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ABSTRACT

The photocatalytic properties of ZtS3 with P 21/ structure were studied using
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Density Functional Theory (IDFT) at the atomic level, vdW-DF and vdW-TS were ppr

used to account for the long-range dispersion forces between the layers of the
structure, a necessary ingredient for an accurate description of structural properties
of any layered structure. The band gap of the structure was calculated at both the
DFT and MB]J level of approximation. The MB]J was able to reproduce the reported
experimental band gap of about 1.8 eV. Calculated photocatalytic properties of the
structure indicated that the structure, in its bulk form, may not be a promising

candidate for photocatalysis.

INTRODUCTION

As a result of their potential applications in the field of
electronic, nanotechnology, superconductivity, and energy
conversion, Transition metal chalcogenides (TMCs) have
recently gained the attention of researchers from all areas
of science and engineering. The Tran- sition Metal
Chalcogenides (TMC) are family of com- pounds with
general formula M,Q;, where M belongs to the family of
transition metals (V, Nb, Ta, Cr, Mo, W, Mn, Tc or Re),
and Q represents the chalcogen family (P, S, Se and Te), y
and z are integers. They have a variety of potentially useful
properties (Benameur et al., 2011; Kumar & Ahluwalia,
2012; Radisavljevic et al., 2011; Mak et al., 2013; Yin et al.,
2011). These materials possess a layered structure and
exhibit unique propetties because of the interplay between
electron-phonon and electron-electron interactions (He et
al., 2019). TMCs are promising materials as efficient
photocatalysts for carbon 1V oxide reduction, hydrogen
evolution and oxygen evolution, as a result of their high
electrochemical  tunability and superior electrical
conductivity (Nath et al., 2022). Recently, researchers have
focused on possible ways to optimise TMCs for
photocatalysis, addressing challenges in electrocatalytic or
photocatalytic activity and long-term stability (Liu et al.,
2023). In short, TMCs present a promising avenue for
advancing sustainable energy technologies and novel
electronic applications.

It is surprising that within the TMCs, there is little or no
information on the photocatalytic properties of ZSs. This
lack of information appears surprising considering its
reported favourable band gap (Abdulsalam & Joubert,
2015; Petluzzo et al, 1980). ZtSs; crystallises in a
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monoclinic structure of space group P21/ with Z =2. Its
basic structure is composed of prismatic trigonal
columns of M>X¢ (M = Ti, Hf or Zrand X = S, Se or Te)
linked to form layers, which are in turn bonded by a weak
van der Walls forces. The metal Zr is at the centre of the
prism, connected to six sulphide atoms at the corners and
to two other sulphide atoms in the neighbouring chains.
The bandgap of the class M2Xs (M = Ti, Hf or Zr and X
= S, Se or Te) has been reported by several authors
(Abdulsalam & Joubert, 2015; Ait-Ouali & Jandl, 1996).
The band gap is an essential ingredient for the calculation of
the photocatalytic properties of the Z1S;. The
photocatalysis involves the production of hydrogen from
water using solar energy for the supply of recyclable and
clean energy (Fujishima & Honda, 1972; Gritzel, 2001).
The process of water splitting involves the oxidizing and
reducing ability of the semiconductor photocatalyst. A
photocatalyst is tequired to have its conduction band
minimum (CBM) more negative than the reduction
potential of hydrogen, its valence band maximum more
positive than the oxidation potential of water and a band
gap of about 2 eV to be able to split the water without the
aid of external electric power (Osterloh & Parkinson,
2011; Walter et al., 2010).

The calculations in this paper were done using density
functional theory (KS-DFT) with the inclusion of van der
Waals forces to study the structural and electronic properties
of Z1S3 as input for the computation of the photocatalytic
properties of the structure. It is established that KS-DFT
is lacking in accurately describing the electronic properties
of semiconductors and is sometimes underestimated by as
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much as 30 per cent (Aryasetiawan & Gunnarsson, 1998).
Interestingly, Post-DFT methods required for improving
the accuracy of the DFT band gaps, such as many-body
perturbation techniques (GW and BSE methods), are
computationally very expensive. In trying to overcome
this, we employ the application of Modified Becke-Johnson
potential (MB]) (Iran & Blaha, 2009), amethod which is
not as computationally demanding as the GW methods,
but known to yield electronic properties at an accuracy
comparable to the hybrid and GW methods, to estimate
the band gaps. In order to have a better picture of the
electronic properties of the structure, the MB] calculations
were carried out with and without the inclusion of
perturbative spin orbit coupling.

COMPUTATIONAL METHODOLOGY

In this paper, we used Kohn-Sham Density Functional
Theory (Kohn & Sham, 1965; Hohenberg & Kohn, 1964)

coupled with a van der Waals correction term proposed
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by Tkatchenko & Scheffler (2009) and Dion et al. (2004)
are first used to study the structural and electronic
propetties of ZtS3 in P 21/m(11) structure. The projector
augmented wave (PAW) (Kresse & Joubert, 1999) scheme
as implemented in the Vienna ab initio Simulation
Package (VASP) (Kresse & Hafner, 1994; Kresse &
Hafner, 1993) is used to mimic electron- ion interaction,
while the Perdew, Burke and Ernzerhof (PBE) (Ernzerhof
& Scusetia, 1999; Perdew, Burke, & Ernzerhof, 1996)
parametrization of the generalised gradient approximation
(GGA) (Becke, 1988; Perdew et al., 1992; Perdew et al.,
1993) is used for exchange correlation in the vdW-TS
implementation. 8 2 6 X 4 Monkhorst-Pack meshes
for sampling the Brillouin zones with an energy cut-off of
520 eV were sufficient for energy convergence. The
Brillouin zone sampling was chosen in such away that the

convergence of free energy is less than 1 MeV/atom.

Table 1: Calculated and experimental equilibrium parameters of ZrS;: lattice constants [a (A), b (A), c (A)],
volume V; (A%), formation energy E ¢ per atom and cohesive enetgy Eco, per atom.

Function  a (A) b (A) Cc @A) ) (A%) E (eV/atom) FE,, (e¢V/atom)
vdW-TS 5.04 3.63 9.05 164.74 -1.15 -5.36 96.95
vdW-DF 521 3.66 9.15 174.04 -1.37 -5.21 96.05
Experiment 5.12 [a] 3.62 [a] 8.98 164.40 [a] 97.28 [a]

a = reference: Brattas & Kjekshus (1972)
RESULTS AND DISCUSSION
Structural properties

Accurate description of the photocatalytic propetties
relies upon an accurate description of the electronic
properties of any structure, which in turn depends upon
an accurate description of the structural properties of such
a structure. We therefore begin our calculations with
structural optimisation for the ZrS; structure. The structure
was distorted, allowing the atoms to move, and we
calculated the cohesive and formation energy at each
atomic site. The point with the least cohesive and
formation energy is considered as the point where the
structure is most stable, and all subsequent computations

are done at that point, but first taking note of the
structural parameters at that point. The computed
structural parameters for the two approximations used ate
depicted in Table 1, and our computed values are
compared with the experimental reported values. From the
table, it is evident that both the vdW-TS and vdW-DF
slightly overestimate the reported experimental value of
the interlayer distance c by at least 0.07 of its original value.
This is an indication of the dispersion correction terms to
accurately account for the interlayer distance in the ZtSs-like
structures. We also note that the vdW-TS predicts other
structural parameters and volume of this structure that are
in better agreement with the reported experimental value.
We therefore decided to use the vdW-TS reported values

for our MB]J calculations for better accuracy.

Table 2. Calculated and experimental energy band gaps (in eV) of ZrX; (X = S, Se, Te).

Compound vdW-TS vdW-DF MB]J Experimental
Z1S3 1.02 1.20 1.80 2.00 [c], 2.01 [b,c]
Z1tSez - - - -

ZtTes — — — —

b = reference: Kurita et al. (1993), ¢ = reference: Adachi et al. (1980)

Electronic properties

The band structure and spin projected density of states
(DOS) of ZtS5 are plotted in Figure 1. Spin projected total
density of states (TDOS) is shown in sub-figures (b). Since
the structure is non-magnetic, electrons occupy the spin-
up and spin-down bands equally, leading to a zero spin-
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polarised density of states; we showed only one
component of the spin contribution.

Z1S; is an indirect band gap semiconductor. Its
conduction band minimum is at Y, and its valence band
maximum is at a point between I" and Z of the high
symmetry points.
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Photocatalytic properties

To study the photocatalytic properties of ZtSs, we need to
calculate the valence band (VB) and conduction band (CB)
edges of ZtS; based on the DFT slab calculations and
Mulliken's absolute electronegativity (Mulliken, 1934;
Nethercot, 1974). Here, the ionisation potential can be
calculated from the difference between the electrostatic
potential in a vacuum V3. and the enetgy of the valence
band maximum 95y given by IXS =V — 5y
(Jiang & Shen, 2013) and the electron affinity by A4 = IKS
— B¢ where E, is the DFT band gap of the ZtS;
structure. The absolute electronegativity is calculated in
the Mul- likan's terms is defined as the average of the
electron affinity and the ionisation potential of the

ZtSs, x = %(1 + A) and it is the tendency to attract or

electronegativity of a structure, say, M,X, is also
defined in this model from the mean geometric
electronegativities of the constituent atoms using the
formulac  (Xu & Schoonen, 2000) Epg =

1
AMyP(X)"P* 7~ E, + 0.5E,and Ecp = Eip — E, The
Ecpand Ev-ghere are the CB and the VB edges. Eg is
the calculated band gap, and E. is the standard
electrode potential on the hydrogen scale, which is
about 4.5 eV. From the Pearson table, the absolute
clectronegativity of ys = 6.22 and that of yz, = 3.64,
using which, we can calculate the Ecp and Eypgp of the
Z2153. For Z1S3, we found the electronegativity to be 3.44
eV, which gives us Epp of —0.16 and Ecp of —1.96. This result
indicates that ZtS3 has its VB edge at —0.16, which is lower
than that of water (O2/H20, 1.23 V), and CB edge
potential at —1.96. Therefore, Z1S3 in its bulk form may

denote an electron by the atom. The absolute not be a good material for photocatalytic applications.
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