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Abstract: The electronic and catalytic properties of two-dimensional MoS2, WS2, and NbS2 quantum
dots are investigated using density functional theory investigations. The stability of the considered
structures is confirmed by the positive binding energies and the real vibrational frequencies in
the infrared spectra. The ab initio molecular dynamics simulations show that these nanodots are
thermally stable at 300 K with negligible changes in the potential energy and metal–S bonds. The
pristine nanodots are semiconductors with energy gaps ranging from 2.6 to 3 eV. Edge sulfuration
significantly decreases the energy gap of MoS2 and WS2 to 1.85 and 0.75 eV, respectively. The decrease
is a result of the evolution of low-energy molecular orbitals by the passivating S-atoms. The energy
gap of NbS2 is not affected, which could be due to the spin doublet state. Molecular electrostatic
potentials reveal that the edge sulfur/transition metal atoms are electrophilic/nucleophilic sites, while
the surface atoms are almost neutral sites. MoS2 quantum dots show an interestingly low change
in the hydrogen adsorption free energy ~0.007 eV, which makes them competitive for hydrogen
evolution catalysts.

Keywords: MoS2; WS2; and NbS2; quantum dots; DFT; electronic properties; hydrogen evolution reaction

1. Introduction

Two-dimensional (2D) materials have gained significant interest from researchers in
different fields, including physics, chemistry, and material science, due to their exceptional
physical and chemical properties [1–3]. The exceptional properties of 2D materials open
doors for applications in different fields, including energy storage and conversion [4–7],
electronic devices [8–10], gas sensors [11,12], water treatment [13–15], and catalysts [16,17].
An important class of two-dimensional materials is the 2D transition metal dichalcogenides
(TMDs). They are described as MX2, where M is the transition metal (such as Mo, W, or
Nb) and X is the chalcogen (S, Se, or Te). TMDs are semiconductors with strong spin-orbit
coupling [18,19], an intercalatable layered structure [20], enhanced light absorption [21,22],
and strong photoluminance [23,24]. Thus, single-layer MoS2, with its semiconducting direct
band gap of ~1.8 eV and high mobility of 200 cm2 V−1 s−1, is applicable for building two-
dimensional transistors. Radisavljevic et al. demonstrated a two-dimensional transistor
based on monolayer MoS2 with mobility equal to at least 200 cm2 V−1 s−1, comparable
to that of graphene nanoribbons, on/off current ratios of 1 × 108 at room temperature,
and very low standby power dissipation [25]. Moreover, the challenging fabrication of
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nanodevices with gate lengths sub-1 nm has been achieved in vertical MoS2 transistors
with an atomically thin channel and a gate length below 1-nm [26].

Concerning catalysis, two-dimensional TMDs show exceptional catalytic performance
due to their high surface area, easy surface functionalization, and abundant active sites [27–30].
Two-dimensional TMDs presented significantly improved catalytic performance compared
to their bulk counterparts [31]. For instance, Tian et al. fabricated a few layers of WS2
nanosheets using lithium-ion intercalation and demonstrated enhancement of the elec-
trocatalytic hydrogen evolution performance with respect to their bulk WS2 [32]. This
enhancement, with a low overpotential of 320 mV at 10 mA cm–2, is mainly a result of
the increased number of active sites in the ultrathin WS2 nanosheets. Compared to other
materials, TMDs have the following privileges: (a) they are highly photosensitive and have
a suitable band gap for water splitting; (b) they are characterized by low recombination
of the photogenerated carriers when compared to current photocatalysts; (c) they have a
high light absorption coefficient and many active sites required for performant photocata-
lysts; and (d) compared to rare earth elements, they are earth-abundant and cost-effective
materials [33–35]. It was demonstrated that the edge sites in MoS2 quantum dots are catalyt-
ically active sites for the hydrogen evolution reaction (HER) [36–38]. The main reason for
the boosted catalytic properties in quantum dots is the reduction of the size to the quantum
regime, where the effect of edges and quantum confinement becomes dominant [39–42].
For instance, it has been reported theoretically and experimentally that the S-atoms at the
edges of MoS2 nanodots are the active sites for HER [36,43]. Based on these results, many
researchers have developed highly dispersed MoS2 quantum dots with sufficient active
edges to improve HER performance [44–47]. On the other hand, Hu et al. reported that
sulfur vacancies in MoS2 are active sites for CO2 dissociation to surface-bound CO and O,
hence facilitating the hydrogenation of CO2 to methanol [48]. Both the experimental and
theoretical investigations indicated that the sulfur vacancies at the surface boost the CO2
hydrogenation to methanol through the inhibition of hydrogenolysis to methane, while the
sulfur vacancies at the edges are selective to hydrogenation to methane. This catalyst also
showed high stability for more than 3000 h without deterioration in activation or selectivity.
Therefore, it is highly important for efficient HER and, in general, for enhanced catalytic
performance to identify and study the active sites suitable for the required catalytic reaction
and how to enrich them [49,50].

In this work, we apply density functional theory to investigate the electronic prop-
erties and HER catalytic performance of three TMD quantum dots, namely MoS2, WS2,
and NbS2. We found that the considered TMD quantum dots are semiconductors with
energy gaps ranging from 2.6 eV to 3 eV. Edge passivation with sulfur atoms leads to a
considerable decrease in the energy gap; for example, the energy gap of MoS2 decreases
from 3 eV to 1.85 eV by edge sulfuration. Therefore, in the current systems, the electronic
properties can be controlled not only by the quantum size effect but also by edge function-
alization. It is worth noting that several methods have been developed for the synthesis of
two-dimensional TMD quantum dots with definite size and edge morphology, including
liquid exfoliation [51], lithium intercalation [52], hydrothermal synthesis [53], and chemical
vapor deposition [54]. Zhou et al. reported the successful synthesis of WS2 quantum
dots with a defect-free and uniform size of 5 nm using a combination of grinding and
sonication techniques [55]. Further sulfuration was applied to decrease the number of
defects and improve the conductivity. Thus, the pristine edges and the sulfurated edges
considered in this work can be achieved experimentally using the aforementioned sulfura-
tion process. Chemical functionalization to improve the physical and chemical properties
of 2D nanostructures has also been demonstrated, such as by attaching sulfur-containing
groups to MoS2 nanosheets [56,57]. Moreover, Tadi et al. reported a single-step method to
synthesize MoS2 quantum dots doped with metals (Fe, Mg, and Li) and studied the effect
of doping on boosting the electrocatalytic properties [58]. The calculations of the change in
the free energy show that MoS2 quantum dots have the best HER catalytic performance
with a lower free energy change down to 0.007 eV on S-atoms compared to other nanodots.
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The paper is organized as follows: the computational model is given in Section 2. The
obtained results and their discussion are given in Section 3, and finally, in Section 4, we
give our conclusion.

2. Computational Model

The density functional theory (DFT) calculations are performed based on localized
functionals as implemented in Gaussian 16 [59]. The selected structures were fully op-
timized by minimizing the energy by setting the self-consistent field (SCF) conversion
criterion to 10−4. The selected functional is the hybrid M06-2X functional due to its wide
applicability [60,61]. The effective core potential LANL2DZ basis set is employed in our
calculations due to its good performance for transition metals [62,63].

3. Results and Discussion

The considered two-dimensional nanostructures are hexagonal nanodots with arm-
chair edge terminations from MoS2, WS2, and NbS2, as shown in Figure 1. We considered
two cases of edge passivation: (a) the pristine case (Figure 1a,c,e) and the passivation of
transition metals at the edges with S-atoms (Figure 1b,d,f). The total number of atoms in the
pristine case is 63 and increases to 72 after edge passivation with sulfur. The optimized struc-
tures shown in Figure 1 imply that passivation of the edge transition metals significantly
decreases the deformations at the edges that are observed in the unpassivated structures.
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3.1. Stability

The structural stability of the selected TMD quantum dots has been tested by two
methods: (a) calculating the binding energy (Eb) and (b) performing frequency calcu-
lations and plotting the infrared (IR) spectra. The binding energy is calculated from
Eb= (nxEx + nsEs − Et)/n, where nx is the number of the x transition metal atoms (Mo, W,
or Nb), ns is the number of S atoms, and n is the total number of atoms. The corresponding
energies are Ex, Es, and Et, respectively. The considered nanodots have Eb values ranging
from 5.6 to 5.9 eV, with an Eb order of MoS2 > WS2 > NbS2. These positive values of Eb
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ensure the stable formation of the considered 2D-TMD nanodots. In addition to Eb, we per-
formed frequency calculations from which the IR spectra are obtained. It is observed from
the IR spectra, shown in Figure A1, Appendix A, that all the vibrational frequencies are
real, with no negative or imaginary frequencies that cause time divergence of the vibration
amplitudes. Consequently, the square of the frequency is positive, indicating a minimum
on the potential energy surface, and the structures are then geometrically stable.

In addition to the structure stability, the thermal stability is also investigated using ab
initio molecular dynamics simulations for all the considered quantum dots at a temperature
equal to 300 K. The molecular dynamics simulations are performed using the atom-centered
density matrix propagation (ADMP) model [64,65]. The changes in the potential energy
and the transition metal-sulfur bond length are simulated for 5 femtoseconds at 300 K,
as shown in Figures A2 and A3 in Appendix B. The results show that the changes in the
potential energy and the bond length are very small, which confirms the thermal stability
of the considered nanodots at 300 K.

3.2. Electronic Properties

Here we study the electronic properties by evaluating the partial density of states
(PDOS), the energy gap, and the highest occupied/lowest unoccupied molecular orbitals
(HOMO/LUMO) for the selected quantum dots. Quantum stability chemical parameters,
such as dipole moment, chemical potential, electronegativity (χ), and molecular electrostatic
potentials, are also investigated.

3.2.1. Partial Density of States

From the partial density of states, shown in Figure 2, we can obtain the electronic
energy gap, the participation of the constituting atoms (such as Mo and S atoms in MoS2)
in the total density of states, and the change in the density of electronic states by edge
passivation. PDOS is calculated using the GaussSum 3 software [66] based on the output
files from Gaussian 16. The electronic energy gap of the pristine MoS2-QDs shown in
Figure 1a equals ~3 eV. This wide semiconductor energy gap decreases to 1.85 eV with
edge passivation with sulfur. The same is observed in the WS2 quantum dot with a higher
decrease in the energy gap, where the wide energy gap of 2.6 eV decreases to 0.75 eV after
edge sulfuration, as seen in Figure 2c,d. Thus, edge modification provides a convenient
tool to tune the electronic properties of TMD quantum dots.

The low-energy red peak in Figure 2a, representing the HOMO of MoS2-QDs, is
mainly contributed by Mo atoms. Electronic states from Mo (+4) are expected to participate
more in the unfilled molecular orbitals because they acquire negative charges from S (−2)
atoms. Thus, the special case of HOMO in Figure 2a is expected to be a result of the
bonding between Mo atoms at the edges. Passivation of these edge Mo atoms with S
breaks the Mo-Mo bonds, and the new HOMO is mainly contributed by S atoms, as seen in
Figure 2b. It is also observed that after passivation, the unoccupied molecular orbitals shift
to lower energies, which is the reason for the decrease in the energy gap. This explanation
is confirmed by the HOMO/LUMO distributions shown in Figure 3a,b. Where the HOMO
distributes on the edge Mo atoms in the first case and on the sulfur atoms in the second
case. The contribution to the HOMO by sulfur atoms increases in WS2- and NbS2-QDs,
as seen in Figure 2c,e. Thus, the HOMO distributions on S-atoms increase, especially in
NbS2 (Figure 3c,e). After edge sulfuration, the HOMO of both WS2 and NbS2 is dominated
by electrons from sulfur atoms. In WS2-QDs, the HOMO shifts to higher energies that
decrease the energy gap to 0.75 eV. On the other hand, the energy gap of NbS2 slightly
increases with edge sulfuration instead of decreasing as observed in the previous two cases.
This effect could be a result of the broken symmetry between the spin-up and spin-down
molecular orbitals, where both NbS2 and NbS2-S QDs have spin doublet states.
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3.2.2. Quantum Stability Chemical Parameters

Considerable quantum stability chemical (QSC) parameters like dipole moment (µ),
chemical potential (ρ), electronegativity (χ), and chemical hardness (η) were calculated
employing ELUMO and EHOMO values. These QSC parameters are calculated by utilizing
the subsequent equations ρ = EHOMO+ELUMO

2 , χ = − EHOMO+ELUMO
2 , and η = ELUMO−EHOMO

2 .
Noteworthy, when a structure has a high µ; it has an important asymmetry in the electronic
charge distribution. As presented in Table 1, the µ magnitude of the WS2-S-QDs is the
highest compared to other structures. Therefore, the intramolecular charge transfer in
WS2-S-QDs is more active than in the other structures. As written in Table 1, the ρ value
of MoS2-S-QDs is lower than other studied systems. Those results indicate the escaping
electrons from MoS2-S-QDs are low, contrasting with the other QDs under the current study.
On the other side, MoS2-S-QDs have the highest value of χ and, thus, the highest ability
to attract electrons compared to other molecular structures. Furthermore, the chemical
hardness value for MoS2-QDs is large, contrasting with the rest of the other structures. This
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means that MoS2-QDs are undeniably challenging to free electrons, while MoS2-QDs have
extraordinary chances to offer electrons to another acceptor compound.
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Table 1. Some important quantum stability chemical (QSC) parameters using the DFT/M06-
2X/LANL2DZ method in the gaseous phase.

Nomenclature L (eV) H (eV) P (eV) X (eV) H (eV) µ (D)

MoS2-QDs −4.562 −7.580 −6.071 6.071 1.509 2.256
MoS2-S-QDs −7.563 −7.610 −7.586 7.586 0.0235 3.219
NbS2-QDs −4.960 −7.528 −6.244 6.244 1.284 5.603

NbS2-S-QDs −5.642 −8.372 −7.007 7.007 1.365 2.980
WS2-QDs −4.636 −7.234 −5.935 5.935 1.299 2.558

WS2-S-QDs −6.575 −7.325 −6.950 6.950 0.375 8.268

3.2.3. Molecular Electrostatic Potentials

The electrophilic versus nucleophilic sites of the MoS2, WS2, and NbS2 quantum
dots and their sulfur-passivated compounds (MoS2-S, WS2-S, and NbS2-S) are revealed by
Molecular Electrostatic Potential (MEP) investigations, which is useful for the prediction
of the reaction site. In Figure 4, the MEPs are displayed. Red, blue, and green colors are
used to symbolize the negative, positive, and neutral sites at MEP interfaces (See Figure 4).
For MoS2, WS2, and NbS2 quantum dots and their sulfur passivated compounds (MoS2-S,
WS2-S, and NbS2-S), the negative region (red color) is concentrated around sulfur atoms,
indicating that such sites are electrophilic assaults. The terminal Mo, W, and Nb atoms were
covered by the positive (blue) zone for MoS2, WS2, NbS2 QDs, and their sulfur passivated
compounds (MoS2-S, WS2-S, and NbS2-S), indicating that nucleophilic attack is possible in
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these sites. The parts of the molecule that lack any charge distribution are known as the
neutral regions (green color).
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3.3. Hydrogen Evolution Reaction

To identify the active sites for the hydrogen evolution reaction on the considered
structures, different adsorption sites were selected, as shown in Figure 5a. Sites 1 and 2
represent the hydrogen adsorption on the Mo and S atoms at the edges, respectively, while
the adsorption on the surface is considered in sites 3 and 4. In the initial structure, the
hydrogen atom is located at 2 (Å) above the selected sites. Figure 5b shows the optimized
structures of MoS2-H-3 and MoS2-H-4, where in both sites the hydrogen atom prefers to
interact with the surface sulfur atom. In the case of MoS2-S, we consider only two sites
that are expected to give different results from the selected sites in the pristine case; the
first is on the passivating S-atom at the edge, and the second is the S-atom at site 3. We
focus on the catalytic performance of only MoS2 quantum dots because we tested the other
nanodots and found that their hydrogen adsorption is higher than that of MoS2, resulting
in lower catalytic activity for the hydrogen evolution reaction.

The following reaction represents the hydrogen evolution reaction in alkaline and
neutral solutions:

* + H2O + e−→H* + OH− (1)

H* + H*→2* + H2 (2)

where * represents the catalyst on which hydrogen will be adsorbed and H* is the catalyst
after the adsorption of hydrogen on the selected sites. The first reaction is a result of the
oxygen evolution on the other electrode; thus, we focus only on the second reaction. The
change in the free energy of the reaction (∆G) is a good indicator of the efficiency of the
hydrogen evolution reaction, where a low value of ∆G means a high catalytic performance
toward hydrogen evolution. The calculated values of ∆G for MoS2 and MoS2-S QDs are
given in Table 2. It is observed that ∆G for all the adsorption sites is very high, up to ~5 eV
for site one, except for sites three and four, which represent adsorption on the surface.
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Table 2. The change in the free energy (∆G) for the hydrogen adsorption on different sites represents
the hydrogen evolution reaction on the edge and the surface.

Struct. ∆G (eV) Struct. ∆G (eV)
MoS2-H-1 4.89 MoS2-H-4 0.007
MoS2-H-2 3.69 MoS2-S-H-1 1.74
MoS2-H-3 0.007 MoS2-S-H-2 1.74

The reason for the high value of ∆G is the strong interaction between the hydrogen
atom and Mo or S atoms at the edges. For instance, a sulfur atom at the edges (at site
two in Figure 5a) is connected to two Mo atoms, while a sulfur atom at the surface (at site
three) is connected to three Mo atoms. Thus, hydrogen will form a stronger bond with
the S-atom in the former case than in the latter, which in turn makes ∆G higher for HER
at the edges. On the other hand, ∆G = 0.007 eV for HER on the surface, at sites 3 and 4,
which makes MoS2-QDs promising catalysts for HER. This value of ∆G is lower than that
found in hBN- and graphene QDs [67,68]. In addition to the theoretical results presented
here, experimental results also showed that the free energy of hydrogen bonding to MoS2
nanodots is lower than that in metal-free electrocatalysts such as graphene and hBN [69]. It
is even low enough to make MoS2-QDs a promising competitor to the benchmarked but
expensive Pt-Catalysts [70].

4. Conclusions

The electronic properties and hydrogen evolution reaction catalytic performances
of MoS2, WS2, and NbS2 quantum dots have been investigated using density functional
theory calculations. The structural stability of the considered quantum dots is confirmed
by the positive binding energy that indicates the stable formation of the structures and the
real vibrational frequencies that ensure the dynamical stability. The thermal stability is also
confirmed by the molecular dynamics simulations at 300 K, with negligible changes in the
potential energy and the bond length. The selected nanodots have a hexagonal structure
with armchair terminations. Two cases of edge termination are considered: the pristine
edges and the edges passivated with sulfur atoms. The pristine quantum dots have energy
gaps ranging from 2.6 eV to 3 eV, with the highest energy gap observed in MoS2. The
partial density of states shows that the highest occupied and lowest unoccupied molecular
orbitals in the pristine case are mainly contributed by the transition metals at the edges.
After edge passivation with sulfur atoms, the energy gap significantly decreases in MoS2
and WS2, with low-energy orbitals mainly contributed by the passivating S-atoms. The
new energy gaps after sulfuration are 1.85 and 0.75 eV for MoS2 and WS2 quantum dots,
respectively. The energy gap of NbS2 does not decrease by passivation, which could be a
result of the spin doublet state that widens the spin-up and spin-down energy gaps. The
change in the free energy of HER shows that the sulfur atoms of MoS2 that are close to
the edges have the highest catalytic performance toward hydrogen evolution with a free
energy change of ~0.007 eV. On the unpassivated edges, the change in free energy is much
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higher than on the surface due to the strong interaction between H atoms and edge Mo or S
atoms. The suitable electronic properties that can be further controlled by edge sulfuration,
in addition to the very low change in the free energy for hydrogen evolution, render MoS2
quantum dots promising for building efficient catalysts.
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Appendix A

The IR spectra of the considered transition metal dichalcogenides quantum dots show
that all the vibrational frequencies are real (no imaginary frequencies), which insures the
geometrical stability of the structures.
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Appendix B

Here, the ab initio molecular dynamics simulations at 300 K for the selected transition
metal.

Dichalcogenide quantum dots are presented in Figures A2 and A3. The trajectories in
the figures show the time evolution of the potential energy and selected bond lengths at
300 K for 5 femtoseconds. The changes in potential energy and bond length are very small,
which indicates that the considered systems are thermally stable at 300 K.
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