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ABSTRACT

Transition metal oxides have been tipped for versatile applications owing to
the flexibility of their properties based on doping and prevailing
experimental conditions. In this study, the electronic, optical, and magnetic
properties of sulphur-doped cobalt oxide, CoO1.xSx (x = 0.125, 0.25, 0.375,
and 0.5) was studied using density functional theory (DFT) and its Hubbard
U modified variant (DFT+U). Electronic structure analysis showed notable
changes in the electronic energy structure as the dopant concentration
increases. Our result showed that the significant effect of doping CoO with
sulphur is the lowering of the electronic energy gap to a size which enhances
absorption in the visible regime of the solar energy for efficient photovoltaic
and other applications. Investigation of the magnetic properties showed that
Co01xSx exists in antiferromagnetic ground state. Our studies provide
useful insights into the mechanism for enhancing the performance of CoO
through non-metal doping for photovoltaic and other applications.

1. Introduction

Transition metal oxides and chalcogenides hold significance in contemporary material science [1]
due to their fascinating properties [2], [3], [4] and among these are the cobalt (Co) based oxides
[5]. In particular, cobalt (ii) oxide (CoQO) has been proposed for applications in solar cell, water
splitting, supercapacitor and battery [6]. Experimental and computational investigations indicate
that CoO exists in cubic as well as wurtzite structure depending in the experimental conditions.
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It has been known as one of the few transitions metal-oxide nanocrystals that display
unconventional physical properties that are absent in most bulk materials [7], [8], and exhibits
antiferromagnetic (AFM) semiconducting properties [9]. Computational material research has
garnered significant interest for its role in predicting and interpreting the correlations between the
band structures of materials and their relevant properties [10]. Pure CoO, with a electronic energy
gap between 2.0 eV to 3.0 eV, demonstrates limited absorption of visible light and primarily
becomes energized only when exposed to ultraviolet light [11]. With a Néel temperature close to
that of room temperature [12], CoO also possesses a wurtzite structure, placing it among transition
metal-oxide nanocrystals known for displaying unconventional physical properties that are absent
in most bulk materials [7], [8]. In nanomaterials, doping plays a crucial role in stabilizing a
particular crystallographic phase and altering its properties [13]. Many research groups have
studied the effect of doping CoO with various metal elements on its properties. For example, Yin
and his group [14] applied first principles calculations to study Zn and Ti doped CoO. Their result
revealed that CoO with antiferromagnetic ground state was transformed into ferromagnetic state
by Zn doping while Ti doping transformed it from semiconductor to metal thereby enhancing its
conductivity. Also, Liu et al [15] in their first principles studies revealed that 3.125% and 2.083%
La doped CoO exhibited half-metallic properties. According to another first-principles study by
Liu [16] on transition metal-doped CoO, Cr and Fe-doped structure exhibited half-metallic
behavior with high spin polarization, crucial for spintronic device design. In a similar endeavour,
Cu-doped CoO nanorods, exhibited enhanced performance as lithium-ion battery anodes [17].
Another group studied Ni doped CoO. The outcome of the study showed that Ni doped CoO
nanosheets enhanced oxygen reduction reaction activity, leading to outstanding power density of
377 mW cm at discharge peak, stability of over 400 hours at 5 mA cm2, as well as a rechargeable
battery operating at charge-discharge voltage as little as 0.63 V, surpassing Pt/C catalyst-based
devices [18]. These results show that doping could alter the properties of CoO in fascinating and
useful ways making it relevant for multiple applications.

However, there are few literature on non-metal doped CoO. Non-metal doping of CoO and in
particular sulphur doping could expose further fascinating properties for photovoltaic and other
applications. This study therefore focuses on the structural, electronic, optical and magnetic
properties of the cubic CoO doped with sulphur at different concentrations using density functional
theory for various applications. Our study also investigated the effect of incorporating onsite
Coulomb interaction, U to DFT (DFT+U) on the electronic properties. Section 1 contains the
introduction; section 2 is the computational details while our results and conclusions are
respectively presented in sections 3 and 4.

2. Calculation Models and Methods

In our studies, zinc blende structure was adopted for the pristine CoO. We used 2 x 2 x 2 primitive
unit cell of CoO to study the effect of sulphur dopant on CoO. Various concentrations of sulphur
were considered for CoO1.xSx; the concentration x is 0.125, 0.25, 0.375, and 0.5 corresponding to
12.5%, 25% and 37.5% and 50% sulphur concentrations. For each doped structure, some oxygen
atoms are substituted with sulphur atoms and the structure is fully relaxed. The doped structures
were created using the Monte Carlo simulation for quasi random structures embedded in the alloy
theoretic atomistic toolkit [19]. We used first principles DFT [20] within the Kohn-Sham [21]
approach in our calculations with planewaves basis set as implemented in the quantum espresso
code (QE) [22]. Exchange correlation functional was estimated using the Purdue, Burke and
Ernzerhof (PBE) [16] parameterization. The interaction of the ionic cores with the valence
electrons were defined using norm-conserving pseudopotentials [23] with valence electron
configurations of 4s? 3d’ for Co, 2s® 2p* for O, and 3s2 3p* for S. The expansion of the
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wavefunction was done with cutoff energy of 80 Ry. For sampling the irreducible Brillouin zone,
16 x 16 x 16 and 8 x 8 x 8 [24] Monkhorst-Pack grid was used for primitive unit cell and the
supercell respectively. The self-consistent iteration convergence threshold was established at 10
Ry/atom. Complete relaxation of lattice constants and atomic positions in each supercell was
performed until each atom experienced a maximal force of less than 0.003 Ry/Bohr. To address
the band gap limitation of GGA, we implemented DFT+U which corrects the on-site Coulomb
interaction [25] using the Dudarev approach [26]. The value of 5.7347 eV we used for the effective
U parameter (Uesf) was calculated following the self-consistent approach developed by Timrov et
al [27], [28]. The optical properties were calculated within the DFT+U calculations using the
epsilon.x module in the Quantum ESPRESSO (QE) code. The optimized parameters were used in
the optical calculations.

3. Results

3.1 Structural properties

The structure of the pristine and sulphur doped CoO with compositions of 0, 0.125, 0.25, 0.375,
and 0.5 (see Figure 1) were optimized using the standard DFT and the calculated lattice parameters
are presented in Table 1.

(a) /]\

//v

Figure 1: Crystal structure of CoO1.xSx for sulphur concentrations, (a) x = 0.125 (b) x = 0.25 (c) x
=0.375and (d) x = 0.5 created using the 2 x 2 x 2 primitive unit cell of the cubic CoO. Co, O, and
S are denoted by blue, red, and yellow spheres respectively.

Table 1: Lattice constants a (A) and electronic energy gap (eV) of pristine and doped CoO at
sulphur concentration x = 0.125, 0.25, 0.375, and 0.5. The lattice constant and band gap was
calculated using GGA and GGA+U respectively.

X 0 0.125 0.25 0.375 0.5
4.27 4.31 4.23 4.29 4.49
a (A)
4.252
4.31°
Band Gap (eV) 0.347 0.22*
1.63 1.65 0.43 0.63 0.53
2.6°

aRef. [29], "Ref. [30], °Ref. [31], * signifies band gap calculated using GGA.
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Our result showed that the lattice constants of the CoO varied with sulphur concentration.
Normally, since the atomic radius of sulphur is greater than that of oxygen, an increase in the
lattice constants as sulphur concentration increases is expected. Our result shows an increase in
lattice constant at doping concentration of 0.125 and 0.5. However, the lattice constant decreases
at doping concentration of 0.25 and 0.375. The lattice constant at doping concentration of 0.25 is
even lower than that of the pristine CoO. These decrease in lattice constant doping concentration
of 0.25 and 0.375 could be attributed to strong hybridization between oxygen and sulphur at these
concentrations leading to higher mass density and mechanical stability of the structures. This may
also influence the material's catalytic activity and ion diffusion properties, crucial for applications
in energy storage and conversion at these concentrations. Also, from Table 1, there is a fair
agreement between our GGA calculated lattice constant gotten for the pristine CoO, with other
data from experiments and other theoretical methods. The band gap values for the pristine CoO
and CoO1.xSx (x=0.125, 0.25, 0.375, and 0.5) are also displayed in Table 1.

3.2 Electronic properties

Figures 2 to 6, show the calculated electronic band structure and atom projected density of states
(PDOS) for optimized pristine CoO and CoO1.xSx (x=0.125, 0.25, 0.375, and 0.5). The electronic
properties and PDOS computed for the undoped CoO™ and shown in Figure 2(a) using standard
GGA reveal that cubic CoO is a direct band gap semiconductor with 0.34 eV energy gap at the I'-
point. Due to the low band gap value given by DFT as a result of well-known intrinsic factor of
DFT, more accurate energy gap of 1.63 eV at the I'-point was estimated using GGA+U and
presented in Figure 2(b). The PDOS in Figures 2(a) and 2(b) show that the lower energy portion
of the valence band comes largely from Co-3d spin-down orbitals while the upper valence band
are mainly from Co-3d spin-up states. The dominant contributors to the lower conduction band are
the Co-3d spin-up with minor contribution from O-2p orbitals. In order to examine the impact of
sulphur doping on the electronic properties of CoO, we calculated the band structure, and density
of states (DOS) by substituting one sulphur site with an oxygen atom, corresponding to doping
concentration x = 0.125, as illustrated in Figure 3 for GGA and GGA+U. The main effect of S-
doping at concentration of 0.125 on the electronic structure (see Figure 3) is to reduce (increase)
the size of the energy gap to 0.22 eV (1.65 eV) using GGA (GGA+U). The valence band is
composed of hybridization of Co-3d spin-down, O-2p, and S-2p states with the top of the valence
band dominated by the Co-3d spin-down states. Also, the dominant contributors to the lower part
of the conduction band are the Co 3d spin-up and O 2p states. For doping concentration of 0.25
(see Figure 4), GGA shows metallic character without band gap indicating a transition from
semiconductor to metallic behaviour. However, GGA+U presented in Figure 4(b) showed a direct
energy gap ~ 0.43 eV at the I'-point. The band gap at x=0.25 is much lower than that of the pristine
Co0 (1.63eV) and that at x= 0.125. The upper valence band constitutes mainly of the O-2p while
the lower valence band is dominated by the Co-3d spin-up with little contribution by the S-2p. The
major contributor of the conduction band is the Co-3d spin-down states. The result for dopant
concentration of 0.375 and 0.5 are presented in Figures 5 and 6 respectively. Both dopant
concentration of 0.375 and 0.5 shows the absence of band gap for the GGA calculation (Figures 5
and 6 respectively) suggesting a trend toward metallic behaviour. However, GGA+U result shown
in Figures 5b and 6b for dopant concentration of 0.375 and 0.5 respectively displayed a direct band
gap at point I' with energy gap ~ 0.63 eV and 0.53 eV respectively. The major constituent of the
upper valence band is O-2p while the lower valence band are Co-3d spin-up and S-2p. The main
contributor to the conduction band for the 0.375 doping concentrations is the Co-3d spin-down
states. In the compound with doping concentration of 0.5, O-2p states is dominant in the valance
band while Co-3d spin-up is dominant in the lower part of the conduction band.
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Our results on the electronic properties show that the significant effect of the S-doping on the
properties of CoO is to reduce the size of the energy gap. This is observed in Figures 2-6(a)
calculated at the standard GGA level of the theory where the doping concentration of 0, 0.125 and
0.25 are 0.34 eV, 0.22 eV and 0 eV respectively. This implies that GGA predicts that the cubic
CoO becomes a metal at sulphur doping concentration of 0.25 and above. However, using the
GGA+U, the energy gap at doping concentrations of 0.125 and 0.25 does not follow the sequential
decreasing order of the energy band gap. Doping concentration of 0.125 shows energy band gap ~
1.65 eV which is above that of the pristine (~ 1.63 eV). Also, the band gap of doping concentration
of 0.25 is less than the band gaps at doping concentrations of 0.375 and 0.5. This suggests that the
exceptional strong hybridization between the Co-3p, O-2p and S-2p orbitals at these doping
concentrations which might be responsible for this deviation for the energy gap trend.
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Figure 2: Energy band structure and density of states projected at the atomic orbitals (PDOS) of
Co001-xSx (x = 0) using (a) standard GGA and (b) GGA+U
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Figure 3: Energy band structure and density of states projected at the atomic orbitals (PDOS) of
Co001-xSx (x = 0.125) using (a) standard GGA and (b) GGA+U

107



Chibueze et al.- Transactions of NAMP 20, (2024) 103-116
GGA . | . GGA+U . . .
L 025 K/—/ f_ X _0ds

F-— Co -d{dw ;
e e e e

Co - d (up)
[ S E—

S - p (up)
- - O -pup)

oW ks

= —

- =S
%%jﬁ

IO S L O43eNV.

/
s
———

/

Energy (ev)

\-h
R

L B 0 e o = o

1 2
PDOS PDOS

Figure 4: Energy band structure and density of states projected at the atomic orbitals (PDOS) of
C001xSx (x = 0.25) using (a) standard GGA and (b) GGA+U
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Co01.xSx (x = 0.375) using (a) standard GGA and (b) GGA+U
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Figure 6: Energy band structure and density of states projected at the atomic orbitals (PDOS) of
Co01xSx (x = 0.5) using (a) standard GGA and (b) GGA+U
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3.3 Optical Property

ITo understand the optical absorption spectra of the S doped compounds and pure CoO, the
dielectric function g(®w) was computed to find the real (¢1) and imaginary (€2) parts (see equation
1) using epsilon.x in QE code [33] at the GGA+U level of theory. Optical absorptions in materials
are basically determined by the transition matrix elements between the valence and conduction
band orbitals, as well as their density of states (DOS) [34]

e(w)=¢e1(w)+e2(w) 1

Using the real and imaginary components of the dielectric function, the optical absorption spectra
a(w), refractive index n(w), and reflectivity R(w) were also computed [35]:

afw) =22 2

n(w) = % [(ex®(w) + e22(W)) "2 + ex(w)] "2 3

R(W)) - (n—1)2+¢£22 4
(n+1)2+£22

Figure 7(a) shows the relationship between the dielectric function and photon energy (eV) for the
pristine CoO. Using the pandect of the optical characteristics shown in Figure 7(a), the imaginary
part of the dielectric function (€2 (®)), it is seen that there are three major peaks corresponding to
the energy levels of 1.75eV, 4.19eV, and 7.94eV. The transition between the Co-3d spin-up and
0O-2p states in the valence band is responsible for the peak at 1.75 eV; the transition between the
Co-3d spin-down and O-2p states is responsible for the peak at 4.19 eV; and the transition between
the O-2p and the Co-3d states (not shown) is responsible for the peak at 7.94 eV. Figure 8(a) shows
the dependence of dielectric function on energy for CoO1.xSx (X = 0.125, 0.25, 0.375 and 0.5). At
x = 0.125, the imaginary part of the dielectric constant has two major peaks at 1.76 eV and 5.25
eV. The 1.76 eV peak results from a transition between the O-2p in the upper part of the valence
band and the Co-3d spin-up state in the conduction band, while the 5.25 eV peak results from a
transition between the Co-3d spin-down and the Co-3d spin-up states in the valence band.. For x
= 0.25, the major peaks are 2.65 eV and 5.09 eV; the major peaks for x = 0.375 are at 0.45 eV and
4.84 eV; the major peaks for x = 0.5 are at 1.43 eV and 3.22 eV. The transition between Co-3d
spin-down and O-2p, S-2p and O-2p, and Co-3d spin-up and O-2p, respectively, is responsible for
the peak at 2.65 eV, 0.45 eV, and 1.43 eV. On the other hand, the peak at 5.09eV, 4.84eV and
3.22eV are caused by the transition between the Co-3d spin-down and S-2p, Co-3d spin-up and
Co-3d spin-down, S-2p and Co-3d spin-up, respectively.

Figures 7(b) and 8(b) shows the absorption spectra for the pristine CoO and that with various
sulphur concentrations, respectively. The amount of light of a given wavelength that can enter a
material before being absorbed is determined by its absorption coefficient. One of the most
important factors affecting a material's photo-catalytic activity is its capacity to absorb light. From
Figure 7(b), CoO showed majorly high absorption spectra within the ultraviolet region; but,
showed no absorption spectra within the visible light and infra-red region. This is because, CoO
typically has a bandgap in the ultraviolet (UV) range, indicating that it requires higher-energy
photons to induce electronic transitions and since the bandgap is beyond the visible light range, it
will not efficiently absorb visible light, leading to the lack of absorption peaks in that region. On
the other hand, Figure 8(b)'s absorption spectra for the sulphur-doped CoO show a strong
absorption peak in the ultraviolet area, a small peak in the visible light region, and no peaks in the
infrared. The addition of sulfur has altered the electronic band structure of CoO, resulting in a
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decrease in the band gap and the formation of a peak in the visible light area. This makes CoO
more viable for absorption of visible light. From Figure 8(b), within the visible light region, the
absorption peak intensity increases with an increase in sulphur concentration. Where, the 0.125
at% has the lowest absorption intensity within the visible region and the 0.5 at% has the highest.
Since the doped CoO demonstrates enhanced absorption in the visible range, it will be useful for
solar cells and also in improving photo-catalytic activity as compared to pure CoO.

Comparing the various peaks in Figures 7(b) and 8(b), the most prominent peak intensity for
pristine CoO is 4.29x10%" cm™*, while that for the doped CoO are: 3.62x10%" cm™, 3.56x10%" cm
1 3.41x10%" cm?, and 3.55x10%" cm?, for x = 0.125, 0.25, 0.375, and 0.5 respectively. As the
concentration of sulfur increases, Figure 8(b) shows that the energy of the absorption peaks
somewhat lowers, with a little rise in deviation at concentrations of 0.5. This might be due to the
fact that doping with sulphur might have altered the electronic band structure of CoO by narrowing
the band gap. Hence, as the concentration of sulphur increases, the bandgap decreases, leading to
a decrease in energy of the absorption peaks.

The refractive index and reflectivity of the pristine and the doped CoO shown in Figures 9 and 10,
respectively are obtained using equations 3 and 4 above. The refractive index quantifies how a
light ray changes direction when transitioning from one medium to another. From Figure 9, within
the visible light region, the refractive index increases with increase in sulphur concentration with
reference to the pristine CoO. Also, Figure 10 shows that addition of sulphur increases the
reflectivity compared to the CoO. Reflectivity as a measure of the reflective quality or power of a
surface or material is important in efficiency of a material for solar cell application. When sulfur
content rises from 0.125 to 0.5 eV, reflectivity increases from 2.04 eV to 14.2 eV.
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Figure 7: (a) Real and imaginary part of the dielectric function for the pristine CoO1-xSx at x =0
(b) absorption coefficient spectrum of the pristine CoO CoO1.xSx at x = 0.
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Figure 9. The refractive index of CoO1.xSx at sulphur doping concentration, x = 0.125, 0.25, 0.375,
and 0.5.
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Figure 10. The reflectivity index of pristine CoO and CoO1.xSx at doping concentration x = 0.125,
0.25, 0.375, and 0.5.

3.4 Magnetic properties

We have presented the magnetic moment of the pristine CoO and sulphur doped CoO at sulphur
concentrations of 0.125, 0.25, 0.375, and 0.5, for both GGA and GGA+U in Table 2.

Table 2: Magnetic moments of sulphur doped CoO at 0.125, 0.25, 0.375, and 0.5 for GGA and
GGA+U calculations. Mco, Mo, Ms and Mrare the magnetic moment on Co atom, O atom, S atom
and total magnetic moment per formula unit of the pristine or doped CoO compound respectively
at various doping concentration Xx.

X Mco (118) Mo () Ms (us) M (ps)
GGA |GGA+U GGA |GGA+U | GGA |GGA+U GGA |GGA+U
0 2.2294 2.3436 0.1996 0.1967 - - 2.4290 2.5403
0.125 | 2.0409 2.5722 0.1592 0.1851 -.0543 | -0.1187 | 2.1458 2.6386
0.25 | 2.0960 2.6273 0.2143 0.2236 0.0008 | 0.1814 2.2009 3.0323
0.375 | 0.1615 2.4449 | -0.2357 | 0.1304 0.0022 | 0.1801 | -0.0720 | 2.7554
0.5 1.0333 2.6290 0.1107 0.1954 0.0226 | 0.1567 1.1666 2.9811

Antiferromagnetic ground state was obtained for the pristine and doped CoO compounds. For
ordinary GGA, the pure CoO's total magnetic moment per formula unit (M) is initially high at
2.4290 g but drops as the sulphur doping concentration rises. However, the total magnetic
moment at the doping concentration of 0.25 is higher than that of 0.125. This further emphasizes
that there is a strong hybridization between the Co, O and S atoms at x = 0.25 suggesting that this
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might be the optimal sulphur doping concentration for the cubic CoO. Sulphur doping simply
weakens the magnetic ordering in the CoO system because the local magnetic moment on the
sulphur atoms is lower than that on the oxygen atoms. However, for GGA+U computations, the
doped CoOQ's total magnetic moment per formula unit (Mr) is greater than the pure CoO's and rises
with the doping concentration of sulfur. Like the GGA result, the magnetic moment at the doping
concentration at x = 0.25 distorts the increasing order of the magnetic moment with doping
concentration. Notably, the local magnetic moment of sulphur (Ms) at doping concentrations of
0.125 and 0.375 are negative showing that they are antialigned to the local magnetic moment of
cobalt and oxygen. Magnetic moments per formula unit calculated using GGA+U are generally
higher than that obtained using standard. This can be attributed to the inclusion of the Hubbard U
correction, which accounts for the on-site Coulomb repulsion of electrons, thereby enhancing the
magnetic moments.

4. Conclusion

We have examined the structural, electronic, optical, and magnetic characteristics of the pristine
and doped cubic CoO compound using first principles DFT. According to our findings, one of the
main benefits of doping CoO with sulfur is the reduction of the energy band gap, which improves
solar absorption in the visible range for effective photovoltaic and other applications. We used
Hubbard U parameter of 5.7347 eV, which was calculated using the self-consistent linear response
approach developed by Cococcioni and his group for GGA+U computations. Our result shows that
GGA+U gives more accurate electronic and optical properties of the compounds studied than the
GGA when compared with the experimental results. Overall, our findings contribute to the
fundamental understanding of the effects of non-metal doping on CoO transition metal oxide and
paves way for its utilization in various technological applications, including solar energy
conversion, energy storage, photo-catalysis, and other applications.
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