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2D-HfS, as an efficient photocatalyst for water
splitting

Deobrat Singh,? Sanjeev K. Gupta,*® Yogesh Sonvane,*?
Ashok Kumar® and Rajeev Ahuja®

Two dimensional monolayer nanostructures for water splitting solar photocatalysts are drawing more at-
tention due to their extraordinary properties. Using first principles calculations we have systematically in-
vestigated the structural, electronic and vibrational properties of corresponding HfS, monolayers in both
hexagonal (1H) and trigonal (1T) phases. The most stable adsorption configurations and adsorption energies
are calculated. The adsorption energy of H,O on the substrate is 646.53 kJ mol™ for the 1H-phase and
621.65 kJ mol ™ for the 1T-phase of HfS,. This shows that H,O molecules have a stronger interaction with
the HfS, substrate. The calculated redox potentials of H,O splitting lie properly astride the valence and
conduction bands, suggesting that the monolayers of 1H- and 1T-HfS, show the same characteristics as a
photocatalyst for water splitting. Furthermore, we also calculated that the optical band gaps for the 1H and
1T phases of HfS, are 2.60 eV and 3.10 eV, respectively. We have also calculated Raman spectrum signa-
tures of the monolayer 1H and 1T-phase of the in-plane vibrational mode of the Hf and S atoms (E,;g) and
the out-of-plane vibrational mode of S atoms (A;g and Ay.). Our work suggests that a lot more research
and attention in this field is needed for the practical application of the material as visible light active

www.rsc.org/catalysis photocatalysts.

Introduction

Energy storage and conversion plays the greatest role in the
development of modern society. Our dependence on fossil
fuels, which are a limited and finite energy resource, has trig-
gered researchers to look for alternative options. Moreover,
these fuels produce energy expulsion, and as the global popu-
lation increases this causes environmental pollution and a
change in climate. This situation leads us to look for renew-
able and natural energy sources as sustainable alternatives to
the current use of limited fossil fuels." To fulfill the increas-
ing global energy demands, water and sunlight has to be uti-
lized to produce hydrogen through electrochemical or photo-
catalytic processes.”” Note that hydrogen is regarded as one
of the most efficient energy carriers for storing and trans-
porting energy.

The photocatalytic splitting of water provides a route for
clean hydrogen fuel generation which has been proposed by
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Dahl et al.® and Maeda et al.* In the process of the electro-
chemical decomposition of water, there must be a 1.23 eV po-
tential difference between the anode and cathode. But the en-
ergy of visible radiation is slightly higher than the potential
difference. Therefore, a meaningful photocatalyst must have
its electronic band positions that straddle the redox poten-
tials i.e. hydrogen evolution reaction (HER) and oxygen evolu-
tion reaction (OER), and a bandgap less than ~1.6 eV to effi-
ciently utilize solar energy and split H,O into H,.> In the
photocatalytic process, the photocatalyst materials absorb
photons from sunlight to create electron-hole pairs in order
to initiate redox reactions.>®

The synthesis of materials as photocatalysts is categorized
into three generational types. The first generation shows only
ultraviolet absorption for metals; the second generation
shows visible light absorption for metals; and the third gen-
eration shows extended visible light absorption for two-
dimensional (2D) metals/non-metals.>™ The first generation
have the significant disadvantage of a restricted photon ab-
sorption window towards UV light only, which indicates poor
solar-to-hydrogen (STH) conversion efficiencies. The second
generation photocatalysts have a high capacity to absorb pho-
tons of visible light, however, the efficiency is poor because
of inefficient charge transfer kinetics, high recombination
rate of photo-generated carriers, and instability in acidic/alka-
line medium.” ™ The first and second generations of
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photocatalysts mostly consist of oxides, sulfides and nitrides
of titanium, cadmium, tungsten and transition-metal-
dichalcogenides (TMDs). The metal-based photocatalysts
have toxic and corrosive behavior, therefore, they can only be
used in the presence of co-catalysts of precious metals (Pt,
Au, Ag etc.)."”® In order to overcome this problem, alternative
elemental and compound photocatalysts have been explored
e.g. red-P, alpha-sulfur and boron have been reported as po-
tential photocatalysts by researchers,'*™® the experimental re-
alization of water splitting on a titanium oxide electrode has
been demonstrated,””'® and theoretical investigations of
layered transition metal dichalcogenides such as MoS,,
MoSe,, and TaS, have led them to be considered as potential
candidates to catalyze solar water splitting."*™” In addition,
the theoretical study by Zhuang and Hennig predicted that
the monolayer of group-III monochalcogenides have ideal
band edges for solar water splitting.>®

The remarkable progress of research in this area has
drawn our attention to look for materials which consist of a
few atomic layers thick, which are highly functional com-
pared to their bulk counterparts. Note that two dimensional
materials have abnormal structural, electronic and electro-
optical properties.”*™>° In this paper, we have investigated the
electronic, vibrational and photocatalytic properties of the
hexagonal (1H) and trigonal (1T) phases of HfS, using first-
principles calculations based on density functional theory
(DFT). We determined the band position of edge energies on
the standard hydrogen electrode (SHE) potential scale, and
presented the relevance and suitability of the different phases
as photocatalysts for water splitting in terms of the redox po-
tentials of water.

Methodology

First-principles calculations were performed using the Quan-
tum ESPRESSO package,”” which uses plane-wave basis sets
to expand the Kohn-Sham orbital. Local density approxima-
tion (LDA) within the Perdew-Wang (PW) parametrization,
generalized gradient approximation (GGA) in Perdew-Burke-
Ernzerhof (PBE) and hybrid functional HSE06 parameteriza-
tion were used to treat the exchange-correlation functional®®
for fully self-consistent density functional theory (DFT) calcu-
lations.”>*® We used a norm-conserving pseudopotential for
Hf and S atoms that includes the scalar-relativistic effect.>!
The Kinetic energy cutoff of 60 Ry and 300 Ry was used for
electronic wave functions and charge densities, respectively.
The Monkhorst-Pack scheme for k-point sampling of the
Brillouin zone was used with a 23 x 23 x 1 grid. The conver-
gence criteria for energy in the SCF cycles were chosen to be
107'° Ry. The geometric structures were optimized by mini-
mizing the forces on individual atoms with the criterion that
the total force on each atom is below 10 eV A™". In order to
mimic the two-dimensional system, the supercell was used to
simulate the isolated structures, and the distance between
images was larger than 20 A in the z-direction (perpendicular
to the plane of HfS,) to avoid image interactions.
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The phonon dispersion was obtained on a finer g-mesh,
i.e., 3 x 3 x 1 using density functional perturbation theory by
applying the acoustic sum rule for ¢ — 0. All the optimized
geometric structures presented in the paper were obtained
with the help of XCrySDen software.>” To ensure dynamical
stability and to analyze Raman fingerprints of the single layer
crystal structures of the two phases, namely 1H-HfS, and 1T-
HfS,, phonon frequencies along the whole Brillouin Zone
(BZ) were computed using the perturbation method with the
forces obtained from the Quantum Espresso package.

Results and discussion
a) Stability of structures

To determine the energy landscape for a transformation be-
tween 1H and 1T polymorphs, we consider different configu-
rations obtained by displacing (or sliding) one of the
X-atomic sub-lattice planes with respect to the M-atom layer
of the structure. The calculated optimized structural parame-
ters of the triatomic X-M-X layer with two phases (Fig. 1),
namely the lattice constant and bond length between Hf-S
and S-S, are shown in Table 1. The calculated lattice parame-
ters are found to be in good agreement with previously
reported values.>*>® Our calculated lattice constants at
the GGA-PBE level of theory are 3.54 A and 3.65 A for the
1H and 1T-phase respectively. LDA is found to underestimate
lattice constants by a significant manner (¢ = 3.38 A
for the 1H-phase and a"P* = 3.48 A for the 1T-phase). More-
over, the band structure of both phases of HfS, allotropes
was calculated using the hybrid functional HSE06. Using the
hybrid functional, the band gap increases with respect to
the PBE from 1.36 eV to 2.66 eV for the 1H-phase and from
1.49 eV to 3.12 eV for the 1T-phase of HfS,, which can be
compared to the previous G,W, functionals results obtained
by F. A. Rasmussen et al.,”” of 2.63 eV (1H-phase) and 2.98 eV
(1T-phase) for HfS,.

In order to determine the dynamic stability of the two
phases, phonon dispersion calculations were performed
around the high symmetric points in Brillouin Zone (BZ)
(Fig. 2). The unit cell of the 1H and 1T-phases of HfS, con-
sists of three atoms which give a total of 9 frequency modes
where 3 are acoustic branches and other 6 are optical
branches. The 1T-phase of HfS, is globally stable since the
global energy minimum exists, and all phonon frequencies
are positive and lowest energy acoustic mode near I” (M-I’
direction) is not linear. In the case of the 1H-phase of
HfS,, all the modes contain positive values of frequencies,
except the transverse acoustic mode near the /-point. These
modes have imaginary frequencies near the /-point up to 5
cm ™ due to the softening of phonons, where a strong depen-
dence of the frequency of this mode on the computational
parameters is also observed. Our HfS, structure has a tri-
atomic S1-Hf-S2 layer in both cases. The left side S1-atom is
the first S-atom and the right side S2-atom is the second
S-atom. So those three dispersion modes of the acoustical

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 The top view and side view of 1T and 1H-phases of HfS, with a 3 x 3 x 1 supercell.

Table 1 Comparison of structural parameters and band gap of 2D monolayer HfS, calculated by using different exchange correlation functionals along

with other reported values

Properties LDA GGA HSEO06 Other

a(A) 3.38 (1H),3.48 (1T) 3.54 (1H), 3.65 (1T) 3.539 (1H),3.651 (1T) 3.66,%* 3.64°>¢ (1T)
Dy s (A) 2.52 (1H),2.50 (1T) 2.59 (1H), 2.58 (1T) 2.59 (1H), 2.57 (1T) —

ds_s (A) 3.21 (1H),3.58 (17) 3.21 (1H), 3.64 (1T) 3.17 (1H),3.61 (17) —

E, (eV) 1.07 (1H),0.92 (1T) 1.36 (1H), 1.49 (17) 2.66 (1H),3.12 (1T) 1.26,>* 1.23%° (1T)

I K M r

Fig. 2 Full phonon dispersion curve of monolayer 1H and 1T-phases of HfS,.

branch can be easily distributed and are considered to be
due to the heavier atom (Hf), while the upper 6 lines in the
optical branch are considered due to the lighter atom (S).

We have performed calculations with a finer 3 x 3 x 1
g-mesh to improve the acoustic sum rule for ¢ — 0. The lon-
gitudinal acoustic (LA) branch in the direction /-K experi-
ences a softening or downward bending to meet the first
transverse acoustic branch (TA) at a degenerate point at K in

This journal is © The Royal Society of Chemistry 2016
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the 1T-phase. In the /-M direction, Fig. 2 reveals an upward
bending and both the LA and TA acoustical branch are de-
generate in the 1T-phase. There is a relatively large splitting
of bands along the /-M direction compared to the very
small split in the /=K direction in the case of the 1T-phase.
For the 1H-phase, all these acoustical and optical branches
are degenerate. There is a softening of the TO mode corre-
sponding to the second S-atoms along the /-M direction that
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become degenerate with the LO corresponding to the first
S-atom at the M-point. This downward bending can also be
seen in the /-K direction (Fig. 2).

The separation between LO and TO branches in the /-M
directions is very small. These branches belong to the second
S-atom. The highest mode is at the centre of the BZ and its
value is 326.5 cm™ and 355.9 cm™ for the 1T and 1H-phases,
respectively.

Next we have investigated the Raman spectra of 1H and 1T-
phases of HfS, (Fig. 3). We identify the Raman active modes
which correspond to the same modes A at 233.54 cm ',
325.06 cm™" and 361.62 cm ™" for the 1H-phase, while in the
case of the 1T-phase, the Raman active modes are E;q, Aqg
and A, at 168.39 cm™*, 293.12 cm ™" and 294.79 cm™*, respec-
tively, that correspond to the in-plane vibration of the Hf and
S atoms (E;,) and the out-of-plane vibration of S atoms (A,
and A,,) in the HfS, structure. The difference in peak posi-
tion between the Eq, A;; and A,, bands, which is a strong in-
dicator of the number of layers, was approximately 124.73
and 1.67 cm " for the 1T-phase, respectively, and in the case
of the 1H-phase, the differences between positions are 91.51
and 36.57 cm™' for the same Raman active modes (A),
respectively.

b) Electronic structure

The electronic configuration of Hf is [Xe] 4f** 5d* 6s* and S
has an electronic configuration of [Ne] 3s> 3p®. The f-orbitals
of the Hf atom are completely filled, but Hf has 2 unpaired
5d electrons and S has 2 unpaired 3p electrons. As S (2.58) is
more electronegative than Hf (1.30),® the S atom attracts
electrons from the Hf atom. Basically, Hf is a transition
metal; all the outer most orbital electrons freely move up to
the Fermi levels. The electronic band structures of two di-
mensional monolayer structures of 1H-HfS, (Fig. 4) and 1T-
HfS, (Fig. 5) clearly show semiconducting nature, with indi-
rect band gaps of 2.66 eV and 3.12 eV, respectively. The direct
band gap at the M-point (2.96 eV) is slightly larger than the
indirect band gap for the 1H-phase, but in case of the 1T-
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phase, the direct band gap of 4.22 eV is significantly larger
than the indirect band gap value. The detailed comparison of
band gap values using different correlation functionals is
tabulated in Table 1.

We now examine the projected density of states (PDOS) to
study the orbital contribution to valence and conduction
bands. The S-3p contribution of the energy band near the
Fermi level is more dominant compared to the Hf-5d orbital
in the valance band region, while in the conduction band re-
gion near the Fermi energy, most of the contribution is ob-
served to be due to the Hf-5d orbitals (Fig. 4 and 5). The
electronic distributions are also spatially correlated to the
atomic structure. The conduction-band states at the M-point
are mainly due to localized d orbitals on the Hf atoms, lo-
cated in the middle of the S-Hf-S layered structure and rela-
tively unaffected by interlayer coupling. However, the states
near the /-point are due to combinations of the antibonding
P,-orbitals on the S atoms and the d orbitals on Hf atoms,
and have a strong interlayer coupling effect.

c) Hafnium disulphide as a water splitting photocatalyst

We determined band edge energies and aligned them on the
standard hydrogen electrode (SHE) potential scale. Based on
these, we discuss their positions relative to the redox poten-
tials of water splitting using different exchange correlation
energy functionals. The reactivity of a catalyst is determined
by its work function (¢), which is defined as the minimum
amount of work required to remove an electron from the
interior of a solid to the vacuum level and is given by

Work function (¢) = Evacyum — Er(0Or Evpm) (1)

where Er is the Fermi energy and Eygpy is the energy of the
valence band maximum.

The macroscopic planar average of the electronic potential
of monolayer 1H- and 1T-HfS, obtained as a function of Z
(perpendicular to its plane) is presented in Fig. 6. The value
of the work function (p) has been estimated as 6.56 eV and

0.05

1T-phase
293.12, 294.79

0.04 |-

S

o

@
T

0.02 -

Intensity (a.u.)

0.01 |-

0.00 S
0 100 200 300 400 500

Raman Shift (cm‘l)

Fig. 3 The Raman spectra of 1H and 1T-HfS, monolayer before the photocatalytic hydrogen reaction.
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Fig. 4 Optimized geometric structure, electronic band structure and partial density of states (PDOS) of the 1H-phase of HfS,. The inserted

molecule of HfS, shows the p-orbital contribution of S atom in the VBM.

——Hf-s
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—— Hf-d
S-s
—Sp

e

1"0

2 4
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Fig. 5 Optimized geometric structure, electronic band structure and partial density of states (PDOS) of the 1T-phase of HfS,. The inserted

molecule of HfS, shows the p-orbital contribution of S atom in the VBM.
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5.92 eV for 1H-phase and 6.42 eV and 6.25 eV for the 1T-
phase with GGA and LDA, respectively. Moreover, the work
function of both phases of HfS, allotropes was calculated
using the hybrid functional HSE06. Using the hybrid func-
tional, the work function increases from 6.56 eV to 7.17 eV
for the 1H-phase and from 6.42 eV to 7.25 eV for the 1T-
phase of HfS,. Our calculated values are comparable with the
previously reported work function of 6.21 eV for 1T-HfS,.*’
These are also comparable with the work function of other
compounds such as Ga$ (6.72 eV), Ga>" compounds, and CdS
(7.12 eV), indicating that both phases of HfS, have a better
catalytic activity than Gas*® and CdS.** CdS is a better cata-
lyst for water splitting and from the reported values of CdS
we compare our work function values, which may indicate a
better catalyst for water splitting. Note that for a photo-
catalyst, the work function is inversely proportional to the
catalytic activity.

Analyzing the valence and conduction bands position
(aligned) on the standard hydrogen electrode (SHE) potential
scale,’”*>™*® we found that the redox potentials for H,O split-
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(a) Work function of the 1H-phase of HfS, and (b) work function of the 1T-phase of HfS,.

ting lay properly astride the valence and conduction bands,
suggesting that the monolayers of 1H and 1T-HfS, could be
potential candidates as water splitting photocatalysts (Fig. 7).

The band alignment of HfS, with respect to the standard hy-
drogen electrode (SHE) reveals that the valence band maximum
(VBM) of the 1H-phase of HfS, is not more negative than that of
the redox potential of O,/H,O (+1.23 eV vs. vacuum) while in the
case of the 1T-phase of HfS,, the VBM is less negative in LDA,
GGA and HSEO06 calculations. However, its conduction band
minimum (CBM) is more negative than that of the H'/H, reduc-
tion potential (0.0 eV vs. vacuum) in the LDA calculation of the
1H-phase, whereas in the GGA and HSE06 calculations show
less negative value for the same phase, while in the 1T-phase,
the CBM is also negative in all of them calculations, thereby
suggesting that both phases of HfS, are capable for water split-
ting. Note that at ambient conditions, the CBM of phosphorene
was reported to be more negative than the redox potential of
H'/H, while the VBM is not more positive than the redox po-
tential of O,/H,0, which suggests that phosphorene is suit-
able for water splitting under vacuum conditions.*”
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Fig. 7 Band positions of monolayer 1H and 1T-phases of HfS, using LDA, GGA and HSEO6 functionals.
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We have calculated the optical absorption spectra of HfS,.**
HIS, is found to exhibit a strong absorption spectrum, mainly
in the visible region and the ultraviolet region. Our calcula-
tions show that the optical band gaps for the 1H and 1T
phases of HfS, are 2.60 eV and 3.10 eV, respectively, in the
low energy zone (Fig. 8).

For verification of the potential of monolayers of the two
phases (1H and 1T) of HfS, as photocatalysts, we investigated
the adsorption of H,O molecules at various coverages on the
(3 x 3 x 1) surface of HfS,. All the coverages were calculated
by considering only the top two atomic layers of monolayer
HfS,. Water molecules were initially placed at a distance of
~1.4 A from the HfS, substrate. At this distance, water mole-
cules feel a repulsive force so that they drift away from the
substrate to distances ~3.19 A. The configurations with 1 to
8 water (H,0) molecules adsorbed onto the outer surface of
the monolayer have been considered.

In the structural relaxation of water molecules adsorbed
onto the monolayer structures of both phases of HfS,, the
unit cell volume and shape were kept fixed, while the Hf and
S atoms close to the adsorbate were allowed to change. In-
spection of the optimized structures of freezing the Hf and S
atoms and test calculations where the whole atoms are
allowed to relax shows that freezing the partial atoms does
not have a significant effect on the results. Therefore, while
relaxing the adsorption configurations of the HfS, monolayer
structure, all the positions of the atoms are allowed to
change. The adsorption energy is defined as:

_ E(H2O+H£SZ) —Eyy, —nEyo )
n

E

ad

where Eqy o+n5s,) denotes the total energy of the optimized ad-
sorption configuration, Eygs, and Ey o are the energies of the
monolayer HfS, substrate and isolated water molecules, re-
spectively, and n is the total number of H,O molecules. A
negative value of E,q indicates exothermic and energetically
favorable adsorption. We found that the intermediate adsorp-
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Fig. 8 Optical absorption spectra for both phases (1H and1T) of HfS,.
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tion energy of H,O is 646.52 k] mol™ and 610.4 k] mol™ for
the 1H- and 1T-phases of HfS, respectively. The adsorption
energy of H,O on the substrate is 646.53 k] mol™ for the 1H-
phase and 621.65 k] mol™ for the 1T-phase of HfS,. This
shows that H,O molecules have a stronger interaction with
the HfS, substrate but according to S. Kouser, et al.,*® the
material GaS showed a less strong interaction between sub-
strate and water molecules compared to HfS,.

The contribution of interaction energy between the H,O
molecules in the complex (substrate + H,O) can be deter-
mined by freezing them in their adsorbed positions and re-
moving the substrate. The interaction energy of H,O mole-

cules E:° is calculated as:

E:fo _ Eo ;nEﬁzo 3)

where E, 0 and Ey o are the total energies of n fixed H,O
molecules without substrate and an isolated H,O molecule,
respectively. We obtained the intermolecular interaction ener-
gies as 623.03 kJ mol™* (1H) and 618.59 kJ mol™ (1T).

Next, we studied the different coverages of H,O (0.98-7.84
mmol g™', where n = 1 to 8 per 3 x 3 x 1 supercell) on mono-
layer HfS,. At a low coverage (0.98 mmol g '), we get interac-
tions [E, = 201.25 k] mol™ (1H) and E, = 621.65 kJ mol™*
(1T)] between H,O molecules and the HfS, substrate, purely
due to van der Waal forces. As the concentration increases,
the adsorption energy varies randomly in the range of 80.43
to 646.52 k] mol ™" for the 1H-phase and in the case of the 1T-
phase there is a slight decrement in the adsorption energy in
the range of 607.60 to 621.65 k] mol™!, as shown in Fig. 9.
We have also taken a 5 x 5 x 1 supercell in both cases (1H
and 1T-phase), giving the adsorption energy as 21.335 kJ
mol™ and 0.845 k] mol™* and the interaction energy as
323.591 k] mol™ and 309.496 kJ mol ™, respectively, which is
quite large, due to the fact that the system has not got perfect
global minima, so we have not discussed this more in detail.
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HfS,, and (c) and (d) represent the interaction energy of the water molecule vs. no. of water molecules on the substrate in both phases.

To understand such anomalous adsorptive behavior, we
have separated the intermolecular interaction energy from
that of the H,O molecules with the substrate (E) and the

H,O molecules themselves (Ef°), where (EA) 39 is calculated as:

E, =E,-EX° (4)

int

Positive values of adsorption energy indicate the dissocia-
tion of H,O molecules.

Photocatalytic water splitting decomposes water into hy-
drogen and oxygen in the presence of a semiconductor mate-
rial that can absorb photons when irradiated by sunlight.
This is the nub of the whole photocatalytic process and can
be demonstrated as:*’

H20=%OZ+H2; AG = +237 k] mol” 5)
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The photocatalytic water splitting reaction is an ‘uphill’ re-
action that involves a significant change in Gibbs energy, AG
(+237 kJ mol ™). Therefore, the minimum energy required by
the photocatalyst from the stand point of thermodynamics is
1.23 eV, which is given by:

AG

nk

E'= (6)

where E° is the electrode potential, n is the number of
electrons per mole of product (2 in this instance) and F is the
Faraday constant in C mol . However, when energy losses
due to the overpotential are counted, the practical minimum
energy band gap rises to approach 2.03 eV. Moreover, not all
material with a band gap greater than 1.23 eV can be used as
a water splitting photocatalyst.>* According to the standard
hydrogen electrode (SHE), the respective conduction band min-
imum of the material must lie at a more negative potential
than the reduction potential (H'/H,: 0.0 €V vs. vacuum) and

This journal is © The Royal Society of Chemistry 2016
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the valence band maximum must exhibit a more positive po-
tential than the oxidation potential (O,/H,0O: +1.23 eV vs. vac-
uum) of water,’* > as shown in Fig. 6.

When the energy of an irradiated photon is equal to or
greater than the intrinsic band gap of the photocatalyst mate-
rial, an electron from the valence band will be excited to the
conduction band, leaving behind a hole in the valence band.
These photogenerated carriers have a general tendency to
radiatively combine and annihilate each other. If the electron-
hole pair can survive the recombination, it will reach the sur-
face of the photocatalyst where it will react to adsorb mole-
cules and initiate water reduction and oxidation reactions.**

Conclusion

We studied photocatalytic semiconductors, and plotted their
band position alignment relative to the valence and conduc-
tion band edges as well as the water redox potentials.
According to these potentials, our systems are energetically
and dynamically stable. On the other hand, many non-oxides
are resistant to electron reduction, and therefore may be used
as a p-type photocathode provided that the total oxidation is
prevented in the working devices. The method we used is
universal and can be applied to evaluate the stability of any
semiconductor. The most stable adsorption configurations
and adsorption energies are calculated and the H,O molecule
has a higher interaction with the HfS, substrate. The maxi-
mum adsorption energy of H,O on the substrate is 646.53 kJ
mol ™" for the 1H-phase and 621.65 kJ mol™* for the 1T-phase
of HfS,. HfS, was found to exhibit a strong absorption spec-
trum, mainly in the visible region and ultraviolet region. Our
calculations show that the optical band gaps for the 1H and
1T phases of HfS, are 2.60 eV and 3.10 eV, respectively, in
the low energy zone. We believe that our presented work will
be useful in guiding the search for stable photocathode
materials.
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