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1 Abstract

Hydrogen is one of the predominant clean and renewable alternatives to fossil fuels. Effi-
cient and sustainable hydrogen production is key to its widespread use as an energy carrier
in the near future. Catalysts based on precious metals are currently used in hydrogen evolu-
tion reaction (HER). Molybdenum disulfide (MoS2) is an earth-abundant, low cost, layered
material with a variety of interesting properties, which depend on its dimensionality and
structure. Previous work has established that while basal planes of MoS2 nanostructures
are inert, their edges are catalytically active in HER. In an effort to increase the number of
active sites for HER in MoS2 nanoparticles, Density Functional Theory (DFT) calculations
were performed to examine the hydrogen adsorption ability of MoS2 basal plane when mod-
ified by defects and dopants. The hydrogen adsorption free energy (∆GH) was employed as
the main activity descriptor. Introduction of a sulfur vacancy in combination with a nearby
Mo-atom substitution by a transition metal enhance basal plane activity. Parameters such
as hydrogen adsorption sites, hydrogen coverage, hydrogen molecule desorption mechanisms,
and stability, are examined. Our findings suggest that the combination of a single Ni atom
dopant and a sulfur vacancy formation in the MoS2 basal plane has the maximum perfor-
mance compared to several other metal dopants. Results with other transition metals provide
insight into the activation mechanism of the MoS2 basal plane. A volcano relationship exists
between activity descriptor and exchange current density. The relationship between activity
and stability descriptors for these systems is also examined. Finally, guidelines for the design
of efficient and stable MoS2-based catalysts for HER using DFT calculations are outlined.
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2 Introduction

2.1 Density Functional Theory and Heterogeneous Catalysis

Catalysts are key factors for enhancing reactions rates [1, 2], involving transportation fuel
production, such as petrol as well as chemicals such as ammonia [5].

The excessive use of fossil fuels and byproducts, has generated serious environmental
problems. The aim of science in the field of renewable energy is to become independent of
fossil fuels and eliminate the amount of CO2 emissions. The development of efficient chemical
reactions is crucial for the energy sector. Precious metals as catalysts can neutralize the
negative impact of these reactions, but are high in cost. Hence, the design and development
of highly active and selective catalysts from earth-abundant resources is important for the
energy future.

Heterogeneous catalysis is a key factor in the energy sector. The chemical bonding between
a molecule and a surface is of fundamental importance. The surface is usually a metal in
solid phase, while the molecule exists in liquid-gas phase. Thus, the surface chemistry
involves mainly two scientific fields, condensed-matter physics and chemistry [2]. However,
heterogeneous catalysis cannot be explained in common terms of these fields. This is because
the metal is a semi-infinite source of electrons at the Fermi level, so that the usual electron
conversion rules do not apply. In addition, it is a complex reaction, having a variety of
intermediates, transition states, different behaviour to solution environments and in many
cases the interfaces between the material and adsorbate is in a complex phase, such as gel-like
[1,2].

It is essential to reveal the important factors connected with the catalytic activity. The
electronic structure of a material determines its catalytic properties. So modifications in
its composition and physical structure can tune its performance. This method is also used
for catalytic materials, batteries, hydrogen storage, optical adsorption and in homogeneous
catalysis [1].

An important factor for a catalysis reaction is its kinetics. It connects the microscopic
properties, such as adsorption energies and kinetic barriers with the macroscopic ones which
can be observed via experiment, activity, selectivity and stability. The description of their
kinetics, requires all the reaction free energies and activation energy barriers, making it a
demanding task. Microkinetic models can be developed for each new catalyst, however in
most cases, due to computer limitations, this is not feasible. Energy correlations between
intermediates and transition states provide a decrease in the complexity and an elimination of
the independent descriptors. The development of models of surface reactivity that accounts
only for the most important microscopic properties corresponding to macroscopic properties
is essential. The identification of the active sites in the catalyst surface is also important
and depends on the complexity of the catalysts surface.
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The selectivity is as crucial as the activity of a catalyst. It favours specific reaction path-
ways among competitive ones. In practice, it can offer cleaner chemistry, better environ-
mental protection and economical production. An optimal catalyst should balance between
selectivity and activity [1,2].

In order to develop an efficient catalyst, the necessary requirements are activity, selectivity
and low cost for industrial viability. Then, a variety of other parameters have to be taken
into account: the long-term stability, the lack of side-products, the efficiency on poison sub-
stances, the production cost, the enhancement in efficiency under secondary promoters, the
role of defects and substrates. These characteristics can be explored through computational
simulations, but the determining factor is its functionality under experimental conditions
[1,2]. The advances on Density Functional Theory (DFT) make the description of catalytic
reactions on surfaces possible and provide a deeper insight in the variations between different
catalysts.

2.1.1 Catalyst design strategies

In order to enhance the activity of a catalyst through the increase of the reaction rate,
two main strategies are followed. The first one is increasing the number of exposed sites
responsible for the activity. This can be achieved either by loading more material or by
nanostructuring the catalyst to create more active sites. The main drawback of this method
is that by loading more material, a charge and mass transport limitation appears. So after
adding a high amount of material, no more improvement is observed in catalyst’s activity.
In Figure 1 below, a stage condition appears in the diagram of the performance versus the
increasing of number of active sites, in accordance to this limitation.

Figure 1: The two main catalyst design strategies, the increase of the number of active sites
and the increase of the intrinsic activity. Various methods for each strategy are depicted. In
the center of the figure, there are diagrams of their performance [10].
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The second strategy employs the increase in intrinsic activity of each active site by modify-
ing catalyst’s physical and chemical properties. This can be achieved by techniques including
alloying, surface structure doping, strain, core-shell creation, intercalation, confinement of
adsorbate in the catalyst surface. The transport issues are alleviated, as a direct increase in
their activity occurs. Because it requires less amount of material for a functional catalyst,
it is a more economical way. Finally, a combination of these two methods can be applied.

There is a great difference in the performance of the best and the worst catalyst between
the two main strategies. In the first case, the performance of the best in comparison to the
worst catalyst is by 1 to 3 times greater. However, for the intrinsic activity method, this
difference is about 10 times higher [9, 10].

2.1.2 Hydrogen Evolution Reaction

Hydrogen Evolution Reaction (HER) is a special reaction in electrochemistry. It is involved
in many technologies as a side reaction and it is an efficient way for hydrogen production
[11]. It follows the reaction : 2H+ + 2e− → H2, where protons from the solution combine
with electrons from the electrode and form a hydrogen molecule, releasing it from the cat-
alyst surface. The role of the catalyst is to increase the reaction rate by minimizing the
overpotential of the reaction.

When conducted in acidic solution, it consists of a two step reaction mechanism, with
two electron transfers and one intermediate, the hydrogen adsorbate H∗. It can be achieved
either by Volmer-Heyrovsky or Volmer-Tafel mechanism :

Volmer step H+ + ∗+ e− → H∗ (1)

Heyrovsky step H∗ + H+ + e− → H2 + ∗ (2)

Tafel step 2H∗ → H2 + 2∗ (3)

where ∗ refers to the catalyst adsorption site and H∗ to an adsorbed hydrogen atom.
According to these pathways, initially hydrogen adsorption occurs on the catalyst activation
site through Volmer step. A proton from the solution combines with an electron from the
electrode and forms a hydrogen atom, adsorbed on the catalyst surface. Then, the reaction
continues by following one of the two possible ways. When the adsorbed hydrogen atom
combines with a proton from the solution, they form a hydrogen molecule leaving the surface,
according to the Heyrovsky step. However, when two neighbour hydrogen adsorbates are in
a short distance, they interact with each other and form a hydrogen molecule that leaves
catalyst surface, following the Tafel step [9-12].

The rate of the reaction depends on the interaction between H∗ and catalyst’s surface,
the number of available adsorption sites and the pH of the solution. According to studies,
low pH in acidic environment favours Pt-group catalysts. Because they are expensive, they
cannot be utilized for industrial purposes. Ni-based catalysts are less expensive, but perform
poorly and have low stability in acidic solutions [11].
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Hydrogen is also produced through water molecules via HER in alkaline solutions:

Volmer step H2O + e− + ∗ → H∗ + OH− (4)

Heyrovsky step H2O + H∗ + e− → H2 + OH− + ∗ (5)

Tafel step 2H∗ → H2 + 2∗ (6)

Research work shows that in alkaline conditions the reaction has a slower rate in Volmer
step than in acidic ones, because of water dissociation. Considering this and the fact that
more experimental data exist for HER in acidic media [11], the focus of this study is on HER
under acidic environment.

2.1.3 The Activity descriptor

The binding of hydrogen adsorbate in the catalyst surface is a key element for the reaction
rate. Nørskov et al introduced an activity descriptor, the hydrogen adsorption free energy
∆GH [1]. It is defined by the relationship :

∆GH = ∆EH + ∆EZP − T∆SH (7)

where, ∆EH is the binding energy of hydrogen:

∆EH = E(monolayer+nH) − E(monolayer+(n−1)H) − EH2/2 (8)

where n is the number of adsorbed hydrogen atoms in the catalyst surface, E(monolayer+nH)

is the energy of the catalyst, the monolayer MoS2 in this study, with n hydrogen atoms
adsorbed, E(monolayer+(n−1)H) is the energy of the monolayer with n-1 adsorbed hydrogen
atoms and EH2 is the energy of H2 molecule in the gas phase.

In case that one hydrogen is already adsorbed in the system and a second one is introduced,
n = 2 in equation (8), the differential hydrogen adsorption free energy ∆Gdiff

H is defined.

The last two terms in (7) are the difference in zero point energy ∆EZP and entropy ∆SH
in the adsorbed and gas phase state of hydrogen molecule, respectively. There is a variation
in the values of the last two terms. For this work, based on studies, the sum of the last two
terms is 0.24 eV. Thus, ∆GH = ∆EH + 0.24 eV [7].

When the binding of the adsorbate with the catalyst active site is too strong, with negative
∆GH , the adsorption sites are occupied by the adsorbates, so there are no available sites for
new ones to bind and the catalyst is poisoned. In case of positive ∆GH , the adsorbate does
not interact with the catalyst and the reaction does not occur [7].
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For HER specifically, the interaction with the adsorbate has an impact in the reaction
rate. If ∆GH > 0, a weaker interaction suggest a weak adsorption during the Volmer step
that decreases the rate of the reaction. For ∆GH < 0, Heyrovsky or Tafel step is slower as
the desorption of hydrogen molecule is more difficult.

Hence, the hydrogen adsorption free energy should be close to zero for an efficient catalyst,
so that the catalytic material should bind hydrogen not too strongly and not too weakly in
accordance to Sabatier principle [13]. However, we should consider that this condition is
necessary, but not sufficient for an efficient HER and other factors need to be considered
that will be discussed later.

2.1.4 The volcano relationship

In Hydrogen Evolution Reaction at equilibrium potential, the exchange current density i0
shows the intrinsic rate of electron to transfer between the electrode and the solution. In
case that the proton transfer is exothermic with ∆GH < 0, the exchange current density is
[7]:

i0 = −ek0
1

1 + exp(−∆GH/kBT)
(9)

where, the rate constant k0 encloses the results of solvent reorganization when the proton
transfers to the surface. It is set to 200 s−1 site−1. The kB constant is Boltzmann constant.
The reaction is conducted at pH = 0 and T = 300K according to standard conditions. When,
∆GH > 0 and proton transfer is endothermic, the expression for exchange current density
becomes [7]:

i0 = −ek0
1

1 + exp(−∆GH/kBT)
exp(−∆GH/kBT) (10)

Considering the above two relationships, a volcano curve occurs from the fitting between
exchange current density and hydrogen adsorption free energy, as it is depicted in Figure 2(a)
[1,3,4,7]. The positions on the plot of the depicted metals determine their rate of reaction.

Three main areas exist in the volcano curve: the area with negative ∆GH values or the
descending branch, the area with positive ∆GH or the ascending branch and the area on the
top [7, 10].

On the descending branch, as we move away from the top, ∆GH becomes more negative
and the rate of HER decreases. The lack of available sites for proton recombination, decreases
the entropy term in (7), because adsorbed hydrogen binds strongly to catalyst surface, as
∆EH is negative [7].
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(a) (b)

Figure 2: (a) Volcano plot for exchange current density versus hydrogen adsorption free
energy for various transition metal surfaces [1,3,4,7], (b) The Trassati volcano curve. The
circled area indicates the oxide covered metals that are not functional during the HER [15].

The ascending branch follows the same trend as the previous case, with the difference that
∆GH becomes more positive away from the top, decreasing the HER rate. This happens
because the system of adsorbed hydrogen on catalyst surface is not stable. Thus, it has
a positive ∆EH from (8). In addition, the entropy term increases due to the availability
of hydrogen possible positions. So, from (7), we obtain a positive value that follows ∆EH
increase, so that the rate of hydrogen adsorption at Volmer step is limited [7].

At the top of the volcano curve, where ∆GH ≈ 0, catalysts with the maximum performance
exist. For example, in Figure 2(a), Pt is at the top of the volcano curve, suggesting the most
efficient catalyst. In the area near the top, while the majority of the metals are efficient,
they are precious and scarce, so is not economically viable for industrial use [4, 7]. The
Mo-edge of MoS2 is close to the top in the ascending branch with a value around 0.08 eV
[6]. Because, in the descending branch are mainly metal oxide metals, their efficiency during
HER is questioned and consequently the existence of an actual volcano curve. These features
will be discussed in next paragraphs of this work. Finally, the position of Ni metal surface
in the descending branch, having good performance and not been oxidized during HER,
in combination with its properties such as being earth abundant and low cost, makes it a
promising material for designing high efficiency catalyst for HER [16].

The volcano relationships derived from the description of reaction rates and adsorption
free energies have an important role in heterogeneous catalysis. They help identify the most
suitable catalytic materials, especially those at the maximum of the volcano, for the selected
descriptors [1,2].
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They reveal which surfaces can be poisoned due to the strong binding of adsorbate and
which have a high dissociation barrier [2]. The design of new catalysts can also be based
on volcano relationships. For example, it can determine the alloying components needed for
an increase in the intrinsic activity of a material. From the position of the metals in the
volcano curve, a prediction for a possible efficient combination of two metals can be made
for a reaction. For example, according to Figure 2(a), PtBi alloy was produced, having a
greater activity than Pt surface [4] and greater stability than Bi supported on Pt [14] [1,2].

It has to be mentioned that before the development of DFT calculations, thermodynamic
data such as heat of formation was used as activity descriptor [1, 15, 16]. For example the
Trascatti Volcano Curve (Figure 2(b)) was the first volcano curve for the HER, expressing
the exchange current density in regards to the energy of hydride formation. However, its
descending branch has only oxide covered metals (W, Mo, Nb, Ti and Ta) that are not func-
tional during HER, raising a controversy around the actual existence of volcano relationships
[15, 16].

From a different point of view, there is a similarity in the idea of the volcano plots in
catalysis and the outer sphere electron transfer reactions. Based on Marcus’ theory a plot
of the reaction rate in regards to the free energy ∆G should reach its maximum value when
∆G = -λ, where λ is the energy of solvent reorganisation. The descending branch with ∆G
< 0 is the inverted region. The negative energy value suggests that no energy is needed for
the reaction (exergonic reaction) [16, 17]. However, for the ascending branch with positive
energy values, energy is needed and the reaction cannot occur spontaneously (endergonic
reaction). From the study of volcano curves, there is need for metals with ∆G < 0 near
Marcus’ inverted region. Also, from studies of HER in alkaline and acidic media, only Ni
metal is a promising candidate, as the other metals in the descendent branch are precious
metals [16].

2.2 Efficient HER Catalysts

2.2.1 Pt-based catalysts

As we mentioned before, the Pt(111) surface is one of the most efficient catalyst for HER
[7]. It has a ∆GH value close to zero for hydrogen coverage θH = 1 ML. This means
that despite having excellent activity, it is highly dependent on hydrogen coverage, so that
it requires a great amount of adsorbed hydrogen atoms in its surface to reach its high
performance [3, 18-20].

There is need for efficient, earth abundant and low cost catalysts. The Mo-edge of MoS2 is
referred to have ∆GH = 0.08 eV for θH =0.25 ML, so that it needs only 1 of 4 adsorption edge
sites to be efficient. If further activation of its edges is achieved, it can alter its performance
by 4 times [3,6]. For example, various transition metal dopants as Mo substitutions at its
edges were examined [21, 22]. Hence, for designing efficient catalysts, except from their
activity, the hydrogen coverage effect needs to be considered [3, 10].
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2.2.2 MoS2 as a HER catalyst

Initially, MoS2 was thought to be catalytically inert for HER [21]. Inspired by the enzymes
in nature that produce hydrogen, nitrogenase and hydrogenase, that contain active areas for
HER with non-precious metals such as Fe, Mo, Co, further research was conducted at the
edges of MoS2 that have a similar structure (Figure 3(a))[24]. From DFT calculations it was
derived that for hydrogen coverage 0.25 ML the Mo-edge has a ∆GH = 0.08 eV, close to
zero [6]. However, the basal plane is catalytically inert with a ∆GH equal to 1.92 eV [25].

The first experiment that confirms MoS2 edges activity was conducted on MoS2 nanopar-
ticles supported on graphite that generated an overpotential of 0.1-0.2 eV (Figure 3(b))
[6]. Studies on MoS2 nanoparticles on Au(111) with size as an adjustable parameter were
conducted and reveal a linear response between the number of edge sites on MoS2 catalyst
and HER activity. Moreover, the surface area does not have any impact to its performance
(Figure 3(c))[3]. These theoretical and experimental results led to a design strategy of nanos-
tructured materials with exposed edge sites in order to increase their HER performance [10].

(a) (b)

(c)

Figure 3: (a) Hydrogen producing enzyme’s active sites and Mo edge of MoS2 with sulphur
coverage θS=0.5 ML and hydrogen coverage θH=0.5 ML [6, 24], (b) Representative STM
images of MoS2 nanoparticles on graphite [6] and (c) STM images of MoS2 nanoparticles on
Au(111) [3].
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2.3 Molybdenum Disulfide Catalysts

In the following section we try to provide an overview of the most important current
developments on Molybdenum Disulfide Catalysts for HER developed from the two main
strategies mentioned before.

2.3.1 MoS2 mesoporous

Nanostructured MoS2 catalysts were synthesized following the strategy to increase the
active sites of the catalytic material. The mesoporous double gyroid MoS2 is a representative
example (Figure 4(a)). Its high curvature is responsible for the mitigation of the formation
of large basal planes and the increase in the density of edge sites [24]. The main disadvantage
of this material is the existence of resistivity losses. This is because the electron mobility
perpendicular to MoS2 basal plane is lower than in-plane, so there is a decrease in the electron
transport distance between the active site to the conductive substrate [9, 10].

(a) (b) (c)

Figure 4: (a) Three dimensional model of MoS2 double gyroid mesoporous structure [9, 26].
(b) Core-shell MoO3-MoS2 nanowires. The MoS2 is responsible for the HER activity and
MoO3 for the electron transport [9, 27]. (c) (Left) TEM image of vertically aligned MoS2

sheets and (right) illustration of the edge sites and sheets on a substrate.[9, 28]

Another catalytic material that provides a high number of active sites is core-shell MoO3-
MoS2 nanowires (Figure 4(b)). It is a combination of the MoO3 core that enables the
charge transport through the nanowire and MoS2 shell, having a high catalytic activity and
protecting the structure from corrosion in acidic environments [27].

In order to cease the resistivity loses, vertically aligned MoS2 thin films were designed
(Figure 4(c)). They possess a large amount of active sites and they are capable, via a high
speed electron transfer, to minimize the resistivity losses of electron transport from the single
MoS2 film to the conductive substrate [28, 29].
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2.3.2 Hybrid MoS2/graphene nanostructures

The combination of nanoparticles and supports of large surface area is another way to
design efficient catalytic materials [10]. The MoS2 nanoparticles on reduced graphene oxide
(RGO) nanosheets were derived from this method. Because of their distribution on RGO
substrate, changes in the morphology of MoS2 nanoparticles appear that increase the number
of active edge sites. In addition, the electronic coupling with graphene alters the charge
transfer [30].

DFT calculations on hybrid MoS2/graphene nanoparticles and free-standing ones, reveal
that the existence of a support triggers a strain effect, which can have a great impact in the
adsorption of hydrogen on MoS2 nanostructures [31].

Figure 5: Hydrogen adsorption free energy (∆GH) and hydrogen binding energy (∆EH) of
MoS2/graphene nanostructures in comparison with the respective free standing ones [31].

2.3.3 Lithium ion intercalation

Lithium ion intercalation is used to chemically exfoliate MoS2 into metallic 1T-MoS2

nanosheets. The introduction of Li ions into van der Waals gaps of 2H-MoS2 applies in this
method [10, 32-34].

It has three crucial effects in the electronic structure of MoS2. The Li ions are responsible
for increasing the distance between the layers, so that they separate them. Also, they
change the filling of d-band states and the oxidation state of Mo decreases. Consequently,
an improvement in the interaction with the hydrogen and HER activity and can be achieved.
Finally, when Li ions concentration is high, a phase transition from semiconducting 2H-MoS2

to metallic 1T-MoS2 is achieved. In this case, the conductivity increases, so the basal plane
is active for HER [9, 29].
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An important consequence of the intercalation is that the produced 1T-MoS2 has, except
from its edges, an active basal plane for HER. According to Figure 6, for 2H-MoS2, its
activity is significantly reduced after oxidation, while 1T-MoS2 is not affected [33]. This
confirms that 1T-MoS2 has an active basal plane, so the focus of research moved to this
metallic polymorph of MoS2.

Figure 6: Polarization curves of 2H and 1T-MoS2 nanosheet electrodes before and after edge
oxidation. The dashed lines represent the iR-corrected polarization curves [33].

2.3.4 1T-MoS2

As we mentioned before the edges of 1T-MoS2 are not the only active sites, but also it is its
basal plane [33]. The catalytic mechanism was also investigated for 1T-MoS2. It was found
that the Volmer-Heyrovsky mechanism is kinetically preferred. The hydrogen coverage has
an impact on the catalyst functionality [35]. Further enhancement in HER activity can be
achieved with metal doping [35, 37].

2.3.5 Amorphous molybdenum sulfides

Amorphous molybdenum sulfides (MoSx) are one of the most active non-precious HER
catalysts, mainly due to their large surface area morphologies [38, 41]. They are synthesized
with processes that do not involve thermal sulfidization treatment, such as electrodeposition
or wet chemical reactions [9, 10, 37, 38]. They find applications both for electrochemical and
photocatalytic water splitting devices [39, 40].

From their physical and chemical characterization, their active surface composition is
closer to MoS3. However, under reducing potentials, it resembles more MoS2. In addition,
it is difficult to identify the specific active edges [9, 10, 38, 41]. The introduction of dopants
such as Fe, Co and Ni can alter their HER performance [10, 42].
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2.3.6 Molybdenum sulphide molecular clusters

Another interesting category is Molybdenum Sulphide Molecular Clusters supported on
electrode substrates. Inspired by enzymes in nature that produce hydrogen, with an active
center containing metal atoms such as Fe, Ni and Mo binding to sulphur [6], biomimetic
electrocatalysts are synthesized with low cost and earth abundant metals. Their activity
derives from the high density of active sites with intrinsic tunability of edge sulphur atoms
[43].

(a) [Mo3S4]
4+ (b) [Mo3S13]

2− (c) [(PY5Me2)MoS2]
2+ (d) MoS2

Figure 7: Structural models of (a) cubane-[Mo3S4]
4+ [43, 44], (b) [Mo3S13]

2− complex [10,
47]. Blue : Mo, yellow : S and red : O (from water ligand), (c) [(PY5Me2)MoS2]

2+ with
MoIV -disulfide complex and (d) MoS2, adapted from [46, 43]. The molecular clusters are
designed to mimic MoS2 edge (cycled area). Green : Mo, yellow : S, blue : N and gray : C.

The Molybdenum Sulphide Molecular clusters are a combination of molecular and solid
state electrocatalysts. Small molecular units of molybdenum sulfide are connected with un-
dercoodinated sulphur atoms. In many cases their structure mimics MoS2 edge sites (Figure
7(d)), so that their performances are equal [9, 10, 43]. Some representative examples are
cubane-type [Mo3S4]

4+ [44, 45] (Figure 7(a)),thiomolybdate [Mo3S13]
2− clusters [47] (Figure

7(b)) and MoIV -disulfide complex [46] (Figure 7(c)).

2.3.7 Doping at the edges of MoS2

Initially, DFT calculations were performed to examine the promoted and unpromoted
MoS2 hydrosulfurization catalysts. It was found that the promoter atoms (Co, Ni and Fe)
prefer to locate at S-edge of MoS2 [46].

Later, DFT calculations were performed to examine the hydrogen adsorption ability of
MoS2 edges under the substitution of Mo at S-edge with various transition metals (TM)
[21, 22]. In addition, the sulphur and hydrogen coverages at their edges have an important
role to their activity. The Ru, Rh, Co, Fe, Mn and Ta dopants are possible candidates.
The introduction of TM modifies the strength of sulphur binding on the edges, so that the
more reactive is the TM dopant, the weaker is the hydrogen binding. This is expressed with
a negative linear relationship between a stability descriptor ∆GS and hydrogen adsorption
descriptor ∆GH [21].
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2.3.8 Activation of the basal plane via sulphur vacancy formation

The first activation of HER for monolayer 2H-MoS2 basal plane was conducted with the
formation of sulphur vacancies. The existence of new gap states around the Fermi level
(Figure 8) are responsible for the hydrogen binding to Mo atoms of the active area. Strain
engineering on the sulphur vacancy sites can tune the electronic band structure, so an opti-
mization of ∆GH ≈ 0 eV can be achieved [49].

Figure 8: Electronic band structure of monolayer 2H-MoS2 (a) without and (b) with sulphur
vacancies concentration. New gap states (red color) appear near the Fermi level for the
S-vacancies case [49].

Argon plasma desulfurization is a process for sulphur vacancy creation [50]. However,
it is not an industrially viable process, so an electrochemical desulfurization method was
developed by Tsai et al [51].

2.3.9 Activation of the basal plane via metal atom doping

Single atom doping can trigger the catalytic activity of MoS2 basal plane. Substitution
of Mo with a Pt dopant in MoS2 basal plane produces a highly active and stable system.
The Pt dopant is able to modify the adsorption ability of its neighbour sulphur atoms. A
volcano plot was constructed for various TM-doped MoS2 systems to find the trends of the
activation of MoS2 basal plane [52]. Similar results were produced by Hakala et al, using a
machine learning model, especially for Fe, Co, Ni, Cu and Pt doped systems [22]. It was
found that Co is the most favourable non-precious metal dopant [22, 52, 53].

According to the latest experimental and theoretical study, the combination of a transition
metal dopant and a sulphur vacancy has a different response. Under these circumstances,
the Co dopant deactivates the sulphur defects in the basal plane. Instead, the Ni dopant is
able to alter their HER activity [54]. A physical model for the activation of sulphur atoms
of the basal plane for MoS2 systems was proposed by Liu et al. that we will present in detail
in another section [55].
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2.4 Theoretical Models for Heterogeneous Catalysis

In the next sections the d-band model and a physical model especially for MoS2 catalysts
are reviewed. The first one was developed by Nørskov et al. and have been applied in various
systems [56,58], while the other one has been proposed recently [55].

2.4.1 The d-band model

In the pursuit of explaining the behaviour of bonding between surfaces and molecules
various models were proposed. In the paragraphs below the d-band model is explained. It
derives from the study of the nobleness, the inability of a metal to form or break bonds, for
transition metal surfaces in regard to hydrogen. Some interesting findings occur that can
apply to other surfaces and molecules [56, 57].

A model of two factors was introduced to explain the overlapping of two atoms based on
quantum mechanics theory. Due to orthogonalization of their orbitals, there is a repulsion
between the two atoms. However, the hybridization between them is responsible for the
bonding and antibonding states that are introduced [56].

The degree of filling of antibonding adsorbate-metal states contributes to the degree of
bonding formation. Moreover, the orbital overlap with the adsorbate, which is expressed by
the coupling matrix element, is also responsible for the interaction [56].

If both bonding and antibonding states are occupied, there is no gain of hybridization and
repulsion happens between the adsorbate and the surface. In case that only bonding states
are filled, the attraction is greater than the repulsion from orthogonalization, so the surface
is reactive for adsorption [56].

Variations among the different transition metals occurs due to the coupling matrix element
[56, 57]. It expresses the orthogonalization of the orbitals, so that for higher values the
overlap between adsorbate and surface is smaller. It is increased from top to bottom for
atoms within the same group of periodic table and from right to left for atoms of the same
row.

For example, it explains the greater nobleness of Au compared to Cu. Both belong to the
same group, but Au is in the top of the group, so that the overlap with hydrogen is smaller
and Au is less reactive [56].

An application of this model is the explanation of the nobleness of Au(111) and Cu(111)
surface to hydrogen molecule, in contrast to the high active Ni(111) and Pt(111) surfaces.
Figure 9 illustrates their Density of States (DOS) for the surface-H systems [56].
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Figure 9: DOS of H interacting with Ni, Cu, Pt and Au (111) surfaces. The solid line
indicates the H 1s state and the dashed one the d states of the metal surface. The areas
with grey color show that these states are filled. The arrow shows the peak of antibonding
states for each DOS [56].

The peaks of DOS close to the Fermi level, in Figure 9, are responsible for their behaviour
towards hydrogen. For Cu(111) and Au(111), they are located below Fermi level, suggesting
filled antibonding states, so the repulsion is stronger and the bond formation with hydrogen
is weaker. In contrast, Ni(111) and Pt(111) have peaks above the Fermi level, so that there
are empty states and the bonding with hydrogen is stronger [56].

The d-band model can apply to other surfaces-molecules systems. For example, based
on this model the shift of metal d-band energy from the Fermi level is used to explain the
hydrogen evolution performance of TMDs edges, such as MoSe2 and WSe2 [58]. Thus, we
have to consider that the metal d band energy is also a descriptor of the activity of transition
metal surfaces [1, 57].

2.4.2 A physical model of MoS2 basal plane activation

A model for understanding the behaviour of sulphur atoms of MoS2 basal plane for the
HER was proposed recently by M.Liu et al [55]. Due to the fact that sulphur atoms of
MoS2 basal plane have full valence shells, they are not able to bind hydrogen. However,
the transition metal doping can activate the basal plane to bind hydrogen [22, 52-54]. The
activation of the basal plane can be achieved with the partial opening of the valence shell of
the electronic state of S atom. Then, it is able to bond with a hydrogen atom.

They propose a theoretical model of a two step process. As it is described in Figure 10(a),
in the first step, we have the electron transfer from a S atom of the basal plane to the
surrounding metals. In the second step, a hydrogen atom binds with the sulphur atom to
fill the open cell.
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(a) (b)

Figure 10: (a)Physical model of H-S bond formation. (b)(Left) The interband distance,
∆dp between the S-p and M-d states. (Right) Linear relationship between ∆dp and Eb(H

∗)
adapted from [55].

Because the first step is an endothermic reaction, it requires energy to promote S into an
open state valence shell. This energy is denoted as ∆Eprom. Then, the formation of H-S is
an exothermic reaction, so energy ∆ES−H is produced. The sum of these two energies is the
H-S binding energy Eb(H

∗).

Eb(H
∗) = ∆Eprom + ∆ES−H (11)

To describe the H-S bonding, an electronic structure based descriptor is introduced, the
interband distance ∆dp. It refers to the distance between occupied S-p states and unoccupied
M-d states of the neighbour three metal atoms to sulphur.

∆dp = εd − εp =

∫ 1e

Ef
εnd∫ 1e

Ef
nd
−

∫ Ef

−∞ εnp∫ Ef

−∞ np
(12)

where εp is the p-band center and it is integrated from the occupied p band to the Fermi
level. The εd is the d-band center for the neighbour M-d states integrated over unoccupied
d orbitals, from Ef to the state where one extra electron is added.

From DFT calculations on many different systems with different dopant elements, dopants
concentrations and sulphur vacancies, they found a linear relation between ∆dp and Eb(H

∗),
as it is depicted in Figure 10(b). The positive slope suggests that the smaller the interband
distance (S-p and M-d), the stronger is the binding of hydrogen. Consequently, it can be
a guideline for the designing of HER catalytic materials, especially for the transition metal
doped and pure TMDs systems for various chalcogen atoms of their basal plane.
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2.5 DFT in Heterogeneous Catalysis and Future Challenges

The aforementioned chapters present an insight into the important developments of MoS2

catalysts for Hydrogen Evolution Reaction using theory, and more specifically Density Func-
tional Theory, in the field of Heterogeneous Catalysis. The main strategies for designing
efficient catalysts were explored as well as the importance of descriptors and features of
an efficient catalyst. In the following paragraphs directions for the future of theoretical
calculations based on DFT for heterogeneous catalysis will be discussed.

There are plenty of future challenges for the surface chemistry science to overpass in order
to describe the complexity of heterogeneous catalysis reactions. For instance, there is need
for examination of more complex reactions and catalysts, inclusion of van der Waal interac-
tions, examination of the electron transfer at the interface of the metal-molecule, studying
materials beyond transition metals, overcoming DFT limitations (band gap underestimation
and excited electronic states), achieving higher computational accuracy and performance
through the development of better codes and methods, development of descriptors that de-
mand fewer information about the studied systems and description of electrocatalytic and
photocatalytic processes [1,2].

Methods are developed in the pursuit of new efficient catalysts. For example, the creation
of alloys, such as BiPt mentioned before [1,4]. With the help of volcano relationships between
the descriptors and the rate of the reaction, a prediction on a possible efficient combination
of two metals can be achieved. Another way is the inspiration by nature and especially from
the observation of the active centres of enzymes [6]. Finally, the construction of a database
with the already studied catalysts can contribute in the design of efficient catalysts [1,2].

The crucial challenge for DFT calculations is the design of catalysts industrial reaction
conditions. An example is the ammonia synthesis, where the top of the maximum in its
volcano curve is formed by the concentration of ammonia in the reaction environment, so
that Fe can be used as catalyst in low concentrations or Ru in high concentrations [1,8].

Combination of Theory and Experiment has crucial importance, as Theory needs to follow
and verify the experimental results, but also guide experimental predictions [2]. While
computers speed increases with the development of technology, so that the computational
methods become less expensive, for experimental methods the trend is to become more
expensive with time. Hence, Density Functional Theory calculations will have a fundamental
place in the design of catalysts in the future.
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3 Theoretical and Computational Methods

3.1 The Many-Particle Problem and Density Functional Theory

In this study we perform calculations using Density Functional Theory (DFT). To begin
with, in order to describe a system, we use the Schrödinger equation :

ĤΨ = EΨ (13)

where, Ĥ is the Hamiltonian operator, Ψ is the wavefunction and E is the energy of the
system. For a many-particle system, where electrons interact with nuclei, the Hamiltonian
is:

Ĥ = T̂e + T̂n + V̂n−n + V̂e−e + V̂n−e

=
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It consists of the kinetic energy of electrons (T̂e), the kinetic energy of nuclei (T̂n), the
Coulomb interaction between nuclei (V̂n−n), the Coulomb interaction between electrons
(V̂e−e) and the Coulomb interaction between electrons and nuclei (V̂n−e). As we see this
expression is quite complex. The Schrödinger Equation can be solved exactly for hydrogen
atom and with some approximation for systems with a small number of electrons. However,
limits appear for a many-particle system’s solution [60, 66].

3.1.1 Born-Oppenheimer approximation

The Born-Oppenheimer approximation or the adiabatic principle suggests that an object
with great mass, moves slower than the one with smaller mass and its motion can be ne-
glected. For the case of many-particle system, nuclei are moving slower than electrons (mp

≈ 1800 me), so we can neglect their contribution on the kinetic energy term (T̂n). Also,
the positions of the nuclei are considered fixed compare to electrons position, so that the
term of Coulomb interaction between nuclei is a constant. Consequently, the variables of the
many-particle problem is reduced and we obtain a simplified Hamiltonian [60-63,65]:
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3.1.2 External potential

At this point, we have to consider the parameters that distinguish a system from another.
The number of electrons is an important factor. However, considering that many systems can
have the same number of electrons and be different, for example H and Li2+, we need another
determinant factor. The position and kind of nucleus have equal importance. In Hamiltonian
expression above, the kinetic energy of electron (first term), the Coulomb interaction between
electrons (third term) and the Coulomb interaction between electrons and nuclei (last term)
have information about the number of electrons. The Coulomb interaction between nuclei
(second term) and the Coulomb interaction between electrons and nuclei refer to the positions
(RA) and kind of nuclei (eZA). However, the last term (Ve−n ) encloses both factors, so that
it defines the energy of N electrons in an electric potential provided by a given amount of
nuclei at position RA [65].

The external potential is defined as the electric potential generated from this amount of
nuclei:

Vext =
1

4πεo

∑
A

eZA

|~ri − ~RA|
(15)

We use the term external, because from the electrons point of view is an applied potential.
It defines the system that we study, as it is unique for each system in nature [60-63, 65].

3.1.3 Electron density of the ground state

Another key parameter for Density Functional Theory is the electron density of a system
:

ρ̂ =
N∑
i=1

δ(~r − ~r′) (16)

It gives the probability to find any electron at space ~r. It is independent from the amount
and positions of the other electrons of the system [60-63, 65].

ρ = 〈Ψ|ρ̂|Ψ〉 =
N∑
i=1

|Ψ|2 (17)

3.1.4 First Hohenberg-Kohn theorem

The Hohenberg-Kohn (HK) Theorems are the fundamentals of the Density Functional
Theory. According to the first Hohenberg-Kohn Theorem:“For any system of interacting
particles in an external potential Vext(~r), the potential Vext(~r) is determined uniquely, except
for a constant, by the ground state particle density ρ0(~r) [60, 62].” This means that there
is one to one correspondence between the ground state electron density of a many-particle
system and the external potential [60-63, 65].
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The electron density of the ground state is as important as the wavefunction of a system.
Despite being mathematically a less complicated object, it contains the same information
about the system as the wavefunction. The first HK theorem achieves to eradicate the
number of variables. For example, in order to describe a N electron system, by using ρ0(~r)
which depends only on the three spatial variables and not on the number of electrons, it
needs only 3 variables, instead of using the wavefunction that requires 3N variables [60-63,
65].

Another consequence of this theorem is : “Therefore all properties of the system are
completely determined given only the ground state density ρ0(~r) [60, 62].” So for a many-
particle system, any property (O) can be expressed as a unique function of its ground state
electron density.

O[ρ0(~r)] = 〈Ψ(ρ0(~r))|O|Ψ(ρ0(~r))〉 (18)

3.1.5 Second Hohenberg-Kohn theorem

The Second Hohenberg-Kohn Theorem states: “A universal functional for the energy E[ρ]
in terms of the density ρ can be defined, valid for any external potential Vext(~r). For any
particular Vext(~r), the exact ground state energy of the system is the global minimum value
of this functional, and the density that minimizes the functional is the exact ground state
density ρ0 [60, 62].” This theorem uses a constrained search method to minimize the total
energy functional, in order to derive the correct ground state density [60].

EVext [ρ] = mina(Ψ
α
ρ , HΨα

ρ ) = FHK [ρ] +

∫
ρ(~r)Vext(~r)d~r (19)

where Ψα
ρ is a trial function for the specific ρ(~r) and the FHK [ρ] is a functional that contains

the kinetic and electron-electron interaction part of the total energy. The functional for the
energy EVext [ρ] is sufficient to describe the exact ground state energy and density. However,
it implies a limitation for the excited states of the electrons, so that other means should be
employed to describe them [60, 62].

3.1.6 The Kohn-Sham equation

Despite the simplifications that we mentioned above, the solution of the many-particle
system is still a demanding task. For this reason, the Kohn–Sham approach uses an auxiliary
system instead of the complicated many-body system. It is an ansatz, as there are no
guidelines for selecting a simpler auxiliary system [62, 64].

The ansatz of Kohn and Sham suggests that the ground state density ρ0(~r) of the initial
many-body system is similar to that of a selected non-interacting system. Hence, we obtain
independent-particle equations for the non-interacting system that can be considered exactly
soluble with all the complicated many-particle terms involved into an exchange–correlation
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functional of the density. The solution accuracy is only restricted by the exchange-correlation
functional [62, 64].

Consequently, given the ground state of a N-electron system :

ρ(~r) =
∑
i=1

φ∗i (~r)φi(~r) (20)

where φi is the single-particle wave function for the N lowest energy solutions of the
Kohn-Sham equation:

ĤKSφi = εiφi (21)

where the Kohn-Sham Hamiltonian is:

ĤKS = T̂ + V̂H + V̂ext + V̂xc = − ~∇2
i

2m
+

e2

4πε

∫
ρ(~r)

|~r − ~r′|
d~r′+ V̂ext + V̂xc (22)

The second term in the relationship above, the Hartree potential (V̂H) expresses the
Coulomb energy of the particle of the Kohn-Sham equation in the potential generated by the
other particles of the system expressed through a total electron density. This term includes
the self-interaction contribution due to the fact that the electron of the Kohn-Sham equation
belongs also to the electron density [60-65].

The last term is the exchange correlation energy (V̂xc). It is defined as a functional
derivative of the exchange correlation functional.

V̂xc =
δVxc[ρ]

δρ
(23)

Considering the above, the Schrödinger equation for a many-particle problem, with in-
teracting electrons in an external ion potential, transforms to a non-interacting electrons
problem with its electrons moving in an effective potential [67]. From relationship (22), we
have two major contributions. The one has the terms that are easy to handle and known,
such as kinetic energies (T̂ ), potential energies (V̂H) and Coulomb interaction energies (V̂ext).
However, the other term, the exchange-correlation energy (V̂xc) is sophisticated enclosing all
the many-particle and quantum effects [66].

A (simplified) algorithm is implemented in order to obtain the solution of the Kohn–Sham
equations [61]:

1. Define an initial density ρ(~r).

2. Find φi(~r) from the solution of Kohn-Sham equation.
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3. Find a new electron density ρKS(~r) from the previous wavefunction.

4. Compare ρ(~r) and ρKS(~r). If they are equal, this is the ground state density. Otherwise,
the process starts from step 2.

From this procedure the solution of the Kohn–Sham equations derives in a self-consistent
way.

3.2 Exchange-Correlation Functionals

DFT ensures the existence of the exchange correlation functional Vxc[ρ]. However, its
exact form is unknown. It should be an extremely complicated functional, so that it can
explain all the chemistry and solid state physics. For this reason, we use approximations
such as the Local Density Approximation (LDA) and Generalized Gradient Approximation
(GGA-PBE).

3.2.1 Local Density Approximation

The Local Density Approximation (LDA) is an approximation for the exchange correlation
energy functional that assumes that the XC energy at each point of space equals to the XC
energy of the homogeneous system of density ρ, εxc(ρ), so that:

ELDA
xc [ρ] =

∫
ρ(~r)εgasxc (ρ(~r))d3r (24)

εgasxc is the exchange correlation energy per particle of a homogeneous electron gas with
electron density of ρ(~r) [67]. It employs only the electron density and it is efficient both for
homogeneous electron gas and inhomogeneous systems [66, 67].

3.2.2 Generalized Gradient Approximation

Generalized Gradient Approximation (GGA) functional was developed later. It includes
non-local effects and uses the gradient of the electron density for estimating a point’s con-
tribution to the total exchange-correlation energy [64].

EGGA
xc [ρ] =

∫
ρ(~r)εGGAxc (ρ,∇ρ)d3r (25)

The GGA functionals are more accurate for molecular systems [64].

Finally, PBE (Perdew–Burke–Ernzerhof) is a numerical approach to the general gradient
approximation in which the exchange correlation energy is:

EGGA−PBE
xc [ρ] =

∫
ρ(~r)εunifxc Fxc(~rs, s)d

3r (26)
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where, ~rs is the Seitz radius ρ−1 = 3
4
πr3s , s = ∇ρ

2κF ρ
is the dimensional density gradient with

κF = (3π2ρ)1/3 and Fxc is an enhancement factor.

In order to develop improved functionals, two methods are used, the “Jacob’s ladder” and
the development of hybrid functionals. The idea behind “Jacob’s ladder” is to maintain the
functionals that work and try to enhance them. It is called a ladder because it consist of
five steps-rungs that lead to the “divine” functional. The LDA is in the fist rung, because it
employs only the electron density. The GGA functionals belong to the second rung and utilize
the electron density and the gradient of electron density. Next, there are meta-GGAS, where
the scientific community is currently working on. They also use the kinetic energy density.
Then, there are functionals that treat exchange exactly and try to enhance correlation. The
divine functional at the fifth step should have the exact exchange and correlation. The second
method includes the use of hybrid functionals, that are constructed from the combination of
exact results for the exchange and approximations for the correlation part, from ab initio or
empirical sources. For example B3LYP is one of the most frequent used [61, 67].

With the development of materials research, the complexity of the studied systems by
DFT increases, so that the selection of a suitable functional is not an easy task. The
development of numerical techniques and faster algorithms have contributed to the accuracy
of DFT calculations. However, more effort should be put in developing exchange correlation
functionals to produce results in an excellent agreement with experiment [66].

3.3 The Pseudopotential Method

The single particle wavefunction can be expressed as a sum over basis functions:

φ(~r) =
∑
(α=1)

ciαχ
i
α(~r) (27)

where χiα(~r) are the basis function and ciα are the coefficients that we search and describe
the system. The difference between the original function and the basis functions is important.
If there is large deviation between them, more basis functions are required to describe the
system. However, there is a limit to the number of the basis functions as the calculations
become time consuming .

Figure 11 illustrates with blue color the wavefunction of a nucleus. The rc is the cutoff
radius. As we observe, close to nucleus (r< rc) the wavefunction oscillates rapidly with a
Z/r dependence. Moving away from the nucleus region (r> rc), the wavefunction becomes
smoother.
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Figure 11: Wavefunction and potential of the nucleus (blue color) and in the pseudopotential
method (red color) [68].

We use various numerical solution techniques, such as all-electron and pseudopotential
methods to introduce a limited number of suitable basis functions that describe the system.
All-electron method employs basis functions that look similar to the expected result. For
pseudopotential methods, the basis set describes the wavefunction better in areas of interest.

Hence, all the interesting chemical properties derive from the valence electrons located in
the region away from the nucleus, we use the pseudopotential method. It approximates the
original wavefunction with another one, shown with red color in Figure 11, that close to the
nucleus is smooth and loses in details, but away from it is identical to the wavefunction.

DFT codes such as VASP and Quantum Espresso are based on pseudopotential method.
In this study we use Projector Augmented Wave Method (PAW), which belongs to the
Pseudopotential methods, as implemented by VASP [62, 68, 69].

3.3.1 Projector augmented wave method

The Projector Augmented Wave Method (PAW) combines pseudopotential and linear
augmented-plane-wave methods. It uses a linear transformation :

T = 1 +
∑
i

(|φi〉 − |φ̃i〉)〈p̃i| (28)

where |φi〉 are all-electron partial waves, defined inside the sphere of ions, expressing rapid

oscillation, |φ̃i〉 are pseudo partial waves, defined also inside the ions, but they have smooth

wavefunctions and 〈p̃i| are projector functions. The pseudowavefunction |Ψ̃〉 changes to a
single-particle Kohn-Sham |Ψ〉 wavefunction by the action of the operator:

|Ψ〉 = T |Ψ̃〉 (29)

27



The PAW method transforms the rapidly oscillating wavefunctions into smooth wavefunc-
tions, requiring less computational effort for calculating properties of the systems [71].

3.4 Plane Wave Energy Cutoff

In crystals there is a periodic arrangement of ions and electrons. The Bloch’s Theorem
states that the electron wave functions in a crystal have a basis of Bloch wave energy eigen-
states [60-73]:

φ~k = ei
~k·~ru~k(~r) (30)

where ~uk(r) is a periodic function in space:

u~k(~r) =
∑
~G

c ~Ge
i ~G·~r (31)

where, G = m1
~b1+m2

~b2+m3
~b3, with mi an integer number. Considering that ~ai are real

space lattice vectors, the ~G is chosen, so that ~G · ~a1 = 2πmi. Now combining (30) and (31)
into the relationship below:

φ~k(~r) =
∑
~G

c ~G+~ke
(i( ~G+~k)·~r) (32)

The sum in relationship (32) indicates that for every ~k there is an infinite number of

possible ~G values. Considering that wavefunctions φk(~r) are solutions of the Schröndiger
equation, their kinetic energies are :

E =
h2

2m
|~k + ~G|2 (33)

As we understand the DFT calculations in the ~k-space makes it a demanding task. Con-
sidering that the solutions with lower energies have greater physical importance than the
ones with higher energies, a truncation of the infinite sum can be made, so that an energy
cutoff is defined:

Ecut =
h2

2m
~G2
cut (34)

and the equation (32) changes to:

φ~k(r) =
∑

| ~G+ ~K|<~Gcut

c~k+ ~Ge
(i(~k+ ~G)·~r) (35)
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3.5 K-point Grid

The Bloch’s Theorem suggests that an electron wavefunction can be expressed as a basis
of plane waves (equation (30)), so it is possible to solve the Schrödinger equation for each k
independently.

We refer to plane waves calculations, because the e(i
~k·~r) is a plane wave term. The space

vector ~r is in the real space with lattice vectors ~ai, while ~k belongs to the reciprocal space.
Reciprocal lattice vectors ~bj are defined to fulfil the relationship :

~ai ·~bj =

{
2π, i = j

0, i 6= j
(36)

So that the reciprocal lattice vectors are:

~b1 = 2π
~a2 × ~a3

~a1 · (~a2 × ~a3)
, ~b2 = 2π

~a3 × ~a1
~a2 · (~a3 × ~a1)

, ~b3 = 2π
~a1 × ~a2

~a3 · (~a1 × ~a2)
(37)

The primitive cell in the reciprocal space is called the Brillouin zone. It is important,
because it has significant symmetry points in space, such as Γ-point that refers to ~k = 0 and
are used for electronic band structure of materials.

The DFT calculations involve integration in a large area of k-points. For less computational
expensive calculations, a k-point grid needs to be selected. If the supercell has the same
dimensions in each direction in the real space, so it has in the reciprocal space, the number of
k-points should be equal for every direction. For this reason, we use a k-point grid (N×N×N)
that contains a sufficient amount of k-points N3 for energy convergence. Symmetries in the
crystal benefit the calculations, as their integrals can be calculated exactly in a smaller area
of the Brillouin zone. This region is referred as the irreducible Brillouin zone and minimizes
the number of k-points in a great degree [60-63].
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3.6 Computational Parameters

All the calculations of this study were performed using Density Functional Theory im-
plemented with Vienna Ab initio Simulation Package (VASP) [72-75]. The Projector Aug-
mented Wave method (PAW) [71, 76, 77] with Perdew-Burke-Ernzerhof (PBE) [78] exchange
correlation functional was used. Performing convergence tests, a plane wave energy cutoff
of 500 eV and a Γ-centered 9x9x3 Monkhorst-Pack k-point mesh were selected for sampling
the Brillouin zone. Atoms of the structure were relaxed using a conjugate-gradient method.
A vacuum of at least 12 Å was used in the z direction to avoid interlayer interactions.

A MoS2 primitive cell was used as a guideline for ab initio calculations. We performed cal-
culation with LDA and PBE functionals and compare the energy and structural parameters
with other computational works and found that they are in agreement. Comparing them
with experimental data, we conclude that PBE describes better the interatomic distances.
Then, we construct and study monolayer MoS2 3x3 supercell consisted of 9 Mo and 18 S
atoms.

We study the pristine MoS2 basal plane as a reference system for hydrogen adsorption
ability. Then, on the geometry optimized monolayer MoS2, we introduce modifications
on the basal plane, such as sulphur vacancy (VS) and Mo substitution with a Ni dopant.
The combination of Ni-dopant and with a sulphur vacancy system (Ni-MoS2-VS) was also
examined, with the Mo atom neighbour to the VS substituted by Ni. Finally, we examine
the hydrogen evolution efficiency of several Transition Metal-doped, with a sulphur vacancy,
systems.
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4 Theoretical Study of Ni-MoS2-VS

4.1 MoS2 Primitive Cell Convergence Calculations

We perform calculations on energy and structural parameters on primitive cell of MoS2.
Results for LDA and PBE exchange correlation functionals were produced and compared in
order to have the most appropriate functional for our study.

Figure 12: Primitive cell of MoS2 consists of one Mo and two S atoms.

MoS2 belongs to space group P63/mmc, so that its primitive vectors are :

a1 = − 1√
2
ax +

√
3

2
ay (38)

a2 = ax (39)

a3 = cz (40)

where a is the lattice parameter and c is the hexagonal lattice parameter. Its basis set is :

b1 =
1

3
a1 +

2

3
a2 +

1

4
a3 (41)

b2 =
2

3
a1 +

1

3
a2 + (1− u)a3 (42)

b3 =
2

3
a1 +

1

3
a2 + (u− 1

2
)a3 (43)

where u is an internal parameter, so that the half of distance between two sulphur atoms
perpendicular to Mo plane is equal to dS−S/2 = (3/4 - u)c.
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Table 1 and Figure 13 show the calculations on convergence for MoS2 primitive cell, when
PBE exchange correlation functional is used. From the energy convergence calculations on
plane wave energy cutoff, a Γ-center 9x9x3 kpoint-mesh was used, so the energy cutoff was
found to be 500 eV. Then, using this value, we perform calculations for the kpoint-mesh and
we found that 9x9x3 kpoint-mesh describes better the system.

Table 1: Results on the total energy for various plane wave energy cutoffs and kpoint mesh
for MoS2 primitive cell, with PBE functional.

Plane Wave Energy (eV) kpoint-mesh Energy (eV)
Energy Cutoff (eV) (NxNxN)

200 -21.97 3x3x1 -21.837
300 -21.800 6x6x2 -21.799
400 -21.800 9x9x3 -21.799
500 -21.799 12x12x4 -21.799
600 -21.799 15x15x5 -21.799
700 -21.799 18x18x6 -21.799
800 -21.799
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(b) Total energy versus different kpoint-mesh for
MoS2 primitive cell.

Figure 13: Energy convergence calculations for MoS2 using the primitive cell, with PBE as
exchange correlation functional.

Hence, for the rest of the calculations for PBE, we used a 9x9x3 kpoint point mesh and
a 500 eV plane wave energy cutoff. All the atoms of the structure were relaxed using a
conjugate-gradient method.

The total density of states (TDOS) and the band structures are derived from the calcula-
tions. In Figure 14(a) the TDOS shows a band gap suggesting that MoS2 is a semiconductor.
The band structure is also in agreement with this result, with a direct band gap at K high
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symmetry point, where the maximum of the valence band is located directly down from the
minimum of the conduction band.
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(b) Band structure of MoS2.

Figure 14: Electronic structure of MoS2 calculating using the primitive cell with PBE ex-
change correlation functional.

In a similar way, we perform calculations using LDA exchange correlation functional on
MoS2 primitive cell. Initially, a 9x9x3 kpoint-mesh was employed for energy convergence of
plane wave energy cutoff. After finding that energy converges at energy cutoff of 500 eV,
we used it to examine the energy convergence of kpoint-mesh. It was found to be 9x9x3
kpoint-mesh.

Table 2: Results on the total energy for various plane wave energy cutoffs and kpoint mesh
for MoS2 primitive cell with LDA functional.

Plane Wave Energy (eV) kpoint-mesh Energy (eV)
Energy Cutoff (eV) (NxNxN)

200 -24.615 3x3x1 -24.425
300 -24.387 6x6x2 -24.378
400 -24.381 9x9x3 -24.380
500 -24.379 12x12x4 -24.380
600 -24.379 15x15x5 -24.380
700 -21.379 18x18x6 -24.380
800 -21.379
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Figure 15: Energy convergence calculations on MoS2 primitive cell

The TDOS and Band structure for LDA functional are depicted below. According to
Figure 16(a) there is a band gap in accordance with the band structure (Figure 16(b)) that
shows a direct band gap at K point. Both PBE and LDA electronic structures suggest that
single layer MoS2 is a direct band gap semiconductor.
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(b) Band structure for MoS2.

Figure 16: Electronic structure of MoS2 primitive cell with LDA exchange correlation func-
tional.

Finally, the structural parameters of MoS2 primitive cell for PBE and LDA calculations
were obtained. According to Table 3, the lattice parameter (a), the distance between Mo
and S (dMo−S), the S-Mo-S angle (θS−Mo−S), the distance between two sulphur atoms (dS−S)
and the electronic band gap (Eg) were derived from the calculations and compared with
experimental results and other theoretical works.
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Table 3: Structural parameters of MoS2 primitive cell, calculated with LDA and PBE ex-
change correlation functionals. A comparison with other theoretical and experimental works
was applied.

current work experimental theoretical
values works

LDA PBE LDA PBE

a (Å) 3.12 3.18 3.16[79] 3.13[81],[82],[83] 3.19[31]
3.12[31] 3.20[84]

3.23[82]
dMo−S (Å) 2.38 2.41 2.41[79] 2.39[81],[83] 2.45[81]
θS−Mo−S (◦) 81.50 80.97 81.30[79] 81.73[81] 80.88[81]

dS−S 3.11 3.13 3.19[79] 3.13[81],[83] 3.18[81],[83]
Eg 1.87 1.61 1.80[80] 1.89[81],[82],[83] 1.69[84]

1.55[81]

All the parameters are in agreement with the experimental data for 3D MoS2. PBE
describes better the interatomic distances of the system. Comparing these results with other
theoretical works, we see that our LDA structural parameter values are consistent with other
LDA theoretical works. The same applies for PBE functional.

In regard to the band gap, considering that the experimental value is the optical band
gap and not the fundamental, it has a lower value. Both functionals have values close to
the experimental, but both underestimate this parameter. In order to obtain an accurate
value of the band gap, other methods involving hybrid functionals or GW approximation
need to be employed, but these are not in the scope of this work. Also, other theoretical
works employing LDA and PBE have similar values to our results for each functional used.

From the above results, we conclude that PBE exchange correlation functional, while it
underestimates the band gap, it describes better the structural parameters of MoS2 primitive
cell and will be used for all the calculations in this study.

4.2 Hydrogen Adsorption on MoS2 monolayer

Considering the results for the primitive cell, we continue our calculations for a 3x3 su-
percell MoS2 monolayer (Figure 17), by using PBE exchange correlation functional.
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Figure 17: Top view of MoS2 monolayer 3x3 supercell.

The structural and energetic parameters are presented in Table 4. In respect to the lattice
distances, all are in agreement with the previous results on primitive cell. There is a difference
in the S-Mo-S angle which is slightly smaller compared to the primitive cell. The optical
band gap is in agreement within the error with the one of the primitive cell.

Table 4: Structural and electronic parameters of MoS2 monolayer.

a (Å) 3.18
dMo−S (Å) 2.41
θS−Mo−S (◦) 80.76

dS−S (Å) 3.13
Egap (eV) 1.59

The TDOS and band structure diagrams in Figure 18 are in agreement with the ones of
the primitive cell. There is also a band gap in the TDOS (Figure 18(a)). However, the
band structure (Figure 18(b)) is folded due to the dimensions of the supercell and we cannot
identify the direct band gap in K high symmetry point. The absence of states between the
valence and conduction band is consistent with the band gap in TDOS diagram.
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(b) Band structure of MoS2 monolayer.

Figure 18: Electronic structure of MoS2 monolayer

At this point, we investigate the hydrogen adsorption ability of the MoS2 monolayer. We
introduce a hydrogen atom in a distance of 1 Å above a sulphur atom of its basal plane. After
geometry optimization calculations, we observe that hydrogen has increase its distance from
sulphur, so that it is dH−S = 1.36 Å. The MoS2 is unaffected by hydrogen, as no geometry
change between S and Mo atoms occurs in its basal plane (Figure 19).

(a) Top view of MoS2-H system. (b) Side view of MoS2-H system.

Figure 19: MoS2-H system geometry configuration after relaxation of its atoms.

Below, in Figure 20, we present the electronic structure analysis of MoS2 monolayer with
a hydrogen. As we see the Fermi level is located close to the conduction band, so that it
behaves as a n-type semiconductor (Figure 20(a)).
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(b) Band structure of MoS2-H system.

Figure 20: Electronic structure of MoS2-H system

By calculating the hydrogen adsorption free energy we obtain ∆GH equal to 2.08 eV (Table
3). This result is in agreement with other theoretical studies that suggest a value from 1.83
eV to 2.00 eV. Because this value is highly positive, MoS2 basal plane is catalytically inactive
for Hydrogen Evolution Reaction.

Table 5: Hydrogen binding energy ∆EH and hydrogen adsorption free energy ∆GH for MoS2

monolayer.

current work other theoretical studies

∆EH (eV) 1.84
∆GH (eV) 2.08 1.92[59],[25],[10],1.83[52], 2.00[49],[85], 1.88[22]

4.3 Hydrogen Adsorption on Ni-MoS2

We perform calculations for Ni-MoS2 system. A Mo atom of its basal plane was substi-
tuted with a Ni dopant (Figure 21). After obtaining the geometry optimized structure, we
introduce a hydrogen atom in a distance of 1 Å above a sulphur atom next to the Ni dopant.
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Figure 21: Top view of Ni-MoS2 monolayer.

Figure 22 shows its geometry configuration after hydrogen adsorption. There is a bond
break between Ni dopant and S atom that adsorbs hydrogen. The Ni atom changes position
closer to one side. The effect of bond breaking is also discussed in studies [52] and [85].
Although in the first study, Ni has coordination four with its surrounding sulphur atoms,
because the Ni-S bond below S adsorption site also breaks, in the second study, this bond
remains, so that Ni has five neighbour S atoms, in agreement with our case.

Figure 22: Top and side view of Ni-MoS2 monolayer.

In the Table 6, the values for hydrogen binding energy and hydrogen adsorption free energy
are presented. We find the value of -0.86 eV for ∆GH . It is greater compared to the other
two studies. However, we have to consider that they used different geometry configurations
(such as 2H-MoS2 with 3-4 slabs substrate) and computational methods. However, all these
values suggest a strong interaction with hydrogen and are far from thermoneutral.
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Table 6: Hydrogen binding energy ∆EH and hydrogen adsorption free energy ∆GH for
Ni-MoS2 monolayer.

current work other theoretical studies

∆EH (eV) -1.10
∆GH (eV) -0.86 -0.28[1], -0.33[2]

We investigate further the Partial Density of States (PDOS) for Ni-MoS2. We use the
Ni-d orbitals and S-p orbitals for the S atom that adsorbs hydrogen. Figure 23(a) shows the
PDOS before hydrogen adsorption. In the Fermi level, there are new states produced mainly
by Ni that hybridizes with S atom. There is also hybridization between them in the valence
band.

After hydrogen adsorption, in Figure 23(b) there is hybridization with hydrogen and the
other atoms, both in valence and conduction band (far from the Fermi level), suggesting a
strong interaction.
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Figure 23: Partial Density of States of Ni-MoS2 system before and after H adsorption.

4.4 Hydrogen Adsorption on MoS2-VS

Then, we examine the hydrogen adsorption ability of MoS2-VS system. A sulphur atom
was removed from its basal plane, so that a sulphur vacancy (VS) is formed. After geometry
optimization, the Mo atom next to the VS is located in a similar position as in pristine MoS2

(Figure 24).
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Figure 24: Top view of MoS2-VS monolayer.

Then, we introduce a hydrogen atom close to the sulphur vacancy. We observe that it
stays in a distance above the sulphur atom that is below VS. The position of Mo next to VS

does not change (Figure 25).

Figure 25: Top and side view of MoS2-VS monolayer after hydrogen adsorption.

The energies of this structure were also calculated and are presented in Table 7. The ∆GH

is equal to 0.059 eV, close to 0, in agreement with other work [49].

Table 7: Hydrogen binding energy ∆EH and hydrogen adsorption free energy ∆GH for
MoS2-VS monolayer.

current work other theoretical studies

∆EH (eV) -0.181
∆GH (eV) 0.059 0.000 [49]
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Finally, we examine the PDOS for this system. As we see in Figure 26(a), before hydrogen
adsorption, there is a new state introduced due to the Mo-d orbitals. It is also hybridized
in a small degree with S-p orbitals. By introducing hydrogen, Figure 26(b), the state comes
close to the Fermi level, and there is a down shift in the valence and conduction band.
Hybridization with H is strong far from the Fermi level.

-5 0 5
Energy (eV)

0

1

2

3

P
D

O
S

 (
st

at
es

/e
V

)

Mo (d)

S (p)

(a) PDOS of MoS2-VS before H adsorption.

-5 0 5
Energy (eV)

0

1

2

3

P
D

O
S

 (
st

at
es

/e
V

)

Mo (d)

S (p)

H  (s)

(b) PDOS of MoS2-VS after H adsorption.

Figure 26: Partial Density of States of MoS2-VS system before and after H adsorption.

4.5 Hydrogen Adsorption on Ni-MoS2-VS

Then, we examine the hydrogen adsorption ability of Ni-MoS2-VS system. A sulphur atom
was removed from its basal plane, so that a sulphur vacancy (VS) is formed and a Mo atom
next to it was substituted with a Ni dopant. After geometry optimization, the Ni atom
changes its position closer to the one side, away from the sulphur vacancy (Figure 27).

Figure 27: Top view of Ni-MoS2-VS monolayer.

Then, we introduce a hydrogen atom close to the sulphur vacancy. We observe that it
stays in a distance above and away from the center of the sulphur atom that is below VS

(Figure 28).
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Figure 28: Top and side view of Ni-MoS2-VS monolayer after hydrogen adsorption.

The energies of this structure were also calculated and are presented in Table 8. The ∆GH

is equal to 0.007 eV, close to 0 eV derived in another work [54].

Table 8: Hydrogen binding energy ∆EH and hydrogen adsorption free energy ∆GH for
Ni-MoS2-VS monolayer.

current work other theoretical studies

∆EH (eV) -0.233
∆GH (eV) 0.007 ' 0.000 [52]

Finally, we examine the PDOS for this system. As we see in Figure 29(a), before hydrogen
adsorption, there are are new states introduced due to the Ni-d orbitals. They are also
hybridized in a small degree with S-p orbitals. By introducing hydrogen, Figure 29(b), these
states decrease their densities and there is a down shift in the valence and conduction band.
Hydrogen hybridization is strong far from the Fermi level.
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Figure 29: Partial Density of States of MoS2-VS system before and after H adsorption.
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4.6 Comparisons on the Total Electronic Density of States

In this chapter, we discuss the Total Density of States of MoS2-VS, Ni-MoS2 and Ni-MoS2-
VS, before and after hydrogen adsorption, in comparison between them and with MoS2. In
Figure 30, we compare the MoS2-VS system, before and after hydrogen adsorption, with
pristine MoS2.

In Figure 30(a), we have the TDOS of MoS2 that shows a semiconductor with a band gap.
Figure 30(b) shows that the introduction of a sulphur vacancy contributes to gap states
closer to the conduction band. The system remains a semiconductor, with defect states in
the band gap.

Then, in Figure 30(c), the total DOS of MoS2-VS after hydrogen adsorption is presented.
We see that the new states change position closer to the Fermi level. The valence and
conduction band have shifted down and there is a decrease in the band gap.

These results are in agreement with the study by Hong Li et al. [52], where the formation
of a sulphur vacancy is responsible for the new states near the Fermi level that are depicted
in MoS2-VS band structure. Tuning of HER activity can be achieved either by changing the
concentration of the sulphur vacancies or by applying strain to it.
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Figure 30: Total Density of States for MoS2 and MoS2-VS, before and after hydrogen ad-
sorption.

In Figure 31, the TDOS of MoS2 and Ni-MoS2 before and after hydrogen adsorption are
presented. In Figure 31(b) that describes the Ni-MoS2 TDOS before hydrogen adsorption,
we observe that there is a down shift of the valence and conduction band. Also, new states
are introduced near the Fermi level. The system changes to metallic from semiconducting.
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After hydrogen adsorption in Figure 31(c), the system is still metallic, with its states localized
closer to the Fermi level.
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Figure 31: Total Density of States for MoS2 and Ni-MoS2 before and after hydrogen adsorp-
tion.

Figure 32 compares the Ni-MoS2-VS, before and after hydrogen adsorption with MoS2.
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Figure 32: Total Density of States for MoS2 and Ni-MoS2-VS before and after hydrogen
adsorption.

According to Figure 32(b) for TDOS of Ni-MoS2-VS, more states are introduced near the
Fermi level than in the case of Ni-MoS2. Its density distortion near the Fermi level, opens
up a small gap. There is also a shift in the valence and conduction band. After hydrogen
adsorption in Figure 32(c), the system remains metallic and its states are localized closer to
the Fermi level.
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The existence of metallic states and the down shift of valence band have also been discussed
by J.Deng et al. [52] for hydrogen adsorption on Pt-MoS2. This system shows an efficient
performance close to thermoneutral for HER reaction and suggests that the hybridized states
of the metal dopant with Mo and S atoms of the basal plane are responsible for enhancing
HER activity. In our study, for the case of Ni-doped and with a sulphur vacancy system (Ni-
MoS2-VS), we observe the most efficient hydrogen adsorption ability compared to the other
ones. Also, there are more states near the Fermi level for Ni-MoS2-VS system in resemblance
with the Pt-MoS2 which is an efficient catalyst.

Figure 33 shows the Partial Density of States (PDOS) of MoS2-VS, Ni-MoS2 and Ni-MoS2-
VS. We examine the hybridization between their atoms.
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Figure 33: Partial Density of States of MoS2-VS, Ni-MoS2 and Ni-MoS2-VS.

48



In Figure 33(a), that shows PDOS of MoS2-VS, the state in the band gap occurs due to
the hybridization between Mo-d and S-p orbitals. The contribution of S-p orbitals is smaller
compare to Mo-d orbitals. Also, they are hybridized along valence and conduction band.

For Ni-MoS2 system in Figure 33(b), there is hybridization especially in the new states
located at the Fermi level, between Mo-d , Ni-d and S-p orbitals. In addition, Ni dopant
hybridizes along the valence band with the other two metals. However, Ni dopant states
disappear in the conduction band.

Finally, for Ni-MoS2-VS, there is hybridization in the states near the Fermi level. Between
Fermi level and conduction band there is strong hybridization of Ni dopant and S atoms. In
the area below Fermi level, Ni-dopant hybridizes with the other atoms in a smaller degree.
There is no density of states for Ni-dopant in the conduction band.

4.7 Adsorption Sites of Ni-MoS2-VS

We examine different adsorption sites of sulphur atoms of Ni-MoS2-VS basal plane. These
sites labelled S1, S2, S3 and S4 are presented in Table 9. We start with S1 adsorption site,
which is the closest neighbour to Ni dopant and also close to sulphur vacancy. In a longer
distance from Ni dopant is S2 site that is also direct neighbour to VS. Then, S3 has a
position close to VS, but is not a direct neighbour to Ni. In contrast, S4 adsorption site is
close to Ni, but not direct neighbour to VS.

Table 9: Structural configurations and hydrogen adsorption free energies (∆GH) for different
adsorption sites of sulphur atoms of the basal plane of Ni-MoS2-VS.

Ni-MoS2-VS S1 S2 S3 S4

∆EH (eV) 0.25 1.03 1.02 0.98
∆GH (eV) 0.49 1.27 1.26 1.22

We place a hydrogen atom on top and in a distance of 1 Å from the sulphur atom of the
basal plane. After geometry optimization calculations, we obtain the configurations of Table
9. In S1 adsorption site, we have the lowest ∆GH value. As we choose an adsorption site
away from Ni-VS, we see that the binding of hydrogen becomes weaker. The S2 and S3
positions have quite similar ∆GH values so that when the sulphur adsorption site is closer to
VS the interaction with hydrogen becomes weaker. For S4 site, we have a ∆GH value close
to S2 and S3, but slightly smaller. This suggest that Ni dopant has an attractive effect to
hydrogen in this system.
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We also investigate the geometry configurations of these adsorption sites. We observe that
S1 site differs in the position of Ni dopant compared to the others. Ni is closer to the sulphur
vacancy and the bond between S at S1 and Ni atom breaks. For the other adsorption sites
Ni moves to the side away from sulphur vacancy and there is no bond break.

We compare hydrogen adsorption energies for MoS2, MoS2-VS, Ni-MoS2 and Ni-MoS2-
VS for the referred adsorption sites. As we see in Figure 34, MoS2-VS and Ni-MoS2-VS

have lower ∆GH values for all adsorption sites compared to 2.08 eV of MoS2 basal plane.
Consequently, the sulphur vacancy contributes to hydrogen adsorption energy being closer
to zero. The Ni-MoS2 system has more negative energy values for VS and S1 sites far from
thermoneutral, but for S3 and S4 sites they become highly positive (7.21 eV and 7.18 eV
respectively) (Table 24 in the Appendix).

VS S1 S2 S3 S4
H adsorption site
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MoS2
MoS2-VS

Ni-MoS2
Ni-MoS2-VS

Figure 34: Hydrogen adsorption free energy of different adsorption sites of sulphur atoms in
the basal plane of MoS2, MoS2-VS, Ni-MoS2 and Ni-MoS2-VS.

From the figure above, MoS2-VS has only hydrogen adsorption ability near the sulphur
vacancy site. In the other hydrogen adsorption positions, the energies differ slightly and are
highly positive, suggesting a weak interaction with hydrogen. Ni-MoS2 has negative energy
values at VS and S1 sites. Then, at S2 site, the energy changes to positive sign. These
adsorption sites indicate a local effect of Ni dopant on the system, so that there is a strong
hydrogen binding to the direct neighbour S atoms of the Ni dopant. However, we have to
mention that in both cases with positive and negative adsorption energy, the energy values
are far from thermoneutral, as the binding with hydrogen is too strong in one case and too
weak in the other. As we move away from Ni dopant, the energy becomes even more positive,
especially at S3 and S4 sites. This suggests that the binding energy ∆EH takes high values,
so that the binding with hydrogen is not energetically favourable and energy is demanded
for further changes in their geometry configurations.
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For Ni-MoS2-VS system at sulphur vacancy site, hydrogen adsorption free energy is close
to thermoneutral. In addition, for S1 site, it has a better performance compare to the other
systems. Its hydrogen adsorption ability at S2 site is quite similar to Ni-MoS2. However, its
performance for S3 and S4 is better compared to the other system, but still interacts weakly
with hydrogen.

Comparing their configurations with the other systems (Table 24 in the Appendix), we
observe that for S1 site, Ni-MoS2-VS is an intermediate state between MoS2-VS, where Mo
near VS is in the center of the structure and Ni-MoS2 system, where Ni dopant has a bond
break between S at S1 and Ni and is closer to one side. The bond break might create
more dangling states so that hydrogen is attracted stronger by sulphur for Ni-MoS2. At
S2 site for Ni-MoS2 there is no bond break in the structure and Ni is closer to the center.
Its configuration is quite similar to MoS2-VS, but it has better performance. However, the
introduction of a VS changes the position of Ni dopant closer to the one side in Ni-MoS2-VS,
so that ∆GH becomes slightly higher.

In S3 adsorption site, for Ni-MoS2, a bond breaks between Ni and neighbour S, so that Ni
is in a position closer to hydrogen adsorption site. In the case of Ni-MoS2-VS, the sulphur
vacancy makes Ni to be also in one side but away from hydrogen. Thus, the configuration
for the first case needs more energy for the bond break and change of Ni position than its
initial state, so that ∆GH has a high positive value. Finally, for S4 adsorption site, we have
a similar situation for Ni-MoS2, but Ni atom changes position to a different side, as hydrogen
is closer to a different direction than before. Also, a bond between Ni and S atom breaks.
For Ni-MoS2-VS the existence of sulphur vacancy does not demand more energy for bond
break, but only Ni dopant changes its position closer to the adsorption site.

From the above observations, we can conclude to results about the role of VS, Ni dopant
and the combination of them. The VS formation activates the basal plane of MoS2 in its
neighbourhood, in agreement with latest studies [49, 51]. The metal dopant enhances the
hydrogen adsorption ability of the basal plane in its local area. However, it has a stronger
effect compared to VS formation. The combination of Ni dopant and VS makes the system
closer to thermoneutral for adsorption sites near the sulphur vacancy. Also, it lowers the
demand for energy needed for system reorganisation at S3 and S4 sites, compared to the
Ni-MoS2 case.
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4.8 Hydrogen Adsorption Site on the Ring of Basal Plane

We studied the hydrogen adsorption ability on the ring of MoS2. In Table 10 below,
systems with different adsorption sites and coverage effect for c2 system are presented.

Table 10: Structural configurations before and after hydrogen adsorption. Hydrogen ad-
sorption free energies (∆GH) and differential hydrogen adsorption free energy (∆Gdiff

H ) for
different adsorption sites of Ni-MoS2-VS ring of the basal plane.

c1 c2 c2/2H

initial

final

∆GH (eV) 0.62 0.00 0.63

For the system with c1 adsorption site, where the ring contains both Ni dopant and sulphur
vacancy, hydrogen relocates to a position between Ni atom and S1 adsorption site, breaking
the bond between them. The ∆GH is positive suggesting a weak interaction.

Hydrogen at c2 adsorption site changes its position closer to the sulphur vacancy, so it has
the same configuration and energy 0.005 eV, in agreement within error with 0.007 eV that it
was found previously for VS adsorption site. We have to note that the ring that surrounds
c2 contains only the sulphur vacancy.

Then, we use the c2 configuration with one hydrogen already adsorbed and we introduce
a second one at c2 adsorption site. The bond length between the two hydrogen atoms is 0.81
Å, so that they do not form a molecule. Also, the energy value is around 0.63 eV suggesting
a weak interaction.

4.9 Hydrogen Coverage Effect on Ni-MoS2-VS

We perform calculations for the hydrogen coverage effect for Ni-MoS2-VS system. The
adsorption sites are S1, S2, S3 and S4 that were examined previously (Table 11). A hydrogen
atom is already adsorbed in the sulphur vacancy site and then a second one is introduced in
a neighbour sulphur atom. We used the VS adsorption site for the first hydrogen adsorption,
because it has the highest adsorption ability compared to the other ones for the studied
systems, so that a hydrogen is more likely to be adsorbed in this position. Their structural
configurations and differential hydrogen adsorption free energies are shown in the table below.
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Table 11: Structural configurations and differential hydrogen adsorption free energies
(∆Gdiff

H ) for different adsorption sites of sulphur atoms of the basal plane of Ni-MoS2-VS.

Ni-MoS2-VS S1 S2 S3 S4

∆GH (eV) 0.08 1.16 1.27 1.25

The S1 site has the lowest energy compared to the other ones that have more positive
values. It has a value close to thermoneutral, so it is active for HER. In the other adsorption
sites, we have a weaker interaction with hydrogen. Hence, the introduction of a hydrogen
near the sulphur vacancy site alters the hydrogen adsorption ability of the neighbour sulphur
atoms. The S1 site becomes active for HER and the S2 site, which it is in a longer distance
from VS, it has a smaller energy value compared to the single hydrogen adsorption. Sites in a
longer distance from VS, such as S3 and S4, have no difference in energy and the interaction
with hydrogen remains weak.

Studying their structural configurations, we observe that for S1 site, Ni dopant is in a
position closer to VS and the bond between S at S1 and Ni breaks. However, for the other
cases, the position of Ni atom is away from VS, and no bond break happens. The same
configurations were also observed for the adsorption of a single hydrogen in the system. So
the existence of a hydrogen in the VS site has not a significant impact in the geometry of
the structures.

Figure 35 shows the differential hydrogen adsorption free energy (∆Gdiff
H ) for different

adsorption sites of sulphur atoms in the basal plane of MoS2-VS, Ni-MoS2 and Ni-MoS2-VS.
MoS2-VS has high positive energy values for all of its adsorption sites. The adsorption of
a hydrogen in the vacancy site lowers in a small degree the energy for the neighbour to VS

sites, but they are not sufficient for HER activation.

The Ni-MoS2 system has smaller positive ∆Gdiff
H values compared to MoS2-VS, but also

far from thermoneutral. As we move away from the Ni dopant, there is a small increase in the
energy value. Then, for Ni-MoS2-VS, we observe that S1 has the best performance compared
to the other systems and close to thermoneutral. However, for S2, S3 and S4 sites, it has
similar performance with Ni-MoS2. For Ni-MoS2 the introduction of a hydrogen near Ni atom
helps the system to reorganise, so that it needs less energy for a second hydrogen adsorption.
Especially for S3 and S4 that have highly positive energies in the single hydrogen adsorption,
we observe that the energy values decrease seriously and are similar to Ni-MoS2-VS (Table
25 in the Appendix).
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Figure 35: Differential hydrogen adsorption free energies (∆Gdiff
H ) for different adsorption

sites of sulphur atoms in the basal plane of MoS2-VS, Ni-MoS2 and Ni-MoS2-VS.

For MoS2-VS, there are no significant changes in its structure after adding a second hy-
drogen for the different adsorption sites. For S1 site in Ni-MoS2 we see that Ni occupies a
position away from the adsorption site of the first hydrogen, so that the bond between Ni
and S breaks. However for Ni-MoS2-VS, Ni dopant moves closer to sulphur vacancy site,
without breaking a bond. The position of the Ni atom for all the other adsorption sites both
for Ni-MoS2 and Ni-MoS2-VS is similar (Table 25 in the Appendix).

Finally, we examine the increase in the hydrogen coverage for MoS2-VS and Ni-MoS2-VS

systems. Initially hydrogen was introduced in the VS site. After geometry optimization,
a second one was placed in S1 site. Then, in the remaining sulphur near the Mo or Ni, a
hydrogen atom was introduced. In Table 12, their geometry configurations and differential
hydrogen adsorption free energies are presented. The structure of MoS2-VS is not affected
by the addition of hydrogen atoms, with Mo atom in its initial position as well as the
neighbouring sulphur atoms. For Ni-MoS2-VS, the position of Ni is quite similar with S1
configuration. However, Ni has coordination three with the neighbouring sulphur atoms.

The differential hydrogen adsorption free energy for MoS2-VS is positive and greater than
Ni-MoS2-VS. Both systems interact weakly with the third hydrogen, suggesting a decrease
in their activities.
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Table 12: Structural configurations and differential hydrogen adsorption free energies
(∆Gdiff

H ) for MoS2-VS and Ni-MoS2-VS with three adsorbed hydrogen atoms.

MoS2-VS Ni-MoS2-VS

∆Gdiff
H (eV) 1.60 1.01

Figure 36 shows the differential hydrogen adsorption free energy versus the hydrogen
coverage (θH). A comparison of the Ni-doped and undoped system is presented. Despite the
fact that both systems have close to zero values at VS site, they behave differently when other
hydrogen atom are introduced in the system. MoS2-VS is inactive after the first hydrogen
adsorption. The sulphur vacancy achieves to activate the basal plane, but has an effect only
to the local area of VS. For the Ni-doped system, Ni achieves to enhance the performance
of the neighbour sulphur atoms. It is easier to add a second hydrogen at S1 site, when one
is already adsorbed on the VS site. After adding a third hydrogen, its hydrogen adsorption
ability declines, but its energy value is smaller than the undoped system.
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Figure 36: Differential hydrogen adsorption free energy (∆Gdiff
H ) versus hydrogen adsorption

coverage (θH) for MoS2-VS and Ni-MoS2-VS.

As we see from the previous results, for all the structures when introducing a single
hydrogen in the system, their hydrogen adsorption ability is lower than the one in the VS
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site. The existence of an already adsorbed hydrogen alters the system HER performance,
especially at the neighbour adsorption sites, by tuning the hydrogen adsorption free energy of
the system closer to zero. Also, a Ni dopant can create a similar effect to the VS. However,
the combination of the two, can have a greater effect in the adsorption sites near the Ni
dopant.

The hydrogen coverage effect has an important role for HER. The existence of active
adsorption sites within range can adjust the rate of the reaction. For example, Tafel step
requires two adsorption sites for hydrogen molecule formation. On the one hand, it is neces-
sary that hydrogen binds not too strongly to the catalyst surface, to avoid occupation of the
available adsorption sites and poisoning of the catalyst. On the other hand, the interaction
with hydrogen should not be weak, as then the material has only one adsorption site and
the chance of hydrogen to bind with catalyst surface decreases. Thus, other adsorption sites
close to thermoneutral are required to increase the chance of hydrogen formation and the
efficiency of the catalyst.

4.10 The Heyrovsky step

We perform calculations in order to examine the desorption step of HER reaction for Ni-
MoS2-VS. Considering that other sulphur adsorption sites which are in a distance from VS

adsorption site are less active for HER, the Tafel mechanism is not suitable, as it demands
two neighbouring adsorbed hydrogen atoms. Therefore, Heyrovsky mechanism needs to be
investigated. When a hydrogen is already adsorbed on the catalyst surface, a second proton
from the solution binds with it, so that a hydrogen molecule is formed and released from its
surface.

For Ni-MoS2-VS, we choose the VS adsorption site that has the best HER performance
and after having a hydrogen adsorbed, we introduce a second one in a distance of 1 Å above
the first one. We compare this system with the undoped one (Figure 37).
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(a) (b)

(c) (d)

Figure 37: Top view ((a), (c)) and side view ((b),(d)) of MoS2-VS-H2 and Ni-MoS2-VS-H2

respectively.

In the following Table 13, the structural parameters for MoS2-VS-H2 and Ni-MoS2-VS-H2

are shown. For the case of the undoped system the distance between Mo and S atom below
the hydrogen is 2.41 Å. Previous calculations on single hydrogen adsorption on VS site,
suggest this distance to be 2.38 Å and 2.40 Å before and after hydrogen adsorption. So,
MoS2-VS-H2 has a structure closer to MoS2-VS-H. However, for Ni-MoS2-VS-H2, this value
is 2.32 Å, which is closer to 2.33 Å that refers to the system without H and smaller that the
one with hydrogen (2.37 Å). The distance between hydrogen molecule and sulphur (dH2−S)
is greater for the Ni-doped system. Finally, according to the distance between the two
hydrogen atoms, MoS2-VS-H2 has a longer distance, while Ni-doped one is in accordance
with the experimental value of 0.75 Å. Thus, a hydrogen molecule is formed and is in a
distance from the adsorption site of the catalyst surface for the Ni-doped system.

Table 13: Structural parameters for MoS2-VS-H2 and Ni-MoS2-VS-H2.

dTM−S(Å) dH2−S(Å) dH−H(Å)

MoS2-VS-H2 2.41 2.63 0.91
Ni-MoS2-VS-H2 2.32 3.78 0.75
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In Table 14, the values of the differential hydrogen adsorption free energy (∆Gdiff
H ) and

hydrogen molecule adsorption free energy (∆GH2) are given. For the case of MoS2-VS,
∆Gdiff

H is highly positive, so that the second hydrogen is repulsed from the adsorption site.
By estimating the ∆GH2 , which is also highly positive, we observe that the two hydrogens do
not bind to the catalyst surface. This also may explain the longer bond length between them.
For Ni-MoS2-VS, the ∆Gdiff

H value is small positive, so that a second hydrogen comes close
to its surface and binds weakly with the adsorbed one. For the hydrogen molecule, ∆GH2

has also a small positive value, but far from thermoneutral, so that a hydrogen molecule can
be formed and stay close to the catalyst surface, without interacting with it.

Table 14: Differential Hydrogen adsorption free energy (∆Gdiff
H ) and molecular hydrogen

adsorption free energy (∆GH2) for MoS2-VS-H2 and Ni-MoS2-VS-H2.

∆Gdiff
H (eV) ∆GH2(eV)

MoS2-VS-H2 2.29 2.11
Ni-MoS2-VS-H2 0.49 0.25

Consequently, the Heyrovsky step is a potential mechanism for Ni-MoS2-VS, as a hydrogen
molecule can be formed and released from the adsorption site. As we know, hydrogen
adsorption free energy has to be close to zero, in order to have an efficient catalyst. A
stronger binding of hydrogen to the catalyst surface, can lower the rate of desorption, and a
weaker one does not favour hydrogen molecule formation. Hence, in order to have an efficient
catalyst, a material should work efficiently in both conditions. The fact that Ni-MoS2-VS has
a hydrogen adsorption free energy close to zero, so that hydrogen adsorption and desorption
occurs in the most efficient way is in agreement with these results that suggest hydrogen
molecule formation and release from the catalyst surface, via Heyrovsky mechanism.

4.11 Formation Energy

In order to estimate the chemical potential of S atom (µS), we use the assumption that
MoS2 is in thermal equilibrium with Mo and S, according to Komsa and Krasheninnikov
study on defects in monolayer MoS2 [86]. Hence, µMoS2 = µMo + 2µS, so that :

µS =
µMoS2 − µMo

2
(44)

In the Table 15 the total energies and chemical potentials of the studied systems are shown.
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Table 15: Total energies (Etot) and chemical potentials (µ) for the studied systems.

System Total energy (eV) Chemical potential (eV)

MoS2 (3x3) -196.2140389 -21.8015600
Mo(bcc)(2) -21.8864491 -10.9432246
Ni(fcc)(4) -21.6932276 -5.4233069

S -5.4291675
MoS2-VS -189.4801425
Ni-MoS2 -185.7687128

Ni-MoS2-VS -181.4232206

At this point, the formation energy (Eform) that is defined as the energy difference between
the initial and final system, after adding modifications to the initial one is expressed by the
relationship:

Eform = (Etot +
∑
i

Niµi)final − (Etot +
∑
j

Njµj)initial (45)

The positive value of Eform suggests that the initial system is favoured energetically, so
that energy is needed to produce the final system. In case that it is negative, the final system
is preferred than the initial one and there is no demand for energy.

We examine the formation energy for a sulphur vacancy (EVS
form), a Mo substitution with

Ni (ENi
form) and both defects occurring simultaneously on the MoS2 basal plane (ENi−VS

form ).
Pristine MoS2 is the initial system in for all cases. We also performed calculations for Mo
substitution with Ni, with MoS2-VS as initial system.

The relationships below give the defect formation energies and their values are given in
Table 16.

EVS
form = (EMoS2−VS + µS)− (EMoS2) (46)

ENi
form = (ENi−MoS2 + µMo)− (EMoS2 + µNi) (47)

ENi−VS
form = (ENi−MoS2−VS + µMo + µS)− (EMoS2 + µNi) (48)

59



Table 16: Formation energy for S vacancy, Mo substitution with Ni and formation of both
defects on MoS2 basal plane.

Defect Formation energy (eV)

VS 1.30
Ni 4.92

VS/Ni 3.84

The formation energy for a system that initially has a sulphur vacancy (MoS2-VS) and
then a substitution of Mo atom with Ni happens (Ni-MoS2-VS), is given by the expression:

Eform = (ENi−MoS2−VS + µMo)− (EMoS2−VS + µNi) (49)

so that Eform is equal to 2.54 eV

From the above results, all the Eform values are positive meaning that the final system
has higher energy compared to MoS2 and energy is required to produce them. In case that
the formation of the a sulphur vacancy and Ni dopant combination happens simultaneously
the energy needed is lower than Ni doping.

However, having already a sulphur vacancy in the basal plane and then doping with Ni
needs less energy. Considering that sulphur vacancy is a native defect and in abundance in
MoS2 basal plane [86] and their recent studies show that their production in stable MoS2

configurations can be achieved experimentally, for example with electrochemical procedures
[51], the existence of sulphur vacancy can minimize the amount of required energy for the
doping procedure.
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5 Rational Design of Metal-doped MoS2-VS

5.1 HER Activity on Metal doped MoS2-VS

Similar to Ni, we use various metal dopants to examine their hydrogen adsorption ability
at the sulphur vacancy adsorption site for the MoS2-VS system. We employ transition metal
dopants of 4-11 group of periodic table and also Pb that is a post transition-metal. Figure
38 presents their hydrogen adsorption energy ∆GH at VS, for the various dopants.
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Figure 38: Hydrogen adsorption free energy (∆GH) at VS adsorption site for Metal doped
MoS2-VS.

The red lines at 0.06 eV and -0.06 eV denote the area where the dopants are the most
sufficient for HER, close to thermoneutral. These values are used because MoS2 Mo-edge
has ∆GH = 0.06 eV. The black dotted lines indicate a larger HER active area from 0.45 eV
to -0.45 eV, that derives from the MoS2 S-edge with ∆GH = -0.45 eV [25]. With yellow color
are the values for the dopants closer to zero, Mo, Pb, W, Ni, Pt, Pd and Au. Then there is
an area, including Os, Cu, Ru, Cr, Fe, Re, Ir, Co, Rh, Zn, Ag and Mn, with doped systems
with more negative energies, so that the binding with hydrogen is strong, but less efficient
for HER. Finally there are Ti, V, Hf, Zr, Nb and Ta that belong to the 4 and 5 group and
have strongly negative ∆GH values and are not suitable as dopants for the reaction.

Among the transition metal dopants the most efficient for HER are Mo, W, Ni, Pt, Pd
and Au. However, despite having values close to zero they do not behave in the same
way during HER. For example Mo and W have slightly positive values, so that they bind
hydrogen weakly and the adsorption of hydrogen is more difficult. On the other hand, there
are Pt and Pd, with slightly negative values, having a stronger interaction with hydrogen.
This might make desorption difficult at the second step of HER and lowers the rate of the
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reaction. Consequently, Ni that has the closest to zero value (Figure 39) is the most efficient
dopant either in adsorption or desorption process.

Figure 39: Hydrogen adsorption free energy in respect to the reaction coordinate of HER
for Mo, W, Ni, Pt and Pd on TM-MoS2-VS.

Considering the transition metal dopants that belong within the area of 0.45 eV to -0.45
eV and using the equations (9) and (10), we construct a volcano curve that is in Figure
40. At the right branch there are the dopants with positive ∆GH . The more positive is
∆GH , the weaker is the interaction with hydrogen, so that adsorption is difficult. At the
left branch, there are dopants, with negative ∆GH values. The more negative is ∆GH , the
more difficult is hydrogen molecule desorption from the catalyst surface. For both cases, as
we move away from the top, the rate of the reaction decreases. At the top of the volcano is
Ni doped system that has the most efficient rate. Closer to it are Pt and Pd, however they
are scarce and expensive metals to be used as catalysts. As, we move away from the top at
the left branch, we see a small group consisted of Au, Os and Cu. In the other branch are
W and Mo. These ones have better efficiency than S-edge of MoS2. Then in the left branch
and in a further distance from the others there are metals from 6-9 group that have a smaller
rate compared to the others. Finally, Ag and Mn dopants have the slowest rate.
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Figure 40: Exchange current density (i0) vesrus hydrogen adsorption free energy (∆GH) for
TM-MoS2-VS with values close to thermoneutral.

In Table 17, the binding energy ∆EH and hydrogen adsorption free energy ∆EH for the
referred transition metal dopants are presented.

Table 17: Hydrogen binding energy ∆EH and hydrogen adsorption free energy ∆GH for
Ni-MoS2 monolayer.

Metal dopant ∆EH ∆GH (eV)

Ni -0.233 0.007
Pt -0.252 -0.012
Pd -0.263 -0.023
Au -0.289 -0.049
W -0.188 0.052
Mo -0.181 0.058
Os -0.305 -0.065
Cu -0.312 -0.072
Cr -0.364 -0.124
Fe -0.373 -0.133
Re -0.379 -0.139
Ir -0.379 -0.139
Co -0.393 -0.153
Rh -0.409 -0.169
Ag -0.454 -0.214
Mn -0.530 -0.290
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5.2 Hydrogen Adsorption Sites of Metal-doped MoS2-VS

Similar to Ni, we examine the hydrogen adsorption ability of several Metal-doped MoS2-
VS structures for various adsorption sites. We use as dopants transition metals of group
4 to 11 and also Pb that is a post transition metal. By studying their HER activity for
different adsorption sites of their basal plane we try to categorize them into different groups.
In Figure 41, with green circles indicate the adsorption sites. The S1, S2, S3, S4 and S5 sites
are sulphur atoms of its basal plane. The S1 is the closest site both to the metal dopant at
S0 and the VS and then is S2 in a longer distance. S3 is close to VS. Finally, S5 is in a
direct distance with metal dopant.

Figure 41: Adsorption sites of Metal-doped MoS2-VS basal plane.

From our calculations we construct diagrams that depict the hydrogen adsorption free
energy for different adsorption sites of Metal-doped MoS2-VS. According to their similar
behaviour for the different sites, we categorize them into three groups.

Figure 42 shows the dopants that belong to the metals of 4 and 5 groups of the periodic
table (Nb, Zr, Ti, V, Ta and Hf) as well as Mo and Pt.
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Figure 42: Hydrogen adsorption free energy (∆GH) for different adsorption sites for Metal
(Nb, Mo, Zr, Pt, Ti, V, Ta and Hf)-doped MoS2-VS system.

The metal dopant adsorption site (S0) has the highest positive energy value, varying from
1 eV to 7 eV. However, for VS site they have positive values and close to thermoneutral and
highly negative. For the rest of sulphur adsorption sites of the basal plane, their energy values
are quite stable and highly positive, suggesting a weak interaction (Table 26 in Appendix).

For VS site they have the best performance, close to thermoneutral. For all the other
adsorption sites, they have a weaker interaction with hydrogen. At S0 site, Nb dopant has
the highest energy and Hf the smallest one. For Pt, Ti, V, Ta and Hf the energy values both
for the metal dopant and sulphur atoms adsorption sites are the same. However, for Nb, Mo
and Zr, the S0 site has higher energy values compared to sulphur adsorption sites of the basal
plane. The Mo and Pt-doped systems have slightly similar energy values for all the sulphur
adsorption sites. Especially for VS site, their energy values are close to thermoneutral. The
other metal dopants have similar energies for sulphur adsorption sites between them, but
they bind hydrogen stronger at VS site (Table 26 in Appendix). Generally, for all dopants,
the most active site is VS and the rest of the basal plane remains catalytically inactive after
doping with the metal.

Then, we examine the hydrogen adsorption ability for metal dopants of the 6 to 8 group
of the periodic table, except for Mo discussed previously and Ir that belongs to 9 group.
Figure 43 shows their hydrogen adsorption ability for different adsorption sites. For all the
metal dopants, S0 and VS are active for HER, with values close to thermoneutral and quite
similar. The other sulphur adsorption sites have higher positive values with energies of 1.50
eV to 1.75 eV (Table 26 in Appendix).
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Figure 43: Hydrogen adsorption free energy (∆GH) for different adsorption sites for Metal
(W, Os, Ru, Cr, Fe, Re, Ir and Mn)-doped MoS2-VS systems.

For each metal-doped system, there are small differences between the different sulphur
adsorption sites of its basal plane, depending if they are closer to the metal dopant or to the
sulphur vacancy. In addition, between the various metal dopants there are small deviations
for the sulphur adsorption sites of the basal plane, so that the energy varies from 1.25 eV to
1.75 eV for the different sites.

The W dopant has activity closest to the thermoneutral both for S0 and VS adsorption
sites. For S0 site it has a slightly smaller value compared to VS. The same applies for all the
other metal dopants, but having values more negative, suggesting a stronger binding with
hydrogen. The more negative value for S0 and VS, the smaller positive energies for sulphur
adsorption sites of their basal plane (Table 26 in Appendix).

Thus, we have an activation effect of the basal plane, not only in the sulphur vacancy site,
but also to the metal dopant that has a similar hydrogen adsorption activity with VS. The
rest of the basal plane remains inactive. In comparison with the previous case of 4-5 group
dopants the activation of the basal plane has a longer range impact. This might be crucial
for the second step of hydrogen desorption that determines the reaction rate. Hence, in case
that we have two adsorption sites in a short distance, the mechanism of the reaction can
be Tafel. This mechanism should also be examined in future work. Last but not least, it is
important for a catalytic material to possess more than one adsorption sites, so that it can
produce higher amounts of hydrogen.

66



In addition, we investigate metal dopants of 9 to 11 group of periodic table and Pb dopant
(except for Ir and Pt mentioned before). From Figure 44, Ni has the best performance for
VS site. For some other dopants, especially Cu and Zn, S1 site shows efficient hydrogen
adsorption ability close to thermoneutral. The majority of the dopants have values around
0.50 eV at S1 site. For S0 site the energy values are far from thermoneutral, starting from
0.50 eV to 1.50 eV. For the other hydrogen adsorption sites, we have a weaker interaction
with hydrogen, with small deviations depending if the adsorption site is closer to the metal
dopant or to the sulphur vacancy. There is a difference between the energy values among
the metal dopants for the different adsorption sites.
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Figure 44: Hydrogen adsorption free energy (∆GH) for different adsorption sites for Metal
(Rh, Ni, Pd, Co, Pb, Cu, Ag, Zn and Au)-doped MoS2-VS system.

For these metal-doped systems, the activation of the basal plane is close to the sulphur
vacancy site and the closest sulphur adsorption site S1 of the basal plane. Especially at S1,
their systems possess lower hydrogen adsorption free energies compared to the dopants of
group 6-8 and 4-5 (Table 26 in Appendix).

5.2.1 Differential charge distribution

Considering as a reference system the MoS2-VS, we try to explain the charge contribution
of each Mo substitution. In Appendix Table 23, we see the analysis on the differential charge
distribution for the Metal-doped MoS2-VS systems. It is a quantitative way to express the
charge distribution of the metal dopant within the structure. With blue and red color is the
negative and positive charge respectively.

The metal dopants of group 4 and 5 (Nb, Mo, Zr, Pt, Ti, V, Ta and Hf) have a large charge
distribution around the metal dopant, sulphur vacancy and neighbour sulphur atoms. The
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negative charge is evident for these systems. The exceptions are Zr and Nb in which their
charge is positive and localized in a spherical distribution around the metal dopant. These
metals have quite similar hydrogen adsorption ability and values according to Figure 42.
The sulphur site is active for them and the rest of the basal plane remains inert. Mo and Pt
that are also referred in the same diagram, have values close to zero at VS. Pt has a smaller
charge distribution and there is more positive charge compared to the other structures.

For systems with metal dopants of group 6-8 of periodic table, we observe that for these
metal dopants, the charge is smaller compared to the previous case and the distribution
involves the metal dopant, VS and the closest neighbour sulphur atoms. At the metal dopant
we have a positive charge. In the center of the sulphur vacancy there is positive charge and
around it is negative. This might explain the slightly less negative hydrogen adsorption free
energy values at the VS site in comparison to the previous cases. The neighbour sulphur
sites S1 for all the cases have a negative charge. This might suggest the weaker interaction
with hydrogen. The W dopant has a different charge distribution, a combination of the 4-5
group dopants with 6-8 ones, where the charge is located closer to the metal dopant and not
on the sulphur atoms. As we move down on the same group the charge increases (Re, Ir,
Os).

Finally, there are the systems with 9-11 group dopants. For the first and second row, the
charge is located on metal dopant and sulphur vacancy site. The Ag and Au dopants have
their main charge distribution at metal dopant and the closest neighbour sulphur atoms. Pt
is an exception that has a charge distribution similar to 6-9 group metals, but an activity
close to Mo. Pb has a wider charge distribution with more negative charge in its basal plane.
Its activity for the different adsorption sites is close to the 9-11 group metals.

5.2.2 The VS adsorption site

We see that for this adsorption site 4 and 5 groups of periodic table as well as Mo, W and
Pb the metal dopant locates in a position similar to Mo at pristine MoS2. However, in all
the other starting from 6 to 11 and Pb, the metal atom changes its position closer to one
side (Table 28 in Appendix). For those from 6-8 group the reconstruction is in a smaller
degree. Excepting M, W, Pb all the other systems posses negative hydrogen adsorption free
energies (Table 26 in Appendix). Metals of 4 to 5 group that have ∆GH higher negative than
required are not included in this trend, because they do not act as catalysts. These results
are in agreement with Deng et al. [10] studies on metal doped 2H-MoS2. They observe that
when hydrogen interacts weakly, the system has a small change in their structure and ∆GH

is positive. Otherwise, ∆GH is negative and the metal dopant goes to one side away from
the adsorption site.

5.2.3 The S0 adsorption site

Considering their structural configurations after hydrogen adsorption in regards to their
adsorption site, there are also some similarities between the metal dopants of each group.
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Regarding to metal adsorption site (S0), (Table 29 in Appendix) we observe that for the
metal dopants of 4 and 5 group of periodic table, hydrogen after its adsorption, prefers
a position close to the metal dopant and away from the sulphur vacancy. There are no
major changes in their structures, so that the metal dopant remains in a position similar
to the Mo atom in pristine MoS2 and each metal coordinates with 5 S atoms. There are
some exceptions, so that Mo has its hydrogen in the VS adsorption site and Pt has a 3 fold
symmetry. Especially for Pt, Ti, V, Ta and Hf their hydrogen adsorption free energy at this
site is quite similar with their values at the sulphur sites, except VS. For Nb, Mo and Zr, the
energy values are high positive, greater than the one of pristine MoS2 of its basal plane, so
that energy is needed to add hydrogen in the structure. This suggest that the metal attracts
hydrogen strongly and locally.

For the metal dopants described on Figure 43, hydrogen changes position to the VS site
and in a direction away from the metal dopant. The sulphur vacancy site has a greater
effect on hydrogen, so that it changes position. A difference in the direction is observed
on Re and W dopants, where hydrogen is still in VS adsorption site but towards the metal
atom. The metal dopants position is slightly closer away from the VS, but there are not
huge reconstructions. All the systems maintain the 5 fold symmetry of the metal dopants.
Their hydrogen adsorption free energies are quite similar to VS adsorption sites (Table 26
in Appendix).

The metal dopants of 9-11 group and Pb of periodic table have the same hydrogen adsorp-
tion behaviour. Thus, hydrogen stays close to the metal dopant in a direction away from the
VS. There are significant reconstructions to their systems, so that the metal dopant moves
to a position towards one side, either away or close to VS. There is a change in coordination
from 5 to 3 for Pd, Zn and Au dopants. All the other ones have a 5-fold symmetry. The
hydrogen adsorption free energies are similar to those sulphur sites in a longer distance than
S1 site. (Table 26 in Appendix)

5.2.4 The S1 adsorption site

The metals of the first group (4-5 group of periodic table, Mo and Pt) have hydrogen on
top and in a distance at S1 adsorption site. The metal remains in a position similar to Mo
in pristine system, except from Pt, that it moves closer to S1 site. They maintain the 5 fold
symmetry, as no bond breaks in their structures.

Then, there are the metal dopants from group 6 to 8 of periodic table. Hydrogen atom
is on top of S1. There is no significant reconstruction, as the metal has a similar position
to Mo in pristine system, however it is slightly moved toward S1 adsorption site. They also
bond to five neighbour sulphur atoms.

Finally, 9-11 metals including Pb have a greater reconstructions compared to the previous
cases. Hydrogen atom prefers a position above and in a distance away from S1 site. All
systems have a 4 fold symmetry, breaking a bond between S1 and metal. The exceptions
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are Co and Pd that maintain the 5 fold symmetry and Au with 3 neighbour S atoms. The
metals change their position to one away from the S1 site (Table 30 in Appendix). This
group has the lowest energy values. This might be explained as the bond breaking allows
hydrogen to bond with sulphur with less energy needed (Table 26 in Appendix).

5.2.5 Hydrogen adsorption on VS and S1

In this case we have a similar effect as in single hydrogen adsorption at VS. However, the
reconstruction of the systems is in a greater degree for metals on 9-11 group of periodic table.
The metal dopant moves to one side. In most systems it is away from the S1 adsorption site,
changing its five-fold symmetry to four, except for Pt that moves closer to S1 and breaks
the bond with VS (Table 31 in Appendix).

We observe that for systems with a bond break and change of the metal position towards
one side, the hydrogen adsorption ability becomes more efficient (Table 27 in Appendix).
Theories suggest that because of the d-orbital nature of the metals and the dangling bonds
appearance after breaking symmetry, hydrogen can bind better with the system [22]. Hence,
further work needs to be done to explain the effect of bond breaking.

5.3 Hydrogen Coverage Effect for Metal-doped MoS2-VS

We perform calculations to examine the hydrogen coverage effect for the Metal-doped
MoS2-VS system. Initially, a hydrogen atom was adsorbed in the VS site. Then, we add a
second one at S1 site (Table 31 in Appendix). The S1 site was preferred, because based on
the previous calculations, it is the sulphur adsorption site with values close to thermoneutral
for many metal-doped systems, especially the ones with similar behaviour to Ni dopant.

In Figure 45, the differential hydrogen adsorption free energies for S1 site are depicted
(Table 27 in Appendix). Also, the hydrogen adsorption free energies for S1 and VS are
mentioned for comparison.

It derives that Ni dopant has the best performance compared to all the other dopants for
VS site (∆GH = 0.007 eV). In addition, when a second hydrogen is introduced at S1 site,
it is easier to be adsorbed by the system when a first one has already been adsorbed at VS

(∆Gdiff
H =0.08 eV). The hydrogen coverage effect has an important role for HER, because

an efficient catalyst must remain active after the first hydrogen adsorption and have many
adsorption sites to produce hydrogen. Thus, the second hydrogen can be used for the first
step of the reaction or for hydrogen molecule desorption via Tafel mechanism in the second
step of the reaction.

Moreover, Pd shows good performance for both mentioned cases. However, it is scarce and
expensive for HER reaction, compare to the other metal dopants. For Cu, Ag and Zn that
showed the best performance at S1 site, ∆Gdiff

H for S1 is more negative, so that hydrogen
binds strongly in the catalyst surface and the system is no more efficient for HER.
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Figure 45: Differential hydrogen adsorption free energy (∆Gdiff
H ) for S1 adsorption sites and

hydrogen adsorption free energy (∆GH) for S1 and VS sites of Metal-doped MoS2-VS.

For the 4-5 group metals of the periodic table, including Mo and Pt dopants, when we
add a second hydrogen, the ∆Gdiff

H takes values slightly lower or the same with the energy
needed to adsorb a single hydrogen at S1 site. This means that the existence of an adsorbed
hydrogen, for these doped structures, does not have an important impact to the system.
Exceptions are V, Nb and Ta that have higher ∆Gdiff

H values in comparison to ∆GH at
S1. The adsirbed hydrogen has a repulsive effect, so that the system needs more energy
to introduce a second hydrogen after hydrogen adsorption at VS than in single hydrogen
adsorption.

For the 6-8 group metals of the periodic table, for W, Os, Ru, Cr and Fe dopants, ∆Gdiff
H

has slightly smaller values than ∆GH at S1. However, for Re, Ir, Co and Mn, it has slightly
greater than ∆GH at S1. We can say that for these metal dopants, the existence of an
adsorbed hydrogen does not affect the system hydrogen adsorption ability.

Finally, for 9-11 group metals, including Pb, we see that for all the cases the energies are
closer to thermoneutral within the range of 0.5eV to -0.5eV. The existence of a hydrogen
adsorbed at the VS site benefits the introduction of a second one at S1 site, so that the
needed energy is lower than ∆GH at S1 site and close to VS for the most cases (Ni, Pd, Cu,
Zn and Ag). Ni dopant is the most affected by the existence of an adsorbed hydrogen as the
energy difference between ∆GH (0.49 eV) and ∆Gdiff

H (0.076) at S1 is great and is the most
efficient one for both cases.

We have to conclude that hydrogen coverage effect is an important parameter for a catalyst.
It defines the turnover frequency, the amount of hydrogen atoms interacting with catalyst
per area and unit of time. For example, it is known that Pt(111) surface has ∆GH close to
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zero up to 1 ML, while Mo-edge on MoS2 has a ∆GH equal to 0.08 eV at 0.25 ML. So, Pt
requires four times more adsorbed hydrogens in its surface in order to reach its high activity.
The activation of other sites in MoS2 can increase its hydrogen production. Consequently,
Ni-MoS2-VS systems is the only one that has a value close to Pt(111) at θH = 1 ML, but
being in a lower coverage of 0.11 ML. In addition, the introduction of a hydrogen in the
sulphur vacancy site, activates the neighbouring S adsorption site, so more hydrogen can be
produced. Especially, for basal plane systems there is space for further creation of defects
combinations, so that a higher hydrogen production can be achieved.

5.4 Electronic Density of States for TM-MoS2-VS

The TDOS of undoped MoS2-VS (Figure 46(a)) and for W doped (Figure 46(b)) resemble.
The defects states are introduced near the conduction band. The role of sulphur vacancy is
prominent in their electronic structures as it is responsible for the gap states. Because Mo
has a slightly greater size than W, its defect state is slightly closer to the Fermi level. This
is also discussed in Li et al work considering strain application [49]. The band gap in both
cases becomes more narrow and the semiconducting character is preserved.

Considering the d-band model [56], these new gap states above Fermi level are bonding
states, so that hydrogen molecule is attracted by the system. However, they are in a distance
from the Fermi level so that the interaction is weak, in agreement with the slightly positive
∆GH values.
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Figure 46: Electronic structures of TM-MoS2-VS before hydrogen adsorption.

Then, Ni, Pt, Pd and Au dopants have an excellent HER performance, with the first three
having ∆GH close to zero. We observe a metallic character, with density of states filling the
band gap. However, for Ni (Figure 47(a)), Pt (Figure 47(a)) and Pd (Figure 47(a)) doped
systems, there are states below and above the Fermi level, equally in number for each side,
leaving a small band gap. This might suggest that bonding and antibonding states counteract
each other, so that ∆GH is close to thermoneutral. However, for Au dopant (Figure 47(d)),

72



the system possess a greater amount of peaks of bonding states, so the attraction is greater
and ∆GH is slightly more negative.
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Figure 47: Electronic structures of TM-MoS2-VS before hydrogen adsorption, where TM is
Ni, Pt, Pd and Au.

Figures 48, 49 and 50 show the electronic density of states of Os (Figure 48(a)), Cu
(Figure 48(b)), Ru (Figure 48(c)), Cr (Figure 48(d)), Fe (Figure 49(a)), Re (Figure 49(b)),
Ir (Figure 49(c)), Co (Figure 49(d)), Rh (Figure 50(a)), Ag (Figure 50(b)) and Mn (Figure
50(c)) dopants. Their hydrogen adsorption ability is better in regards to MoS2 Mo-edge, but
they bind hydrogen strongly to their adsorption sites. From their electronic structure, we
observe that they have a metallic character and the band gap becomes even more narrow.
The strain introduced by the dopants is enough to move the defect states close to Fermi
level, so that there are states crossing it.

These doped systems have a great amount of states above Fermi level, so that hydrogen
interacts strongly with them, based on the d-band model. Hence, they possess high negative
energy values.
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Figure 48: Electronic structures of TM-MoS2-VS before hydrogen adsorption, where TM is
Os, Cu, Ru and Cr.
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Figure 49: Electronic structures of TM-MoS2-VS before hydrogen adsorption, where TM is
Fe, Re, Ir and Co.
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Figure 50: Electronic structures of TM-MoS2-VS before hydrogen adsorption, where TM is
Rh, Ag and Mn.

5.5 Activity-Stability Relationship

Finally, we examine the relationship between the activity and stability descriptors. The
hydrogen adsorption and H2S desorption compete each other during HER. When a proton
is adsorbed by the catalyst surface, it can form either H2 molecule that leaves the catalyst
surface or a H2S molecule when the HS interaction with the system is weak. In the last case,
catalyst starts to dissolve and it is no more efficient for the reaction.

The following equation is used to express the binding energy of HS, ∆EHS

∆EHS = ETM−MoS2−VS−HS + EH2/2− ETM−MoS2−VS − EH2S (50)

where: ETM−MoS2−VS−HS is the total energy of TM-MoS2-VS system with a HS adsorbed,
EH2 is the total energy of H2 molecule, ETM−MoS2−VS is the total energy of TM-MoS2-VS

system and EH2S is the total energy of H2S molecule (-11.195 eV).

For this reason, a stability descriptor, the HS free energy (∆GHS) is used. If it has a
positive value, the system dissolves. Otherwise, for negative values, it is a robust material
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[23].

The HS free energy (∆GHS) is defined as :

∆GHS = ∆EHS + ∆EZP − T∆SH (51)

where: ∆EZP is the energy difference between the gas and adsorbed phase of hydrogen,
T is temperature and ∆SH is the entropy difference between the gas and adsorbed phase
of hydrogen. In the table below, there are the calculated values of the transition metals
that have ∆GH between -0.45 eV and 0.45 eV, which is the upper limit area for an efficient
catalyst in MoS2 systems. We choose this value because it expresses the ∆GH value for
S edge of MoS2, involving a greater amount of systems compared to the Mo edge of ∆GH

equals to 0.06 eV, according to C. Tsai et al. work [25].

Table 18: Hydrogen adsorption free energy (∆GH) and HS free energy (∆GHS) for TM-
MoS2-VS system.

Metal dopant ∆GH ∆GHS (eV)

Ni 0.007 -1.65
Pt -0.012 -1.35
Pd -0.023 -1.46
Au -0.049 -1.38
W 0.052 -2.05
Mo 0.058 -2.07
Os -0.065 -2.04
Cu -0.072 -1.74
Cr -0.124 -2.30
Fe -0.133 -2.28
Re -0.139 -2.18
Ir -0.139 -1.68
Co -0.153 -1.90
Rh -0.169 -1.77
Ag -0.214 -1.51
Mn -0.290 -2.50

For ∆GHS, when we move closer to zero the interaction between H and S in the adsorption
site becomes weaker. When the system has ∆GHS equal or greater than zero, it starts to
dissolve. In Table 18, ∆GHS values are negative suggesting robust materials for HER.
Then, inspired by the analysis on the activity and stability descriptors on transition metal
dichalcogenides for HER, according to studies [23], we construct the following plot of the the
activity (∆GH) and stability (∆GHS) descriptors (Figure 51). As we move ∆GH towards
zero, the more efficient the HER activity becomes.
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Figure 51: Hydrogen adsorption free energy (∆GH) versus HS free energy (∆GHS) for TM-
MoS2-VS systems.

We observe a relationship between the two descriptors according to Figure 51. The Ni,
Pt and Pd are close to zero, having one of the smallest ∆GHS values and be the most
efficient for HER. Then, dopants with less efficient performance follow and at the end is
Mn that has the stronger HS binding and the lowest HER performance. We can conclude
that the weaker the HS binding of the system is, within a framework that the system does
not dissolve, the more efficient for HER. This result is in agreement with an inverse linear
relationship between ∆GH and ∆GHS that also appears for transition metal dichalchogenides
MX2 systems, where M is the transition metal and X the chalchogen atom. When replacing
M with other transition metal dopants and keep the same X for all the system, we observe
the same relationship between the descriptors [25].
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6 Conclusions

We performed calculations using a geometry optimized monolayer MoS2 supercell as a
reference system to examine its hydrogen adsorption ability. Its basal plane was found to
be catalytically inert. Then, we studied the impact on hydrogen adsorption ability after
introducing defects and dopants on the basal plane of MoS2. Firstly, the single atom metal
doping with Ni on MoS2 basal plane was studied. A bond break happens between Ni and
S atom that adsorbs hydrogen. The hydrogen adsorption free energy is negative and far
from thermoneutral. The introduction of a sulphur vacancy on the basal plane can activate
its hydrogen adsorption ability. The combination of a sulphur vacancy and a neighbour Ni
dopant was the focus of this work. We observe a relocation of Ni atom towards one side
and the hydrogen adsorption free energy has a value close to zero. The above results are in
agreement with other theoretical works.

Studying the density of states of the aforementioned systems, we observe that for MoS2-
VS, there are new gap states near the conduction band. After hydrogen adsorption, they
move closer to the Fermi level. For Ni-MoS2, there are more gap states introduced near the
Fermi level and with hydrogen adsorption they relocate closer to it. The combination of Ni
and VS changes the system character to metallic. The distribution between bonding and
antibonding states in the DOS, is similar in amount above and below the Fermi level, so that
a ∆GH is close to zero. The appearance of metallic states around Fermi level has also been
mentioned for other efficient HER catalysts and is responsible for their high performance.

The existence of other adsorption sites near the active VS site of the basal plane for Ni-
MoS2-VS was searched. The areas closer to Ni have a stronger interaction with hydrogen,
while those close to VS have a weaker interaction. However, the activation of the neighbour
sulphur sites remains weak, except from the site (S1) closest to both Ni and VS. Comparing
the Ni-MoS2-VS system with pristine, Ni-doped and with a VS, we see that it has the best
performance at all of its sites and especially for S1. In regard to hydrogen coverage effect
the S1 site has an energy value close to thermoneutral for Ni-MoS2-VS. So it is still active
for HER after the first hydrogen adsorption on VS at S1. Hydrogen lowers the energy values
closer to zero for all sulphur adsorption sites.

Then, we investigated the step of hydrogen desorption. Tafel mechanism might apply if
the two hydrogen atoms adsorbed on VS and S1 are in a close distance. Future work needs
to further investigate this. The Heyrovsky step is a potential mechanism for these systems.
Our calculations suggest that a second hydrogen at VS site can bind with already adsorbed
hydrogen and create a hydrogen molecule in a distance from the adsorption site. This also
was compared with MoS2-VS that is an active HER catalyst according to the condition ∆GH

≈ 0, but we found that the interaction is so weak that a hydrogen molecule is not formed.
Nudged Elastic Band (NEB) method can be applied to further investigate this mechanism.
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In regard to the formation of Ni-MoS2-VS system, a sulphur vacancy requires a small
amount of energy to be formed and it is a common defect in MoS2 systems. Considering
that under industrial conditions other molecules from solution and intermediates can interact
with S and isolated it from MoS2, the system employing this defect is closer to reality. The
single atom doping with Ni requires more energy than the simultaneous creation of VS and
Ni defects. The replacement of Mo with a Ni dopant when a VS already exists, requires even
less energy than the previous two cases.

Comparisons with several metal dopants were performed. A volcano curve was con-
structed, where Ni-MoS2-VS is on top, having the highest reaction rate. Various sites of
the basal plane were investigated for hydrogen adsorption ability.

For dopants of 4-5 group of the periodic table, the structure does not change after doping.
Activity is limited to the VS adsorption site and its performance is poor. For the majority
of metals group of 6-8, the reconstruction is limited to a small displacement of the metal
dopant to one side. Their activity involves metal dopant at S0 and VS sites.

Most of the systems with metal dopants of 9-11 group experience high reconstruction,
involving bond breaking between S atom that adsorbs hydrogen and metal dopant and
change of the position of the metal. Basal plane is active both for VS and S1. These dopants
tune the system to excellent HER activity.

The hydrogen coverage effect eliminates all metal dopants except for Ni and Pd. However,
Pd despite being excellent as catalyst, is expensive for industrial use. The activation of other
adsorption sites, especially in the presence of hydrogen, is vital for HER. The catalyst is not
poisoned by the adsorbed reactant and the HER continues producing more hydrogen.

From the study of total DOS, the distribution and the amount of bonding and antibonding
states has a key role. For the doped systems with excellent performance, DOS peaks below
and above Fermi level exists, in a close distance and equal amount. The systems with DOS
bonding states above the Fermi level show stronger interaction with hydrogen.

Finally, the stability of these systems was examined. We find that the TM-MoS2-VS

systems are robust having negative ∆GHS values. A relationship was found between stability
and activity descriptors, so that the weaker the HS binding to the MoS2 system, the more
active it is for HER, in agreement with other transition metal dichalcogenides studies.

Future research should examine the increase of metal doping and sulphur vacancies. Cal-
culations with further replacements of neighbouring Mo atoms to the sulphur vacancy need
to be explored.
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To conclude, we confirm that VS can activate the basal plane of MoS2. Single atom
doping with Ni can have the same results, however it results in a stronger interaction with
hydrogen than needed. The combination of Ni dopant and VS can tune the activity closer
to thermoneutral. We confirm that ∆GH close to zero, is an essential condition, however
it cannot determine alone the efficiency of a HER catalyst. Adsorption sites and hydrogen
coverage effects have a key role. Other adsorption sites are required to continue the process
either by combining with existing adsorbed hydrogen and form molecules or by new reactions
that occur increasing the production of hydrogen. The hydrogen coverage effect determines
if the catalyst will be poisoned by the adsorption of a hydrogen or if it will increase its
activity in the neighbour sites. The dopants with poor HER performance are the metals of
4-5 group of periodic table, the metals of 6-8 group are mediocre and the majority of metals
of 9-11 have an excellent performance. Comparing with Pt, Ni-MoS2-VS is equal in efficiency
and functions in lower hydrogen coverages. The d-band model might explain the hydrogen
adsorption ability of these systems, as the amount and location of bonding and antibonding
states can tune the hydrogen binding in the catalyst adsorption site.
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7 Appendix

7.1 H2 Energy Convergence Calculations

We perform energy convergence calculations for H2. The plane wave cutoff was set to 250
eV and a 1x1x1 Monkhorst Pack k-point-mesh was used. We change the distance between
the two hydrogen atoms (dH−H) from 0.67 Åto 0.83 Å.

Figure 52: Geometry Optimized structure of H2 in a box.

The Table 19 shows the total energy values for each distance parameter at 250 eV plane
wave energy cutoff. A polynomial fit was used to calculate the bond length, which was found
0.759 Å, in agreement with the experimental value of 0.75 Å[87].

Table 19: Distance between the two hydrogen atoms and their estimated total energy.

dH−H (Å) Etot (eV)

0.67 -6.696105
0.69 -6.696131
0.71 -6.696089
0.73 -6.696153
0.75 -6.696157
0.77 -6.696178
0.79 -6.696154
0.81 -6.696132
0.83 -6.696108

Using the bond length of 0.759Å and the 250eV plane wave energy cutoff, the binding
energy of H2 molecule is -6.696 eV.
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7.2 H2S Energy Convergence Calculations

We perform calculations for H2S. A plane wave energy cutoff of 400 eV and a 1x1x1
Monkhorst pack k-point-mesh were used. The geometry optimized structure is presented
below in Figure 53. Its lattice parameters and total energy of the system are referred in
Table 20. They are in agreement with experimental data with θH−S−H = 92.11 ◦ and dH−S
= 1.34 Å[87].

Figure 53: Geometry optimized strucutre of H2S molecule in a box.

Table 20: Structural and energetic parameters of H2S.

dH−S (Å) 1.35
θH−S−H(◦) 91.62
Etot (eV) -11.19461118
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7.3 Mo(bcc) Energy Convergence Calculations

We performed energy convergence calculations for Mo body-centered cubic (bcc) system,
which belongs to the Im3̄m space group (Figure 54). Consequently, the positions of its atoms
are defined by the following primitive vectors:

a1 = −1

2
ax +

1

2
a+

1

2
az (52)

a2 =
1

2
ax− 1

2
ay +

1

2
az (53)

a3 =
1

2
ax +

1

2
ay − 1

2
az (54)

and the basis set is :
b1 = 0 (55)

where a is the lattice parameter.

Figure 54: Primitive cell of Mo(bcc) consisted of two atoms

Firstly, we tested the total energy of Mo(bcc) primitive cell in regard to the lattice param-
eter a, for various plane wave energy cutoffs. The values of lattice parameter changed from
3.08 Å to 3.24 Å, with step 0.02 Å. The Monkhorst-Pack kpoint-mesh was kept constant to
9x9x9.

According to diagram 55(a), which depicts the total energy in respect to lattice parameter
for different plane wave energy cutoffs, after 250 eV the total energy of Mo starts to converge.
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Figure 55: Energy convergence calculations for Mo(bcc) primitive cell.

By fitting a second degree polynomial (y = ax2 +bx + c ), we calculated the lattice
parameter for each plane wave energy cutoff. Then, considering the lattice parameter, we
used the first derivative equal to zero (dy/dx = 0 => 2ax + bx =0) to obtain the total
energy. In the table below, the calculated lattice parameter and total energy for each plane
wave energy cutoff are presented.

Table 21: Calculated values for the lattice parameter and total energy for each plane wave
cutoff energy cutoff on Mo(bcc) system.

Plane wave energy cutoff (eV) Lattice parameter (Å) Energy(eV)

200 3.153 -21.870
225 3.152 -21.882
250 3.151 -21.885
275 3.151 -21.886
300 3.151 -21.888
325 3.152 -21.891
350 3.152 -21.894
375 3.153 -21.896
400 3.153 -21.897

After 250 eV, the calculations start to converge at -21.89 eV, with a lattice parameter
of 3.151 Å, in agreement with the experimental value of 3.15 Å [88]. Consequently, using
these values for the lattice parameter and cutoff, we performed calculations and found the
minimum energy -21.886 eV, so that the energy per atom is -10.943 eV in Mo(bcc) cell. Also,
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performing kpoints convergence test, we see from Figure 55(b) that 9x9x9 kpoint-mesh is
sufficient to describe the system.

7.4 Ni(fcc) Energy Convergence Calculations

We performed energy convergence calculations for Ni face-centered cubic (fcc) primitive
cell, which belongs to the Fm3̄m space group (Figure 56). Consequently, the positions of its
atoms are defined by the following primitive vectors:

a1 = −1

2
a+

1

2
az (56)

a2 =
1

2
ax +

1

2
az (57)

a3 =
1

2
ax +

1

2
ay (58)

and the basis set is :
b1 = 0 (59)

where a is the lattice parameter.

Figure 56: Primitive cell of Ni (fcc) consisted of four atoms

Then, in a similar way as before, we performed convergence test for Ni(fcc) primitive cell.
This time the lattice parameter changed from 3.44 Å to 3.60 Å, with step 0.02 Å. The
Monkhorst-Pack kpoint-mesh was kept constant to 9x9x9. From 300 eV the system starts
to converge, according to Figure 57(a).
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Figure 57: Energy convergence calculations for Ni(fcc) primitive cell.

Table 22: Calculated values for lattice parameter and total energy for each plane wave energy
cutoff on Ni(fcc) system.

Plane wave energy cutoff(eV) Lattice parameter (Å) Energy(eV)

200 3.462 -19.900
225 3.494 -21.075
250 3.509 -21.532
275 3.513 -21.650
300 3.512 -21.693
325 3.512 -21.690
350 3.512 -21.675
375 3.513 -21.663
400 3.512 -21.657

Using 3.512 Å as lattice parameter for cutoff 300 eV, which is in agreement with the
experimental value of 3.50 Å [88], we found the minimum energy -21.6936 eV, so that the
energy per atom for Ni(fcc) primitive cell is -5.42 eV. Hence, from the optimized configuration
for Ni(fcc), we performed kpoints convergence test and from Figure 57(b) we observe that
9x9x9 kpoint mesh is suitable to describe the Ni(fcc) system.
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Table 24: Structural configurations and hydrogen adsorption free energies (∆GH) for differ-
ent sulphur adsorption sites of the basal plane of MoS2-VS, Ni-MoS2 and Ni-MoS2-VS.

MoS2-VS S1 S2 S3 S4

∆GH (eV) 1.51 1.51 1.51 1.60

Ni-MoS2 S1 S2 S3 S4

∆GH (eV) -0.86 1.18 7.21 7.18

Ni-MoS2-VS S1 S2 S3 S4

∆GH (eV) 0.49 1.27 1.26 1.22

89



Table 25: Structural configurations and differential hydrogen adsorption free energies
(∆Gdiff

H ) for different sulphur adsorption sites of the basal plane of MoS2-VS, Ni-MoS2

and Ni-MoS2-VS.

MoS2-VS S1 S2 S3 S4

∆Gdiff
H (eV) 1.31 1.31 1.31 1.51

Ni-MoS2 S1 S2 S3 S4

∆Gdiff
H (eV) 0.96 1.18 1.22 1.06

Ni-MoS2-VS S1 S2 S3 S4

∆Gdiff
H (eV) 0.08 1.16 1.27 1.25
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Table 26: Hydrogen adsorption free energy ∆GH for Metal doped MoS2-VS for various
adsorption sites of its basal plane.

∆GH (eV)
Metal dopant VS S0 S1 S2 S3 S4 S6

Ni 0.007 1.378 0.488 1.267 1.256 1.225 1.278
Pt -0.012 1.517 1.461 1.416 1.447 1.359 1.488
Pd -0.023 1.244 0.428 1.324 1.347 1.299 1.411
Au -0.049 0.521 0.258 0.960 0.999 1.014 1.015
W 0.052 0.026 1.626 1.534 1.533 1.636 1.588
Pb 0.057 0.930 0.376 0.928 1.046 0.891 1.021
Mo 0.058 3.588 1.512 1.510 1.511 1.599 1.553
Os -0.065 -0.086 1.473 1.546 1.480 1.651 1.690
Cu -0.072 0.889 0.046 1.109 1.099 1.035 1.069
Ru -0.114 -0.118 1.300 1.476 1.423 1.543 1.583
Cr -0.124 -0.119 1.187 1.331 1.293 1.355 1.313
Fe -0.133 -0.140 1.049 1.400 1.296 1.409 1.416
Re -0.139 -0.140 1.473 1.366 1.351 1.517 1.517
Ir -0.139 -0.148 1.135 1.317 1.260 1.336 1.414
Co -0.153 1.234 0.867 1.234 1.111 1.590 1.188
Rh -0.169 1.489 0.455 1.257 1.193 1.235 1.311
Zn -0.189 0.585 0.084 0.953 0.927 0.834 0.875
Ag -0.214 0.689 -0.072 0.890 0.959 0.706 0.980
Mn -0.290 -0.296 1.081 1.245 1.192 1.296 1.291
Ti -0.585 0.736 0.601 0.836 0.810 0.757 0.729
V -0.757 0.687 0.509 0.678 0.646 0.671 0.671
Hf -0.818 0.643 0.492 0.633 0.656 0.596 0.580
Zr -0.822 2.603 0.440 0.599 0.648 0.568 0.556
Nb -0.867 6.877 0.504 0.565 0.574 0.573 0.533
Ta -0.900 0.693 0.520 0.557 0.543 0.568 0.515
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Table 27: Differential hydrogen adsorption free energy ∆Gdiff
H for Metal-doped MoS2-VS.

Metal dopant ∆Gdiff
H (eV)

Ni 0.076
Pt 1.400
Pd 0.297
Au -0.307
W 1.391
Pb 0.297
Mo 1.313
Os 1.312
Cu -0.269
Ru 0.735
Cr 1.151
Fe 0.866
Re 1.590
Ir 1.244
Co 0.927
Rh 0.476
Zn -0.154
Ag -0.184
Mn 1.204
Ti 0.372
V 1.216
Hf 0.422
Zr 0.382
Nb 1.283
Ta 1.317
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