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A B S T R A C T   

We use density functional theory (DFT) and quantum theory of atoms in molecules (QTAIM) to study the 
electronic structure of pristine and defect molybdenum disulfide (MoS2) monolayers, at dry and hydrated con
ditions. We study various defect MoS2 configurations, which are described by the presence of one or more sulfur 
(S) vacancies, including voids. Structural defects introduce deep and shallow defect states in the electronic band 
structure in the vicinity of the Fermi energy, which affect the bandgap and introduce mid-gap states. Hydration 
also affects the bandgap and the mid-gaps of defect MoS2. We use QTAIM parameters at bond critical points to 
identify the MoS2 bond types and their strength. QTAIM shows the presence of Mo–S and S–S bonding, the 
former being weakly covalent, and the latter refers to a closed shell interaction. Water and its dissociated 
products are strongly adsorbed on Mo atoms due to the presence of low electron density areas in the vicinity of 
these atoms. We finally provide a correlation between changes in the electron density at the Mo-S bond critical 
points around the structural defect and the mid-gap around the Fermi energy. These findings become relevant for 
designing electrocatalysts based on MoS2 and two-dimensional layered systems.   

1. Introduction 

Among the family of van der Waal solids, two-dimensional layered 
materials, such as transition metal dichalcogenides (TMDs) [1], which 
include the naturally occurring molybdenum disulfide (MoS2) and 
tungsten disulfide (WS2), are attracting a great deal of attention for 
fundamental science and applications. Analogous to graphene, the MoS2 
has several interesting and diverse physical and chemical properties, 
including excellent mechanical strength, optical, and magnetic proper
ties [2–4]. Additionally, the MoS2 is gaining popularity as a low-cost 
catalyst for the production of hydrogen fuel through the hydrogen 
evolution reaction (HER) [5–7]. Thus, the MoS2 could either supplement 
or substitute the existing HER catalysts of noble metals, such as 
elemental Pt, binary, and ternary alloys, which are expensive and prone 
to poisoning after continuous use [8]. It is also used as a catalyst in oil 
refineries for crude oil sulfur removal [9] and as a solid lubricant 
[10–13]. The extraction of a MoS2 monolayer from bulk MoS2 via 

micromechanical exfoliation (analogous to graphene monolayer pro
duction from graphite) has been reported by Novoselov et al [14]. In the 
MoS2 monolayer, the Mo layer is sandwiched between two S layers with 
the Mo atoms coordinated with six S atoms, giving rise to a 6.5 Å van der 
Waals gap. Both Mo and S atoms form hexagonal planes. Two or more 
MoS2 monolayers stack up together via weaker van der Waals forces 
similar to multilayer graphene and highly oriented pyrolytic graphite. 

The MoS2 monolayer is found in two structural polytypes namely, 
trigonal prismatic (2H) and octahedral (1T) configuration [14,15]. The 
former configuration, which is the most abundant, is a semiconductor, 
whereas the latter 1T-MoS2 is metallic [16]. In contrast to graphene, 
which is a zero-bandgap semiconductor, the pristine 2H-MoS2 mono
layer has a direct bandgap of 1.8 eV [17]. This value is decreased as 
more layers are added, reaching the value of 1.29 eV for bulk MoS2 [18]. 
The latter bandgap is of indirect nature. Hydrogen (H2) is considered a 
clean “green” and sustainable energy resource. The MoS2 HER favorable 
properties are due to the presence of catalytically active S sites on Mo 
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edges [19]. Hinnemann et al. using density functional theory (DFT) 
calculations showed that these edge S atoms are unsaturated and the free 
energy of hydrogen adsorption (ΔGH) is ≈ 0.08 eV. This energy value is 
close to thermo-neutral, making MoS2 potentially a promising inorganic 
catalyst for clean hydrogen fuel production [6]. This prediction was 
experimentally confirmed on MoS2 nanoparticles, where a linear cor
relation between the exchange current density and MoS2 edge length 
was elucidated [6]. Alternatively, the HER activity is increased via 
activation of the MoS2 inert basal plane through the presence of S va
cancy defects [20]. Here, we find that these defects introduce mid-gaps 
(i.e., energy gaps between defect states) in the Fermi energy area and 
thus, can tune the 2H-MoS2 monolayer optical bandgap, thereby can 
also be useful for photo-assisted catalysis. Fan et al., [21] stated that the 
very small bandgaps of the 1T’- MoS2 (0.1–0.2 eV) contributed to its 
high conductivity and thus, its function as a potential HER catalyst. 

Several DFT calculations on dry pristine and defect MoS2 monolayers 
[5,22–25] and multilayers [26–28] have been performed in the past. 
Kadantsev and Hawrylak confirmed that the dry pristine 2H-MoS2 is a 

direct bandgap K → K semiconductor [22]. Qiu et al. [23] found that 
single S vacancy defects on dry MoS2 introduce defect states in the 
bandgap area. These defect states were observed as flat bands, with two 
degenerate bands at the Γ point above the Fermi energy and one band 
below the Fermi level and close to the top of the valence bands. The 
defect bands closer to the conduction band bottom are deep donor states, 
whereas the defect band close to the top of the valence band is a shallow 
donor state. He et al. [29] found that bandgap engineering of multilayer 
MoS2 is feasible by introducing S vacancies of various concentrations. Li 
et al. [30] found that the defect gap states in the Fermi energy area are 
responsible for hydrogen adsorption on the exposed Mo atoms in the 
cases of S vacancies. However, the adsorption of small molecules, 
including water, on pristine MoS2 is weak [24]. 

The quantum theory of atoms in molecules (QTAIM) has been 
developed by Bader and co-workers and it is based on the topology of 
electron density ρ( r→) and its Laplacian ∇2ρ( r→) to describe atoms and 
bonding in chemical systems [31,32]. QTAIM can be used to identify the 

Fig. 1. The 4 × 4 2H-MoS2 unit cell on a ball and stick model. (a) top and (b) side view. Atoms are colors as follows: S, yellow; Mo, green. (c) First BZ of the 
hexagonal lattice with the symmetry points. Visualization is via Jmol. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Fig. 2. Charge redistributions Δρ( r→) for hydrated pristine MoS2 at various water coverages (a)–(f), plotted via VESTA. Atoms are colors as follows: S, yellow; Mo, 
green; O; red; H; white. Blue and magenta isospheres correspond to areas of charge accumulation and depletion, respectively. Isodensity surfaces of 0.001 e/bohr3 are 
displayed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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bonding type between two atoms (i.e., covalent, closed shell, etc.) [33]. 
QTAIM does not involve atomic or molecular orbital concepts and is 
characterized by changes in the ρ( r→) and its derivatives at critical points 
(cp). Specifically, there are four types of stable critical points with three 
non-zero eigenvalues (i.e., rank 3): (3, −3), nuclear critical points, 
where ρ( r→) is maximum; (3, −1), bond critical points, where ρ( r→) is 
maximum at a plane defined by two eigenvectors and minimum along 
the axis defined by the third eigenvector; (3, +1), ring critical points, 
where ρ( r→) is minimum at a plane defined by two eigenvectors and 
maximum along the axis defined by the third eigenvector, in an opposite 
fashion as the (3, −1) critical point; and (3, +3), cage critical points, 
where ρ( r→) is minimum. The presence of a bond critical point (bcp) is a 
necessary condition for bonding between two atoms [34]. The electron 
density and its derivatives are quantum observables. QTAIM analyses 
are basis set and method independent, as long as a minimally adequate 
basis set is used [35]. QTAIM on dry MoS2 has been reported [36–38]. 
Aray and Rodríguez [36] examined the nature of the MoS2 catalyst edge 
using QTAIM. The authors found a relationship between the energy 
needed to create a S vacancy with the QTAIM polyhedral defining the 
surface graph. 

Our current work explores the changes in the electron density of 

states (DOS) and band structure due to the presence of single, double, 
and four S vacancies in the MoS2 lattice, as well as, due to hydration. 
This is an expansion of our recent experimental and computational work 
on MoS2, where we reported DFT optimized geometries and partial 
charges for pristine and defect 2H-MoS2 with and without a graphene 
underlayer [5]. We use QTAIM analysis to examine the Mo-S bonds 
types and strengths and obtain QTAIM molecular graphs, which describe 
the MoS2 bonding arrangement. We finally correlate the changes in the 
ρ( r→) at Mo-S bond critical points in the local area of the S defect with 
changes in the mid-gaps. There are past reports on correlations between 
QTAIM calculated properties and bandgaps [39–41]. Syzgantseva and 
Syzgantseva described a correlation between electron density values at 
bond critical points with bandgaps for perovskites [39]. Seriani reported 
a linear relationship between kinetic energy density at bond critical 
points and bandgap values for alkali and alkaline-earth oxides [40]. 
Kang [41] reported a correlation between the bandgap divided by the 
kinetic energy density and electronegativities for alkali, alkaline-earth, 
and rutile binary oxides. However, we are not aware of past reports 
ascribing changes in the mid-gaps due to defects in layered systems with 
QTAIM properties. 

Fig. 3. Charge redistributions Δρ( r→) for hy
drated pristine MoS2 at various water cover
ages and vacancy formations, plotted via 
VESTA. (a) Single S vacancy, (b) single S void, 
(c) adjacent double S vacancies, (d) adjacent 
double S voids, (e) non-adjacent double S va
cancies, and (f) non-adjacent double S voids. 
Atoms are colors as follows: S, yellow; Mo, 
green; O; red; H; white. Blue and magenta 
isospheres correspond to areas of charge accu
mulation and depletion, respectively. Iso
density surfaces of 0.005 e/bohr3 are 
displayed. (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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2. Computational methods 

2.1. Periodic slab modelling 

Fig. 1 shows the DFT optimized unit cell of the pristine 2H-MoS2 and 
its first Brillouin zone (BZ). As stated previously [5], the 2H-MoS2 is 
mainly modeled as two-dimensional 4 × 4 hexagonal lattice with 16 
atoms per layer. A larger 4 × 6 supercell is used to model the 2H-MoS2 
configuration with non-adjacent S vacancies (24 atoms per layer in its 
pristine configuration). We consider the following 2H-MoS2 defect 
configurations: 1) single S vacancy and adjacent and non-adjacent 
double S vacancies, all located at the top S layer, 2) double S va
cancies, with one of the vacancies on the top layer and the other on the 
opposite side of the monolayer, thus forming a void and 3) four-S va
cancies forming two voids (adjacent and non-adjacent). In all cases, we 
also examine the effects of hydration by allowing waters molecules to be 
adsorbed on the top S layer. Charge redistributions, due to hydration, 
are analyzed using the charge density differences 

Δρ( r→) = ρMoS2+Waters( r→) − ρMoS2
( r→) − ρWaters( r→) (1)  

where ρMoS2+Waters( r→), ρMoS2
( r→), and ρWaters( r→) are the charge density 

distributions in real space of the hydrated MoS2, the isolated MoS2, and 
the isolated water molecules, respectively. The 

Δρ( r→) of Eq. (1) are visualized using VESTA [42]. Figs. 2 and 3 show 
the charge redistributions due to hydration for pristine and defect MoS2, 
respectively. 

2.2. DFT parameters 

The parameters for the periodic DFT calculations have been 
described previously [5] and are summarized here. The periodic DFT 
code CRYSTAL17 [43] was used to calculate structural and electronic 
information of pristine and defect MoS2 (dry and hydrated). Both the 
PBE0 [44,45] and the HSE06 [46] hybrid functionals were used, the 
latter for providing improved bandgaps. Since DFT calculations are 
functional dependent, the use of two functionals allow us to identify if 

Fig. 4. Band structure for the optimized geometries under the HSE06 (a)–(c) and the PBE0 (d)–(f) functionals. Purple bands are defect bands. Blue and green arrows 
show bandgaps (Eg) and sub-band gaps, respectively. Red solid horizontal lines are the Fermi energies (EFermi). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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changes in the calculated properties are systematic. Long-range electron 
correlations have been accounted by using the Grimme D3 correction 
[47]. The S, O, and H atoms were using the all-electron basis sets (pob- 
TZVP for S and H [48] and 8-411G(2d1f) for O [49]). The Mo atoms use 
effective core potentials (ECP) and their valence is described by the 
(3s2p2d1f) basis set [50]. The 12 × 12 Monkhorst-Pack[51] grid was 
used for geometry optimizations and BZ integrations, whereas the DOS 
and the electronic band structures were obtained using the denser 24 ×
24 grid. 

For band structure calculations, the BZ path Γ-М-Κ-Ḿ-Γ is used (i.e., 
Γ, (0, 0, 0); М, (1/2, 0, 0); K, (1/3, 1/3, 0); Ḿ = (0, 1/2, 0), see Fig. 1c). 

2.3. QTAIM parameters 

QTAIM provides information about the bonding strength and type 
between two atoms. The sign of the ∇2ρ( r→) at the bond critical point (3, 
−1) can be used to identify the type of the bonding: ∇2ρ( r→) < 0 for non- 

polar covalent bonding and ∇2ρ( r→) > 0 for closed shell interactions and 
polar covalent bonding. QTAIM measures bond strengths via ρ( r→), 
∇2ρ( r→), and (H/ρ)( r→)at the bond critical point r→, where H( r→) =

G( r→) + V( r→), G( r→) is the positive definite kinetic energy density and 
V( r→) is the potential energy density [52]. Adoption of a single QTAIM 
criterion for bond assessment is challenging [33]. QTAIM analyses are 
basis set and method independent, as long as a minimally adequate basis 
set is used [35]. The ρ( r→) and ∇2ρ( r→), topologies were performed by 
TOPOND, [53] which is integrated into CRYSTAL17, whereas the ρ( r→)

topology was also performed by the Multiwfn [54] program. However, 
Multiwfn does not read CRYSTAL17 output files, whereas it reads output 
files from the GAMESS program [55]. Thus, we used the optimized ge
ometries outputted from CRYSTAL17 as input coordinates to GAMESS, 
paired with the same basis sets and functionals used in CRYSTAL17. The 
GAMESS/Multiwfn QTAIM topological analysis is performed on a clus
ter extracted from the periodic layer. 

Fig. 5. Band structure for the optimized geometries under the HSE06 (a)–(c) and the PBE0 (d)–(f) functionals. Purple bands are defect bands. Blue and green arrows 
show bandgaps (Eg) and mid-band gaps, respectively. Red solid horizontal lines are the Fermi energies (EFermi). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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3. Results and discussion 

The structural parameters for pristine and defect MoS2 have been 
reported previously. We found that PBE0 and HSE06 provide almost 
identical MoS2 lattice parameters and geometries [5]. Water dissocia
tion is observed during its adsorption on S voids and adjacent vacancies. 

3.1. Charge redistribution due to hydration 

The charge redistributions show that the adsorption of a single water 
molecule on pristine MoS2 leads to small charge transfers between the 
water and the MoS2 atoms, in the local area below the water molecule 
(Fig. 2a). Increased hydration on pristine MoS2 causes significant charge 
redistribution among the water molecules, whereas minimal re
distributions are observed for the support atoms. This is indicative of 
weak adsorption on pristine MoS2, in agreement with past reports [24]. 
However, this is in striking contrast with the cases of hydration on defect 
MoS2, where strong charge redistributions are observed in the defect 

area, for all our configuration examined here (Fig. 3). These charge re
distributions are maximized in the cases of adjacent double S vacancies 
and voids (Fig. 3c, d). 

3.2. Electronic band structure and DOS analyses 

Figs. 4 and 5 show the electronic band structure calculations for dry 
and hydrated pristine, single S vacancy, and single S void MoS2, using 
the HSE06 and PBE0 functionals. Figs. 6 and 7 show the electronic band 
calculations for additional dry and hydrated defect MoS2 configurations 
under the HSE06 functional, whereas corresponding calculations under 
the PBE0 functional can be found in the supplementary material (Fig. S1 
and S2). Figs. 8–10 show the DOS spectra that correspond to the pristine 
and defect MoS2 configurations of this work. We observe that S va
cancies introduce defect states within the electronic bandgap. Moreover, 
some of these defect states located around the Fermi energies, with flat 
band dispersion in k-space, appear as sharp peaks in the DOS. 

Fig. 6. (a)–(d) Band structure for the optimized geometries under the HSE06 functional for dry defect MoS2. Purple bands are defect bands. Blue and green arrows 
show bandgaps (Eg, bandgap energies) and mid-gaps, respectively. Red solid horizontal lines are the Fermi energies (EFermi). Dashed blue arrows denote indirect band 
gaps. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.2.1. Pristine MoS2 
Our calculations show that the pristine 2H-MoS2 monolayer is a 

direct bandgap semiconductor at the K point, in agreement with past 
reports [17,56–59]. Our dry pristine 2H-MoS2 calculated bandgaps are 
3.19 eV and 2.54 eV, using the PBE0 and the HSE06 functionals, 
respectively (Fig. 4a, d). These values are larger than the experimental 
measured value of 1.83–1.98 eV [17,60], whereas past computational 
calculations reported dry pristine 2H-MoS2 bandgaps of 1.63–2.219 eV 
[18,56,59]. Recently, Zhao and Lui found that the pristine MoS2 
bandgap monotonically decreases from 2.219 to 1.441 eV, as the num
ber of layers increases from 1 to infinity [18]. Our HSE06 functional 
predicts MoS2 bandgaps closer to the experimentally recorded values, 
whereas PBE0 functionals systematically overestimate bandgaps, for all 
MoS2 configurations examined here. 

Hydration minimally affects the electronic structure of the pristine 
MoS2 near the Fermi energy (see Fig. 4a, d and 5a, d). The pristine MoS2 
bandgap due to hydration (0.375 ML water coverage) is increased by 
about 0.03 eV and 0.07 eV, for PBE0 and HSE06 calculations, respec
tively. Its valence and conduction bands are due to hybridization of the 
S-3p and Mo-4d bands (Fig. 8a). However, we must state that Mo-4d 

orbitals dominate in the conduction band in agreement with past re
ports of Fuhr and Saúl, using local density approximation (LDA) [61] 
and of KC et al., using generalized gradient approximation (GGA) 
functionals [62]. 

Fig. 11 shows the highest occupied and the lowest unoccupied 
crystalline orbitals at the Γ point, for dry pristine and single S vacancy 
MoS2. For semiconductors, the former orbitals correspond to the top of 
the valence bands and the latter to the bottom of the conduction bands. 
For the pristine case, both the highest occupied and the lowest unoc
cupied crystalline orbitals are predominantly due to Mo-4dz2 and Mo- 
4dx2−y2 orbitals, with some contribution from the sp orbitals of S, the 
latter due to hybridization between the S 3s and 3p orbitals (Fig. 11a, c). 

3.2.2. Defect MoS2 
Defects on MoS2 introduce direct mid-gaps [61,62], which are 

strongly affected by hydration (see Figs. 4–7). The number density of the 
mid-gaps states in the Fermi energy area depends on the defect geom
etry. The bandgap, defined as the energy between the top of the valence 
band and the bottom of the conduction band, is minimally affected by 
the presence of structural defects. However, hydration increases both 

Fig. 7. (a)–(d) Band structure for the optimized geometries under the HSE06 functional for hydrated defect MoS2. Purple bands are defect bands. Blue and green 
arrows show bandgaps (Eg, bandgap energies) and mid-gaps, respectively. Red solid horizontal lines are the Fermi energies (EFermi). Dashed blue arrows denote 
indirect band gaps. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the bandgaps and the mid-gaps around the Fermi energy area. 
Single S vacancy. The band structure calculations show that new 

states appear below the conduction band bottom and above the valence 
band top (defect states, Figs. 4b, e and 5b, e) for both dry and hydrated 
cases. KC et al., identified these defect states to be due to dangling Mo-4d 
orbitals (states below the conduction band) and decreased hybridization 
of S-3p and Mo-4d due to the presence of the S defect (states above the 
valence band) [62]. Two almost flat defect states appear below the 
conduction band bottom and one defect state above the valence band 
top. Qiu et al. [17], stated that these flat defect states above the Fermi 
energy are deep donor states. For dry MoS2, these states are degenerate, 
located about 0.7 eV below the conduction band bottom and separated 
at the K point by 0.07 eV (HSE06 calculations, Fig. 4b). Whereas for the 

hydrated case, these states separate at all k-points by 0.05–0.08 eV, with 
the maximum separation at the K point (Fig. 5b, e). The lowest unoc
cupied orbital of the dry defect case, which corresponds to the deep 
donor flat bands, has orbital contributions mostly from Mo atoms 
located in the vicinity of the structural defect (corner Mo atoms, 
Fig. 11d). Thus, flat bands correspond to localized orbitals. However, the 
highest occupied orbital has contributions from both Mo atoms in the 
vicinity of the defect, as well as other Mo atoms (Fig. 11c). The DOS 
shows that the deep donor defect states have minimal contributions 
from the water molecules orbitals. This could be associated with the fact 
that water molecules do not dissociate on the defect site of the single S 
vacancy. However, water dissociation could substantially alter these 
defect states upon hydration (vide infra). 

Fig. 8. DOS spectra calculated using the PBE0 functional for (a)–(c) dry defect MoS2 per S-3p and Mo-4d orbitals and total and (d)–(f) hydrated. The dashed vertical 
lines are the Fermi energies (EFermi). 
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Single S void. The presence of an additional S vacancy at the bottom 
MoS2 layer forming a void is associated with additional defect states 
relative to the single S vacancy configuration, for both dry and hydrated 
cases. We observe differences in the bands structure between M and М́ 
points, which is indicative of broken symmetry. This effect is also 
observed for all remaining defect MoS2 configurations examined in this 
work. For the dry MoS2 configuration, two additional defect states 
appear in the band structure and overlap with the conduction band 
bottom at the K point. In this case, the energy separation of the degen
erate deep donor bands at the K point is increased to 0.15 eV (HSE06 
calculations). However, upon hydration, one of these two defect states is 
pushed below the Fermi energy and appears as a sharp peak in the DOS 
(Fig. 8f). This sticking difference in the MoS2 band structure is due to 
water dissociation in the area of the S void, which is also observed to all 

remaining hydrated defect MoS2 examined here. This dissociation cau
ses OH adsorption on Mo atoms at the void site, whereas the remaining 
hydrogen from the dissociated water molecule resides away from the 
void. The mid-gap here is smaller than the one observed for the single S 
vacancy MoS2. 

Adjacent double S vacancies and voids. In these cases, several 
defect bands appear above and below the Fermi energy in the bandgap 
region. For the adjacent double S vacancies dry MoS2 configurations, the 
bandgap is indirect between the K point in the valence band top and a 
point between K and М́ in the conduction band bottom. However, for the 
corresponding adjacent double S void case, the bandgap is direct at the 
М ́ point. 

We now compare the band structure of the single S vacancy with the 
adjacent double S vacancies (Fig. 4b, e and 6a). For the dry 

Fig. 9. DOS spectra calculated using the PBE0 functional for (a)–(c) dry defect MoS2 per S-3p and Mo-4d orbitals and total and (d)–(f) hydrated. The dashed vertical 
lines are the Fermi energies (EFermi). 
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configurations, the addition of the second vacancy introduces two more 
defect states between the Fermi energy and the conduction band bottom. 
Moreover, the defect state just above the valence band top is now pushed 
closer to the Fermi energy relative to the single S vacancy configuration. 
Here, the defect states between the Fermi energy and the conduction 
band bottom of the dry configurations are as not flat as in the single S 
vacancy case. However, hydration, associated with OH adsorption, in
troduces flat-type bands below the conduction band and above the 
valence band, and thus orbital localizations around the defects. This 
effect is also evidenced for the hydrated adjacent double voids 

configuration. 
The band structures and the DOS between the single and adjacent 

double voids are stinkingly different. In a similar fashion as the adjacent 
double S vacancy discussed above, the second void also introduces more 
defect states in the Fermi energy area. We observe that for the dry 
configuration, the defect states that overlapped at the K point with the 
conduction band bottom in the single void case are now pushed closer to 
the Fermi energy in the adjacent double void. Here, the mid-gap at the 
dry adjacent double void configuration is the smallest observed (i.e., 
0.36 eV, see Fig. 6b) in this work. Recall that smaller bandgaps and mid- 

Fig. 11. Crystalline orbitals calculated from CRYSTAL17 under the PBE0 functional (a) highest occupied orbital for dry pristine MoS2, (b) its lowest unoccupied 
orbital, (c) highest occupied orbital for dry single S void vacancy MoS2, and (d) its lowest unoccupied orbital. Atoms colors are as follows: S yellow; Mo, green. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 12. QTAIM molecular graphs obtained 
from the DFT optimized unit cell for dry 
MoS2, using Multiwfn and plotted via VMD 
[67]. Small and large spheres denote critical 
points and atoms, respectively. (a) oblique, 
(b) side, and (c) focused top views. Atoms are 
colors as follows: S, yellow; Mo, green; O, 
red; H, white. QTAIM critical points are 
colors as follows: (3, −3), purple; (3, −1), 
blue; (3, +1), gray; (3, +3), green. Addi
tional (3, +3) critical points of low ρ located 
at 0.05 Å above the Mo atoms are not shown. 
(For interpretation of the references to colour 
in this figure legend, the reader is referred to 
the web version of this article.)   
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gaps lead to increased electron conductivity, and thus making this ma
terial a good candidate for electrocatalysis, especially, for HER. How
ever, its effectiveness as HER catalyst upon hydration significantly 
decreases since its mid-gap increases upon hydration (i.e., 1.54 eV, see 
Fig. 7b). 

Non-adjacent double S vacancies and voids. There are some 
major differences in the band structure of the MoS2 configurations with 
adjacent double S vacancies to those where vacancies are further apart 
(e.g., non-adjacent double S vacancies). This statement is also valid for 
double S voids. For example, when the two S vacancies and not adjacent 
to each other, the defect bands in the area between the Fermi energy and 
the conduction band bottom are flat, for both dry and hydrated con
figurations (Figs. 6c and 7c). For non-adajcent S voids, hydration ftat
tens the defect states in the area between the Fermi energy and the 
valence band top. The calculated bandgaps for the dry configuration of 
the non-adjacent double S vacancies and the hydrated configuration for 
non-adjacent double voids are direct, whereas the opposite is observed 
for the other two configurations examined in this subsection. It is 
observed that the dry MoS2 configurations with non-adjacent double S 
voids has the second smaller mid-gap reported here (0.85 eV; Fig. 6d). In 
contrast to the configuration of the adjacent double S voids discussed 
above, hydration minimaly affects the mid-gap of the non-adjacent 
double S voids configurations. Therefore, MoS2 monolayer with adja
cent double S voids serves better for HER electrocatalysis under both dry 

and hydrated conditions. 

3.3. QTAIM calculations 

3.3.1. The Mo–S and S–S bonding 
Fig. 12 shows the QTAIM molecular graphs and the (3, −3), (3, −1), 

(3, +1), and (3, +3) critical points for the dry pristine MoS2, as calcu
lated by the Multiwfn program. Additional calculations using the TOP
OND program will reveal low ρ( r⇀) (3, +3) points of about 1.35 × 10−3 a. 
u. located at 0.05 Å from the Mo atoms and towards the MoS2 surface. 
The importance of these points will be discussed in the next subsection. 
The QTAIM molecular graph, which provides information on bonding, is 
a collection of bond paths linking the nuclei of bonded atoms (i.e., (3, 
−3) critical points) with the associated bond critical points (i.e., (3, −1) 
critical points) [63]. The molecular graph shows Mo–S and S–S 
bonding only, which is in agreement with past reports for MoS2 bulk 
[64] and monolayers [36]. For the S–S bonding, the S atoms belong to 
different layers and are opposite to each other. 

The Mo–S and S–S bonding type is identified via the QTAIM 
calculated properties at the corresponding bond critical points. We will 
classify the above bonding types using both the Espinosa et al. [65] and 
the Macchi et al. [66] classifications. The Espinosa et al. approach 
classifies bonds based on the value of the (|V|/G)( r→) ratio, at the bond 
critical points. For closed shell interactions (|V|/G)( r→) > 1, whereas (|V|

/G)( r→) < 1 is expected for open shell interactions, such as covalent 
bonding. Values 1< (|V|/G)( r→) < 2 refer to the transit region, where 
there is an incipient covalent bond formation. Table 1 shows several 
QTAIM properties at Mo-S bond critical points and their corresponding 
Mo-S distances, for all configurations studied here. For the defect con
figurations we report QTAIM information, which correspond to the 
shortest Mo-S distance and is found in the local area of the defects. The 
QTAIM properties for the S-S bonding for pristine MoS2 are found in the 
Table S1 (supplementary material). Here, the (|V|/G)( r→) values, at the 
Mo-S and S-S bond critical points, are 1.68–1.71 and 1, respectively. 
Thus, under the Espinosa et al. approach, both Mo–S and S–S bonding 
interactions are in the transient region, with the latter being on the 
border between the closed shell and the transit region. In the transient 
region, H( r→) < 0 and ∇2ρ( r→) > 0 at bond critical points, in agreement 
with our results (Tables 1 & S1). The Mo–S bonding is stronger than the 
S–S bonding, due to the significantly larger electron density and 
(H/ρ)( r→) at the corresponding bond critical points. 

For bonding that involves heavy atoms, Macchi et al., used the 
−∇2ρ( r→) distribution along the bond path and the delocalization index 
δ, as additional tools for bonding type classification. The delocalization 
indices for Mo–S and S–S bonding interactions for dry pristine MoS2 
were calculated from the Multifwn program. Macchi et al. emphasized 
that for these interactions their bonding classifications cannot be solely 
based on the sign of the Laplacian ∇2ρ( r→), at the bond critical points. 
Fig. 13a, b shows the −∇2ρ( r→) distribution for dry pristine MoS2 along 
the bond paths S–Mo and S–S and several in-plane contour maps. For 
both cases, the bond critical points are inside a flat region along the bond 
path, which is could be interpreted as closed shell interactions. We also 
calculate −∇2ρ( r→) distributions for the above bonds, where the density 
matrix was obtained by superposition of atomic densities. Fig. 13a, b 
shows that the −∇2ρ( r→) distributions between calculations using the 
periodic wavefunction and superpositions of atomic densities only differ 
slightly in the area of the Mo atom. 

Macchi et al. states that closed and open shell interactions are ex
pected to have, at bond critical points, (H/ρ)( r→) > 0, (G/ρ)( r→)> 1, and 
δ ≈ 0 and (H/ρ)( r→) < 0, (G/ρ)( r→) < 1, and δ approximately equal or 
less than the formal bond order, respectively. The in-plane contour maps 
show that the −∇2ρ( r→) distribution is atom-like, with some polarization 
in the Mo shells. At the Mo–S bond critical points, (H/ρ)( r→) < 0, 

Fig. 13. The negative of the Laplacian -∇2ρ distribution for dry pristine MoS2 
(a) along the bond path S-Mo and (b) S-S and in the plane defined by (c) the top 
layer S atoms and (d) two Mo atoms and one S top layer atom, showing the side 
of the MoS2. Dashed curve in (a) denotes calculations with density matrix ob
tained by superposition of atomic densities. Blue and red denote low and high 
charge concentrations, respectively. The Mo core is described by a 
pseudopotential. 
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(G/ρ)( r→) ≈0.74–0.85, and δ ≈ 1, the latter being equal to the formal 
Mo-S bond order. Thus, Mo–S bond is weakly polar covalent (∇2ρ > 0) 
since ρ at the Mo–S bond critical points is small. At the S–S bond 
critical points, H ≈ 0, G/ρ = 1, and δ ≈ 0, which agree that S-S inter
action is of a closed shell. 

3.3.2. Water interaction on MoS2 
Water adsorption on pristine MoS2 is weak. However, water and its 

dissociated components OH and H are strongly adsorbed on S defects 
and voids, by bonding on the Mo sites in the areas of the S defects [5]. In 
these cases, the Mo sites are accessible to the adsorbates since they are 
not blocked by S atoms, in agreement with previous reports [36]. Water, 
H, and OH bind at the Mo atoms in a form of an electrophile–nucleophile 
interaction. These and other adsorbents seek points of least ρ( r⇀) on 
MoS2, which act as a Lewis acid sites. These points are (3, +3) critical 
points. For the (3, +3) critical points shown in Fig. 12, their ρ( r⇀) values 
are 1.22 × 10−2 a.u. and about 1.31 × 10−2 a.u. for pristine and void 
defect, respectively. These points are located above and below the Mo 
plane. However, there are additional (3, +3) critical points of substan
tially lower ρ( r⇀)values (~1.31 × 10−3 a.u.) located 0.05 Å above the Mo 
atoms and are resolved by TOPOND. The presence of S vacancies and 
voids allow these points to be accessible to adsorbates. 

3.3.3. Correlation between mid-gap energies and electron density at bond 
critical points 

Fig. 14 shows negative correlations between the ρ( r⇀) values at the 
Mo-S bond critical points of the shortest Mo-S distance and the mid-gap 
in the Fermi energy area, for dry and hydrated MoS2 defect configura
tions. The rational is that since mid-gaps are due to structural defects, 
they should be correlated with QTAIM properties at critical points in the 

Fig. 14. Electron density ρ at Mo–S bond critical points (bcps) vs. mid-gaps for (a) dry and hydrated MoS2 with voids and (b) with S vacancies. The linear fits and 
the R2 values are shown. For comparison, we also include calculations using the pristine MoS2 (dry and hydrated). For the defect MoS2 configurations, the Mo–S bcps 
correspond to the smallest of the Mo–S distances. For pristine MoS2, the mid-gap is the bandgap. 

Table 1 
Mo–S distances and TOPOND calculated QTAIM parameters ρ( r⇀bcp), ∇2ρ( r⇀bcp), 
(

H
ρ

)(

r⇀bcp

)

and (G/ρ)( r⇀bcp) at bond critical points (bcps) for dry pristine and 

defect MoS2. Values in parentheses refer to the corresponding hydrated cases. 
For the defect MoS2, the parameters that correspond to the smaller Mo–S are 
reported. For the hydrated pristine MoS2 configuration, the Mo–S distance refer 
to a top layer S atom located at about 2.8 A relative to a water molecule.  

MoS2 Distances 
(Å) 

QTAIM properties (a.u.) 

ρ( r→bcp) ∇2ρ( r→bcp) (H/ρ)

(

r→bcp

)

(G/ρ)

(

r→bcp

)

Pristine 2.33 0.108 0.137 −0.454 0.771  
(2.31) (0.110) (0.143) (−0.462) (0.787) 

Single S 
vacancy 

2.26 0.125 0.132 −0.534 0.799  

(2.27) (0.120) (0.137) (−0.511) (0.796) 
Single S void 2.32 0.113 0.113 −0.487 0.738  

(2.29) (0.114) (0.168) (−0.480) (0.847) 
Adjacent 2 S 

vacancies 
2.25 0.127 0.111 −0.549 0.767  

(2.26) (0.120) (0.137) (−0.511) (0.796) 
Adjacent 2 S 

voids 
2.29 0.118 0.128 −0.502 0.774  

(2.22) (0.133) (0.134) (−0.564) (0.818) 
Non-adjacent 

2 S 
vacancies 

2.26 0.124 0.133 −0.532 0.799  

(2.28) (0.118) (0.149) (−0.498) (0.815) 
Non-adjacent 

2 S voids 
2.27 0.122 0.112 −0.526 0.756  

(2.29) (0.115) (0.149) (−0.484) (0.806)  
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area of the defect. We found that we can obtain improved correlations if 
we treat S vacancies and voids separately (Fig. 14a & b). 

Larger ρ( r⇀) values at the Mo–S bond critical points belong to MoS2 
configurations with smaller mid-gaps. Recall that for MoS2 defect con
figurations the shortest Mo–S are observed in the area of the structural 
defect. Table 1 shows that larger ρ( r⇀) values are also associated with 
larger (H/ρ)( r→) values, which is indicative of more covalent Mo–S 
bonding at the area of the defect. As discussed above, smaller mid-gaps 
are associated with higher conductivity. Therefore, higher conductivity 
for MoS2 is associated with the Mo-S bonding being more covalent in the 
area of the defect. 

4. Conclusions 

In summary, periodic DFT electronic band structure calculations on 
2H-MoS2 monolayers show that structural S defects introduce defect 
bands and mid-gaps within the bandgap, in the vicinity of the Fermi 
energy. Hydration affects the defect MoS2 electronic band structure, by 
shifting the defect bands and changing the mid-gaps. QTAIM calcula
tions show that only Mo–S and S–S bonding are available in the MoS2 
monolayers, the former being weakly covalent and the latter of a closed 
shell interaction. Water molecules and their dissociated constituents H 
and OH are strongly adsorbed on the Mo sites, only when S defects are 
available. This is due to the presence of low electron density regions, 
which are located very close to the Mo sites and are required for nu
cleophiles to bind. Finally, we observed a negative correlation between 
electron density at Mo–S bond critical points around the structural 
defect and the defect MoS2 mid-gap. Defects associated with higher ρ( r⇀)

at Mo-S bond critical points in the area of the defect introduce smaller 
mid-gaps, which in turn increase the MoS2 conductivity thus, assisting in 
accelerating the HER during electrocatalysis for hydrogen fuel economy. 
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