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ABSTRACT 

 
The crystal structure, average bond length, electronic charge distribution, band 
structure, and density of states (DOS) of pure and cobalt (Co) doped α-NiS were 
studied using first-principles calculation based on density functional theory with the 
addition of Hubbard U (DFT+U) with Local Density Approximation with Ceperly 
Adler Perdew and Zunger (LDA-CAPZ). One of the purposes of selecting cobalt as a 
doping atom is its highly effective charge on the Co atom, which can boost the 
electrical conductivity and enhance the performance of energy storage devices. This 
work required the convergence test, and k-point values were conducted to ensure the 
accuracy of the calculations. The lattice parameters of pure α-NiS crystal structure are 
in the hexagonal space group (P63/mmc), which displays a good agreement compared 
with the previous experimental work. The average bond length for pure NiS increases 
with the supercell Co-doped α-NiS crystal structure. For electronic properties, the 
energy band gap of pure and Co-doped α-NiS shows a good result which contributes 
higher than the experimental band gap. These results have been done with the 
recognition of Hubbard U value after the supercell crystal structure displays a lower 
energy band gap. The electronic charge distribution of pure and Co-doped α-NiS are 
also illustrated to identify whether the bonding characteristics are ionic or covalent 
bonds. The density of states represents the hybridization state of Co 3d, Ni 3d, and S 
3p orbitals at the conduction band (CB) and valence band (VB). The bonding 
populations refer to the bonding characteristics of pure and Co-doped α-NiS. 
 
Keywords: First principles; density functional theory; Co-doped α-NiS; structural 
properties; electronic properties  
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INTRODUCTION 

 
Nickel sulfides (NiS), one of the transition metal sulfides family, encapsulates two 
different types of polymorphs, which is nickeline (α-NiS) and millerite (ß-NiS) [1,2]. 
Some metal sulfides have a variety of polymorphs phase which is similar to NiS, such 
as copper sulfide (CuS) [3], cadmium sulfide (CdS) [4], and cobalt sulfide (CoS) [5]. 
Based on both phases, the pure nickeline NiS contributes an important role, especially 
in energy storage applications, due to its p-type character behaviour and enhances the 
energy band gap of ~0.5 eV compared to millerite NiS [6]. In addition, many 
researchers are interest in both phases of NiS, especially in structural and electronic 
properties [7-9]. Sparks and Komoto reported that NiS forms with a hexagonal 
structure and can be maintained by quenching it to room temperature. When the 
temperature is further cooled, the hexagonal NiS undergoes a first-order metal-
nonmetal transition at the transition temperature of about 260 K [10]. The high-
temperature (HT) phase reacts as a paramagnetic metal, whereas the low-temperature 
(LT) phase is an antiferromagnetic semiconductor [11,12]. The magnetic structure of 
α-NiS is illustrated as in Figure 1 below where they found that the magnetic moments 
of Ni atoms are coupled ferromagnetically (FM) within (001) layers whereas the 
moments on adjacent layers are coupled antiferromagnetically (AFM). 

Recently, nickeline is still one of the significant applications due to its structural 
stability and promising a lower energy band gap compared to millerite. In addition, the 
optical reflectivity spectra nickeline has been measured and it was found that the non-
metallic phase is a carrier-doped semiconductor with an energy gap of 0.2 ~ 0.3 eV 
[13]. Furthermore, Wu et al. reported the phase engineering of NiS via a theoretical 
and experimental method where it can be clarified that hexagonal nickeline NiS has a 
better mechanical capability, is more conducive to ion absorption and conduction and 
generates a high pseudocapacitive contribution [14]. These features contributed a lot 
of potential and more interest towards exploring this material in storage devices. Some 
of the storage applications implement hexagonal nickeline phases, such as solar energy 
systems [15], photocatalytic hydrogen evolution [16], supercapacitors energy storage 
[17], and photodetector [18].  

NiS is highly attractive due to the high theoretical capacitance, rich redox 
activity, and rich electroactive sites [19-21]. However, it is known that single nickeline 
NiS suffers from two drawbacks which are poor high-rate performance and short 
cycling stability. These drawbacks may be affected by the low electrical conductivity 
where this microstructure was applied to lubricate the electron charge transfer process 
[22, 23]. Therefore, developing Co-doped NiS is the foremost strategy to overcome 
the limitations. Introducing the Co doping atom may influence the electronic properties 
of the nickeline NiS phase, hence promising higher conductivity and reducing the 
electrochemical polarization at higher current and power density [24,25]. Most 
researchers were captivated after observing the effect of Co doping atoms toward 
nickeline NiS.  

The fundamental understanding of doping Co atom towards nickeline NiS is still 
lacking. The density functional theory (DFT) in the present first-principles study is 
applied to obtain the original objectives. This paper aims to study the effect of Co 
dopedNiS as a semiconductor material. This paper will highlight the theoretical 
calculations related to electronic band structure, electron charge distribution, and total 
and partial density of states. This paper also permits the other researchers to explore 
the material’s theoretical part in detail. 
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MATERIALS AND METHODS 

 
In this study, all computations were performed in Materials Studio (MS) 8.0 software 
using the Cambridge Serial Total Energy Package (CASTEP) computer code based on 
DFT. For general energy, the ultra-soft pseudopotential technique has been utilized. 
The electronic wave function is unraveled using plane wave base groups, and the ion 
potential is supplanted with ultra-soft pseudopotential. Some common exchange-
correlation was functional such as local density approximation by Ceperly Adler 
Perdew and Zunger (LDA-CAPZ), generalized gradient approximation of Perdew-
Burke-Ernzenhof (GGA-PBE), and Perdew-Burke-Ernzerhof for solids (GGA-
PBEsol) were used. The practical U values for nickeline (α-NiS) from LDA+U are 8 
eV, which can be described as the optimal outcome of U values compared to the other 
studies with different approach calculations from various kinds of computer code. The 
attributes of U have been estimated from the electronic properties calculations 
[26,27,28]. The following formalism was used to characterize the calculated structural 
and electronic properties of the NiS polymorph using LDA+U with the firm, effective 
on-site Coulomb repulsion among the localized Ni 3d electrons: 
 

𝐸!"#$% = 𝐸!"#
(%'()
*

∑ 𝑇𝑟(𝜌+ − 𝜌+𝜌+)+ 																																																	(1) 
 

where U and J are the Coulomb and exchange energy, respectively and ρ, refers to the 
spin (σ) polarized-on-site density matrix. The convergence test of cut-off and k-points 
for the pure and doping structure was carried out and set up with 330 eV and 4×4×2. 
The convergence threshold is one the most important in conducting the calculation 
with the setup for the pure structure of 5.0×10-6 eV/atom for energy change, the 
maximum force of 0.01 eV/Å, the maximum stress of 0.02 GPa and maximum 
displacement of 5.0×10-4 Å. The Co, Ni, and S valence electronic configurations were 
[Ar] 3d7, [Ar] 3d8, and [Ne] 3s2 3p6, respectively. 
 

RESULTS AND DISCUSSION 
 

Structural Properties 
The pure α-NiS 1×1×1 unit cell structure was studied, and the geometry-optimized 
crystal structure is illustrated in Figure1. In contrast, Table 1 shows the optimized 
lattice parameters, cell volume, and cell angle of both pure α-NiS and Co-doped α-
NiS. The lattice parameters for pure α-NiS were compared with the experimental 
results, whereas the lattice parameters of Co-doped α-NiS were compared with the 
theoretical results. Generally, the lattice parameters, cell volume, and cell angles of 
pure α-NiS unit cell crystal structure indicate a slight difference after comparing with 
the experimental data. In addition, the lattice constants a=b exceeded about 0.58%, 
while the lattice constant c gained an underestimated percentage error of 2.85%. The 
pure α-NiS crystal structure volume recorded a minimized percentage error of 1.52% 
compared to the experimental results by summing up the percentage error of lattice 
constants a, b and c. This unit cell crystal structure results significantly show the 
changes of lattice parameters after doping with the Co atom due to the different number 
of ionic radii where Co2+ (0.72 Å) is shorter than Ni2+ (0.78 Å) [29]. Hence, it also 
enlarges the crystal structure’s size and may affect the magnetic parameters of NiS 
material [30, 31]. 



 
 

71 

 
Figure 1. Crystal structure of (a) pure α-NiS and (b) Co-doped α-NiS in 1×1×1	unit 

cell 
 

Table. 1. Calculated lattice parameters (a, b and c), cell volume, and cell angle for 
pure NiS and Co-doped NiS in 1×1×1 unit cell 

 
Structures Parameters (Å) LDA-CAPZ Experiment 
NiS a 3.459 (+0.58%) 3.439 
 b 3.459 (+0.58%) 3.439 
 c 5.198 (-2.85%) 5.351 
 Cell Volume (Å3) 53.860 (-1.52%) 54.692 
 Cell Angle (°) α = 90 

ß = 90 
γ= 120 

α = 90 
ß = 90 
γ= 120 

Co-doped NiS a 3.428 (-0.90%) - 
 b 3.428 (-0.90%) - 
 c 5.336 (+2.65%) - 
 Cell Volume (Å3) 54.233 

(+0.69%) 
- 

 Cell Angle (°) α = 90.04 - 
  ß = 89.96 - 
  γ= 120.11 - 

 
The magnetic structures of α-NiS are illustrated in Table 2. As a result, it indicates that 
the energy of AFM order of α-NiS obtained is lower than that of the FM order due to 
the cancellation of spin direction between 2 layers. This result is in agreement with the 
findings from Barthelemy et al., where they concluded that α-NiS behaves as an AFM 
order with ferromagnetically coupled between the layers and antiferromagnetically 
coupled at the adjacent layer [32]. 
 
 
 
 
 



 
 

72 

Table 2. Magnetic structure of α-NiS with its order and energy obtained from the 
calculations 

Magnetic Structure Order 
Energy 
(eV) 

Magnetic 
Moment 
(µB) 

 

Antiferromagnetic -3256.3287 µB, Ni = 
µB, S = 0 

 

Ferromagnetic -3255.1191 

µB, Ni = 
0.74 
µB, S = 
1.26 

 
Average Bond Length 
The calculated average bond length for pure α-NiS and Co-doped NiS of 1×1×1 unit 
cell was tabulated as in Table 3. In this calculation, we are focusing on the Ni – S bond 
for the unit cell and the Co – S bond for the supercell to determine the bonding 
behaviour of α-NiS materials. According to the periodic table of elements, Co is 
located beside Ni in the transition metal elements group because Co atom is larger than 
the Ni atom. Therefore, the 1×1×1 unit cell results show that the Ni – S bond is longer 
than the doping crystal structure. In addition, the Co – S bond in the doping crystal 
structure was recorded longer than the Ni – S bond. These results indicate that doping 
the Co atom increases the lattice parameters and extends the bond length of NiS 
material in a 1×1×1 unit cell crystal structure. Hence, the Co – S behaves weaker than 
the Ni – S bond. 
 
Table 3. Average bond length for pure α-NiS and Co-doped α-NiS in 1×1×1 unit cell 

Parameters 1×1×1	Unit Cell 
Pure α-NiS Co-doped α-NiS 

Ni – S (Å) 2.383 2.368 
Ni – Ni (Å) 2.599 3.427 
Co – S (Å) - 2.402 

 
Band Structures 
This section will explore the electronic structure properties used to identify the band 
structure and total and partial density of states (DOS) of α-NiS. Nickel sulfide obtains 
an indirect band gap of 0.2-1.2 eV for experimental and theoretical findings [33-35]. 
This transition metal sulfide (TMS) group has drawn much attention because of its 
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fundamental characteristics, practical uses, and contribution to deep material 
circulation [36].  

The energy band gap is usually calculated between the conduction band 
minimum (CBM) and valence band maximum (VBM), located at the Fermi level. The 
high-symmetry Brillouin Zone electronic structure of pure α-NiS in 1×1×1 unit cell is 
illustrated in Figure 2. By considering the effect of U parameters towards the NiS 
structure, the selected U values towards pure and doping crystal structure were 
conducted and clarified from the variations of Ud and Up values as illustrated in Figure 
3 with the range of U values taken from 8 eV to 11 eV for both Ud and Up. As a result, 
we can see that the Ud, Ni = 8 eV, and Up, S = 8 eV, are selected as the best value where 
the energy band gap at this point is closer to the experimental band gap. The pure and 
doping electronic structures were already inserted with Hubbard U value which is Ud, 

Ni = Up, S = 8 eV and Ud, Co = 12 eV, Ud, Ni = Up, S = 8 eV, respectively. The band structure 
of the pure and doping form is displayed in Figure 4. The reason for applying Hubbard 
U to the Co, Ni, and S atoms is to make some corrections at or near the Fermi level. 
Based on the results, pure α-NiS display an indirect band gap at the Fermi level, which 
is 0.523 eV. This result is in agreement with the experimental band gap, which is 0.5 
eV. After doping the Co atom at the lowest energy position, the indirect energy band 
gap increased to 1.4 eV. It indicates that the doping Co atom, which replaces the Ni 
sites, influences the energy band gap and may produce almost two times the pure 
energy band gap. 

 
Figure 2. High-symmetry Brillouin Zone electronic structure of pure α-NiS in 1×1×1 

unit cell 
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Figure 3. Variations of the energy band gap of NiS with different Hubbard Up value 
 

 
Figure 4. Band structure of (a) pure α-NiS and (b) Co-doped α-NiS in 1×1×1 unit cell 
 
Density of States (DOS) 
Density of states (DOS) calculation was computed to determine the contributions of 
orbitals in each atom of the crystal structure. The DOS for the pure and doping forms 
are displayed in Figure 5. Based on the figure, we can see that the Ni-3d orbital started 
to be fulfilled at the valence band region, which is between -10 eV and -5 eV, whereas 
the S-3p orbital was dominant also at the valence band region. The highest peak 
recorded in the pure calculation is Ni-3d orbital, with 7.6 electrons per eV. This result 
also can indicate the energy band gap of the refined structure, which is 0.523 eV, with 
the correction of Hubbard U that applies to Ni-3d and S-3p orbitals. 

For Co-doped α-NiS, the Co-3d orbital was dominant far from the Fermi 
energy level. Furthermore, the highest peak recorded is 4.5 electrons per eV, located at 
the conduction band region in the range of energy between 0 eV and 5 eV. The Ni-3d 
and S-3p orbitals contribute similar results as in the pure structure, which is dominant 
at the valence band region. In addition, the S-3p in the both sophisticated and doping 
system can be classified as the determinant orbitals where it hybridizes near the Fermi 
energy level and hence determine the value of the energy band gap. Overall, the DOS 
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of pure and doping have different contributions in orbitals. Moreover, the Co doping 
atom can change the delocalization of pd orbitals in NiS material. 
 

 
Figure 5. DOS of (a) pure α-NiS and (b) Co-doped α-NiS in 1×1×1 unit cell 

 
Electron Charge Density 
The electronic charge distribution indicates the contribution of electrons around the 
specific atoms and determines whether the crystal structure model behaves as ionic or 
covalent bonds. Figure 6 illustrates the distribution of different structures’ electron 
density in pure and Co-doped α-NiS. To describe the bonding characteristic of both 
forms, Table 4 shows the range of specific values representing certain bonding 
characteristics. The results indicate that pure α-NiS contributes a robust covalent bond 
before doping into the Ni site. This is because the Ni and S atoms were located at the 
solid covalent region near the green color. 

On the other hand, the bond population analysis for pure α-NiS is 0.80, located 
in the range of 0.75 to 1 based on the indicator table below. However, for doping 
structure, it behaves as a “close to covalent” bonding characteristic due to the value of 
bond population, which is 0.72. From the mapping color, the Co and S atoms were 
situated in the yellow region, which agreed with the results obtained from the 
calculation. This value is located in the range between 0.5 and 0.7. The justification 
for these results is the Co2+ dopant may influence the bonding characteristics of α-NiS 
before and after doping. In addition, it also may differ the value of bond population at 
Ni – S and Co – S bonds. 

 
Figure 6. Electron charge distribution for (a) pure α-NiS and (b) Co-doped α-NiS in 

1×1×1 unit cell 
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CONCLUSIONS 

 
In summary, the structural and electronic properties of pure and Co-doped α-NiS in 
unit cell crystal structure determined using the DFT and DFT+U method provide a 
good agreement compared to the experimental data. The standard DFT calculation is 
unreliable because it cannot fix the delocalization of orbitals in α-NiS semiconductor 
material. Therefore, the Hubbard U correction has occurred by setting the pd orbitals 
for Co, Ni, and S atoms. The lattice constants a, b, and c of pure α-NiS are longer than 
Co-doped α-NiS with less percentage error. The Hubbard U correction method does 
not affect the structural properties of pure and Co-doped α-NiS as it is more focused 
on the electronic part, which is the energy band gap and density of states. Therefore, 
the energy band gap for pure and Co-doped α-NiS, including the Hubbard U value, 
gained an energy gap of 0.523 eV and 1.400 eV, respectively. This shows that doping 
of Co in α-NiS crystal structure increases the energy band gap. The DOS calculation 
shows strong hybridization of the Co-3d, Ni-3d, and S-3p orbitals, especially at the 
valence band region. The study of pure α-NiS and Co-doped α-NiS can be enhanced 
with supercell crystal structure and different doping concentration values where the 
results can be precise. Also, it may justify the effect of doping Co towards α-NiS 
crystal structure. 
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