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HIGHLIGHTS

e The analysis of HER and OER ac-
tivity is done for SnSe, and alkali
atoms doped SnSe, monolayers.

e SnSe, having optical bandgap of
1.2 eV can be used as photo-electro
catalyst.

e Basal plane activity of SnSe, is
dopant dependent.

¢ Edge site of Na-doped SnSe; is best
suited for hydrogen evolution
reaction.

e Basal plane of Ca-doped SnSe; is
best suited for oxygen evolution
reaction.
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ABSTRACT

Many transition metal di-selenides such as MoSe, and WSe, show good catalytic activity
on their edges with limited active orientations. These metal di-selenides are actively being
used as target material for increasing the number of electrocatalytic active sites and in turn
to improve the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)
activities by increasing the ratio of edges to the basal plane. In present work, we have
studied the activity of pristine and alkali atoms (Na, K and Ca) doped-SnSe, for HER and
OER catalyst. The state-of-art density functional theory (DFT) based computations are
performed for estimating the catalytic activity of the pristine and doped SnSe, by means of
evaluating the adsorption and Gibbs free energies subjected to hydrogen and oxygen
adsorption. Further, to get better prediction of adsorption energy on the individual catalytic
surface, we have included the dispersion correction term to exchange-correlation func-
tional. Results show that the pristine SnSe; is not a good HER catalyst when hydrogen is
adsorbed on its basal plane. However, edge-sites show the good hydrogen adsorption and
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indicates that the edges of SnSe, are the most preferential site for hydrogen adsorption. As
far as the catalytic activity of SnSe, with dopants is concerned, the Na-doped SnSe, among
all shows the best catalytic activity over its edge-site; whereas K and Ca doped SnSe, show
basal plane as preferred catalytic site. It is interesting to note that the disadvantage of low

catalytic activity on basal plane of SnSe, can be improved by selective doping of alkali

metals.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The dilemma of global warming that is majorly caused by
extensive utilization of fossil fuels [1], can be resolved by
incorporating eco-friendly ways to harvest and/or generate
green and clean energy. One of the cleanest way of energy
production is to utilize hydrogen as a fuel that can be
generated by breaking water molecules into its constituents,
generalized as water-splitting. Further wutilization of
hydrogen is also done in the chemical industry for producing
ammonia and methanol, and has many potential applica-
tions such as powering of vehicles, fuel cell, heating, aircraft
and sulphur removal from the petroleum [2—4]. Among
many methods to produce hydrogen, the electrochemical
splitting of water (using photocatalyst/electrocatalyst/
photoelectron catalyst) has gained significant attention due
to its carbon free hydrogen generation [5—10]. The water-
splitting procedure can be sub-divided into two half re-
actions: the evolution of H, thatis represented by 2H" +2e~ —
H, and evolution of O, that is 2H,0 —4H" + 4e~ + O,. Differ-
ence in photocatalytic and electrocatalytic approaches for
hydrogen evolution reaction (HER) is that the source gener-
ation carrier is generated via absorption of sunlight in the
former case; whereas the latter one involves oxidation and
reduction via direct electron transfer with lower potential
chemical reactions. For a material to be utilized as an elec-
trocatalyst, photocatalyst or electro-photocatalyst, certain
criteria are to be satisfied. A good electrocatalyst reduces the
overpotential of chemical reaction whereas a photocatalyst
requires a moderate electronic band gap (1-2 eV) for optical
photon absorption. For a material to be a photocatalyst and
electro-photocatalyst respectively, the necessary conditions
to be satisfied are,

EZEg+EaandE2Eg+EAop (1)

Where, E is the minimum energy required for splitting the
water molecule, Eg is the band gap energy of semiconductor, E, is
the activation energy for a photocatalyst and Exop is the activa-
tion overpotential [6]. Up till now, many promising HER catalysts
using non-noble transition metals, carbides, transition metal
phosphides, pyrite type cobalt phosphide and nitrogen or boron
doped graphene, arsenene with several dopants etc. have been
predicted and developed [5—7,11—16]. However, the efficiency of
production which is sensitive to the overpotential of the elec-
trocatalyst has no alternative than the conventionally used
expensive noble metals [5,17].

It is observed that the edges of metal chalcogenides act
more reactively than their basal planes which is one of the
hindrance for production of hydrogen [18]. To overcome this
limitation, one needs to increase the ratio of edges to basal
plane in these materials. SnSe, being from the group of metal
chalcogenides can be assumed to have similar behaviour as
MoS, and WS, and others belonging to the same group, which
have recently gained special attention as a promising candi-
date for electrocatalyst due to its low cost fabrication and
better electrocatalytic activity [5]. The density functional
theory (DFT) report by Han et al. [19] based on generalized
gradient approximation computations suggest that SnSe,
monolayer exhibits semiconducting nature with band gap of
0.85 eV, indicating probable application of SnSe; as an electro-
catalyst for hydrogen evolution reaction (HER). In addition, it
is found that the introduction of doping induces metallic na-
ture in SnSe, that further improves the HER activity at its basal
plane [5,15]. This can also be attributed by the Density of
States (DOS) value at Fermi level for all the three dopants i.e
Na, K and Ca having values 5.394 States/eV, 5.986 States/eV
and 7.047 States/eV respectively.

Tailoring of the electronic properties of material for
enhancing its HER and/or OER activities can be done by
applying external strain, electric field and doping [15,20,21]. A
DFT based report shows that the HER catalytic activity of the
SnSey;_x)Sox monolayer on its basal plane gets enhanced after
applying tensile strain [22]. Further reports on two dimen-
sional materials like borophene [23], graphene [24] and
graphitic nanosheet with metal borohydride nanodots [25]
suggest that the hydrogen storage performance of these ma-
terials gets significantly improved after doping these mate-
rials with alkali-metals. The maximum capacity is reported
for Li doped borophene [23].

In present work, we have examined the effect of doping
(Na, K and Ca) on the HER and OER catalytic activities, work-
function and optical properties of SnSe,by utilizing first-
principles dispersion corrected density functional theory
based calculations. In addition, we have also investigated the
interaction mechanism between hydrogen and oxygen gases
with pristine and doped SnSe, for improvement of its electro
catalytic activity.

Computational methodology

All computations in the present study were performed using
state-of-art first-principles density functional theory (DFT)
implemented within plane wave pseudopotential code
Quantum Espresso [26]. The exchange correlation interaction
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was treated within the generalised gradient approximation
(GGA) given by Perdew-Burke-Ernzerhof (PBE) [27]. Further, the
dispersion correction (D2) of Grimme has been employed
throughout the calculation to get accurate value of adsorption
energy for adsorbed hydrogen and oxygen adsorption. The
kinetic energy and charge density cut-offs of 80 and 800 Ry
respectively were sufficient to fully converge the lattice pa-
rameters and total energy within the specified threshold cri-
terion. A slab of vacuum with 15 A height was inserted above
the monolayer to avoid the interaction between successive
images. The reciprocal space was sampled by a dense grid of
9 x 9 x 1 constructed under Monkhorst-Pack scheme [28]. The
energy convergence value between two consecutive steps was
chosen as 10™* eV and convergence was repeated self-
consistently until the maximum Hellmann-Feynman forces
acting on each atom were less than 0.001 eV/A. Furthermore,
we have calculated optical absorption spectra of pristine and
doped-SnSe, to examine the applicability of these systems to
be utilized as a photo-electrocatalyst. The optical absorption
spectra were calculated with the help of the frequency-
dependent dielectric function. The real and imaginary parts
of the dielectric function &(w) = ereal(®)+€imag(®), can be ob-
tained using Kramers-Kronig relation and defined as follows:

a= 2\{1§Cﬂ'e\/ Sgeal(w) + Sizmﬂg(w) - gve“](w) (2)

Results and discussion

Before computing the HER and OER catalytic activities of
SnSe,, we first individually optimised the pristine and alkali
metal (Na, K and Ca) doped SnSe,. Fig. 1(a) shows the well-
optimised geometries of pristine SnSe,, while Fig. 1(b) shows
the same for alkali metal doped-SnSe,. The SnSe, monolayer
in its ground state possesses 2H phase. The 2H phase of SnSe,
that has space group of P3 m1 contains octahedral coordina-
tion of the Sn atom surrounded by Se atoms like SnS, struc-
ture. The theoretical as well as experimental optimised lattice
parameter for unit cell of SnSe, is reported to be 3.823 A

N

[29,30]. The lattice parameter for supercell increases propor-
tionate to the size. Table 1 also shows the experimental value
for lattice constant. In our calculations, a supercell of 2 x 2
SnSe, monolayer was constructed and the optimised lattice
constant and bond-length were found to be 7.69 A and 2.73 A
respectively. The 2 x 2 size of supercell was selected so as to
provide necessary area for accommodating the alkali metal
dopants. Also, many similar studies have been explored for
various dichalcogenides and almost no effect is observed
when supercell size is increased [15,31-35].

To enhance the electrocatalytic activity of SnSe,, we doped
S-block elements (Na, K and Ca) in the SnSe, monolayer. The
doping concentration was set at 25% by substituting one Sn
atom by Na, K and Ca respectively. As observed from Fig. 1,
doping the monolayer with alkali metals does not distort
SnSe, structure as the bond lengths between Na—Se (2.73 A),
K—Se (3.06 A) and Ca—Se (2.86 A) are found close to original
bond length of SnSe,. The maximum distortion in terms of
bond-length is observed for K- doped SnSe,; followed by Ca-
doping. The bond length changes influence the electronega-
tivity which in return modifies the work function.

The electronic density of states (DOS) play a vital role in
understanding the electronic properties that further helps in
selection of a good catalyst. For better electrocatalyst, gener-
ally a metallic system is highly preferred while a semi-
conducting system with band gap of around 1-2 eV is found
suitable for photocatalyst or electro-photocatalyst. The DOS of
any system also reveals the contribution of individual atoms
of a system to the overall electronic transport and the un-
derlying interaction of foreign atoms towards it. We have
presented the electronic DOS for pristine and doped SnSe; in
Fig. 2, which clearly show a band gap value of 0.8 eV for SnSe,
that is in good agreement with previous work [19]. However,
we can see from the figure that the substitution of Sn by
different S group elements leads to a modification in elec-
tronic properties of pristine SnSe, and the system becomes
metallic in nature. For a deeper insight into hydrogen (H) and
oxygen (O) adsorption over these systems, we adsorbed H and
O at the basal plane of SnSe, monolayer as well as on top site
of the dopants as shown in Fig. 3(a and b) and evaluated the
HER and OER activities (see Table 1).

® ©

Fig. 1 — Top and side views of optimised geometries of (a) pristine SnSe, and (b) alkali metal doped-SnSe,.
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Table 1 — Optimised lattice constant, bond length, work function, adsorption energy and Gibbs free energy of hydrogen and

oxygen of SnSe,and alkali metal doped-SnSe,. The value in parenthesis represent experimental value.

System Lattice constant (A)  Bond length (A)  Work function ¢(eV)  AEy (eV) AEp (eV) AGy (eV)  AGo (eV)
SnSe, 7.659 (3.823) 2.73 5.95 0.55 —1.02 0.79 —0.69
Na-doped 7.501 2.73 5.91 —0.53 —0.87 -0.29 —0.54
K-doped 7.692 3.06 5.77 -1.53 -1.96 -1.29 -1.72
Ca-doped 7.597 2.86 6.10 0.48 -0.78 0.72 —0.45
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Fig. 2 — The density of states (DOS) of (a) pristine SnSe,, (b) Na-doped SnSe,, (c) K- doped SnSe, and (d) Ca-doped SnSe,.

Fig. 3 — Top and side view of (a) hydrogen adsorbed and (b) oxygen adsorbed doped-SnSe,.

To understand the effect of H and O adsorption on elec-
tronic transport of pristine and doped-SnSe,, PDOS was
computed and presented in Fig. 4(a) and (b). The partial DOS
shows changes in electronic density of states of the systems
due to strong interaction taking place between adsorbent and
adsorbates. The higher contribution of density of states of H
and O atoms present close to Fermi level leads their stronger
adsorption over adsorbent.

The PDOS of hydrogen adsorbed pristine SnSe, monolayer
(see Fig. 4(a)) show that the hydrogen contributes more to the

conduction band (anti-bonding state) compared to the valence
band regime (bonding state) near Fermi level indicating weak
interaction with Sn atom resulting into physisorption. On the
other hand, in case of alkali metal doped SnSe, monolayer, the
PDOS plots reveal that the hydrogen contributes less in case of
Na-doped SnSe, near Fermi level. This attributes that the
hydrogen prefers to get adsorbed on the edge site that is to Se
atoms than at the basal plane as the oxidation of Na is +1
whereas for Sn, it is +2 thereby leading to defect bonding in
the Na-doped SnSe, monolayer. In case of K doped SnSe,
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Fig. 4 — (a): Partial density of states (PDOS) of hydrogen adsorbed on SnSe,and doped SnSe,_ (b): Partial density of states
(PDOS) of oxygen adsorbed on SnSe,and doped SnSe,,

monolayer, the contribution of H atom towards valence band towards valence band in case of K and Na-doped SnSe; is due
regime is significantly high which shows chemisorption due to the formation of defect bonds due to their +1 oxidation
to strong interaction of hydrogen with K-doped SnSe, mono- state. The H atom prefers Se edge-site than the basal plane
layer compared to other dopants. The contribution of H atom and further enhances the contribution in valence band.
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In case of Ca-doped SnSe,, H atom contributs more in
conduction band similar to the pristine SnSe, monolayer
making it less suitable for HER catalyst. Further, we have also
examined the charge transfer taking place during adsorption
from pristine and doped-SnSe, to H and O atoms based on
Lowdin charge analysis. We observed that there is electron
accumulation on pristine and doped SnSe, of about 0.53e,
0.05e, 0.07e and 0.08e at Sn, Na, K and Ca atoms respectively
during H adsorption, whereas during O adsorption, there is
electron depletion at Sn, Na, K and Ca atoms of about 0.51e,
0.57e, 0.8e and 0.6e respectively. We found that during H
adsorption, the electron accumulation is minimum in case of
Na-dopant followed by K-dopant whereas on O adsorption,
the electron depletion is minimum for pristine SnSe, followed
by Ca dopant reflecting the relative differences in their elec-
tronegativity. The trends of oxygen and hydrogen interactions
with the systems are distinct due to high electronegativity of
oxygen than hydrogen. In case of oxygen adsorption, the
SnSe;, shows chemisorption unlike hydrogen adsorbed SnSe,
as the contribution of oxygen in valence band regime is more
than the conduction band regime that further results into a
strong interaction between Sn and O. The contribution of
oxygen near Fermilevel is minimum in case of Ca doped SnSe,
monolayer and hence, the interaction when compared to Na
doped SnSe,, suggests that the Ca-doped SnSe, monolayer is
more suitable for OER catalyst. From our PDOS calculations
(see Fig. 4), we conclude that the HER and OER catalytic ac-
tivities are good for Na-doped and Ca-doped SnSe, mono-
layers respectively.

To examine the applicability of these systems as an
electro-photo catalyst, we have calculated the absorption
spectra of pristine and doped SnSe, monolayers. The optical
absorption spectra provide fundamental information like
highest absorption range and absorption co-efficient etc. of
materials. Good electro-photocatalytic activity requires, E to
be more than the sum of E; and Eaop (see equation (1)). From
the absorption spectra, shown in Fig. (5), we can clearly
observe that the SnSe, monolayer has an optical band gap of
1.2 eV. Further, doped SnSe, shows strong absorption peaks
within the range 4—6.5 eV which means that the photons with
high energy are required to excite the system. Therefore, all
considered SnSe, systems can be utilized as high energy
photo-electro catalyst.

We have also computed the work function (¢) of the systems
to further support our obtained HER and OER results. The
minimum amount of energy needed to remove an electron from
the metal is known as work function. The work function and
ionization energy are same if we consider the case of metals.
The work function of a surface is strongly affected by the con-
dition of the surface. It is a well-known fact that even with the
small amount of contamination present in the monolayer leads
to modification in surface reaction that further changes the
magnitude of work function. The work function of the material
can be defined as the energy difference between Fermi energy
and vacuum level or electrostatic potential

&=V, —Ef 3)

Where ¢ is work function, V; is vacuum level or electro-
static potential and Er is Fermi energy of the system. The

computed work function of pristine and doped SnSe, mono-
layers is presented in Fig. 6. The graphs differ a lot in terms of
the value of the Fermi energy and also the vacuum level. The
change in the bond-length of K- doped SnSe, also can be
depicted as we observe an asymmetrical behaviour of it as
compared to all other cases. We can observe that the magni-
tude of work function decreases with incorporation of Na and
K dopants; whereas doping with Ca atom results in an in-
crease in the work function to 6.10 eV from the 5.95 eV (see
Table 1). This increase can be attributed to the phenomenon of
electronegativity. The electronegativity of Na, K and Ca-doped
is 0.93, 0.82 and 1.00 respectively. The large value of electro-
negativity indicates that the elements are tightly bound and
thus, it requires large amount of energy to excite it to the
conduction band. Thus, the work function is elevated as
compared to other two dopants. It is noteworthy that the
magnitude of work function of pristine, Na and K doped SnSe,
monolayers lies within the ranges of most effective HER cat-
alysts platinum and palladium that have corresponding work
functions of magnitudes 5.12 and 5.7 eV respectively [36]. This
further confirms that the catalytic activity of Na- and Ca-
doped SnSe, monolayer is good for HER and OER respectively.

Water electrolysis device is composed of a cathode-used as
hydrogen evolution reaction catalyst on which water reduction
takes place and an anode-used as oxygen evolution reaction
catalyst [37]. Certain fixed amount of electrostatic potential is
applied to these electrodes to split the water molecules into
hydrogen and oxygen molecules. Regardless of the medium,
the catalyst thermodynamic voltage is in general more than
1.23 V at 25 °C and 1 atm, which is considered as an over-
potential to initiate the water-splitting procedure. It has been
shown that the free energy of the hydrogen adsorbed state can
be related to the exchange current density of HER, expressed as
Sabatier relationship [38]. We have used Sabatier principle to
investigate the HER and OER performances of the considered
systems [39] that is characterized by free energy of adsorption
of reactive intermediate on surface. Further, the exchange
current density which is directly related to Gibbs free energy
(AG) is utilized to determine the HER and OER catalytic effi-
ciency of given catalyst surface under equilibrium condition
[38]. The Gibbs free energy (AG) is expressed as follows:

AG* = AEX

ads

+ AE},; — TASY @

Where, X represents hydrogen or oxygen atom, EX, is the
adsorption energy of X atom adsorbed system and AEzpg rep-
resents the zero-point energy difference of X atoms in the
adsorbed and gas phases and the term AS¥ is the entropy of X.
The corresponding Gibbs’ Free energy of the hydrogen and
oxygen adsorbed systems takes the following form:
AGH =EL; +0.24 and AG® = E2;,+0.33 respectively; as the terms
AEX,; and TAS* get reduced to 0.24 and 0.33 for hydrogen and
oxygen adsorption respectively. The chemisorption energies

of hydrogen and oxygen adsorption are defined as:

1
E;(ds: E(system+X)E(system) - EE(XZ) (5)
Where, Esystem+x) 1S total energies of SnSe, or doped-SnSe,
monolayer subjected to hydrogen or oxygen adsorption,
E(system) 1S total energy of SnSe, or doped-SnSe, monolayer and
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Exo) stands for total energy of isolated hydrogen or oxygen

molecule.

The best HER catalyst should have the magnitude of the
Gibbs function AGH close to zero. If the AG" has high positive

value, then H adsorption will be weaker such that the Volmer
step of water-splitting becomes difficult; whereas, the high
negative value of AG™ represents strong adsorption of the
hydrogen on adsorbate that leads to difficulty in the
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desorption of hydrogen molecule that makes the Heyrovsky or
Tafel step difficult [40]. From the magnitude of the adsorption
and Gibbs’ free energy (see Table 1), we can say that the
hydrogen strongly binds to K-doped SnSe, monolayer since,
the value is too negative means desorption process will be
difficult; whereas, in case of pristine and Ca-doped SnSe,
monolayers, the positive values of both adsorption and Gibbs’
energies tend to weaker hydrogen adsorption.

The Gibbs’ energy of Na-doped SnSe, being least among all
considered systems and is close to zero (see Fig. 7) for
hydrogen adsorption, this indicates that the Na-doped SnSe,
monolayer is best suited for HER catalytic activity. In case of
oxygen adsorption, we found that the Ca-doped SnSe,
monolayer shows good OER catalytic activity, followed by the
Na-doped and pristine SnSe, monolayers. This can be attrib-
uted to the relative electronegativity of oxygen, which is more
than that of hydrogen and this fact leads to different scenario
of interaction.

Conclusion

In summary, we have systematically performed structural
and electronic structure calculations of pristine and alkali
atoms doped SnSe, monolayers using first-principles calcu-
lations based on density functional theory. Our computation
on electronic density of states (DOS) reveals that the pristine
SnSe, monolayer is semiconductor in nature, whereas after
incorporation of alkali metal dopants, the monolayers trans-
form to metallic nature. Site dependent hydrogen adsorption
study was performed to analyse differences in adsorption
capacities of the SnSe, monolayers with respect to different
adsorption sites. We have observed that for pristine and Na
doped-SnSe, monolayers, edge-site acts as most favourable
site for hydrogen adsorption; whereas, for Ca and K-doped
SnSe, monolayers, the basal plane show significant activity. In
case of oxygen adsorption, the basal plane is found to be most
preferential site for pristine and doped SnSe, monolayers. The
Gibbs’ free energy of these materials reveals them as a po-
tential candidate to be utilized as a catalyst either for HER or
OER. Our results show that the Na-doped SnSe, monolayer is
more suited for HER catalyst as the Gibb’s free energy is close
to zero. The Ca-doped SnSe, monolayer is the better candidate
for OER catalyst, followed by Na-doped and pristine SnSe,

monolayers. In a nut-shell, we conclude that the over-all
catalytic activity of the SnSe, monolayer can be significantly
enhanced by a small amount of alkali metal dopants.
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ARTICLE INFO ABSTRACT

Handling Editor: Dr M Djukic The present study emphasizes the enhancement in catalytic activity due to the formation of vacancies using
dispersion corrected density functional theory. We observed that without vacancy formation, in general the edge

Keywords: site is an active site for hydrogen adsorption, while the lowest Gibbs free energy (AG™) is found to be for Janus

Transition metal dichalcogenides HfSSe at the S-edge site. Furthermore, interestingly, due to the hindrance of the edge site, it facilitates only the

Janus materials
Density functional theory (DFT)
Hydrogen evolution reaction (HER)

Volmer-Heyrovsky reaction rather than the Volmer-Tafel. Among the mono vacancies, the Hafnium mono va-
cancy shows the lowest adsorption energy.

We observed a competition between the evolution of HyS and Hj gas in the case of HfS»-Vyy, whereas in the
case of defected Janus and HfSe,, due to the presence of Se layers, we observed no competitiveness with HsS or
HjSe gas with hydrogen gas. These defected materials exhibit lower reactional Gibbs free energy than a pristine
monolayer due to its metallic nature. We observed that Hafnium vacancy enhances the HER activity, and pave
the way for dominating Volmer-Heyrovsky reaction.

1. Introduction significant attention due to its carbon-free hydrogen generation [9-11].

In the electrochemical splitting of water, hydrogen gas (Hy) is the

Energy is the most basic requirement for the survival and progress of by-product of water electrolysis, in which catalysts play a pivotal role

mankind [1,2]. However, the extensive demand of energy and rapid [13]. In this method, the water splitting procedure can be subdivided

extinction of non-renewable fossil fuels and hazardous effects of these into two half reactions: the evolution of Hjy that is represented by
fossil fuels on the environment leads to the search of clean energy Ref. [14],

sources such as biomass, geothermal, solar, hydro and tidal energy

[3-6]. Among the clean energy sources available, hydrogen energy has 2H' +2¢ ~ H; @
emerged as one of the most promising alternatives to fossil fuels due to and evolution of oxygen gas (Oy) that is,

its high gravimetric specific energy density and environmentally

friendly characteristics which has its use in many other industries [7,8]. 2H,0 —» 4H" +4¢’ + 0, 2

Production of hydrogen using conventional methods is not as promising
due to the high standards for energy sustainability. Therefore, the
development of green and clean technologies to boost the hydrogen
economy is of paramount importance [12]. Out of other methods
available to produce hydrogen, the electrochemical splitting of water
(using photocatalyst/electrocatalyst/photoelectron catalyst) has gained

The Hydrogen Evolution Reaction (HER) involves a two-electron
transfer process with the involvement of a catalytic intermediate, reac-
tion called Volmer reaction. Noble metals such as Pt, Pd, Au, Ag etc.
catalyze the electrochemical generation of hydrogen at ultralow over-
potential values [14,15], but their high price and scarcity are major
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drawbacks. Therefore, the discovery of earth abundant HER catalysts
with very low overpotentials is highly desirable [16,17]. Among all the
available materials, transition metal dichalcogenides (TMDs) have
attracted wide attention due to their low cost and high HER activity
[18-20]. The HER performance of two-dimensional (2D) TMD electro-
catalysts is reported to be better than that of commercial benchmark
Pt/C catalysts at high current densities which is a promising factor in
industrial hydrogen production [21,22]. The molecular structure of 2D
TMDs is of MXj; type, where M is a transition metal atom (e.g Mo, W, Zr,
Sn etc.) and X is a chalcogen atom (e.g S, Se and Te). The TMDs exist in
various structural phases among which 2H and 1T phases are the most
common [14]. The diversity in their structural phases makes it possess a
wealth of electronic, magnetic and optical properties [14]. The 2D TMDs
such as MoS;, WS,, SnSe; have attracted humongous attention for its
low-cost fabrication and better electrocatalytic activity [23]. However,
it is observed that the basal plane of TMDs is less reactive as compared to
edge sites restricting its maximum use [23]. To improve this drawback
there are many ways such as doping, defect and application of strain.
Defect chemistry within two-dimensional (2D) materials encom-
passes various types of imperfections, including edge defects, topologi-
cal defects, vacancies, and dopant-derived defects. These defects hold
significant importance in electrocatalysis because they often serve as
active sites actively participating in chemical reactions. Additionally,
defects can influence the electronic structure of active sites and promote
the exposure of more catalytic sites to the electrolyte [24-27]. Conse-
quently, defect engineering has emerged as a highly promising approach
for finely tuned electrocatalytic performance [24,25,28]. Among the
widely spread materials, there are quite a few studies on HfX; (where X
=S, Se, Te) compounds [29-37]. The observations from the study reveal
that the HfX; compounds have a reasonably low bandgap and mobility
which makes it a suitable candidate for electronic and optoelectronic
applications [38-40]. The electrochemical activation of ZrSe, and HfSe;
towards HER takes place via both oxidation and reduction [29-31].
Further, the investigation of the enhancement in structural, electronic
and optical properties of HfS; monolayer via doping of lathanide atoms
is carried out [32-34]. There are studies on the Janus structure of S and
Se in HfSSe for its application in electronic devices [35-37]. We found
that these show vast applications of the materials, which led us to
investigate the properties of three compounds HfSe,, HfS; and HfSSe via
defect engineering. Numerous studies have shown promise in utilizing
defect engineering techniques to enhance the catalytic performance of
Janus materials such as WSSe, MoSi;N4, MoSiGeN4 and WSiGeNy [41,
42]. For example, Dequan et al. [41] investigated the impact of intrinsic
strain resulting from the janus structure and the role of vacancies in
activating the inert basal plane. They found an optimal hydrogen
adsorption free energy (AGM) close to thermoneutrality in the WSSe
system, achieving high HER catalytic activity under strain-free condi-
tions with the presence of S/Se vacancies at their intrinsic concentra-
tions. Additionally, Yadong et al. conducted first-principles calculations
to systematically explore the structural, electronic, optical and photo-
catalytic properties of emerging materials like MoSioN4, as well as
proposed janus structures such as MoSiGeN4 and WSiGeNy. Their results
confirmed the suitability of these janus structures for HER activity [42].
Wang et al. conducted a comprehensive study on the properties of 2D
HfS,, revealing its impressive characteristics such as a suitable bandgap,
high carrier mobility, remarkable sheet current density, and robust
chemical stability. These attribute 2D HfS; as a promising material for
diverse applications [43]. In similar manner, Yao et al. [44] explored the
characteristics of 2D HfSey, focusing on the structure and density of
various defects prevalent on the HfSe, surface. They utilized scanning
tunneling microscopy and spectroscopy for their analysis. Despite sim-
ilarities with defects found in MoS; and WSe,, HfSes is distinguished by
a significantly higher defect density of approximately 9 x 10! em™2. Its
suitability for use in transition metal dichalcogenide-based field-effect
transistors is underscored by its moderate band gap of around 1 eV and
the high-k dielectric properties of its native oxide. Additionally, Hoat
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et al. [37] delved into the Janus HfSSe monolayer, employing
first-principles calculations through the full-potential linearized
augmented plane-wave (FP-LAPW) method. Their findings confirmed
the dynamic stability of the HfSSe Janus monolayer, which is charac-
terized as an indirect gap semiconductor. Bera et al. [45] also contrib-
uted to this field by analyzing the phonon structures of HfS,, HfSeo, and
Janus HfSSe and confirmed the dynamical stability of these materials.
Given the existence of studies that demonstrate positive phonon
dispersion curves and thereby affirm the stability of these materials, we
have chosen not to conduct these calculations within our paper. This
decision is based on the substantial evidence already available, which
we believe sufficiently supports our findings without necessitating
further computational validation in this area.

In our present work, structural and electronic properties along with
catalytic activity for HER of all three structures i.e HfSe,, HfS; and HfSSe
have been explored. We are further motivated to tune the fundamental
properties such as structural and electronic, as well as the catalytic
performance with the creation of various defects. Both the required
mechanisms for water-splitting process are explored, the initial Volmer
reaction which is followed by Tafel and Heyrovsky reactions. All the
calculations were performed with the use of dispersion-corrected (D2)
density functional theory (DFT).

2. Computational methodology
2.1. Computational details

In this article, the structural, electronic and catalytic properties of
pristine and defected HfSe,, HfS; and HfSSe monolayers were performed
using state-of-art first-principles based density functional theory (DFT)
as implemented in Quantum Espresso code [46]. The exchange corre-
lation interaction was treated within the generalized gradient approxi-
mation (GGA) proposed by Perdew-Burke-Ernzerhof (PBE) [47].
Further, the dispersion correction (D2) of Grimme has been employed
throughout the calculation to get accurate value of adsorption energy for
hydrogen adsorption [48]. A 3 x 3 x 1 supercell of all structures are
considered so that the surface area is large enough to obtain acceptable
result. The kinetic energy and charge density cut-offs are 80 and 800 Ry
respectively which are sufficient to fully converge lattice parameters and
total energy within the specified threshold criterion. To avoid interac-
tion between two successive layers, a distance of 15 A is inserted
perpendicular to monolayer. The reciprocal space was sampled by a
dense grid of 7 x 7 x 1 constructed under Monkhorst-Pack scheme [49].
The Marzari-Vanderbilt smearing has been employed for required cal-
culations. The energy convergence value between two consecutive steps
was chosen as 10™* eV and convergence was repeated self consistently
until the maximum Hellmann-Feynman forces acting on each atom were
less than 0.001 eV/A. To acquire an energy convergence threshold of 1
x 1078 Ry by solving Kohn-Sham equation, an iterative Davidson type
diagonalization approach was used.

2.2. Theoretical formulations

The HER activity of pristine and defected HfSe;, HfS; and HfSSe
monolayers, are investigated according to the Sabatier principle [3-6].
The Sabatier principle states that, the reaction between catalysts and
intermediates should be just right neither strong nor weak. At equilib-
rium condition, efficiency of HER activity at given surface is determined
by exchange current density which is related to change in Gibbs free
energy of H-adsorption (AGH) [50-52] at (pH = 0) and can be defined as
follows:
AG" = AEY

ads

+AEzpg — TAS 3

Here AET, is the adsorption energy of hydrogen (H) atom. The en-
tropy of adsorption of } Hy is A S 2 >-1Sp as the vibrational entropy in
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the adsorbed state is relatively small [50-52]. Where S?,z is the entropy
of Hy in the gas phase at standard conditions. The Gibbs free energy is
calculated using the obtained TAS which is —0.2 eV and AEzpg using the
following equation.

- lEZ!Z’E

AE zpp = Ejfpp 2

C)

where, E,; and 52, is the zero-point energy of atomic hydrogens on the
catalyst and Hj in gas phase respectively. The obtained value of Ezpg -
TAS is listed in Tabel 2 and Table 3. The hydrogen adsorption energy
(AE) is defined as,

AEH =E(system + H) — E(system) — > E(H,) (5)
where E (system + H) is total energy of hydrogen adsorbed pristine or
defected systems, E(system) is the energy of pristine or defected systems
without adsorption, E(Hy) is the energy of isolated hydrogen molecule.
The best catalyst platinum has AGH close to zero. Therefore, for excel-
lent catalytic activity of HER, AG should be zero or close to zero. Ac-
cording to the Sabatier principle, if hydrogen (H) binds weakly to the
surface (i.e., AGH is too positive), it will result in difficulty during the
adsorption step. Conversely, if hydrogen binds strongly (i.e., AG™ is too
negative) to the surface, it will lead to difficulty during the desorption
step. Therefore, achieving an optimal AG! is crucial for ensuring
excellent catalytic activity in the hydrogen evolution reaction (HER). In
addition, two other descriptors for HER activity are the overpotential
and exchange current density and given by following relation [52].

n = AGe (6)

)

ip= —eK, aGH |

1+emr

Where e is electron charge, Kp is Boltzmann constant (eV/K), T = 298 K
and rate constant Ky = 1 s site™L.

3. Results and discussion
3.1. Structural properties of pristine structures

In the present work, we have studied the structural, electronic and
catalytic properties of 3 x 3 x 1 supercell of pristine 1T-phase HfS,,
HfSe; and Janus structure HfSSe along with various defects. When
considering Janus HfSSe, a unique scenario arises where one of the
chalcogen layers within the original HfX; TMD monolayer is substituted
with a layer containing atoms of a different type. To illustrate, the S
layer in HfS, gets replaced with Se, or vice versa. The substitution or
change made to the structure, and this change has a noticeable impact.
Specifically, the change disrupts the symmetry of the structure along the
vertical axis, making it less balanced or uniform. This loss of balance
affects the overall symmetry of the P-3m1 space group, meaning that the
structure is no longer as symmetrical as it was before the substitution.

International Journal of Hydrogen Energy 68 (2024) 268-276

The top and side views of the HfS,, HfSe, and Janus HfSSe are pictorially
represented in Fig. 1. The optimized lattice constants for the monolayers
HfS,, HfSe, and HfSSe are 10.99 A, 11.22 A and 11.11 A respectively,
which have nice accordance with previous studies [45,53]. The
bond-lengths between Hf-S and Hf-Se are 2.56 A and 2.68 A respec-
tively and for Janus HfSSe the bond-lengths Hf-S is 2.56 A and Hf-Se is
5.69 A as depicted in Table 1 which are consistent with previous reports
[45].

The structural stability of 1T phase of HfSe,, HfSSe, and HfS; have
been confirmed elsewhere through formation energy, phonon dispersion
curve, and/or AIMD simulation [54]. It is also shown that the 1T phase
exhibits higher relative phase stability than the 2H phase. The calculated
formation agrees with the previous report [37-40,54-56]. After the
confirmation of the phase stability of the considered systems, we further
investigate its electronic and catalytic activity.

3.2. Electronic properties of pristine structures

The calculated band structure of pristine HfS;, HfSe, and Janus
HfSSe are shown in Fig. 2. In all three monolayers, namely HfS,, HfSe,,
and Janus HfSSe, the highest energy level in the valence band, known as
the valence band maxima (VBM), is situated at the high symmetry point
I' of Brillouin zone. Conversely, the lowest energy level in the conduc-
tion band, referred to as the conduction band minima (CBM), is found at
the high symmetry point M. This arrangement gives rise to an indirect
bandgap in these materials. The band gap of HfSy, HfSeys and Janus
HfSSe is found to be 1.56 eV, 0.68 eV and 1.04 eV respectively which are
very well in accordance with the previous reports [45]. The PBE func-
tional underestimates the band gap, the previously reported band gap of
HfS, and HfSe; is found to be 2.40 and 1.32 eV respectively with the
HSEO06 functional [57,58]. It is interesting to note that the Janus HfSSe
exhibits band gap in between the HfS; and HfSe;. The band gap of HfSSe
decreases due to incorporation of Se atoms in place of S atoms. The band
gap of HfS, HfSe, and HfSSe lies in the range of 1.2-2.5 eV, which
makes them potential candidates for photo-catalyst. As discussed earlier,
Pt is metallic in nature and exhibits excellent candidate for HER but
limited abundance limits its large-scale application. However, searching
for cheap and easily available catalysts are highly demanded [59-62].

Table 1
Calculated lattice, bond lengths and Formation energy of HfS,, HfSe, and HfSSe
monolayers.

Systems Lattice (A) Bond length A Eform (eV)

HfS, 10.99 2.56 —4.80

HfSe, 11.22 2.68 —4.03

HfSSe 11.11 2.56 (Hf-S) —4.41
5.69 (Hf-Se)

Fig. 1. The optimized geometries of (a) HfS,, (b) HfSSe and (c) HfSe, monolayers.
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Fig. 2. Band structure of pristine (a) HfS,, (b) HfSSe and (c) HfSe, monolayers.

3.3. Catalytic properties of pristine structures

It is observed through the various studies that edge sites of the TMDs
is more efficient in terms of catalysis as compared to basal plane [63].
Chalcogen elements, such as S and Se, positioned at the edges of 2D
materials, present unsaturated bonds due to the crystal structure ending
at these points. This results in a higher level of reactivity at the edge sites
compared to the atoms in the basal plane. This heightened reactivity is
critical for various applications, including catalysis, as well as energy
storage and conversion technologies, where the process of molecules
attaching and detaching from the material’s surface is essential. Spe-
cifically, the superior performance of TMDs in facilitating HER is often
credited to the advantageous adsorption sites formed by S or Se atoms
located at the edges [64-66]. Thus, we have studied H adsorption on
various sites of these pristine structures.

Fig. 3 depicts the optimized structures after H-adsorption over HfS,,
HfSe, and HfSSe. We have calculated AET, and AG™ at various sites of
these monolayers using equations (3) and (5). The values are shown in
Table 2. Here, as observed from the table, in case of HfS, the S edge
adsorption shows better catalytic activity as compared to basal plane.
Similarly, in case of HfSep we observe the same trend of active edge site
compared to basal plane. Also, it is evident that HfS, has better catalytic
efficiency than HfSe; as this trend has been observed in case of ZrS; and
ZrSey also [67]. Additionally, when we contrast HfS,; with HfSe,, we
observe that the sulphur edge exhibits greater reactivity in comparison
to the selenium edge. Interestingly, this differs from the general trend
seen in transition metal dichalcogenides (TMDs), where selenium-based
catalysts tend to be more active than their sulphur counterparts [63]. In
the context of Janus structures, there exist two distinct edge sites: one
composed of sulphur atoms, referred to as the S-edge, and the other
consisting of selenide atoms, known as the Se-edge. It is evident that
because of the highly asymmetric arrangement of atoms in Janus con-
figurations, there is an augmentation in catalytic activity specifically at
the edges. Additionally, it’s worth noting that Janus structures exhibit a
rather unconventional trend, where the sulphur edge site displays higher
reactivity compared to the selenide edge. Finally, we can evaluate from
comparison of Gibbs free energy of all three systems at basal plane and

%889
pisis
0“0%%

(@)

Table 2
Calculated AER,, AG™ and Léwdin charge of HER activity over pristine HfS,,
HfSe, and HfSSe monolayers.

Systems  Adsorption AEH AEzpg — AGH Lowdin charge
Site (eV) TAS (eV)
(eV) Qu(®)  AQu
(e
HIS, Hf 1.85 0.30 2.09 1.28 0.28
S 1.39 0.30 1.69 1.26 0.26
HfSe, Hf 1.56 0.30 1.86 1.41 0.41
Se 1.44 0.30 1.74 1.23 0.23
HfSSe Hf (Se-plane) 1.57 0.37 1.94 1.28 0.28
Hf (S-plane) 1.85 0.37 2.22 1.34 0.34
S-edge 1.16 0.37 1.53 1.17 0.17
Se-edge 1.48 0.37 1.85 1.23 0.23

edge site, which yields us the following sequence SHfSe > HfS; > HfSe,
where SHfSe refers to the hydrogen adsorption at S-edge site. The Janus
structure yields good catalytic activity for HER, as observed in Janus
SeMosS [68]. The hydrogen adsorption is in following sequence HfSSe >
HfS, > HfSey. The Lowdin charge analysis explains, the charge transfer
mechanism from catalyst to hydrogen, in Table 2, we can clearly observe
increment in the charge of hydrogen atom which is attributed charge
transfer from the system to hydrogen atom. If AQy (e) (difference in
charge hydrogen before and after adsorption) is positive means charge

transfer from the system to hydrogen and negative means charge
transfer from hydrogen atom to system. Comparing the AQy of HfSp and
HfSes, AQy is higher for HfS; which is the reason that HfS, is better
catalyst for HER. However, in the case of the Janus, due to charge
redistribution of S and Se due to asymmetric arrangement, the AQy
value for Se site is higher than S site, which is core reason for
enhancement of Se site in Janus system as compared to the pristine
counterpart. The 1owdin charge analysis validated the results obtained
from the AG™ and AE, . We observed, there is higher transfer at basal
plane compared to edge sites which leads to strong interaction with
hydrogen ion, this may be hindrance for the evolution of hydrogen gas.
Further, we conducted an analysis of the total and partial electronic

Fig. 3. The optimized geometries of H-adsorbed (a) HfS,, (b) HfSSe and (c) HfSe, monolayers.

271



A.N. Inamdar et al.

International Journal of Hydrogen Energy 68 (2024) 268-276

Table 3
Calculated lattice constant (a), bond lengths, Formation energy, AEffds, AGH and AQy of defected HfS,, HfSe, and HfSSe monolayers.
System a(A) Bond length A Eform (eV) Adsorption site AEH (eV) AEzpe — TAS (eV) AGH (eV) AQgy (eV)
HfSo-Vyr 10.92 2.58 3.53 Hf -0.20 0.35 0.15 0.30
HfS,-Vs 10.93 2.58 6.95 Hollow -1.21 0.35 —0.86 0.63
HfSe,-Vye 11.11 2.70 2.96 Hollow —0.02 0.35 0.33 0.42
HfSe,-Vse 11.15 2.67 5.86 Hf (moved to hollow site) -1.29 0.35 —-0.94 0.70
HfSSe-Vys¢ 11.03 2.42 (Hf-S) 5.95 S 0.01 0.33 0.34 0.17
2.68 (Hf-Se)
HfSSe-Vs 11.05 2.57 (Hf-S) 4.52 Hf -1.23 0.33 —-0.90 0.34
2.68 (Hf-Se)
HfSSe-Vge 11.03 2.57 (Hf-S) 2.90 Hollow -1.19 0.33 —0.86 0.68
2.68 (Hf-Se)

density of states (PDOS) for H adsorption on various configurations of
HfS,, Janus HfSSe, and HfSe,. This study aimed to provide deeper in-
sights into the adsorption behaviour of H in different positions.
Following the adsorption of H onto these pristine systems, they exhibi-
ted metallic properties, confirming a notable interaction between H and
the catalyst materials. The concept of DOS is crucial in grasping the
physical characteristics of materials, as it offers a straightforward
method to depict intricate electronic structures. Essential features that
are pivotal in determining the electrical and optical attributes of mate-
rials, such as the band gap and the effective masses of charge carriers,
are readily observable in the DOS representation [69]. The PDOS anal-
ysis revealed that the hydrogen atoms contribution, particularly in the
vicinity of the Fermi level, can be attributed to weak interaction towards
H. Fig. 4 shows the PDOS of the three systems providing good catalytic
efficiency as S-site HfSy, Se-site HfSe; and S-edge site HfSSe. In case of
pristine HfS,, the contribution of H atom is more towards the conduction
band indicating physisorption, whereas, in case of pristine HfSey, the
contribution of H atom is also more towards the conduction band
providing same analysis of physisorption as HfS. In case of Janus HfSSe,
the contribution of H atom has a small peak near conduction band
indicating physisorption. On the other hand, the interaction of hydrogen
state with adsorbate states gives rise to bonding and anti-bonding states
which can be attributed to lesser interaction with hydrogen atoms and
helps to desorb easily. We can conclude from our previous discussion
that edge sites of HfS; and HfSe; are more active as compared to basal
plane but among the three pristine systems S-edge site of HfSSe provides
the best catalytic efficiency for HER. In the past, there was a prevailing
notion that the active edge sites of transition metal dichalcogenide
(TMD) catalysts posed a significant obstacle to efficient hydrogen pro-
duction [9,17,70]. As a result, a potential solution to this challenge has
been suggested: by enhancing the reactivity of the basal plane, it could
help to overcome this issue. One of the most commonly known method
to improve the activity of basal plane is by introducing various defects
that have previously shown increment in catalytic efficiency [24-27].
Thus, we can consider the possibility of enhancement of catalytic effi-
ciency of HfS,, HfSep and Janus HfSSe by defect creation.

3.4. Structural properties of defected structures

We are interested to investigate the role of defected monolayers to-
wards the HER performance. Therefore, we have created mono transi-
tion metal and chalcogenides vacancies namely monohafnium vacancy
(Vyg), monosulphur vacancy (Vg) and monoselenium vacancy (Vge)
correspondingly. All the different vacancies formed monolayers are
depicted in Fig. S1. Defect is a method used to finely adjust the essential
electronic characteristics of the material. This serves as a fundamental
strategy to elevate the catalytic performance of a catalyst. After thor-
ough optimization of various functionalized systems, we observed that
there were minimal alterations in the overall structure. After the crea-
tion of defects in HfS,, HfSe, and HfSSe structures, we observe decre-
ment in the lattice constants shown in Table 3, attributed to the fact that
the ions around these vacancies relax inwardly as observed in various
previous studies [71]. We have calculated the formation energy in the
chalcogenide rich condition with the formula used in elsewhere [58].
Our results are quite in agreement with the pervious report, the chal-
cogenides vacancy are quite favourable as they have lower formation
energy than transition metal vacancy. The formation energy is listed in
the Table 3. Both the vacancies are observed experimentally [58,72],
therefore, we have carried out HER activity.

3.5. Electronic properties of defected structure

To assess the improvement in the HER activity of defected systems,
we introduced H onto the defect sites shown in Fig. 5. We observe that
the favourable position for hydrogen to get absorbed is still sulphur site,
which is similar to the case without defects in case of HfS; and Janus
HfSSe. However, in the case of HfSey, hydrogen prefers to the hollow site
leading to have lower adsorption energy, which is comparable to the Hf-
defect in Janus HfSSe. To get insight, on the effect of hydrogen
adsorption on the changed catalyst, we investigated the electronic
properties of defected HfS,, HfSe; and Janus HfSSe before (top panel of
Fig. 6) and after hydrogen adsorbed (bellow panel of the Fig. 6). Fig. 6
depicts the PDOS of lowest AGH.
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Fig. 4. PDOS for H-adsorption on pristine (a) HfS,, (b) HfSSe and (c) HfSe, monolayers.
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Fig. 6. PDOS of H-adsorption over the defect engineered (a) HfS,, (b) HfSSe and (c) HfSe, monolayers.

The defect formation in all cases causes semiconductor-to-metal
transition which agrees with previous DFT studies [58,72]. The
metallic nature of the mono vacancy TMDs and Janus, have high elec-
trical conductivity, which facilitates efficient charge transfer during
electrocatalysis. This conductivity is crucial for the rapid transport of
electrons to the active sites on the catalyst surface, promoting a more
effective HER. It is observed that all the systems after H-adsorption re-
mains metallic in nature. On the Top panel of Fig. 6, we observed there is
decrease in the TDOS near the Fermi level, suggests their involvement in
bond formation with the adsorbate. Additionally, we’ve noted that in
case of HfS,, the PDOS of H exhibits higher density in the conduction
band. A similar pattern is observed in the PDOS of HfSe; in case of Vyr at
hollow site and HfSSe as shown in Fig. 6. This phenomenon aligns with
the nature of optimal interaction, which is consistent with our findings
from AGH calculations. However, when H states interact with adsorbate
states, it contributes in both bonding and anti-bonding states.

These states indicate a weaker interaction with H atom, making it
easier for them to desorb from the system. Furthermore, using the
lowdin charge analysis, we observed the chalcogenide (S or Se) defect
leads to higher charge transfer as compared to the Hafnium defect as
seen from Tabel 3. This higher charge transfer may be the reason for the
interaction which might be a hindrance for the hydrogen evolution re-
action. Thereafter, we have compared the AG of our work with the
previously reported TMDs, in the volcano plot (Fig. S2). We found that
not only basal activity of Hf-defected HfS; increases but falls in the best
catalyst shaded region followed by other two defected system HfSey-Vy-
Hollow site and HfSSe-Vyy-S site. Their AGH is comparable to CoSy, CrSs,
FeS,, Co-doped HfS,, P-doped HfS; TMDs [73-81]. Table S1 shows the
comparison of AGH of all the stable 2D-TMDs with HfS, and HfSe,
monolayers which is shown in the supplementary information.

3.6. Catalytic properties of defected structures

Subsequently, we calculated the AE?, and determined the AGH for
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defected monolayers, utilizing equations (3) and (4). We have observed
that defect engineering has indeed enhanced the catalytic efficiency as
seen from the obtained AE!, and AG™ values denoted in Table 3. Here,
we can analyze that in case of HfS,, Vy gives us lower AGH as compared
to Vs and its parent structure. Further, in case of HfSey, it is observed
that, Vyr gives lower AGH as compared to Vg and its parent structure.
Whereas, in case of Janus HfSSe, the order of lowest AGY is for VHf,
followed by Vge and Vg. Also, we can conclude that defected HfS, gives
us the lowest AG™ followed by defected HfSe, and defected Janus HfSSe
with values 0.15 eV, 0.33 eV and 0.34 eV respectively. From the above
discussion we can conclude that Vyrin case of HfS, is best-suited for HER
as its value is closer to zero which is the ideal value. Finally, we conclude
that the defected system helps to increase basal plane activity of TMD.

3.7. Comparison of Volmer-Heyrovsky and Volmer-Tafel mechanism

In our effort to boost Hydrogen Evolution Reaction (HER), we looked
at two ways in which it can happen: Volmer-Heyrovsky and Volmer-
Tafel reactions. For investigating it, we considered the systems having
the lowest Volmer-Gibbs free energy. We found that when we added a
second proton near the Volmer-Hydrogen (Hy,]), about 2 A away, the
Volmer-Heyrovsky reaction was way more effective. On the flip side,
putting the second proton on top of the atom close to Volmer-hydrogen
in the Volmer-Tafel mechanism didn’t work as well. Volmer-Heyrovsky
has an upper hand in better HER activity. Out of three pristine mono-
layers, the Janus exhibit the lowest Gibbs free energy. Therefore, we
include the description mechanism of it alongwith the reaction co-
ordinates (see Fig. 7). The calculated Volmer-Heyrovsky Gibbs free en-
ergy (AGHY) for Janus HfSSe is found to be 0.30 eV and we observed the
evolution of hydrogen in the process. To investigate the Volmer-Tafel,
we adsorbed the second proton on top of the sulphur (Hr.g) and
hafnium (Hrt.g¢) atoms.

The lowest adsorption energy for the second hydrogen is found to be
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Fig. 7. Reaction coordinate of Jannus HfSSe.

0.07 eV for the hafnium site, whereas in case of S, it is 0.47 eV. It is
interesting to note that after the adsorption of second hydrogen, the
distance between the Hy,) and Hr.yf and Hyo and Hr.g is 2.23 A and 2.86
A respectively. These two adsorbed hydrogens on Janus monolayer are
observed to move way from each other rather than interacting. The final
distance between Hy, and Ht.yf and Hy, and Hrg is found to be 2.5 A
and 3.72 A respectively. The calculated Volmer-Tafel Gibbs energy
(AGHT) is found to be 2.30 and 2.69 eV for Hf and S positions respec-
tively. This suggests that the hydrogen evolution reaction is possible
with Volmer-Heyrovsky rather than Volmer-Tafel reaction. We conclude
that the chalcogenides are a hindrance in the Volmer-Tafel reaction
leading to low production of hydrogen. Similar results were obtained for
other two pristine monolayers, whose starting and ending setups of
pristine monolayers are pictorially represented in SI (Fig. S3 -S5). In the
case of HfS,-Hf defect, we observed the evolution of HyS. This phe-
nomenon was previously observed in the MoS, and MoS;-sulphur va-
cancies [82-84]. In this scenario, hydrogen sulphide will cease to desorb
in large quantities when the evolution of hydrogen becomes more
practical than the desorption of sulphur and the further adsorption of
hydrogen. In nutshell, sulphur will continue to desorb as H,S, until the
evolution of hydrogen becomes the more kinetically preferred process.
This finding is a big step forward in making hydrogen production more
effective. We did not observe the evolution of H5Se, in case of defec-
ted-HfSe;. The sole reason behind the evolution of HsS in defected HfS;
is the electronegativity of sulphur which is lower than selenide. There-
fore, the evolution of HySe is not observed, which promotes only Hy
evolution through VH mechanism. Even in case of Janus-defect, due to
presence of selenide layer, it prohibits the evolution of HoS as compared
to HfS,-def-monolayer (final snapshot provided in SI; Fig. S3).

4. Conclusion

We investigated the structural and electronic properties, along with
the catalytic activities, of pristine and defected HfS,, Janus HfSSe, and
HfSe; monolayers. Our calculations revealed that pristine HfS, HfSe,
and HfSSe possesses electronic band gaps in range of infrared-visible,
making them suitable candidates for their use as photo-catalysts. The
computed AE, and AG™ for H reveals that the Janus structure exhibits
higher catalytic activity compared to HfS; and HfSe, monolayer, as was
observed in Janus SeMoS. Further, the introduction of mono Hafnium
and chalcogenide (S,Se) defects into these materials, had a profound
impact on their electronic properties, that revealed semiconductor-to-
metal transition. This transition provides higher electrical

274

International Journal of Hydrogen Energy 68 (2024) 268-276

conductivity, which facilitates efficient charge transfer during electro-
catalysis. The presence of a Vi resulted in a lower AG™ compared to the
presence of Vg or the pristine structure. Similarly, for HfSe;, V¢
exhibited lower AG™ values compared to Vg or the pristine structure. As
for Janus HfSSe, Vy¢ displayed the lowest AGH, followed by Vge and V.
Our analysis indicated that defected HfS, exhibited the most favourable
AGH, followed by defected HfSe; and defected Janus HfSSe, with values
of 0.15 eV, 0.33 eV, and 0.334 eV, respectively. Furthermore, a
competition is observed between the evolution of HoS and Hj gas in the
case of HfS>-Vyt. In contrast, defected Janus and HfSe,, characterized by
Se layers, show no competitiveness with HoS or HySe gases. These ma-
terials exhibit lower reactional Gibbs free energy compared to the
pristine monolayers due to their metallic nature, underscoring their
catalytic potential. The research also notes an enhanced hydrogen
evolution reaction (HER) activity associated with Hafnium vacancies,
with the Volmer-Heyrovsky reaction dominating the catalytic mecha-
nism. These findings contribute valuable insights into the design and
optimization of catalysts for efficient HER processes.
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