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ABSTRACT

The structural, electronic, and optical properties of nickel disulfide
(NiS,) and iron (Fe)-doped NiS, were computed by using first-principles
calculations through the density functional theory (DFT) method. The Fe
was used as a dopant element to understand the behaviour and the key
mechanism of Fe-doped NiS, as a counter electrode in dye-sensitised solar
cells (DSSC). The results indicated that the structural properties of the
NiS, as the cubic crystal structure with the space group Pa3 (205) (pyrite
structure type) agree with experimental data. The density of states (DOS)
of NiS, and Fe-doped NiS, shows a gapless bandgap due to Mott-Hubbard
insulator behavior. As for optical properties, the optical absorption of
NiS, is shifted towards the infrared (IR) region when doping with Fe while
the conductivity of Fe-doped NiS, is slightly higher in conductivity. These
optical properties show that Fe-doped NiS, is suitable for the photocatalytic
activity and may provide an excellent electron charge transfer for a counter
electrode in DSSC.
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INTRODUCTION

Over the past few decades, a dye-sensitised solar cell (DSSC) has been
discovered as a next-generation solar cell and promises a great potential
device of renewable energy due to its cost-effective, simple manufacturing
process and nontoxicity. As one of the most essential parts in DSSC, the
counter electrode acts as a catalyst in regenerate redox mediator [1-4]. The
counter electrode serves a crucial role with other components in producing
electricity from the harvested sun [5]. Among all counter electrode materials,
platinum (Pt) act as one of the most excellent counter electrodes which
have been studied extensively because of its high electrochemical activity
in reducing triiodide (I3) [6]. Nevertheless, Pt has a disadvantage such
as high cost and easily undergoes corrosion in the electrolytes due to the
presence of redox mediators whereby limits the long-term stability of the
counter electrode and may inflate the overall cost of DSSC [7-9].

Hence, the substitution of Pt counter electrode by other cost-effective
materials that will exhibit excellent catalytic properties on the redox
mediator process and electron transport has been studied to create a new
development of DSSC [10-18]. According to Jinlong et al. [19], NiS, gives
an excellent electrocatalytic activity and conductivity as a counter electrode.
However, the efficiency obtained from NiS, CE is still uncompetitive as
compared to the performance of Pt CE [20-22]. Therefore, in the present
work, we studied the structural, electronic, and optical properties of NiS,
and Fe-doped NiS, as counter electrode materials in DSSC.

COMPUTATIONAL METHOD

The first-principles calculations of NiS, and Fe-doped NiS, were performed
using density functional theory (DFT) within Cambridge Serial Total
Energy Package (CASTEP) computer code [23]. The exchange-correlation
functional from local density approximation by Ceperley and Adler as
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parametrised by Perdew and Zunger (LDA-CAPZ), generalised gradient
approximation of Perdew-Burke-Ernzerhof (GGA-PBE) and Perdew-Burke-
Ernzerhof for solids (GGA-PBEsol) were used. The structures of NiS,
and Fe-doped NiS, were visualised in Figure 1. The NiS, and Fe-doped
NiS, are cubic crystal structure with the space group of Pa-3 (205) (pyrite
structure type) whereby the Ni atoms occupy the sites in face-centered
cubic sublattice. In this work, the electron wave functions are expanded and
converged in a standard plane-wave basis set with a kinetic energy cutoff
of 350 eV. The calculations are performed using Monkhorst-Pack k-points
meshes of 4x4x4 with ultrasoft pseudopotential scheme. The bandgap
using DFT usually underestimates the experimental bandgap. Thus, the
DFT+U method has been used for electronic calculations [24-25]. The
electronic properties calculations of NiS, were performed with and without
Hubbard U (GGA-PBE+U) interaction and corrected with (U =3 eV). All
the calculations are performed based on the optimised lattice structure to
get the structural properties (lattice parameters, volume, bond length),
electronic properties (band structure, the density of states), and optical
properties (dielectric function, refractive index, reflectivity, absorption
coefficient, conductivity).

Sulphur (S)

Nickel (Ni)

(b)

Figure 1: The Crystal Structures of (a) NiS, and (b) Fe-doped NiS,
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RESULTS AND DISCUSSION

Structural Properties

The lattice parameters and volumes from the full structural
optimisation of NiS, and Fe-doped NiS, are listed in Table 1. The results
indicated that the functional from GGA-PBE provides the best agreement
with the experimental data [26-27], which have a relative deviation of
1.02% as compared to other functions. As for the Fe-doped NiS,, it shows
that the Fe doping does not alter the lattice constant that much due to the
atomic radius of Fe and Ni is quite close [28]. The average bond length of
the atoms in NiS, and Fe-doped NiS, was calculated by using GGA-PBE,
which are presented in Table 2. The average bond length of the Ni-S bond
is longer compared to the S-S bond.

Table 1: Lattice Parameters and Volumes of NiS, and Fe-doped NiS,. Previous
Experimental Data Also Included for Comparison

Structure Functional a=b=c(A) V (A3)

NiS, LDA-CAPZ 5.4688 163.567

(-3.79 %) (-11.8 %)

GGA-PBE 5.6194 177.448

(-1.02 %) (-3.08 %)

GGA-PBEsol 5.5228 168.460

(-2.78 %) (-8.58 %)

Experimental [23] 5.6765 182.912

Fe-doped NiS, GGA-PBE a=5.564176 172.274
b =5.565727
¢ =5.563846
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Table 2: Average Bond Length of NiS, and Fe-doped NiS,

Material Functional S-S (A) Ni-S (A) Fe-S (A)
NiS, GGA-PBE 2.10346 2.36398 -
Fe-doped NiS, GGA-PBE 2.13238 2.35072 2.26346

Electronic Properties

The DFT+U method was applied in the calculations by inserting the
U parameter in 3d orbital of Ni atom to acquire an accurate estimation of
U calculations. The U values were varied from 1 to 8 eV (Figure 2). The
results in the band gaps concerning U show increasing bandgap as U values
increase. The bandgap at U =3 eV (0.384 eV) gives closest bandgap with
the experimental values, Eg= ~0.4 eV [29]. To elucidate the nature of the
electronic properties of NiS, and Fe-doped NiS, the correlation between
electrons occupied orbital is illustrated by the density of states (DOS), as
shown in Figure 3. The Fermi energy is presented at zero energy level. The
DOS indicated no gap between the conduction band and valence band for
both NiS, and Fe-doped NiS, due to the strong electron interaction of 3d
orbital in the Ni atom. Hence this result demonstrates the characteristic of
the structure of NiS2 as a Mott-Hubbard correlated insulator [30]. The DOS
shows that the valence band and conduction band are fully contributed by
Ni 3d states, S 3p states, and the DOS of Fe-doped NiS, indicate the peaks
of Ni 3d, S 3p, and Fe 3d states, respectively. After doping with Fe, the
DOS show zero energy band gaps because of the highest valence band, and
the lowest conduction band overlaps. Hence, Fe-doped NiS, behaves as a
metallic material.
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Figure 2: The Energy Bandgap Concerning Hubbard U from GGA-PBE+U,
U=1to8eV
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Figure 3: Density of States (DOS) of NiS, (a) Without U parameter, (b) with U
Parameter and Fe-doped NiS, (c) Without U Parameter and (d) with U
Parameter

Optical Properties

The optical properties of the dielectric function and refractive index
of NiS, and Fe-doped NiS, are shown in Figure 4. The dielectric function, €
(o), and refractive index, n (w), are observed up to 7000 nm. The dielectric
function for the NiS, and Fe-doped NiS, at range 3000 nm up to 3500 nm
(infrared region) shows the values of 32 and 40, respectively. This can be
observed at the peak of the 3000 nm, whereby it shows that the Fe-doped
NiS: has a greater dielectric function compared to the pure NiS,. Meanwhile,
in the visible region (300-700 nm), the pure NiSz shows a greater dielectric
function as compared to Fe-doped NiS2. The refractive index indicates the
measurement of the ray light passes from a medium to another medium.
The refractive index in Fe-doped NiS, exhibits higher value, which is 7.5
as compared to NiS, (6.1). Hence, both dielectric function and refractive
index show that the Fe-doped NiS, has higher values in both properties,
whereby these results may lead to greater performances of the efficiency
in light-harvesting for DSSC.
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The absorption coefficient a (w) can determine the penetration of light
into a material before it is absorbed. The calculated absorption coefficient
of NiS, and Fe-doped NiS, without U and with U parameters are shown
in Fig 5. The prominent peaks intensity for absorption values of NiS, and
Fe-doped NiS, without U are 1.5x10* cm™ and 2.5x10* cm, respectively,
correspond to the wavelength of 3000 up to 3500 nm. As for the presence
of the U parameter, the absorption coefficient has increased slightly to
2.25x10* cm™ for NiS, and 2.55%x10* cm™ for Fe-doped NiS, in the region
1500 to 3000 nm. The optical absorption of the NiS: and Fe-doped NiS,
at the infrared range (3000-3500 nm) corresponds to the bandgap obtained
from the electronic properties.
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The reflectivity, R (o), describes the amount of light reflected from
the materials. The major peaks of the reflection spectra from reflectivity
concerning wavelength of NiS, and Fe-doped NiS, are shown in Figure
6(a). In the infrared region, the Fe-doped NiS: exhibits greater reflectivity
compared to NiS2. This result indicates that the Fe-doped NiS, has a higher
reflection of light as compared to the pure NiSz. The conductivity is one
of the important key mechanism for a counter electrode in DSSC. The
optical conductivity in DSSC will indicate the electron charge transfer
in the device system. The higher the conductivity will result in excellent
performances of DSSC. Figure 6(b) shows that Fe-doped NiS, is slightly
higher in conductivity concerning wavelength. The Fe-doped NiS, exhibits
3 fs! conductivity, which is higher than NiSz (1.5 fs'). Thus, due to the
excellent conductivity obtained in Fe-doped NiS,, it can be concluded that
the Fe-doped NiS2 may provide an excellent electron charge transfer between
the triiodide (I3") and iodide (I )ions at the counter electrode, which can
give higher efficiency of DSSC compare to pure NiS..
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CONCLUSION

In summary, the structural, electronic, and optical properties of pure NiS,
and Fe-doped NiS, are investigated in this work. The structural, electronic,
and optical properties are calculated using GGA-PBE and the DFT+U
from GGA-PBE+U to correct the strongly hybridised electrons in 34 and
3p orbitals. Analysis of the density of states (DOS) can be concluded that
the hybridisation of the electron takes place at S 2s at the valence band and
Ni 3d together with S 3p and Fe 3d for both pure NiS, and Fe-doped NiS,.
As for optical properties, the results show the enhancement of the doped
material as compared to the pure NiS,. The conductivity exhibits a good
result for electron transfer. Hence, it may give good improvement for the
counter electrode in DSSC.
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