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Defects in solids are typically recognized as unfavorable, leading to degradation of the structure and properties of the
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material. However, defects occasionally provide extraordinary benefits as the active sites of catalysts and chemical reactions,

and can result in the creation of new electronic states. In particular, a low-dimensional material can become a defect-rich

material due to the unique ratio of surface area to volume, giving many dangling bonds. Herein, we report the rapid (20 min)

synthesis of MoSz quantum dots (QDs) with a diameter of 4 nm at room temperature using nanosecond pulsed laser ablation

in a binary solvent. The MoS, QDs are crystalline particles composed of 3-5 layers and contain sulfur vacancies at an atomic

concentration of 1% acting as a functional defect. The MoS. QDs exhibit excellent electrocatalytic performance (Tafel slope

=49 mV/dec) for the hydrogen evolution reaction and high quantum yield blue photoluminescence with a large Stokes shift.

1. Introduction

Two-dimensional transition metal dichalcogenides (2D TMDs)
are recognized as materials with excellent physical, electrical,
and optical properties. Molybdenum disulphide (MoS;) is a
prototype material in the family of 2D TMDs. The synthesis and
exfoliation of low-dimension MoS, have been extensively
investigated using methods such as mechanical exfoliation,’?
solution-based exfoliation,> powder sublimation,* thermal
decomposition,® solvothermal exfoliation,® chemical vapour
deposition (CVD),”® and pulsed laser ablation.®! According to
recent studies, MoS; nanosheets have excellent electrocatalytic
activity for the hydrogen evolution reaction (HER). Defect-rich
MoS; nanosheets with many sulphur vacancies exhibit
particularly high catalytic performance.’? In contrast, an ideal
2D sheet of a van der Waals material cannot have defects such
as dangling bonds, except at the edge of the sheet, whereas
their zero-dimensional (0D) and one-dimensional (1D) materials
involve a higher density of dangling bonds because of a higher
surface/bulk ratio. Therefore, 0D materials, such as quantum
dots (QDs), are an ideal material for the HER.

The synthesis of low-dimensional MoS, is categorized into
top-down and bottom-up methods. Popular top-down methods
include exfoliation with sonication?, thermal annealing®® and Li
Bottom-up methods such as hydrothermal
reaction®™ and CVD® have been extensively used. However,
almost all these methods require long times (ca. 10-24 h), high
temperatures (ca. 200°C), and various procedures. These
methods can be used to produce 2D sheets; however, it is
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difficult to produce QDs of TMDs. Therefore, there have been
significantly fewer publications on the synthesis of MoS,;
QDs!%7 than on MoS, monolayer.

Pulsed laser ablation in liquid (PLAL) is another promising
and facile method to obtain stable colloidal nanoparticles
(NPs).1® PLAL is a one-step, one-pot, short (ca. 3 min to 1 h)
room-temperature process used to synthesize various NPs and
QDs.'®2! For instance, an electrocatalysis of NPs has been
improved by hetero junction,?'® and the scalability of NP
synthesis has also been demonstrated with synthesis rates as
high as 4 g h™..215¢ PLAL has been previously employed for the
synthesis of 2D TMDs, fullerene-like MoS; NPs,'° 2D and 3D
nanostructure,!! thin films,?2 and QDs have been reported using
PLAL.23-25 Although there are two papers on the ultra-small QDs
(ca. 5 nm) synthesized by PLAL (fs-PLAL),?*?° those properties,
optical and catalyst, have not been fully understood yet. In
addition, the functionality of defects has not been quantified for
MoS, QDs prepared by all the synthesis methods so far. Under
these situations, the synthesis of ultra-small QDs of TMDs is
highly desirable to realize a material with a high edge-to-volume
ratio that is expected to provide higher catalytic performance
for the HER. Furthermore, one-pot, short-time, and room-
temperature processes are a promising method to prepare
MoS, ODs. Herein, we show a simple and facile method to
synthesize ultra-small MoS, QDs using PLAL in a binary solvent,
i.e. ns-PLAL. The average size of the resultant MoS, QDs was 4.2
nm and they had good electrocatalytic activity for the HER due
to an abundance of sulphur vacancies, whose density was
directly quantified by ESR measurements. In addition, blue
photoluminescence (PL) of the MoS, QDs was observed and the
quantum yield was 10° times higher than that of bulk MoS,. The
structures and properties of MoS, QDs were evaluated using 9
experimental methods.

2. Experimental section



2.1 Synthesis of MoS, QDs

MoS; powder with a size of 2 um was used as purchased (>99%,
Sigma Aldrich), and 10 mg was dissolved in a binary solvent of
ethanol (9 ml) and distilled water (11 ml). Pulsed laser ablation
in liquid (PLAL) was conducted for 20 min using the second
harmonic (532 nm, 10 Hz, 7 ns pulse width) of a Nd:YAG laser
(Quanta-Ray INDI-series, Spectra Physics) with a fluence of 0.16
Jecm™2. As illustrated in Fig. S1, the laser was directed downward
onto the solution and focused on the middle portion. During

PLAL, the solution was stirred with a magnetic stirrer at 300 rpm.

The solution after PLAL was then centrifuged at 7500 rpm for
0.5 h. The solution taken from the top two thirds was used as a
sample and was pure light blue in colour.

(@) N

Scheme 1 Schematic diagrams of the 3-step PLAL process. a) MoS:
powders are dispersed in a binary solvent of ethanol and water. b) Solution
irradiated with laser pulses for 3-5 min. MoS; particles with sizes of 20-50
nm are synthesized. c¢) MoS, QDs with sizes of 2-9 nm are obtained after
irradiation for 20 min.

1.2. Characterizations of MoS, QDs.

Transmission electron microscopy (TEM) (JEM-2010, JEOL) was
performed at an accelerating voltage of 200 kV. TEM samples
were prepared by dropping the MoS; solution onto a TEM grid
in air, and the grid was successively dried in a vacuum oven for
30 min.

Electrochemical measurements were conducted using an
electrochemical analyser (ALS600EB, BAS) with a 0.5 M H,SOq4
solution and Pt, Nafion Ag/AgCl (3 M NaCl), and Pt as the
working, reference, and counter electrodes. The scanning range
was —0.6 to 0.4 V and the scan rate was 100 mV s for all
measurements. The MoS;, QDs film samples were prepared in
the following manner. First, the solvent of the MoS, QDs
solution was evaporated on a hot plate at 200 °C to obtain the
powder. Second, the powder of either MoS, QDs or MoS; bulk
was dissolved in a binary solvent of deionized water and ethanol
(4:1 by volume), which included 80 pL Nafion (5 wt%). Then, the
solution was sonicated for 30 min. Third, the MoS; solution with
a volume of 5 pL such as slurry was dropped on the Au
electrode,?® followed by drying in a vacuum oven at 30 °C.

Electron spin resonance (ESR) spectra were measured at X-
band using powder samples of bulk MoS; and MoS, quantum
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Fig. 1 a) TEM image after PLAL process. b) Size distribution of MoS:
particles, which is dispersed in the range of 2-9 nm with the average size
of 4.2nm. c,d) HRTEM images of the MoS; QDs.

dot (QD) with a commercial instrument (ELEXSYS E500, Bruker).
Spin density of MoS,, density of sulphur vacancy, was estimated
from the ratio of integrated spectral area of MoS, divided by
that of a standard, copper sulphate pentahydrate (CuSO4e5H,0),
under the condition of the same molar amount. The
of the standard were conducted using
polycrystalline of CuSO,e5H,0, and their area of integrated
profiles gave the same values in every measurement (ESI).

The photoluminescence (PL) and PL excitation (PLE) spectra,
PL quantum vyield (QY), and UV-vis absorption spectra were,
respectively, recorded using a fluorometer (FluoroMax-4,
Horiba), a spectrometer with an integrating sphere
(Quantaurus-QY, Hamamatsu), and a spectrometer (V600,
JASCO) using MoS, QDs dissolved in the binary solvent. Raman
spectra of the MoS, QDs were measured using a Raman
spectrometer (HR800, Horiba Jobin Yvon) at an excitation
wavelength of 514.5 nm. The Raman sample was prepared by
dropping the MoS, solution onto a silicon-wafer substrate,
followed by drying for 20 minutes in air.

Regarding the other method, we measured the thickness of
MoS, QDs using an atomic force microscope (AFM) (SHIMADZU
SPM-9700). X-ray diffraction (XRD) patterns were investigated
using a commercial diffractometer (Rigaku B/Max-RB) with Ni-
filtered Cu Ka radiation. For XRD measurements, we prepared
powders of bulk MoS; or MoS, QDs, which were set onto a
silicon sample holder of low intensity background (ESI).

measurements

Results and discussion

Schematic diagrams of the PLAL procedure are displayed in
Scheme 1. Bulk MoS; powders dispersed in the binary solvent is
irradiated by the pulsed laser (Scheme 1a). MoS, NPs with sizes
of 20-50 nm are obtained after a few minutes (Scheme 1b), and
a representative TEM image is shown in scheme 1c. Ultra-small
MoS, QDs are synthesized after laser irradiation for 20 minutes.

Magnified TEM images of synthesized MoS, QDs are shown
in in Figure 1. The size distribution of MoS, QDs ranges in 2-9

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Characterisation of the HER. a) Polarization curves of Au and Pt electrodes, bulk MoS;, and MoS. ODs deposited on Au electrodes,
which were measured in 0.5 M H.SO4 at a scan rate of 2 mV/s. b) Tafel plots and Tafel slopes. c) ESR spectra of MoS; QDs and bulk MoS..

nm (Figure 1b). The average size is 4.2 nm, which is close to the changing the solvent for PLAL in the present study, the particle
reported Bohr radius for MoS; (1-3 nm).?”28 According to the size was reduced from 20 nm to 4 nm. MoS, QDs with an
definition of QD, i.e., particle radius=Bohr radius of an exciton, average size of 4 nm by PLAL in a binary solvent composed of
the current QD can be confirmed as an actual QD. In addition, water and ethanol were thus obtained. The ultra-small QDs
the thickness of the MoS, QDs was carefully measured with were generated in a binary solvent due to the following: i) a
AFM to be 3.6 nm, which corresponds to 3-5 layers (Figure S2).  principle reason is the use of a binary solvent, which acts as a
High-resolution TEM (HRTEM) images of the MoS, QDs are good solvent for MoS,. This is because excellent solubility is
displayed in Figure 1lc-d. Lattice fringes of 0.27 and 0.31 nm established in the 45 vol% ethanol/water mixture,3° which is
spaces are observed, which correspond to the distance responsible for the Hansen solubility parameters. ii) A
between the (100) planes of MoS; (0.27 nm).?® Thus, the PLAL  shockwave generated by the initial process of PLAL effectively
method employed in the current study successfully synthesized exfoliates MoS, powders with the original size (2 um) in the
crystalline MoS; QDs. The result of XRD also indicates crystalline  good solvent. Water and/or ethanol molecules interact with the
MoS, QDs (Figure S3). Here, let us note the previous studies on  edge of the delamination of MoS,, which triggers exfoliation
MoS; nanomaterials synthesized by PLAL. MoS; NPs with 20 nm  and fragmentation (ca. 50 nm). iii) Subsequent laser shots in the
QDs!! and fullerene-like MoS; NPs ° were obtained from PLAL binary solvent continue the process described in ii) which
using methanol and water as solvents, respectively; however, results in sizes smaller than 5 nm, as shown in Figure 1 and S2.
smaller sized TMDs have not been synthesized by ns-PLAL. By

Table 1. Comparison of structures, Tafel slope of HER, synthesis conditions of low-dimensional MoS,. The listed data® focus on the top 10
papers as the highest citation, which measure Tafel slope of the MoS, of 2H-phase as semiconductor.”

Structure Tafel slope Method Temperature Time Note Ref
(mV/dec) (°C)
9 Nanoparticle 94 Solvothermal 200 >10h Citation # = 2753 (Nov. 7", 2019) 35a
Amorphous 40 Electro- - - This sample is not a low dimensional material buta  35b
polymerization thin film.
9 Nanoparticle 85 Hydrothermal 200 >36h Particle size = 3—5 nm. 35¢
9 Nanoparticle 100 Urea-glass route 750 4h Particle size = 5-10 nm 35d
Nanoplate 53 Solvothermal 210, 800 >44h Size =200-300 nm 35e
Nanoparticle 69 Sonication, R.T. 5h Particle size = 1-2 nm 35f
centrifugation
Y Monolayer 50 CVD 750 45 min. Triangular size = 5-30 um 35¢g
Nanoflake 61 CVD 530-750 90 min. Triangular size = 0.2-50 pm
35h
Nanosheet 68 Ball milling 350-750 >24h Milled samples were annealed at high temperature. 35i
Thin film 65-160 CVD 700-900 - Sulfur vacancies were analyzed by ~ XPS and 355
discussed with the value of Tafel slope.
Quantum dot 49 Pulsed laser R.T. 20 min. Present study, particle size = 3-5 nm -
ablation

9 The data are given by the top 10 papers as the highest citations of MoS, HER, based on the analysis of the SciFinder scholar using the keyword of MoS,
and Tafel. The data in the table are listed by the order of citation number.

® Metallic MoS,, 1 T-phase, and the binary system between MoS, and the other material show smaller Tafel slope (ca. 45 mV/dec) in several papers, i.e. refs.
35aand 35c.

9 The system of MoS,/RGO(reduced graphene oxide) shows smaller Tafel slope.

9 The system of MoS,/mesoporous-graphene-form shows smaller Tafel slope.

© This MoS; is attached on carbon nanotubes.

D The metallic phase, 1-T MoS,, is also studied.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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In fact, larger-sized particles are produced by PLAL with either
pure water or other neat organic solvents in the present study.

To evaluate the catalytic properties of ultra-small MoS; QDs,
electrochemical measurements for the HER were conducted,
and the results for MoS, were compared with those for bulk
MoS; and noble metals. Current density vs. the electric
potential applied to these materials is shown in Figure 2a. The
HER starts at the position where the voltage drops, and the HER
over MoS, QDs occurs at a lower voltage than those of Au and
bulk MoS,. This indicates that MoS, QDs act as better
electrocatalysts. To quantify the catalytic properties, Tafel plots
were analysed, as shown in Figure 2b. The MoS; QDs have a very
small Tafel slope of 49+1.6 mV/dec. A smaller Tafel slope
indicates better catalysis of the HER; therefore, the MoS, QDs
prepared in the present study act as a very good catalyst. Very
good electrocatalytic performance of MoS, has been reported
for low-dimensional MoS,, i.e., Tafel slopes of 50 mV/dec for

Journal Name

nanosheets,'?®and 69 mV/dec3' and 98 mV/dec3? for QDs. Note
that the Tafel slope for the MoS, QDs in the present study
(49+1.6 mV/dec) is almost same as that for defect-rich
nanosheets (50mV/dec).!? The excellent electrocatalysis of
defect-rich MoS, nanosheets is attributed to sulphur (S)
vacancies at active sites. 1>333%¢ Fyrthermore, we compared
the current study with the top 10 papers of the highest citation
(table 1) of MoS; HER.3°> Therefore, the current study shows very
good Tafel slope and the shortest synthesis time of MoS,
nanomaterials.

To evaluate the defects in the present system, we
conducted ESR spectroscopy measurements, indicating a direct
observation of defect as a spin active species. The results are
shown in Figure 2c. The ESR spectrum of MoS, QDs is in very
good agreement with that of MoS, with S vacancies,*?3* and
also has the same g-value of 2.00.3* The MoS, QDs in the current
study have S vacancies, which also give excellent catalytic

defect-rich nanosheets,’® 87 mV/dec for defect-free properties and are consistent with the study on defect-rich
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Fig. 3 a) Photograph is MoS, QDs in solution with a transparent blue colour. b) 3D map of PL and PLE. c) PLE and d) PL
spectra of MoS: QDs. e) UV-vis absorption spectra of bulk MoSz and MoS; QDs. f) Raman spectra of bulk (red) and MoS:

QDs (blue). The arrows denote peak positions of the bands.
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MoS, nanosheets.'?2 Furthermore, this is the first time that the
atomic concentration of S vacancy is quantified by measuring
spin density and its value is 1% (Figure S4). Therefore, it was
found that 1% of a point defect in MoS; act as an excellent
functional defect for HER.

Next, the electronic structure of MoS, was evaluated
through PL, PLE, and UV-vis absorption spectroscopy
measurements. A photograph, PL-PLE map, PL, and PLE spectra
of a solution of MoS, QDs are shown, in Fig. 3 respectively. The
PL spectra range from 400 to 500 nm for the luminescence in
the blue region. The peak position shifts to longer wavelengths
with the excitation wavelength, which indicates that, the MoS;
QDs with different band gap Eg and different size QDs exhibit
different PL wavelengths when excited (vide infra). To evaluate
the spectral shapes, PL (Figure 3c) and PLE (Figure 3d) spectra

are displayed as functions of the wavelength and photon energy.

Thus, a mirror image between PL and PLE spectra is evident.
Note that the peak positions of PL and PLE are located at around
400 and 350 nm, respectively, and there is a large Stokes shift,
i.e., =50 nm, which corresponds to 0.44 eV. Such a large Stokes
shift has been observed in graphene QDs, and this large shift is
useful for application as a down converter material for solar
cells.3® Another distinct result is that the PL quantum yield (QY)
of MoS, QDs is 3.8%, whereas those of bulk MoS, and
monolayer MoS; have been reported to be almost 0%! and
0.4%?, respectively. Thus, the QY of the MoS, QDs here is almost
10 times higher than that of the MoS, monolayer. The reason
for the high QY of monolayer MoS; has been recognized as a
high rate of electron-hole recombination in a confined system,
such as a 2D monolayer.?” Taking the current size into account
(4.2 nm = Bohr radius, 1-3 nm),?”- 28 a higher recombination rate
is expected to occur in a further confined system, such as a 0D
material.

UV-vis absorption spectra of bulk MoS, and the MoS, QDs
are shown in Figure 3e. Four bands are observed in bulk MoS,
at around 678, 618, 454, and 410 nm, the two former bands are
named as Al and B1 bands, which are attributed to the direct
transitions from the top of the valence hand to two excitonic
states, spin-orbit splitting, at the Brillouin zone K point.383° The
two latter bands are named C and D bands, which are attributed
to a direct transition from deeper levels in the valance band to
two excitonic states, spin-orbit splitting at the Brillouin zone M
point.38 In the UV-vis absorption spectrum of MoS, QDs, there
are two shoulders at around 340 and 370 nm, the positions of
which are in agreement with those of the PLE spectrum for
MoS, QDs shown in Figure 3d. Furthermore, these positions at
3.65 eV and 3.35 eV are in good agreement with the B; and A;
bands of MoS; nanoclusters with a size of 3-4 nm, according to
reported experimental data of size vs. UV-vis absorption peak
energy,3® as shown in Fig. S6b. Based on these situations, the
two bands (340 nm, 3.65 eV; 370 nm, 3.35 eV) in the PLE and
UV-vis absorption spectra are attributed to the transitions of
two excitonic states at the K point. Therefore, the PL spectra in
Figures 3c, result in luminescence via the transition of A; and B,
bands, shifting into the blue wavelength region, to give a high
QY (3.8%). Finally, the dependence of Eg on the size of the MoS;
QDs was evaluated using the data of the size of MoS;

This journal is © The Royal Society of Chemistry 20xx

nanoclusters vs. UV-vis absorption band (vide supra).3® Size
distribution, the full width at half maximum (FWHM) in Figure
1b, was 3.7-4.9 nm, which gave E; = 3-4 eV, i.e. £;=2.8-3.2 eV
(A;) and 3.4-3.7 eV (B,), according to Fig. S6b. Note that this
energy range is almost equal to the FWHM of the PLE spectra,
i.e., 3.4 eV (370 nm)—-3.9 eV (320 nm), as shown in Figure 3d.

As a final topic, let us note the Raman spectrum of bulk MoS;
and the MoS; QDs. The lower and higher frequency bands have
been attributed to the in-plane E,; and out-of-plane A;; modes,
respectively, and the increment between the bands is an
indicator of layer thickness.**#2 A narrower increment is shown
in the MoS; QDs (Figure 3f), i.e., bulk MoS; is 26.8 cm™, whereas
that of MoS; QDs is 24.5 cm™, which corresponds to 3-5 layers.
This layer size is consistent with the height measured by AFM
and the size of MoS, QDs by TEM.

Conclusions

In summary, we demonstrated a fast and facile method to
obtain uniform-sized MoS, QDs using PLAL in the binary solvent.
The aqueous solution of 45% ethanol played a critical role in the
synthesis of ultra-small MoS, QDs with an average size of 4 nm.
These QDs showed excellent electrocatalytic performance for
the HER with a very small Tafel slope (49mV dec?), which was
attributed to many sulphur vacancies as much as 1%. The
excitons confined in the 4 nm MoS, QDs caused blue PL and the
efficient recombination among electrons and holes. The PL QY
for the MoS; QDs was 3.8%, which was almost 10 times higher
than that for MoS; monolayer. The present study demonstrated
very good electrocatalyst for HER, the shortest synthesis time of
QDs, and room-temperature process in comparison with the
top 10 papers as the highest citations as the HER of MoS,.
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