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Abstract: When the size of the molybdenum disulfide (MoS2) is reduced to a few nanometers, a
distinctive photoluminescence is observed due to the strong effect of quantum confinement. In this
study, we fabricated MoS2 quantum dots (QDs) using a simple and green process. We dissolved the
powder of MoS2 in various solvents, including N-Methyl-2-pyrrolidone (NMP), ethanol (EtOH), and
deionized water (DIW), and dispersed it by sonication or solvent-thermal exfoliation. The synthesized
MoS2 QDs were characterized for their optical properties. Transmission electron microscopy (TEM)
was used to analyze the particle size and morphology; UV-visible spectrometer and photolumines-
cence tests were employed to measure optical absorption, bandgaps, and optical emission. The
photothermal test was designed for the evaluation of the optothermal conversion. In vitro cultures of
3T3 fibroblast cells were evaluated for the biocompatibility of the MoS2 QDs. Results from different
experiments were cross-examined and analyzed to understand the relation among different syntheses,
microstructures, and optical properties of MoS2 QDs. A yield of 15% MoS2 QDs was obtained when
synthesized in ethanol by thermal exfoliation. They also showed satisfactory optothermal effects.

Keywords: molybdenum disulfide quantum dots (MoS2 QDs); yield; photoluminescence; photothermal

1. Introduction

Molybdenum disulfide (MoS2) is an inorganic compound that belongs to the class of
transition metal dichalcogenides. Its appendages are silvery black and are the main ore of
molybdenite in nature [1]. Since bulk MoS2 is a semiconductor with a narrow indirect band
gap of approximately (~1.2 eV), it has been studied for photovoltaic and photocatalytic
applications due to its strong absorption in the solar spectrum [2,3]. If the bulk size is
reduced to a scale of dozens of nanometers, then the effects of quantum confinement dictate
the electronic and optical properties of MoS2. This phenomenon has been observed in MoS2
films, nanoplates, and nanotubes [4,5].

Molybdenum disulfide (MoS2) quantum dots (QDs) are biocompatible [6] and semi-
conductive with high photothermal conversion efficiency [7]. Li et al. have recently shown
that MoS2 flakes and ultra-small diameter MoS2 QDs can be used in the renal pathway,
thereby reducing long-term toxicity in kidneys. For the synthesis of MoS2 QDs, top-down
or bottom-up methods are used as available approaches. Chemical exfoliation, mechanical,
electrochemical, emulsion, solvothermal, thermal ablation, and combined methods have
been studied to produce MoS2 QDs effectively. Each approach has advantages and short-
comings, but a common problem is the low yields of production. This is a challenge for
up-scaling industrial production of MoS2 QDs when compared to the production of carbon
QDs [8].
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The synthesis of MoS2 QDs by the solvent–thermal process is relatively simple. The
powder of MoS2 is first dissolved in various solvents, including N-Methyl-2-pyrrolidone
(NMP) and ethanol (EtOH), in deionized water (DIW). Then, either using sonication or
solvent–thermal exfoliation, the MoS2 QDs are produced. For the material characterization,
transmission electron microscopy (TEM) is used to examine the particle size and morphol-
ogy; UV-visible spectrometer and photoluminescence tests are used to measure the optical
absorption, bandgaps, and optical emission. The in vitro cell culture of 3T3 fibroblast cells
is assessed for the biocompatibility of MoS2 QDs.

In this study, we used the sonification and solvent–thermal approach to investigate
the synthesis of the MoS2 QDs using different solvents. The results provide a reference for
further research and the efficient manufacture of MoS2 QDs.

2. Material and Method
2.1. Synthesis Method

Commercially available MoS2 powders (~100–150 µm) were dispersed in ethanol
(99.99%) by either ice-bath sonication (US) or solvent–thermal exfoliation (ST), as shown in
Figure 1. Three solvents were used in this study: ethanol (EtOH), deionized water (DIW),
and N-methyl-2-pyrrolidone (NMP). 20 mL of the solvents was used for the dispersion of
MoS2 powders. Following the dispersion, the solutions were centrifuged at 10,000 rpm
for 15 min to remove the remaining bulk-size MoS2. Then, the solutions were dialyzed
by DIW through a dialysis membrane (molecular weight of 1 K Da) for three days to
remove the excessive solvent. Finally, the dialyzed material was freeze-dried to increase
its concentration.
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Figure 1. The synthesis of MoS2 QDs.

2.2. Optical Characterization

The UV-VIS spectrum was measured using Biochrom Ultrospec 9000pc (Fisher Scien-
tific Arendalsvägen Göteborg, Sweden). The range for optical absorption was between 300
and 800 nm. The Beer–Lambert law states that

IT = I0 e−εlc (1)

where IT and I0 are the intensity of transmitted and incident laser light, ε is the molar
attenuation coefficient or absorptivity of the attenuating species, ℓ is the optical path length,
and c is the concentration of the attenuating species. For simplicity, we combine the last
three terms into one single absorbance A:

A ≡ εlc = −ln(IT/I0) (2)

If the attenuation of an incident beam of light within a homogeneous solution is
assumed to be absorption only. A conventional scale to represent the optical absorbance in
solution is log10 instead of ln, so the optical absorbance of the sample is taken as:

A = −log10(IT/I0) = (1/log10(e)) (IT/I0) (3)

The photoluminance (PL) spectrum of MoS2 QDs was measured with a multimode
microplate reader (SPARK®, TECAN, Männedorf, Switzerland). The light source of the
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excitation laser ranges from 300 nm to 400 nm with a resolution of 10 nm. There was
a shift of 45 nm for optical emission to avoid the overlapping between the excitation
and emission. The image of MoS2 QDs was examined with transmission electron mi-
croscopy (TEM) (JEM-2000EX II, JEOL, Tokyo, Japan) in magnified images obtained from
ImageJ® 1.54j.

2.3. Ex-Vitro Photothermal Effect

The photothermal effect of MoS2 QDs was assessed by direct irradiation using an
808 nm near-infrared (NIR) light-emitting diode (LED) laser at a distance of 20 mm. The
specific near-infrared wavelength was selected considering its high transmission ratio into
the human body and a range of therapeutic benefits such as reducing inflammation, pain,
and increased blood flow [9,10]. The temperature variation was measured by a digital
multimeter (600 V CAT III, Fluke Corporation, United States) every 15 s. The setup for the
measurement is shown in Figure 2.
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Figure 2. Illustration of ex vitro photothermal measure of MoS2 QDs irradiated under 808 nm NIR
LED laser.

2.4. In-Vitro Biocompatibility

To evaluate the biocompatibility of MoS2 QDs, we used the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and analyzed the viability of 3T3
fibroblast cells cultured with MoS2 QDs. 3T3 fibroblast cells were seeded in a 96-well
tissue-culture plate at a density of 1 × 104 cells per well in a culture medium (Dulbecco’s
Modified Eagle Medium (DMEM), Gibco, New York, USA). The incubator (Thermo Forma
310, Thermo Fisher Scientific, Waltham, Massachusetts, USA) was controlled at 37 ◦C, a
humidity of 95%, and a CO2 flow of 5%. MoS2 QDs of four different concentrations at
0.5, 0.25, 0.125, and 0.0625 mg/mL were mixed in the culture medium and tested for cell
culture (testing group). The cell variability was assessed at 24 and 72 h after seeding. The
MTT assay was measured by using a multimode microplate reader (SPARK®, TECAN,
Männedorf, Switzerland) at the absorption peak of 560 nm. The biocompatibility was
measured (n = 6) for the untreated (zero MoS2 QDs, the control group) cells as follows:

Relative Cell viability (%) = (Average of Intensity of Testing Group)/(Average of Intensity of Control Group) × 100% (4)

3. Result
3.1. Yield of Synthesis

The yields of synthesis for MoS2 QDs by different methods are presented in Table 1.
Among the three solvents, ethanol (EtOH) resulted in a higher yield of 15%, especially in
the solvent–thermal method. This is attributed to the high solubility of MoS2 in ethanol
(~0.1–5 mg/mL), by which a higher exfoliation rate resulted in [11,12].
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Table 1. The yield of different synthesis methods and solvents for molybdenum disulfide QDs.

Synthesis MoS2 Weight
(mg) Solvent (mL) Product Weight

(MoS2 QDs, mg) Yield Ratio

Sonication
Method (US)

200 mg

EtOH, 20 mL 14 mg 7.0%

DIW, 20 mL 9 mg 4.5%

NMP, 20 mL 6 mg 3.0%

Solvent-Thermal
Method (ST)

EtOH, 20 mL 30 mg 15.0%

DIW, 20 mL 4 mg 2.0%

NMP, 20 mL 3 mg 1.5%

3.2. Characterization
3.2.1. Particle Size and Morphology

The particle size and morphology of MoS2 QDs are shown in Figure 3, where the size of
the particle was analyzed by ImageJ®. Except for NMP under the solvent–thermal process,
all samples showed particles of less than 20 nm. Among all solvents, ethanol effectively
exfoliated bulk MoS2 to a few nanometers, whether by sonication or thermal treatment.
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3.2.2. UV-Visible Spectrum

Figure 4 shows the UV-Vis spectra of MoS2 QDs. Broad absorption peaks in the UV
range are common features of all samples, regardless of the method of synthesis. However,
this broadband peak can be further broken down into two sub-band peaks. One shows
a peak at 340 nm with the photon-induced excitons in MoS2 QDs, and the other has a
peak between 220 and 300 nm due to the quasi-continuous electronic band structures by
quantum confinement [13]. For samples synthesized in ethanol, another broadband peak
of around 795 nm was observed (Figure 4A,D). This peak is related to the optothermal
excitation. Absorbed photons at this long wavelength provide a red-shift energy release in
MoS2 QDs.

3.2.3. Optical Absorbance

Given the UV-visible spectra, we estimated the absorbance of MoS2 QDs using the
Beer–Lambert law and Equation (3). Figure 5 shows the calculated absorbance of QDs. All
samples exhibit high optical absorbance in the range of 200–400 nm for ultraviolet light.
This is the signature of nanosized crystals where the quantum effects become noticeable.
However, for QDs synthesized in EtOH, there is another broadband absorption in the range
of 700–900 nm, which can be the conversion of near-infrared thermal energy.
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The NMP solvent presents a broad range of absorption due to the larger particle size
of MoS2, as shown in Figure 3 from the TEM image.

3.2.4. Photoluminescence

Figure 6 shows the photoluminescence of synthesized MoS2 QDs. The highest inten-
sity of optical emission from samples was found centered around 440–450 nm when the
wavelength of the excitation laser was 340 nm. Interestingly, this result did not change by
the method of synthesis or solvents. In other words, resonantly excited electrons in the
synthesized QDs released energy by emitting photons almost along the same relaxation
pathway or changes between the same energy levels [14]. According to the location of
emission peaks, this fluorescence emission redshifted at the edge of blue light. However,
the emission was broadband with a shoulder between 450 and 500 nm. This indicates
the excited electrons have a two-stage energy release of photons. In the NMP solvent–
thermal process, a broad photoluminescence peak was observed due to a larger deviation
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in the particle size distribution (Figure 3). The photoluminescence ebbed as the quantum
confinement weakened when particles became larger [15].

Figure 6. The photoluminescence spectrum of synthesized MoS2 QDs using different methods and
solvents as marked. Ultrasonically in (A) EtOH, (B) DIW, and (C) NMP; Thermally in (D) EtOH,
(E) DIW, and (F) NMP.

The bangap of QDs can be estimated as ∆E = h(∆υ) ≈ h(C/λemission). For the peaks
at 440–450 nm, the corresponding bandgap is around 2.82–2.76 eV. The energy change
between excitation and emission is around ∆E = h(∆υ) ≈ h(C/λincident − C/λemission) = 0.8288
− 0.8914 eV. A freestanding monolayer MoS2 is predicted to have direct bandgaps around
1.8–2.8 eV, and the bulk MoS2 (hexagonal and rhombohedral symmetry) showed narrower
indirect bandgaps around 1.2 eV [16–21]. Based on the nature of multiple bandgaps of
polycrystallinity in QDs, the estimated bandgap from the photoluminescence spectra was
roughly within the upper bound of the findings in the other studies.

3.3. Photothermal Effect

The UV-VIS absorption spectra showed the presence of a broadband peak around
795 nm. This absorption is useful for clinical treatment if properly utilized [22]. Figure 7
shows the variation of temperature when samples of MoS2 QDs were exposed to an
808 nm LED laser. MoS2 QDs synthesized in EtOH showed the temperature rise to 50 ◦C
in 300 s. Other samples had a smaller temperature rise of around 25–30 ◦C in 300 s. The
photothermal effect occurred due to the absorption of photons in the whole spectra, though
the broadband peak had a major contribution to the effect because of the vicinity of 808
and 795 nm. At the wavelengths, the photon energy becomes more readily absorbed. MoS2
QDs synthesized in EtOH convert the energy efficiently because of their smaller size. The
solvent–thermal synthesized NMP MoS2 QDs were noticed for their higher photothermal
effect (temperature rise to 45 ◦C in 300 s). Figure 6F shows the broadband absorption that
explains the enhanced photothermal conversion [23].
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3.4. Biocompatibility Evaluation

Figure 8 shows the relative cell viability for in vitro culture of 3T3 fibroblast cells.
Only MoS2 QDs synthesized in the EtOH solvent–thermal process were tested in the
in vitro cell culture because of their high optothermal effect. For medium mixed with MoS2
QDs, the viability was reduced as the concentration of MoS2 increased. However, the
low concentration of 00625 and 0.125 mg/mL was appropriate for the treatment of cells,
particularly after 72 h when cells were stabilized and started to proliferate. The relative
cell viability of these two concentrations was maintained at a level above 90% in 72 h
after seeding.
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4. Conclusions

The experimental results of this study showed the following findings: MoS2 QDs
were successfully synthesized using ultrasonic and thermal exfoliation in various solvents,
including EtOH, DIW, and NMP. The most effective solvent to yield MoS2 QDs was EtOH
because of the high solubility of MoS2 in EtOH (~0.1–5 mg/mL), which leads to a higher
exfoliation rate. The UV-visible spectra of MoS2 QDs showed a broadband absorption peak
around 340 nm due to the photon-induced excitons. A smaller broadband peak around
795 nm was observed in the UV-visible spectra, related to the optothermal excitation. The
photoluminescence of MoS2 QDs showed the highest emission intensity at 440–450 nm with
the excitation laser of 340 nm. This fluorescence emission was redshifted and broadband at
the edge of blue light. Temperature variation in the photothermal test under an 808 nm
LED laser showed that MoS2 QDs synthesized in EtOH had the temperature rise to 50 ◦C
in 300 s. Other samples had a smaller temperature rise of around 25–30 ◦C in 300 s. The
result of in vitro 3T3 fibroblast cell culture indicated that low concentrations (0.0625 and
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0.125 mg/mL) of MoS2 QDs in the EtOH solvent–thermal process were appropriate for
maintaining cell viability.
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