatocytes for two weeks, as shown in Figure 4d. This indicates that the m-MoS2-QDs are promising probes for bio-imaging and other biomedical applications.




4. Conclusions


This paper proposed a cost-effective and eco-friendly method for synthesizing m-MoS2-QDs with excellent dispersion in water and strong photoluminescence, without the use of any organic solvents or surfactants. The proposed method was easily scalable and applicable to various bio-related applications. From the structural and optical analyses, we confirmed that m-MoS2-QDs with different sizes were successfully fabricated, and we observed clear shifts of the characteristic peaks as the size of the m-MoS2-QDs varied. In addition, the fluorescence from the synthesized m-MoS2-QDs consisted of two overlapping bands originating from the stoichiometry of the MoS2-QDs (A-band) and oxygen defects (B-band). The emitting color was found to be controlled by changing the size and oxygen content of the m-MoS2-QDs because of the quantum confinement and surface states of the oxygen functional groups. Furthermore, the water-soluble m-MoS2-QDs can be used for imaging hepatocytes at near-infrared wavelengths and show excellent biocompatibility in the cells. Our studies suggest a general understanding of two-dimensional heteroatomic-structured QDs, providing potential applications for biosensors, disease diagnosis, and biological imaging. The research of water-soluble MoS2-QDs in memory and neuromorphic computing fields can lead to prospective utilization of brain–machine interfaces, robotic skin, and biosensor/optical sensor networks.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nano12101645/s1, Thickness distribution of m-MoS2-QDs by AFM (Figure S1); size distribution of m-MoS2-QDs by TEM (Figure S2); Fourier transform pattern of m-MoS2-QDs by TEM (Figure S3); Zeta potential of m-MoS2-QDs (Figure S4); UV–vis spectra of m-MoS2-QDs (Figure S5) (PDF).





Author Contributions


The manuscript was written with contributions from all authors. K.H.P. and S.H.S. conceptualized the experiments and wrote the manuscript. Investigation, J.Y.Y., S.J. and B.M.K.; writing—original draft preparation, K.H.P. and S.H.S.; writing—review and editing, G.S., S.-J.H., N.C.K. and D.L. All authors contributed to the data analysis and discussion of the results. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Basic Science Research Program through the National Research Foundation of Korea funded by the Ministry of Education (NRF-2019R1A6A1A03032988). In addition, this research was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2020R1I1A3071628). This research was supported by the UNDERGROUND CITY OF THE FUTURE program funded by the Ministry of Science and ICT. These results were supported by the “Regional Innovation Strategy (RIS)” through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (MOE) (2021RIS-004).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Xu, M.; Liang, T.; Shi, M.; Chen, H. Graphene-like two-dimensional materials. Chem. Rev. 2013, 113, 3766–3798. [Google Scholar] [CrossRef] [PubMed]

	



Butler, S.Z.; Hollen, S.M.; Cao, L.; Cui, Y.; Gupta, J.A.; Gutiérrez, H.R.; Heinz, T.F.; Hong, S.S.; Huang, J.; Ismach, A.F. Progress, challenges, and opportunities in two-dimensional materials beyond graphene. ACS Nano 2013, 7, 2898–2926. [Google Scholar] [CrossRef] [PubMed]

	



Voiry, D.; Mohite, A.; Chhowalla, M. Phase engineering of transition metal dichalcogenides. Chem. Soc. Rev. 2015, 44, 2702–2712. [Google Scholar] [CrossRef] [PubMed]

	



Duan, X.; Wang, C.; Pan, A.; Yu, R.; Duan, X. Two-dimensional transition metal dichalcogenides as atomically thin semiconductors: Opportunities and challenges. Chem. Soc. Rev. 2015, 44, 8859–8876. [Google Scholar] [CrossRef] [PubMed]

	



Manzeli, S.; Ovchinnikov, D.; Pasquier, D.; Yazyev, O.V.; Kis, A. 2D transition metal dichalcogenides. Nat. Rev. Mater. 2017, 2, 1–15. [Google Scholar] [CrossRef]

	



Wang, S.; Robertson, A.; Warner, J.H. Atomic structure of defects and dopants in 2D layered transition metal dichalcogenides. Chem. Soc. Rev. 2018, 47, 6764–6794. [Google Scholar] [CrossRef]

	



Tan, S.J.; Abdelwahab, I.; Ding, Z.; Zhao, X.; Yang, T.; Loke, G.Z.; Lin, H.; Verzhbitskiy, I.; Poh, S.M.; Xu, H. Chemical stabilization of 1T′ phase transition metal dichalcogenides with giant optical Kerr nonlinearity. J. Am. Chem. Soc. 2017, 139, 2504–2511. [Google Scholar] [CrossRef]

	



Srivastava, A.; Sidler, M.; Allain, A.V.; Lembke, D.S.; Kis, A.; Imamoğlu, A. Optically active quantum dots in monolayer WSe 2. Nat. Nanotechnol. 2015, 10, 491–496. [Google Scholar] [CrossRef]

	



Luan, C.-Y.; Xie, S.; Ma, C.; Wang, S.; Kong, Y.; Xu, M. Elucidation of luminescent mechanisms of size-controllable MoSe2 quantum dots. Appl. Phys. Lett. 2017, 111, 073105. [Google Scholar] [CrossRef]

	



García-Santamaría, F.; Chen, Y.; Vela, J.; Schaller, R.D.; Hollingsworth, J.A.; Klimov, V.I. Suppressed auger recombination in “giant” nanocrystals boosts optical gain performance. Nano Lett. 2009, 9, 3482–3488. [Google Scholar] [CrossRef]

	



Chen, O.; Zhao, J.; Chauhan, V.P.; Cui, J.; Wong, C.; Harris, D.K.; Wei, H.; Han, H.-S.; Fukumura, D.; Jain, R.K. Compact high-quality CdSe–CdS core–shell nanocrystals with narrow emission linewidths and suppressed blinking. Nat. Mater. 2013, 12, 445–451. [Google Scholar] [CrossRef] [PubMed]

	



Kim, B.-H.; Jang, M.-H.; Yoon, H.; Kim, H.J.; Cho, Y.-H.; Jeon, S.; Song, S.-H. Metallic phase transition metal dichalcogenide quantum dots showing different optical charge excitation and decay pathways. NPG Asia Mater. 2021, 13, 1–9. [Google Scholar] [CrossRef]

	



Yu, J.; Luo, M.; Lv, Z.; Huang, S.; Hsu, H.-H.; Kuo, C.-C.; Han, S.-T.; Zhou, Y. Recent advances in optical and optoelectronic data storage based on luminescent nanomaterials. Nanoscale 2020, 12, 23391–23423. [Google Scholar] [PubMed]

	



Dhanabalan, S.C.; Dhanabalan, B.; Ponraj, J.S.; Bao, Q.; Zhang, H. 2D–Materials-Based Quantum Dots: Gateway Towards Next-Generation Optical Devices. Adv. Opt. Mater. 2017, 5, 1700257. [Google Scholar] [CrossRef]

	



Xia, C.; Zhu, S.; Feng, T.; Yang, M.; Yang, B. Evolution and synthesis of carbon dots: From carbon dots to carbonized polymer dots. Adv. Sci. 2019, 6, 1901316. [Google Scholar] [CrossRef]

	



Xu, Y.; Yan, L.; Li, X.; Xu, H. Fabrication of transition metal dichalcogenides quantum dots based on femtosecond laser ablation. Sci. Rep. 2019, 9, 1–9. [Google Scholar] [CrossRef]

	



Li, B.L.; Chen, L.X.; Zou, H.L.; Lei, J.L.; Luo, H.Q.; Li, N.B. Electrochemically induced Fenton reaction of few-layer MoS2 nanosheets: Preparation of luminescent quantum dots via a transition of nanoporous morphology. Nanoscale 2014, 6, 9831–9838. [Google Scholar] [CrossRef]

	



Ren, X.; Pang, L.; Zhang, Y.; Ren, X.; Fan, H.; Liu, S.F. One-step hydrothermal synthesis of monolayer MoS2 quantum dots for highly efficient electrocatalytic hydrogen evolution. J. Mater. Chem. A 2015, 3, 10693–10697. [Google Scholar] [CrossRef]

	



Ha, H.D.; Han, D.J.; Choi, J.S.; Park, M.; Seo, T.S. Dual role of blue luminescent MoS2 quantum dots in fluorescence resonance energy transfer phenomenon. Small 2014, 10, 3858–3862. [Google Scholar] [CrossRef]

	



Park, K.H.; Jung, S.; Kim, J.; Ko, B.-M.; Shim, W.-G.; Hong, S.-J.; Song, S.H. Boosting Photovoltaic Performance in Organic Solar Cells by Manipulating the Size of MoS2 Quantum Dots as a Hole-Transport Material. Nanomaterials 2021, 11, 1464. [Google Scholar] [CrossRef]

	



Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phy. Rev. Lett. 1996, 77, 3865. [Google Scholar] [CrossRef] [PubMed]

	



Blöchl, P.E. Projector augmented-wave method. Phy. Rev. B 1994, 50, 17953. [Google Scholar] [CrossRef] [PubMed]

	



Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phy. Rev. B 1996, 54, 11169. [Google Scholar] [CrossRef] [PubMed]

	



Song, S.H.; Jang, M.-H.; Jeong, J.-M.; Yoon, H.; Cho, Y.-H.; Jeong, W.-I.; Kim, B.-H.; Jeon, S. Primary hepatocyte imaging by multiphoton luminescent graphene quantum dots. Chem. Commun. 2015, 51, 8041–8043. [Google Scholar] [CrossRef]

	



Li, F.; Li, J.; Cao, Z.; Lin, X.; Li, X.; Fang, Y.; An, X.; Fu, Y.; Jin, J.; Li, R. MoS2 quantum dot decorated RGO: A designed electrocatalyst with high active site density for the hydrogen evolution reaction. J. Mater. Chem. A 2015, 3, 21772–21778. [Google Scholar] [CrossRef]

	



Liu, L.; Wu, J.; Wu, L.; Ye, M.; Liu, X.; Wang, Q.; Hou, S.; Lu, P.; Sun, L.; Zheng, J. Phase-selective synthesis of 1T′ MoS2 monolayers and heterophase bilayers. Nat. Mater. 2018, 17, 1108–1114. [Google Scholar] [CrossRef] [PubMed]

	



Attanayake, N.H.; Thenuwara, A.C.; Patra, A.; Aulin, Y.V.; Tran, T.M.; Chakraborty, H.; Borguet, E.; Klein, M.L.; Perdew, J.P.; Strongin, D.R. Effect of intercalated metals on the electrocatalytic activity of 1T-MoS2 for the hydrogen evolution reaction. ACS Energy Lett. 2017, 3, 7–13. [Google Scholar] [CrossRef]

	



Zhang, K.; Fu, L.; Zhang, W.; Pan, H.; Sun, Y.; Ge, C.; Du, Y.; Tang, N. Ultrasmall and monolayered tungsten dichalcogenide quantum dots with giant spin–valley coupling and purple luminescence. ACS Omega 2018, 3, 12188–12194. [Google Scholar] [CrossRef]

	



Rohaizad, N.; Mayorga-Martinez, C.C.; Sofer, Z.K.; Pumera, M. 1T-phase transition metal dichalcogenides (MoS2, MoSe2, WS2, and WSe2) with fast heterogeneous electron transfer: Application on second-generation enzyme-based biosensor. ACS Appl. Mater. Interfaces 2017, 9, 40697–40706. [Google Scholar] [CrossRef]

	



Eda, G.; Yamaguchi, H.; Voiry, D.; Fujita, T.; Chen, M.; Chhowalla, M. Photoluminescence from chemically exfoliated MoS2. Nano Lett. 2011, 11, 5111–5116. [Google Scholar] [CrossRef]

	



Yao, Y.; Ao, K.; Lv, P.; Wei, Q. MoS2 coexisting in 1T and 2H phases synthesized by common hydrothermal method for hydrogen evolution reaction. Nanomaterials 2019, 9, 844. [Google Scholar] [CrossRef] [PubMed]

	



Li, B.; Jiang, L.; Li, X.; Ran, P.; Zuo, P.; Wang, A.; Qu, L.; Zhao, Y.; Cheng, Z.; Lu, Y. Preparation of monolayer MoS2 quantum dots using temporally shaped femtosecond laser ablation of bulk MoS2 targets in water. Sci. Rep. 2017, 7, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Dolinska, J.; Chidambaram, A.; Adamkiewicz, W.; Estili, M.; Lisowski, W.; Iwan, M.; Palys, B.; Sudholter, E.J.; Marken, F.; Opallo, M. Synthesis and characterization of porous carbon–MoS2 nanohybrid materials: Electrocatalytic performance towards selected biomolecules. J. Mater. Chem. B 2016, 4, 1448–1457. [Google Scholar] [CrossRef] [PubMed]








[image: Nanomaterials 12 01645 g001 550] 





Figure 1. Schematic illustration and characterization of m-MoS2-QD I and m-MoS2-QD II (a) Fabrication steps of m-MoS2-QD I and m-MoS2-QD II. (b,c) AFM images. (d,e) HR-TEM images of m-MoS2-QD I and m-MoS2-QD II. 
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Figure 2. (a) Raman spectra of 2H-MoS2, m-MoS2-QD I, and m-MoS2-QD II. XPS spectra of molybdenum and sulfur elements Mo 3d of 2H-MoS2, m-MoS2-QD I, and m-MoS2-QD II (b). S 2p of 2H-MoS2, m-MoS2-QD I, and m-MoS2-QD II (c). (d) FT-IR spectra of 2H-MoS2, m-MoS2-QD I, and m-MoS2-QD II. 
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Figure 3. (a) Digital images of m-MoS2-QD I and m-MoS2-QD II. before (top) and after (down) UV illumination in water. (b) Bandgap of m-MoS2-QDs calculated by DFT. (c) Density of states of m-MoS2-QDs with different sizes. PLE spectra of m-MoS2-QD I (d) and m-MoS2-QD II (e) with varying excitation wavelength from 380 to 560 nm. 2D PLE spectra of PLE spectra of m-MoS2-QD I at 260 nm excitation (λEx) (f) and m-MoS2-QD II (g) at 360 nm excitation (λEx). 
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Figure 4. (a) Cytotoxicity for mouse primary hepatocytes. (b) Multiphoton images depending on m-MoS2-QD concentration. (c) Mouse primary hepatocyte images with m-MoS2-QD after 24 h. Phase contrast image (top left), nucleus stained with DAPI (top right), green fluorescence of m-MoS2-QD (bottom left), and overlay image of DAPI and green m-MoS2-QD (bottom right). (d) Imaging after 0 weeks (left) and after 2 weeks (right). 
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