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In the present work, structural, elastic, electronic, optical, and magnetic properties of HgaWO, are
investigated using CASTEP simulation tool. Generalized Gradient Approximation (GGA) along
with Perdew-Burke-Ernzerhof (PBE) are employed for the calculation of electronic exchange and
correlation energy. In structural analysis, HgoWOy is found to be stable with C-centered mono-
clinic structure having space group C2/c. Material’s ductile nature is confirmed with Pugh’s
approximation where calculated B/G ratio is greater than 0.75 and Frantsevich’s rule where v is
greater than 0.26. The calculations of electronic properties show that HgoWO4 has indirect band
gap of 2.14 eV. While the optical study reveals that HgoWO4 has a good photosensitivity in visible
light region. Furthermore, the spin-polarized treatment shows that HgoWO, is antiferromagnetic
in nature. The current findings can be of great importance for the development of efficient
photocatalytic materials for water splitting and associated applications.

1. Introduction

To address the energy crisis concerns, photocatalysis process is considered to be an effective approach for storing and conversion of
solar energy [1]. The widely used metal oxide semiconductors provide efficient photocatalytic platform for water splitting in order to
attain renewable hydrogen for cheap and clean power production. Owing to suitable composition and structural flexibility, layered
perovskite materials with general formula A;BX4, have attracted extensive attentions for solar water splitting [2]. In this type of
perovskite-like structure, the ABX3 and AX patterns are repeated throughout the crystal [3]. This type of structural repetition makes it a
class of Ruddlesden-Popper phase materials. A Ruddlesden-Popper phase is a layered perovskite structure in two-dimensional space
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which follows the general formula Ap;1B;Xs,.1. Alternatively, the formula for Ruddlesden-Popper phase can also be written as AO
(ABO3), [4]. Generally, A and B sites are occupied by cations and X site is usually inhabited with anion species. A-site cations are
located on the boundary which is sandwiched between two layers. The coordination number for A-site cations is 9. Whereas B-site
cations are located at the center of octahedron that comprises six X-site anions [5].

These layered perovskite structures exhibit various physical properties including superconductivity [6], photoluminescence [7]
and photocatalytic activity which are desired in versatile energy storage applications[8], [9]. The photocatalytic activity of widely
studied TiOj is limited to UV-region only owing to its wide forbidden energy gap (3.2 eV). Since, the solar energy reaching to the
surface of earth is approximately 36,000 TW per year [10] from which only 4% energy is carried by UV-light and its major portion fall
in visible region (approximately 50%). This limitation has opened a door to develop visible-light-driven photocatalysts to meet the
current and future requirements [11]. In addition to TiOs, several other metal oxide semiconductors (MOSCs) are studied including
WOs3, No and ZrO,. Tungsten oxide (WOs3) based photocatalysts have band gap ranging from 2.6 to 2.8 eV which is useful for the
fabrication of visible-light-driven semiconductor photocatalysts. This makes the material second most studied MOSCs after TiO5 [12].
The valence band potential of WOg lies between 2.7 and 3.44 eV and its photocatalytic response is comparable to traditional TiO,
photocatalyst. The notable photocatalytic performance is typically attributed to oxidation ability of generated hole-pairs in valence
band of WO3 which strongly depends on crystal orientations and structural defects [13]. Besides this, WOg is non-toxic and abundant in
nature. In comparison to TiOs, it is more suitable for photocatalytic water splitting [12], [14].

The photocatalytic activity of WOs3 is enhanced when it is fabricated in layered-perovskite structure which general formula A;WO4,
where A is any transition or alkali metal. In this system, layers of AWO3 and AO are repeated periodically assigning this system in the
category of Ruddlesden-Popper phase. The proposed compound HgaWOy, is thus gave suitable applications including superconduc-
tivity, water splitting, and photoluminescence. In literature, low-temperature modification of HgoWO4 has been achieved using the
hydrothermal recrystallization approach, for temperature as low as 180 °C. The structural properties of experimentally prepared
HgoWO, were determined using the Guinier powder data method. The HgoWO4 assembles in pale yellow color. The lattice constant a
measured as 873.0 pm, b as 1147.6 pm and c as 493.05 pm [15]. Whereas the volume V is found as 0.4484 nm?, space-group as C2/c, p
as 115.196°, and z as 4 [16]. In this present work, we have focused on exploring the features of HgoWO4 layered-perovskite compound
through first-principles calculations [17], [18], [19], [20], [21] based on density functional theory [22], [23], [24] for photocatalytic
activity involving water splitting. This computational work is implemented in CASTEP in order to investigate structural, electronic
band structure, optical and, magnetic properties of HgoWO4 [25], [26], [27]. As long as structural arrangements of layer perovskite
oxide compounds are concerned, the perovskite-like materials are divided into two categories on the basis of their structural growth:
T-type structure and T'-type structure. The T-type structure is usually possessed by ternary oxides A;BO4 which are composed of
periodic repeated layers of ABO3 and AO rock salt. Whereas, T'-type structure is composed of infinite layers of BO; along with
intergrowth of A0, layers placed along the c-axis and inhibited with AOg cubes and BO4 square planes that are corner-shared [28].
The structural stability of T and T’ type is investigated by implying schematic of Goldschmidt tolerance factor “t”. The formula of “t”
derived from the perovskite sub-cell, is given as:

(r A+ T o)
V2(rs +ro)
Where rg, is the radius of A-ion, ry is the radius of B-ion, and ry is the radius of O-ion [29], [30]. It is found in literature that the
tolerance factor t for phases which are consist with T-type structure, has the value as 0.87 < t < 0.99, and for those T’ type, its value
falls in the range of 0.83 <t < 0.86 [31]. The A»BO4 oxide structure is stable if it has t within the range of 0.85 < t < 1.02 [32].
Whereas, the tolerance factor 1 represents the ideal structure.

Here we employ the density functional theory (DFT) [33], [34], [35], [36] based on ab initio approach and use functional GGA-PBE
for the investigation of structural, electronic and optical properties of perovskite-like material HgoWOj,. There are other approximation
methods too such as Peso, HSE06 etc. where Peso is good for treating alkali metals or alkali halides while as long as cohesive energy
concerned, PBE gives better calculations than Peso. Since no CASTEP simulations are done on investigating physical properties of
HgoWO4 so we have employed basic GGA-PBE approximations. We found that HgoWO4 exhibit indirect band gap of 2.14 eV. The total
density of states (TDOS) and the partial density of states (PDOS) are calculated for the investigation of electronic properties including
band gap and position of Fermi level in HgoWO4. Moreover, functions like absorption, reflectivity, refractive index, dielectric function,
loss function, transmittance, resistivity and conductivity of HgoWOy4 are studied. The optical properties showed that HgoWO,4 has good
photosensitivity for visible light. Furthermore, the magnetic behavior of the material is determined through application of magnetic
field with spin-polarized treatment and we found that this compound is of antiferromagnetic nature. The study presents worthy
outcomes for the development of HgoWO4 based efficient photocatalysts for water splitting applications.

2. Computational methodology

Cambridge serial total energy package (CASTEP) simulation is based on DFT [37], [38], [39], [40]. Owing to its numerous ca-
pabilities, CASTEP is aimed to determine the physical properties of materials including liquids, surfaces, amorphous materials and
crystalline structures. It utilizes first principle approach to calculate the basic quantity that is total energy. All other quantities are then
derived from the basic quantity [41]. Functional like GGA and PBE are used for the calculation of electronic exchange and correlation
energy [42] as it has been evidenced that when GGA functional is combined with local-density approximation (LDA), more accurate
results are achieved [43]. In this manuscript, all calculations are executed on solving Kohn-Sham equations in the domain of density
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functional theory [44], [45], [46], [47], [48]. Mercury (Hg), Tungsten (W), and Oxygen (O) pseudo-potentials with electronic con-
figurations of 4 f1*5d1% s2, 6 524 f! 45d¢, and 2 s22p* respectively, are employed. Hg;WO, shows the C-centered monoclinic crystal
structure with space group C2/c. The cutoff energy is kept at 489.8 eV for performing convergence test. Using k-point mesh of
3 x 3 x 4 for HgaWO4 through Monkhorst-pack simulation, Brillouin zone has been sampled. The maximum displacement and
maximum stress are found 0.0019 A, and 0.1 GA respectively throughout the geometrical optimization [49]. The residual forces were
kept controlled over the range of 0.04 eV/A during structural relaxation [50].

3. Results and discussion
3.1. Structural and elastic properties

The structural properties of any material can be determined by finding its space group, atomic positions and lattice parameters. The
HgoWO4 has C-centered monoclinic crystal structure with space group C2/c [15]. The unit cell of HgsWO, is made up of four Hg atoms,
two W atoms and eight O atoms. The conventional unit cell and primitive cell are shown in Fig. 1. The atomic position (also called
Wyckoff positions) shows the location of atoms in a unit cell. In unit cell of HgoWO,4, Hg has positions 0.24, 0.47 and 0.96, W has
positions 0.09, 0.9 and 0.25 whereas O has positions 0.04, 0.6 and 0.2. The lattice parameters determine the geometry of unit cell of a
compound. The values of lattice parameters are found as a = b = 7.52 A°, c= 5.04 A°. Whereas, the volume, density and energy band
gap of Hg,WO, are respectively determined as 245.42 A%, 8.78 g em™> and 2.14 eV. Experimental structure of HgoWOy, is also
observed in [16] where values of lattice constants are a =8.73 A°, b =11.6 A°, ¢ =4.93 A°, and } = 114.86°. Comparison of
experimental values and computationally calculated values shows that our calculated values are somehow consistent with experi-
mentally calculated values and thus considered for further calculations. The geometrical optimization of HgoWOy is achieved at zero
temperature and pressure, and the ground state properties are examined. GGA and PBE are used for the geometrical optimization. On
applying Hill approximation, mechanical parameters like, shear modulus (G), bulk modulus (B), Young’s modulus (Y), Pugh’s ratio
(B/G), Poisson’s ratio (v)and Pugh’s modulus (G/B) for HgoWO, are investigated. The computed mechanical parameters and moduli of
elasticity are listed in Table 1.

The medium range value of Bulk modulud (B) and Young;s modulud (Y) showed that HgoWO; is neither hard nor stiffer [51].
According to Pugh’s approximation, if B/G > 1.75 the material is said to be ductile and for B/G < 1.75 the material showed brittle
behavior. From Table 1, B/G ratio is 2.02 which is greater than 1.75 determine ductile nature of HgoWO, Ductile nature is also
confirmed by Frantsevich’s rule [52] which showed ductile nature for v > 0.26 and brittle for v < 0.26.

3.2. Electronic properties

DOS, PDOS and band structure of HgoWO, are calculated through energy exchange correlation function GGA/PBE and OTFG ultra
soft pseudo potential method. Fig. 2 shows the electronic band structure of HgoWO4 calculated along the symmetry points (also called
k-points) of directions (L-M-A-G-Z-V) verses wave vectors of energy between — 5e V to 10 eV. The band structure describes the
quantum mechanical behavior of electrons. It shows the allowed energy states of electrons in the solids. The highest energy level that
can be occupied by an electron at zero absolute temperature is called Fermi level (Eg) and it has been denoted by dash line inside the
band structure. The minimum of conduction band lies at a symmetry point while Z symmetry point is possessed the maxima of valence
band, as shown in Fig. 2. The band gap is indirect and is calculated as 2.14 eV. The DFT always gives underestimated value of band gap,
however, the density and atom type information are considered more accurate [19]. For water splitting, band gap value should be
greater than 1.23 eV and less than 3 eV. Due to narrow band gap shown by HgyWOy, it could be a potential candidate for

(a) Hg (b)

Fig. 1. Three-dimensional views showing the crystal structure of (a) primitive unit cell and (b) conventional unit cell of HgoWO,.
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Table 1

The mechanical parameters such as Bulk modulus “B” (GA), Shear modulus “G” (GA), Pugh’s ratio “B/G,” Young’s modulus “Y” (GA), Pugh’s modulus
(G/B) and Poisson’s coefficient “v” for HgoWO4 layered-oxide perovskite.

Compound B G Y v B/G G/B

HgoWO, 47.41725 23.41093 60.30772 0.28802 2.02 0.5

Energy (eV)

k-point

Fig. 2. Band structure of HgoWO,.

photocatalytic applications such as water splitting.

The electronic features of HgoWO, are further studied by considering the PDOS and TDOS. Fig. 3(a) shows the TDOS for HgoWOj4.
All the elemental and HgoWO4 results have identical spectra and the peaks of all graphs meet at 28.86 states/eV and the DOS graph
meets the Fermi level with 2.54 states/eV.

Fig. 3(b-d) shows the PDOS for Hg, O and HgoWO4. In Hg, 5p and 5d orbitals contribute significantly and the main peak of Hg-6 s
represents 2.4 states/eV. The main peak of Hg-5p possesses 14.03 states/eV while that of Hg-5d has the highest states as 22.7 states/eV.
In case of O, the dominant contribution is from 2p state. The main peak of O-2p offers 13.47 states/eV and the O-2p curve meets the
Fermi level at 1.34 states/eV. The results did not show any notable contribution of W. Fig. 3(c) shows that the O-2p and Hg-5d have
dominant contribution in HgaWO,4. The main peak of p-DOS is recorded at 22.7 states/eV while that of p-DOS at 14.03 states/eV.
Figure also shows the smaller contribution from s-DOS with peak at 2.4 states/eV, where the contribution of f-DOS is negligible.
Moreover, s-DOS meets with the Fermi level at 1.02 states/eV and that of p-DOS at 0.1 states/eV.

3.3. Optical properties

Optical parameters determine the optical behavior of materials quantitatively. These parameters include coefficient of absorption,
function of energy loss, dielectric constant, reflectivity, and index of refraction. These parameters are introduced in calculations when
light (electromagnetic waves) interacts with matter. The optical properties are mutually linked with each another and one can help to
determine the other. The complex dielectric function, function of frequency, have real and imaginary parts for the quantitative analysis
of light interaction with matter. The Maxwell expression for complex dielectric function is given in Eq. 1:

e(w) = & (0) +iex(w) (€}

The real part of dielectric function ¢; determines material’s ability of interacting with incident light without absorbing it while
imaginary part ¢, represents transition between occupied and unoccupied electronic states while measuring material’s ability to
absorb light. Polarization of light within a material is determined with the help of real part of complex dielectric function which is

represented as €; (®). Whereas the loss function, also known as energy dissipation, is estimated from imaginary part of dielectric
function and is denoted by Ex(w) [49].

3.4. Reflectivity

Reflectivity can be determined from complex refractive index n(€). Whereas n(w) has two parts: refractive index and extinction
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Fig. 3. TDOS of (a) HgoWO,. PDOS of (b) Hg, (c) O and (d) HgoaWO4.

coefficient. Reflectivity is related to refractive index and extinction coefficient as follow:

(n—17+&

R:—2
(n+1)+k&

(2)

The reflectivity response of HgoWO4 is shown in Fig. 4(a). A peak value of reflectivity is found as 0.43 at 37.9 eV. Whereas, another
notable peak is observed at 8.9 eV.

3.5. Absorption
The absorption coefficient is calculated from frequency of electromagnetic waves and complex dielectric function using the

following relation:

_ 4rk(w)

Alw) 1

(3)

In equation 3, A(w) represents the absorption coefficient. The absorption spectrum for HgoWO, is shown in Fig. 4(c). The threshold
point of absorption which is the point at which maximum energy of incident light is absorbed by the material, is found as 6.1 x 10° at
32.7 eV. Transmittance can be calculated using given relation

T=1-a(w)—-R), (C)]

From Fig. 2, band gap of proposed material lies in visible range where material gives maximum absorption so transmittance is low
in visible range while material is transparent in infrared region.
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Fig. 4. Optical response of HgoWO, for the investigation of (a) reflectivity, (b) absorption, (c) refraction index, (d) dielectric function, (e) con-
ductivity and (f) function of energy loss.

3.6. Refractive index

The expression used to calculate the refractive index n is given below:

H(CU) = (%) [{812 + 622/2}% + E]]% (5)

The complex refractive index consists of two parts: real and imaginary which can be expressed as:
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N =n+ik (6)

Here, n is refractive index and k is extinction coefficient. These parameters are frequency and hence energy dependent. Fig. 4(c)
shows the dependence of real and imaginary parts of complex refractive index on energy. The refractive index and absorption are
inversely related to each other. It is noticed that as the value of extinction coefficient k is increased, the absorption follows the same
pattern and increases for the given range of energies, as shown in Fig. 4(b, c). The refractive index of HgoWO, is measured as 2.95 at
2.9 eV and 2.49 at 0 eV. The highest value of extinction coefficient k is found as 1.37 at 5.4 eV. Whereas, its value is recorded as 0 at
0 eV which shows that the process of annihilation of energy starts eventually as the light of suitable energy falls on the material.

3.7. Dielectric function

Dielectric function can be determined using the following relation:
&(w) = € (0) +iex(w) 7)

The value of dielectric function can directly be extracted from &;(w) which can be obtained from Kramers-Kronig dispersion
relation. The imaginary part €5(w) can also be calculated from electronic band structure [53]. The behavior of real and imaginary parts
of dielectric functions are shown in Fig. 4(d) which describe the polarization and dissipation of incident light. The value of €, (®) is
found as 0 at 0 eV and the major peak for €, (0) with value 6.28 is observed at 4.8 eV. The real part of dielectric function has its value
6.19 at 0 eV while the highest peak of real part of complex dielectric function has a value as 8.48 at 2.72 eV.

3.8. Conductivity

Conductivity spectrum of HgaWO, is shown in Fig. 4(e). The relation used to determine conductivity of a material is shown in Eq. 7.
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Fig. 5. Magnetic behavior of Hg;WOy,: (a) spin-polarized energy band structure, (b) spin-polarized atomic DOS and (c) spin-polarized PDOS.
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From calculation, it is noted that proposed material become highly conductive at 32.3 eV with conductivity 7.04. Also we can
estimate resistivity of the given material just by reciprocating conductivity. The given material become highly resistive at 32.3 eV with
resistivity of 0.14.

3.9. Loss function

When electron moves through the material, some of its energy is lost which is determined by function of energy loss denoted by L
(o). This function is also energy (frequency) dependent. The frequency associated to this loss function is termed as plasma frequency as
it describes the characteristics of plasma resonance expression which relates the energy loss function and dielectric function as given
below in Eq. 8 (54):

(:'2(6())

L) = £ (a))2 + ez(a))z

©
The spectrum for function of energy loss is given in Fig. 4(f) which shows the highest peak of loss function as 5.07 at 38.4 eV.
3.10. Magnetic properties

The magnetic features of HgoWO, are explored through application of magnetic field. GGA and PBE approach along with spin-
polarized behavior is used for the calculations of Band Structure, DOS and PDOS of HgaWOj4. The magnetic behavior of an atom is
determined through its spin and orbit coupled magnetic moments. The spin and orbital magnetic moments are associated with sinning
of electrons about their own axes and orbital motion of electrons in Bohr’s orbits. The combined effect of spin-orbit coupling contribute
to magnetic characteristics of any material.

Fig. 5(a) shows the spin-polarized band gap curves of HgoWO4 consisting of spin-up and spin-down energy states which determine
the magnetic nature of a material. Formation of energy bands under the application of magnetic field are also shown in Fig. 5(b). The
spin-up and spin-down states are mirror to each other. As the net magnetic dipole is zero, it can be suggested that the given material is
antiferromagnetic in nature. Also, the net magnetization of this material is zero. The behavior of atomic orbitals of HgaWO4 under the
application of magnetic field is shown in Fig. 5(c). All the curves for spin-up and spin-down states of s, p, d, and f atomic orbitals are
mirror to each other, and s-states have highest contribution while f-states have least contribution in magnetization of HgoWO,.

4. Conclusions

The structural, elastic, electronic, optical and magnetic properties of perovskite-like HgoWO4 are computationally studied. The
structural properties show that the given compound has well stable structure and has a monoclinic arrangement of atoms. Ductile
behavior of HgaWOy4 is confirmed with Pugh’s approximation and Frantsevich’s rule with values 2.02 and 0.28 respectively. The band
gap of this material is found to be 2.14 eV which is indirect in nature. This outcome suggests that the given material has a good
photosensitivity for visible light. The TDOS and elemental DOS of HgoWO, are identical. The Hg-5d is dominant in Hg-PDOS and O-2p
is dominant in O-PDOS. Overall Hg-5d has a major contribution in PDOS with 22.7 states/eV. On spin-polarized treatment, HgoWO4
shows antiferromagnetic behavior. The s-state has dominant contribution while f-state has least contribution in magnetization of
HgoWO,4. The HgoWO4 material gives notable response for absorption which evidences it as a potential candidate for photocatalytic
hydrogen evolution reaction applications.
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