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A B S T R A C T

Phase relations in the system Bi2O3-WO3 were studied. Six intermediate WO3, Bi2WO6, α-Bi2O3, Bi2W2O9, 
Bi6WO12 and Bi3W2O10.5 phases were investigated using density functional theory (DFT). The stability of phases 
in the ground state electronic DOS, elastic and the optical properties are reported. All elastic constants of all 
compounds, according to our calculations and in any type of crystalline cell, whether monoclinic, orthorhombic 
or tetragonal of the WO3–Bi2O3 system, are mechanically unstable. We notice that all the compounds retained its 
metallic character at the fermi level, except for WO3 and Bi3W2O10.5 which represent gaps. Reflectivity, ab
sorption, conductivity, loss energy function, real and imaginary part of the dielectric function and refractive 
index for WO3 and α- Bi2O3 compounds are calculated with wavelength l (nm). We deduce that WO3 and α-Bi2O3 
are sensitive in the ultraviolet region. The optical conductivity in the real and imaginary, confirms that WO3 is a 
semiconductor.

1. Introduction

A phase diagram is a graphical representation that shows the phase 
composition and structure of an alloy as functions of temperature and 
concentration at constant pressure. It is chosen to facilitate under
standing of the phenomena studied and to determine phase trans
formations during and under heating conditions. Christopher et al. [1] 
investigated the Bismuth-rich phases in the Bi2O3–Nb2O5, Bi2O3–Ta2O5, 
Bi2O3–MoO3 and Bi2O3–WO3 systems, using synchrotron X-ray diffrac
tion and electron diffraction, to resolve outstanding problems concern
ing phase relationships, unit cells, and symmetry. Our investigation 
focused on Bismuth-rich phases within the Bi2O3–Nb2O5, Bi2O3–Ta2O5, 
Bi2O3–MoO3 and Bi2O3–WO3 systems. We utilized synchrotron X-ray 
diffraction and electron diffraction techniques to address unresolved 
issues related to phase relationships, unit cells, and symmetry.

WO3–Bi2O3 alloys have garnered significant interest due to their 
notable mechanical properties and technological relevance in fields such 
as engineering and electronics. The phase diagram of the WO3–Bi2O3 
system, shown in Fig. 1, was established by A.P. Finlayson [2]. However, 
numerous properties, including phase stabilities and electronic and 

mechanical characteristics, of the WO3–Bi2O3 alloys remain to be 
comprehensively understood at the atomic level. Employing ab initio 
calculations based on density functional theory, this study presents a 
detailed analysis of the ground-state structural, electronic, and optical 
properties of WO3–Bi2O3 alloys. Transition metals are d-block elements, 
which gradually fill an electronic d sub-shell below a saturated s 
sub-shell. Transition metals can form ions with a wide variety of 
oxidation states. The physical and chemical properties of transition 
metals directly influence their uses (all conductors of electricity). 
Transition metals are very important from an economic and social point 
of view due to their many applications. Transition metals generally have 
a high density as well as a high melting and vaporization temperature. 
These properties come from the ability of electrons in the d sub-shell to 
delocalize into the metal lattice. In metallic substances, the greater the 
number of electrons shared between the nuclei, the greater the cohesion 
of the metal. Tungsten W, in period 6, is also a transition metal. It has the 
highest melting point of all pure metals. Tungsten is the chemical 
element, symbol W, it is a transition element, used in the composition of 
many catalysts (sulphide, chloride, organometallic derivatives). Tung
sten compounds are used in glasses, paints and ceramics. Tungsten has 
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the highest melting point of all the pure metals at 3680 ◦C and the 
second highest all over the periodic table after carbon; it is used in many 
high-temperature applications such as aerospace and arc welding pro
cess etc. It electrical resistivity of 5.56 10− 8 Ω m, it is used in electrodes, 
and electron microscopes, used also as an interconnect material in in
tegrated circuits. The modulus of elasticity at 25 ◦C of 405 103 N/mm2. 
The tungsten has an excellent shielding property. Tungsten (W) an 
important transition metal, in the equilibrium state exists in two poly
morphic forms: the cubic structure (Im-3m, N◦ 229) in more stable form 
β-W and the cubic A15 structure (Pm-3n, N◦ 223) α-W, metastable, it can 
coexist with the α phase at ambient conditions. The bismuth (Bi) is the 
chemical element with atomic number 83. It is weakly studied unlike 
that of other close heavy metals. The simple body Bi is a silver-white 
semimetal, of rhombohedral lattice or trigonal crystal system. Most 
chemists nevertheless consider it a heavy metal; it has the lowest elec
trical and thermal conductivity of all solid metals. Its thermal conduc
tivity is about fifty times lower than that of silver (429 W/mK). Its 
melting point is 271.4 ◦C and its boiling point is 1560 ◦C ± 5 ◦C. Oxygen 
is the chemical element with atomic number 8, symbol O. Dioxygen with 
the chemical formula O2 consists of two oxygen atoms linked by a co
valent bond. Oxygen is a nonmetal that very easily forms compounds, 
including oxides, with virtually all other chemical elements. Oxygen is 
an essential component of the molecules found in all living beings: 
amino acids and sugars. An oxide is defined as a chemical compound 
made up of oxygen with another chemical element that is less electro
negative than itself. PbTiO3 perovskite’s oxides have been investigated 
by Muhammad Yaseen et al. [3] using DFT and by PB sol-GGA and under 
pressure, showed that PbTiO3 is a semiconductor up to 40 GPa. Mehwish 
K et al. [4] and by the first principles calculation predicted the phase 
stability, optical and magneto-electronic of MAlO3(M = Co, Pr) perov
skite’s oxides compounds and confirmed that the stability of MAlO3(M 
= Co, Pr) perovskites is in cubic phase. M. Yaseen et al. [5] investigated 
by (FP- LAW) method, the electronic, optical and thermoelectric prop
erties of LaAlO3 pervoskite oxides compound under pressure and 
concluded that LaAlO3 is a suitable candidate for Optoelectronic and 
Thermoelectric Devices. M. Yaseen et al. [6] by first-principles calcu
lations and (FP-LAW) method studied the electronic, optical (in the 
range of energies from 0 to 30 GPa) and magnetic properties for 
perovskite oxides PrXO3 (X = V, Cr) compounds, concluded that PrVO3 

has a metallic nature, while PrCrO3 is half-metallic nature.
Oxides have a generally crystalline structure, in crystallized oxides; 

the bonds between atoms are partially ionic, covalent or metallic 
(transition metals). Tungsten trioxide (crystalline solid) is a chemical 
compound with the formula WO3. The crystalline structure of tungsten 
trioxide depends on the temperature: it is triclinic, monoclinic, ortho
rhombic and tetragonal. Its most common form is monoclinicγ-WO3 with 
P21/c space group is a very common tungsten oxide phase stable at room 
temperature. A polycrystalline sample of Bi2W2O9(which bismuth 
tungstate is formed depends on the ratio 1Bi2O3. 2WO3) was synthetized 
with a quantity of Bi2O3 (99.99 % purity) and WO3 (99 % purity) were 
ground together and reacted in air at 750 ◦C for 12 h and at 800 ◦C for 
36 h with intermittent grinding. The single crystal X ray diffraction 
study on Bi2W2O9 which also proposes a ground state of Pnab symmetry 
[7] fully consistent with our work.

Kevin et al. [8] determined the crystal structure of Bi2WO6 (formed 
from a 1:1 ratio of Bi2O3 to WO3) using Rietveld profile refinement and 
high-resolution time-of-flight neutron powder diffraction data. They 
concluded that it possesses an orthorhombic crystal structure in the 
Pca21 space group, with lattice parameters a = 5.43726 (2) Å, b =
16.43018 (5) Å, c = 5.458422 (2) Å, and Z = 4. Finlayson et al. [9] 
explored the properties of Bi–W oxides, specifically Bi2WO6 and 
Bi6WO12 (formed from a 3:1 Bi2O3 to WO3 ratio), using X-ray diffraction 
and Raman spectroscopy to analyze their structural features, and UV–vis 
diffuse reflectance spectroscopy coupled with the Kubelka-Munk func
tion to determine their optical band gaps. Bismuth oxide Bi2O3 is poly
morphic, existing in several stable and metastable forms. The different 
phases of Bi2O3 (α, β, ω, ε) crystallize in monoclinic networks P21/c, 
tetragonal P-421c [10], triclinic P-1 [11], and orthorhombic Pbnb [12]. 
In this study, we focused on α-Bi2O3. The compound Bi3W2O10.5, derived 
from a 3/2 Bi2O3 to 2WO3 ratio (not present in the phase diagram), was 
synthesized using a solid-state technique [13]. Its crystal structure was 
determined to be in the tetragonal I4/m space group, with lattice pa
rameters a = 3839 (1) Å, c = 16 382 (5) Å, volume V = 241.41 Å3, and Z 
= 4. This study provides a detailed investigation of the structural, 
electronic, mechanical, and optical properties of six intermediate phases 
in the WO3–Bi2O3 system using density functional theory (DFT). The 
findings reveal that all phases are mechanically unstable, regardless of 
their crystalline structure, highlighting a key challenge for their 

Fig. 1. The phase diagram of the WO3– Bi2O3system [2].
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optimization. Electronically, all compounds exhibit metallic behavior 
except for WO3 and Bi3W2O10.5, which show band gaps, indicating po
tential semiconductor applications. Optical analysis demonstrates that 
WO3 and α-Bi2O3 are highly sensitive to UV radiation, enhancing their 
interest for optoelectronic applications. Mulliken and Hirshfeld charge 
analyses reveal strong bonding interactions, particularly in Bi3W2O10.5. 
These results open new avenues for developing high-performance opti
cal and electronic materials.

2. Computational details

For our Density Functional Theory (DFT) calculations, we utilized 
the CASTEP code (version 7.0) [14]. Norm-conserving pseudopotentials 
[15] were employed for our GGA + PBE calculations. Our approach 
included adopting a plane-wave basis set to represent the Kohn-Sham 
orbitals. After conducting convergence studies, the cutoff energy was 
set at 300 eV. Similarly, the Monkhorst-Pack grid was optimized, and a 
4 × 4 × 4 k-point mesh was chosen as it provided well-converged results 
without excessive computational demand. These choices were made to 
balance precision and efficiency, ensuring that the structural, electronic, 
and optical properties were accurately captured. The justification for 
these parameters will be clearly stated in the revised manuscript [16]. 
To optimize structures, we focused on minimizing total energy. The 
structures under consideration were WO3 (monoclinic, P21/c, No. 14), 
4Bi2W2O9 (orthorhombic, Pnab, No. 60), Bi2WO6 (orthorhombic, 
Pca21, No. 29), Bi6WO12 (tetragonal, I4/1, No. 80), Bi2O3 (monoclinic, 
P2/c, No. 14), and Bi3W2O10.5 (tetragonal, I4/m, No. 87). These were 
optimized through plane-wave DFT calculations using the GGA + PBE 
functional [17–19]. The valence electron configurations considered 
were W: [Xe] 4f14 5d4 6s2, Bi: [Xe] 4f14 5d10 6s2 6p3, and O: [He] 2s2 
2p4. Optimization was achieved using the 
Broyden-Fletcher-Goldfarb-Shenno (BFGS) minimization technique to 
attain the most stable structure locally. The self-consistent convergence 

conditions were set as follows: total energy less than 0.2 × 10− 4 eV/a
tom, force on each atom less than 0.05 eV/Å, offset tolerance below 
0.002 Å, and stress bias under 0.1 GPa.

3. Results and discussion

3.1. Structural properties

The compounds in the WO3–Bi2O3 system are summarized in 
Table 1 together with their optimized and experimental structural data. 
Strong agreement between the calculated and actual results lays the 
groundwork for future assessments of the electrical and optical char
acteristics of these materials to be reliable. But according to our calcu
lations, all compounds have mechanically unstable elastic constants, 
regardless of whether they have monoclinic, orthorhombic, or tetrag
onal crystalline cells (Fig. 2). For stable structures, the elastic constants 
need to meet the mechanical stability criterion: [20] the monoclinic and 
tetragonal system criteria are: C11 > 0, C22 > 0, C33 > 0, C44 > 0, C55 > 0, 
C66 > 0, C44C66 − 2C46 > 0, C11 + C22 + C33 + 2(C12 + C13 + C23) > 0, 
C22 + C33 − 2C23 > 0 and C11 > 0, C33 > 0, C44 > 0, C66 > 0, C11–C12 > 0, 
C11 + C33 − 2C13 > 0, 2C11+C33+2C12+4C13 > 0 respectively [21]. the 
orthorhombic system criteria are: Cii>0; Cii + Cjj− 2Cij > 0C11 + C22 +

C33 + 2(C12 + C13 + C23) > 0. Notably, the elastic constants of 
Bi3W2O10.5 in its tetragonal structure, fail to meet the stability criteria 
of C16 < 0 and C44 < 0.

Calculating the thermodynamic stability of the compounds studied, 
based on their binary composition in Bi2O3 and WO3, is of interest. The 
enthalpy calculation is as follows: 

xBi2O3 + yWO3 → Bi2xWyO3x+3y + ΔformationH0 (1) 

The following were the conventional formation enthalpies for the 
binary oxides WO3(s) and Bi2O3(s): These values, which are obtained 
from [26,27], are ΔHo (Bi2O3(s), 298.15 K) = − 907. 97 J.mol-1 

Table 1 
Space groups, lattice parameters in Å, conventional volumes Å3, number of cell formula of compounds, density in g/cm3, energy in GPa and elastic constants in GPa in 
the WO3– Bi2O3 system.

Compound WO3 Bi2W2O9 Bi2WO6 Bi6WO12 α-Bi2O3 Bi3W2O10.5

a 5.3339 (7.306) 5.2363 (5.4334) 5.499 (5.436) 11.7199 (12.510) 7.1029 (5.849 - 22.2) 3.6161 (3.839)
b 5.3339 (7.540) 5.5357 (5.4132) 5.916 (5.456) 11.7199 (12.510) 5.6333 (8.164–22.2) 3.6161 (3.839)
c 8.1521 (7.692) 24.5875 (23.6902) 16.587 (16.416) 11.3608 (11.240) 12.0751 (7.504 

− 22.2)
16.0907 (16.382)

Energy (eV) − 1507 − 8322 − 6457 − 102007 − 4996.5 − 6504
Z 4 4 4 4 4 4
Volume 231.054 (224.132) 712.716 539.6472 (487.63) 1560.48 4 082 031 210.407 (242.4)
Space group P21/c (N◦14)- monoclinic Pnab (N◦60)- orthorho. Pca21 (N◦29)- 

orthorho.
I4/1 (N◦80)- tetragonal P21/c (N◦14)- monoclinic I4/m (N◦87)- tetragonal

Density 6.66494 (7.270) 8.8129 8.58881 (9.50) 9.466553 7.58191 9.17297
Cij unstable unstable unstable unstable unstable C11= 23, C33= 26 

C44= - 25, C66= 17 
C12= 18, C13= 38 
C16= − 0.16

[Ref.] [22] [23] [9] [24] [25] [14]

Fig. 2. Presents views of perspectives of WO3 (a), Bi2WO6(b), α-Bi2O3 (c), Bi2W2O9 (d), Bi6WO12 (e) and Bi3W2O10.5 (f) phases, respectively.
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equivalent to (− 5661 eV) and − 73. 12 j. mol− 1 equal to (-4556 eV) 
respectively. The enthalpies of WO3, Bi2W2O9, Bi2WO6, Bi6WO12, 
Bi3W2O10.5, and α-Bi2O3 during their respective ground-state phases are 
displayed in eV in Fig. 3 To validate the theory that states that the total 
of the ratios of the entropies of the binary oxides equals the entropy of 
mixed oxides. We tested with the entropy of the mixed oxide SrBi2O 
found experimental equal to S◦ (298.15 K) = 206.1 ± 1.1 J K1 mol− 1 [28,
29]. The entropy calculated for this compound as the sum of the basic 
binary oxides is as follows: S◦ (cal) (298.15 K) = 206.7 J K1 mol− 1, the 
value is in good agreement with that found experimentally.

3.2. Electronic properties

Our calculations indicate that in the entire energy range, all the 
compounds are predominantly, the valence and the conduction band are 
formed predominately from overlap of oxygen 2p-like states as seen 
universally in other ab initio electronic structure calculations [30] and 
from photoemission spectroscopy [31] with minor contributions from 
(W, Bi, O)-s states.

Specifically, WO3 is primarily dominated by O-p states. The analysis 
of the band structure, density of states (DOS), and electronic properties 
provides comprehensive insights into the electronic characteristics of 
these materials. Using the FP-LAPW method, we calculated the energy 
band structure, as well as the total and partial DOS of the WO3–Bi2O3 
system. It was observed that all compounds maintained their metallic 
nature at the Fermi level, except for WO3 and Bi3W2O10.5. The band gap 
of WO3 was calculated to be around 0.68 eV, which is very small 
compared to the experimental value. This is a common problem with the 
GGA functional, which strictly underestimates the band gap calculations 
[32]. It was found that the experimental band gap is close to 2eV.The 
band structures, including both total and partial DOS for WO3, Bi2W2O9, 
Bi2WO6, Bi6WO12, Bi3W2O10.5, and α-Bi2O3, are depicted in Fig. 4. This 
figure illustrates the Fermi levels with a vertical dotted line at zero en
ergy in the DOS. Fig. 4 also presents the total and projected local DOS for 
several compounds, including WO3, Bi2W2O9, Bi2WO6, Bi6WO12, 
Bi3W2O10.5, and α-Bi2O3. Notably, there are two common features in the 
DOS profiles of these compounds.

3.3. Optical properties

In this work, the study of optical properties focuses exclusively on the 
fundamental compounds WO3 and α-Bi2O3 within the WO3–Bi2O3 
system. By examining the optical properties, both theoretical and 
empirically derived, of WO3 and α-Bi2O3 crystals, we gain valuable 
insights into their electronic structures.

To do this, consider different photon energies to calculate some op
tical properties of hexagonal crystals of WO3 and α-Bi2O3. We started by 
calculating the dielectric function ε (ω) described by its real part and its 

Fig. 3. The enthalpies dependence of the compositional ratio for WO3, 
Bi2W2O9, Bi2WO6, Bi6WO12, Bi3W2O10.5 and α-Bi2O3 based on the Bi2O3/ 
WO3 ratios.

Fig. 4. Band structures, and total and partial DOS of WO3(a), 2W2O9 (b), Bi2WO6(c), Bi6WO12 (d), Bi3W2O10.5 (e), and α-Bi2O3 (f) phases; respectively.
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imaginary part and given by the formula ε (ω) = ε1 (ω) + iε2 (ω), under 
incident polarized light according to direction [100].

The dielectric function, ε (ω), is a fundamental optical parameter that 
describes the absorption and polarization properties of the material, 
where ε1 (ω) and ε2 (ω) are the real and imaginary part of the dielectric 
function, respectively. The imaginary part ε2 (ω) of the dielectric func
tion ε (ω) can be obtained from the momentum matrix between the 
occupied and unoccupied electronic states, which is given by [33]. 

ε2(ω)=
2ω2π
Vε0

∑

k,ν,c
ǀ<ψc

kǀu.rǀψc
ν > ǀ

2δ
(
Ec

k − Eν
k − ℏω

)
(2) 

where u is the vector that provides the polarization of the electric field of 
the incident electromagnetic radiation, V is the volume of the unit cell, e 
is the electronic charge, and ψc

k represents the wave functionof the 
valence (conduction) band at the wave vector k. On the other hand, the 
real part ε1 (ω) of the dielectric function ε(ω) is calculated from the 
imaginary part of ε2 (ω) according to Kramers-Kronig relations [34]: 

ε1(ω)=1 +
2
π P

∫ ∞

0

ωʹε2(ωʹ)
ωʹ2 − ω2

dωʹ (3) 

where P implies the principal value of the integral.
Through ε1 (ω) and ε2 (ω) it is possible obtain all other optical 

properties, including the refractive index n(ω), optical conductivity 
σ(ω), absorption coefficient α(ω), reflectivity R(ω) and loss function L(ω) 
by the following equations [35,36]: 

n(ω)= 1̅
̅̅
2

√

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ϵ2
1(ω) + ϵ2

2(ω)
√

+ ϵ1(ω)
]1

2
(6) (4) 

σ(ω)=ωε2

4π (5)

α(ω)=
̅̅̅
2

√
ω
[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ϵ2
1(ω) + ϵ2

2(ω)

√

+ ϵ1(ω)

]1
2
(6)

R(ω)= |

̅̅̅̅̅̅̅̅̅̅
ϵ(ω)

√
− 1

̅̅̅̅̅̅̅̅̅̅
ϵ(ω)

√
+ 1

|
2 (5) 

L(ω)= ϵ2(ω)
ϵ2

1(ω) + ϵ2
2(ω)

(6) 

Fig. 4. (continued).
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Fig. 5 displays the reflectivity, absorption, conductivity, energy loss 
function, and both the real and imaginary parts of the dielectric func
tion, along with the refractive index for the compounds WO3 and 
α-Bi2O3. A well-defined and sharp reflectance curve is obtained for the 
WO3 system. The reflectivity has been found increase rapidly with 
increasing wavelength, reaching a maximum peak with a value about 
0.7 at λ = 100 nm. Two weaker peaks appear at λ = 180 nm and λ = 200 
nm. From 400 nm the reflectivity decreases sharply with increasing 
wavelength. On the other hand, the α-Bi2O3 compound presents 3 se
lective peaks in the UV region located at λ = 50 nm, λ = 100 nm and λ =
200 nm corresponding to maximum values of 5 %, 15 % and 50 % 
respectively. Beyond 400 nm in the visible region the reflectivity de
creases significantly to reach less than 40 %.

As the amplitude of the reflectance increases with the increase in 
wavelength this can be explained by the fact that light scattering is 
reduced, which leads to a reduction in scattering losses and therefore a 
maximum reflection. The selective peaks observed is due to a loss of 
energies in the UV range in the dielectric structure, these values are 
linked to the FWHM of the peaks. This compound can help to stop 
dangerous ultraviolet radiation. In Fig. 5 depicts the optical absorption 
spectrum of the WO3 and α-Bi2O3 crystals along the polarization direc
tion [100] for the GGA approach. The peaks and valleys in the absorp
tion curve are related to the possible transition between states in the 
energy bands. The absorption spectra in Fig. 5b, reveal that WO3 and 
α-Bi2O3 are sensitive in the ultraviolet region. The optical conductivity 
for WO3 and Bi2O3, are calculated as a function of wavelength according 
to Eq. (4). The peaks of the real parts of the two compounds arise mainly 
from the interbond transitions between the occupied and unoccupied 
states. The optical conductivity, starts at λ = 51 nm in the real and 
imaginary part of the spectra, which confirms that WO3 is a semi
conductor. The highest optical peak with a value of 4 is obtained at λ =

300 nm, the imaginary part has a peak of 2 located at λ = 200 nm. On the 
other hand, the real and imaginary parts of the Bi2O3 compound have 3 
peaks, followed by a sharp drop in the optical conductivity is observed 
beyond λ = 250 nm. L(ω) is an important factor describing the energy 
loss of a fast-moving electron in a material. The peaks in L(ω) spectrafor 
light polarized along the (100) plane. Fig. 5d, shows a single significant 
peak at λ = 120 nm for WO3. For Bi2O3 and for (100) plane polarized 
light, there are three prominent peaks at λ = 54, 106 and 160 nm (1, 
2.84 and 4.62eV) respectively. The main peak is located at λ = 160 nm, 
the other peaks are possibly polarized according to others not cited. 
These peaks correspond to the number of free electrons plasmons is the 
so-called plasma frequency. They represent the energy of the collective 
excitations of the electron charge density in the crystal, above which the 
material shows the dielectric behavior [ε1(ω) > 0]. From Eqs. (4) and 
(5), the complex dielectric constants as a function of photon energy were 
estimated for WO3 and α-Bi2O3. The following Eq. (6) is then used to 
determine the complex refractive index (n and k) of WO3 and α-Bi2O3 
using the obtained values of the complex dielectric constants ε1 and ε2. 
The curves at λ = 600 nm are used to determine the fluctuation of the 
complex dielectric constant and the refractive index (a dimensionless 
parameter that characterizes beam propagation across that medium) of 
the structures WO3 and Bi2O3. The real part of the dielectric constant 
(ε1) of WO3 shows a dispersion with photon energy increases until it 
reaches a constant value of 9.04 at the same wavelength and its 
refractive index (n) is 3.07, compared to the static refractive index n (0) 
found equal to the value 1.903 with an experimental value about 1.88 
[37]. The same remark is observed for the α-Bi2O3 structure, the real 
part of the dielectric constant (ε1) is 4.76 at λ = 600 nm with a refractive 
index (n) of 2.27. The calculated refractive index values match very well 
with that obtained by another research. The line shape of n (λ) spectra is 
similar as ε1 because of equations related between n and ε. The observed 

Fig. 5. Reflectivity (a), absorption (b), conductivity (c), loss energy function (d), real and imaginary part of the dielectric function (e) and refractive index (f) for the 
calculated compounds WO3 and α- Bi2O3 (solid and dashed lines respectively with wavelength λ(nm)).
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values of dielectric constants and refraction indices for WO3 and 
Bi2O3structures in the present work are in close agreement with the 
corresponding values reported by other researchers [10]. The dielectric 
constant values estimated in the present work are 9.04 and 4.78 for WO3 
and Bi2O3 respectively, which are reasonably close to the values re
ported by other workers [10]. It can be noted that the imaginary parts of 
the dielectric constants increase up to a maximum value then they 
decrease, the maximum values reached are 9.21 and 4.06 at λ = 330 nm 
and 375 nm for WO3 and Bi2O3, respectively.

3.4. Population analysis

The charge density is distributed among atoms at each point, pro
portional to their free-atom densities relative to their distances from the 
nuclei. This approach results in well-localized bonded-atom distribu
tions, each closely mirroring the molecular density around it. By inte
grating the atomic deformation densities (bonded minus free atoms), we 
define the net atomic charges and multipole moments, effectively 
summarizing the reorganization of molecular charge.

This permits calculation of the external electrostatic potential and 
the interaction energy between molecules or between parts of the same 
molecule [38]. The Atomic Population Analysis (specifically, Mulliken 
Population Analysis) of the WO3-α-Bi2O3 system compounds qualita
tively describes the evolution of charge transfers and binding in
teractions in these homologous molecular systems (Table 2). In the 
WO3-α-Bi2O3 system compounds, we focus on the absolute Mulliken 
charge values of the nearest atoms. Our interest lies in the O-(W, Bi) 
bonds, which exhibit the highest charge values in Bi3W2O10.5, fol
lowed by lower values in Bi2WO6, and even lower in Bi6WO12 and 
Bi2W2O9.

4. Conclusions

This study presents a comprehensive first-principles investigation of 
the structural, electronic, mechanical, and optical properties of six in
termediate phases in the WO3–Bi2O3 system using density functional 
theory (DFT). The findings reveal that all phases exhibit mechanical 
instability, indicating challenges in structural stability across mono
clinic, orthorhombic, and tetragonal crystal systems. Electronic struc
ture analysis confirms that all compounds, except WO3 and Bi3W2O10.5, 
retain a metallic character, suggesting selective semiconductor 
behavior. The optical properties indicate that WO3 and α-Bi2O3 are 
highly sensitive in the ultraviolet region, making them promising for UV 
photodetectors and optoelectronic applications. Mulliken and Hirshfeld 
charge analyses further highlight strong bonding interactions, particu
larly in Bi3W2O10.5. These results not only enhance the fundamental 
understanding of WO3–Bi2O3-based materials but also pave the way for 
their potential use in electronic and optical device engineering. Future 
work could focus on experimental validation of these findings and 
modification strategies to improve mechanical stability.
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Table 2 
Atomic populations (Mulliken) of all electron configurations of atoms for WO3, Bi2W2O9, Bi2WO6, Bi6WO12, Bi3W2O10.5 compounds.

Compounds Bond Population Length (Å) Species s-Orbitals p-Orbitals d- 
orbitals

Total Charge(e) Hirshfeld 
charge (e)

WO3 O–W 0.19 to 0.91 1.7765 to 2.3166 O 1.85 4.66 to 
4.79

0.00 0.54 to 
0.64

− 0.54to 
− 0.64

− 0.22 to − 0.26

O–O − 0.07 to 
− 0.01

2.6791 to 2.8359 W 0.27 0.16 3.76 4.19 1.81 0.74

Bi2W2O9 O–W 0.33 to 0.78 1.36214 to 2.86409 
(1.769–2.150) [23]

O 1.64to 
1.97

4.42 to 
4.80

0.00 6.15 to 
6.68

− 0.68 to 
-0.15

− 0.35to − 0.12

W–W − 2.86 to 
− 2.09

1.91511 to 2.62887 W 0.64 − 0.36 4.97 5.26 0.74 0.46

O–Bi − 0.61 to 0.14 1.49243 to 2.89087 
(2.1816–2.5244) [23]

Bi 1.66 1.78 9.96 13.40 1.60 0.47

Bi–Bi − 0.59 2.66770 ​
O–O − 0.79 to 0.08 1.25749 to 2.97132

Bi2WO6 O–O − 0.38 to 0.13 1.36355 to 2.92543 O 1.83 to 
1.98

4.11 to 
4.54

0.00 5.99 to 
6.43

− 0.43 to 
0.01

− 0.18 to 0.02

O–W 0.57 to0.59 1.52276 to 1.64498 W 0.88 − 0.39 5.50 6.10 − 0.10 − 0.04
Bi–Bi − 0.30 to 0.64 1.91143 to 2.95237 Bi 1.64 to 

1.65
2.62 to 
2.70

9.98 14.24 to 
14.33

0.67 to 0.76 0.27 to 0.29

W–Bi − 1.14 to 
− 0.46

2.01419 to 2.87571 ​

O–Bi − 0.17 to 0.03 2.01922 to 2.87322
Bi6WO12 O–W 0.44 to 0.50 1.97550 to 2.14769 O 1.89 to 

1.93
4.76 to 
5.10

0.00 6.68 to 
6.99

− 0.99 to 
-0.68

− 0.34 to -0.24

O–O − 0.11 to 
− 0.02

2.06874 to 2.98246 W 0.37 0.25 3.70 4.33 1.67 0.59

O–Bi 0.01 to 0.27 1.95720 to 2.92642 Bi 1.64 to 
1.98

1.44 to 
1.50

10 13.13 to 
13.46

1.54 to 1.87 0.58 to 0.63

Bi3W2O10.5 O–W 0.75 2.1400 (2.223) [14] O 1.88 to 
1.90

4.87 to 
5.05

0.00 6.75 to 
6.95

− 0.75 to 
-0.95

− 0.32 to -0.28

O–O − 0.14 to 
− 0.040

2.2895 to 2.8779 Bi 1.88 1.43 10.00 13.31 1.69 0.58

O–Bi 0.10 to 0.22 2.2353 to 2.3903 
(2.346–2.524)) [14]

W 0.42 0.23 3.83 4.48 1.52 0.61

α-Bi2O3 Bi–O − 0.07 to 0.43 1.84854 to 2.80402 O 1.83 to 
1.98

4.11 to 
4.54

0.00 9.92 to 
9.98

− 0.98 to 
-0.92

− 0.39 to -0.35

O–O 0.07 to − 0.02 2.84782 to 2.95989 W 0.88 − 0.39 9.99 13.42 to 
13.74

1.26 to 1.58 0.55 to 0.57
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