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Abstract

We have investigated the structural and electronic properties of 1120 surface of
wurtzite cobalt monosulphide (w-CoS) using ordinary generalized gradient
approximation (GGA) and addition of coloumb interaction term U to the GGA
(GGA+U) within the framework of density functional theory (DFT). The surface
energy was studied as a function of the number of layers using GGA and GGA+U for
various values of U. A slab of six layers which gave a good convergence for the
surface energy was used in the calculation. Ordinary GGA give a metallic property
while GGA+U give a direct band gap. Our results are in agreement with the
experimental and suggest that 1120 surface of w-CoS is a potential catalyst and that
w-CoS thin film is a good candidate for application as solar absorber in solar cells.
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1. Introduction

Transition metal chalcogenides (TMCs) have attracted a lot of attention in the last decadeand the interests in them are yet
increasing by the day in various applications. W-CoS with space group P63mc (space group number 186) has been shown
to demonstrate exceptional properties and promise a lot of applications. It has shown to be a strong catalyst for hydrogen
evolution [1,2] and oxygen reduction reaction [3]. It has also been shown by experimental reports to have a potential
application as solar absorber in solar cells [4-8]. To the best of our knowledge there is no clear understanding on the surface
reactivity of w-CoS and there is no theoretical understanding of the surface structure. It has four low index surfaces which
include 1120, 1010, 0001 and 0001 surfaces. In the present contribution, we investigate the structural and electronic
properties of 1120 surface of w-CoS. We employ Kohn-Sham equation within the framework of Density Functional Theory
(DFT) in our calculations.

2. Theoretical Details

We performed ab-initio DFT spin polarized calculations in the GGA of Perdew, Burke and Ernzerhof (PBE) [9]. For these
calculations, plane-wave self-consistent field(PWSCF) method, as implemented in the Quantum-Espresso program package
[10] was used. Plane wave basis sets were used to represent wave functions and density of valence electrons with kinetic
energy and augmented density cutoff of 40 Ry and 400 Ry respectively. At this cutoff, the total energy is converged to
within 1 mRy/atom. Scalar relativistic ultrasoft pseudo-potentials [11] were used to describe the interaction between ions
and valence electrons. Co 4s, 3d and S 3s, 3p are treated as valence orbitals. Brillouinzone integration was done over 9 x 9
X 6 k-point grid and 6x6x1 k-points grid sampled by Monkhorst-Packscheme [12] for bulk and slab models respectively.
The Brillouin zone integration for the SCF calculation was carried out using the Marzari-Vanderbilt cold smearing scheme
with a smearing parameter of 0.005Ry that converges the total energy to about 1 mRy/atom. The optimization criteria
forthe ionic geometry relaxation was 0.0001 Ry for total energy and 0.001Ry/au for the Hellmann-Feynman forces. The
lattice parameters for the w-CoS is obtained from Ref.4 as a=3.440 angstrom and ¢=5.790 angstrom. Using the optimized
geometric structure, we examined the 11-20 surface. We used a slab of six layers containing a total of 24 atoms, four atoms
in each layer. We used a symmetric slab in which the two middle layers were fixed to the bulk position while the rest were
fully relaxed. We also performed PBE calculations incorporating on-site coulomb repulsion term Uwhere the on-site
parameter was applied only on the Co-3d states. The coulomb repulsion term was added to the ordinary PBE functional
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using rotationally invariant approach proposed by Dudarev et al [13] in which the coulomb U and exchange J parameters
are combined into a single parameter Ue=U-J. From this time onwards, in order to be concise, we will use U in place of
Uerr . We first obtained U using the linear response approach proposed by Cococcioni et al [14] in which converged value of
U=4.8 [8] was obtained for super cells with 16 atoms and thereafter used a U value of 7 eV. We used a vacuum size of 12
A, 6 A on each side, in our calculation.

3. Result and Discussion

Figure 1: w-CoS 1120 non polar surface. The blue atoms are the sulphur atoms while the red atoms are the Cobalt atoms.
On the left (a) is the surface structure while on the right (b) is the full slab model.

For our slab shown in Figure 1, we calculated the surface energy of the six layer slab using equation (1)

a == [Es —nE &

where A is the surface area of the slab and the factor two is to capture both the top and bottom surface of the slab, Es is the total energy of
the slab,Ex is the total energy per formula unit of the bulk and n is the total number of formula units in the slab.

We obtained a value of 0.12 J/m? for the surface energy which suggests that the 1120 surface is good for catalytic applications.
Relaxation of the surface showed some degree of surface reconstruction mainly on the first layer and slightly on the second layer.

We calculated the density of states (DOS) for U values of 0 eV, 4.8 eV and 7.0eV and obtained aband gap of 0, 0.90 eV,
1.59eV respectively. This means that U=0 eV returns a metallic state for the wurtziteCoS while that for U=4.8 eV and 7.0
eV returns a semiconductor. From the DOS, it observed that the states around the top of the valence band are low while that
around the bottom of the conduction band are high. From the electronic band structure, we observe that the band gap is
directat the symmetry k-point X as shown in Figure 2. Our result for U=7 eV agrees with the experimental results of
Kamble [4] and Govindasamy [5] while that of U=4.8 agrees with the result of Basu et al [6]. We suggest that the U value
of 4.8 eV obtained from the linear response approach of Cococcioni et al [14] does not accurately explain the electronic
properties of wurtziteCoS and so requires a little modification. We therefore recommend a U value of 7.0 eV which gives a
much desired band gap value of 1.5 eV (obtained using some advanced experimental procedure) required for optimum
performance of wurtziteCoS thin film as an absorption window in solar cells.

(@) (b)

1.5

1.0

05

=
- § /L

X r M X X r M X
k-points DOS k-points DOS

E-Ef (eV)

Journal of the Nigerian Association of Mathematical Physics Volume 53, (November 2019 Issue), 197 — 200
198



First Principles Investigation of the...

Timothy J. of NAMP
(©)

ﬂ;

]

Vs

-

M X
k-points DOS

Figure 2: Electronic band structure and DOS for (a) U=0 eV (b)U=4.8 eV and (c) U=7.0 eV

4.

Conclusion

We have modeled a six layer slab of the 1120 surface of w-CoS. The obtained surface energy is relatively small which
shows that the surface is promising for use as heterogeneous catalyst in hydrogen evolution reaction. The direct band gap
obtained using DFT+U for U=7.0 eV which is in agreement with some experimental data is recommended for the electronic
structure of wurtzite CoS.
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