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Abstract 

This study examined the theoretical impact and modeling of photocatalyst, WO3, on organic pollutants and wastewater 

treatment. The electronic band structures, total density of state, all -optical properties, and photocatalytic activities under UV or 

visible light were investigated by using the first principle method for WO3 and Ag-doped by 3% and 6%. In order to calculate 

band gap, generalized gradient approximation (GGA) based on Perdew- Burke- Ernzerhof (PBE) was used. The band gap for 

WO3 was found 2.03eV. To recognize the character of photocatalyst activities, the optical properties were investigated and 

calculated. For obtaining better value in band gap, 3% and 6% Ag were doped; found 0.227eV and 0.171 eV, respectively. 

Concurrently, optical properties, absorption, reflection, refractive index, conductivity, dielectric function, and loss function were 

calculated. Having doped Ag with WO3, the optical properties had changed and improved the photocatalytic effect to the 

hybridization of 4s, 3d, and 4p orbitals of Ag. From the value of band gap and optical properties, it is clear that W0.97Ag0.03O3 

and W0.94Ag0.06O3 can provide better conductivity rather than WO3.  

Keywords: Photocatalyst, Electronic structure, DOS, PDOS and optical properties.   

 

1. Introduction 

Water contamination with multifarious organic 

pollutants is being regarded as one of the most lethal 

problems facing living beings, leading to cause 

esthetic pollution, eutrophication, and perturbation 

to aquatic life cycle as well [1; 2; 3]. In order to 

address this existing and serious crisis, many 

researches- laboratory works, thesis works–have 

been studied. In recent years, sunlight-driven 

semiconductor photocatalysis is considered to be a 

pragmatic and cost-effective approach to focus on 

existing water issues [4; 5; 6; 7; 8]. Photocatalysis is 

a green and eco-friendly method to address the 

pollution of wastewater owing to its merits of high 

efficiency, chemical stability, having good 

adsorption, low synthesis cost, and non-toxicity[9; 

10; 11; 12]. It has been provided that Sunlight or UV 

light in the solar spectrum which occupies, 
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generally, 4-5% of energy, though it may vary based 

on water quality [13; 14; 15]. A huge number of 

photocatalyst with photocatalytic and antibacterial 

properties, chemical properties, and some other 

catalysts have been reported in which UV light 

works vary [16; 17; 18; 19; 20; 21; 22; 23; 24; 25; 

26]. Among several semiconductor materials, WO3, 

an efficient, photochemical stable, nonhazardous 

photocatalyst - has been taken comprehensively in 

our research in order to address water pollution [27; 

28; 29; 30]. As a photocatalyst, tungsten oxide 

(WO3) nonmaterial has good photocatalytic 

performance and chemical stability in the process of 

catalytic reaction [30; 31; 32; 33]. Therefore, this is 

one of the widely used and studied photocatalysts in 

wastewater treatment. Even its application in 

catalysis is limited because of its wide band gap 

(2.03eV). In the research, silver (Ag) had been doped 

with tungsten oxide (WO3) owing to mitigate band 

gap and develop efficiency. In doping technology or 

as a catalyst, tungsten oxide (WO3) has striking 

properties and features [34]. As the doping density 

(3%, 6%) rises, the width of the impurity band within 

the gap is broadened and merges with the conduction 

band (CB). As a result, the electrons are delocalized, 

as proven by the magnetic susceptibility and 

conductivity - they generally tend to become almost 

temperature-independent. 

In continuation, this research covers the recent 

study of tungsten oxide (WO3), including the 

detailed and cleared data of electronic structure, 

nature of orbital, impact on the environment, impact 

on wastewater treatment, and optical properties. 

 

2. Computational Methods 

The theoretical calculations of tungsten oxide 

(WO3), a semiconductor, were simulated by using 

the first-principles method and supercell approach. 

In the following figures 1(a), 1(b), and 1(c), the unit 

cell of WO3, W0.97Ag0.03O3, and W0.94Ag0.06O3 in the 

cubic symmetry and 2×1×1 supercell model 

considered. These model- structures of WO3, 

W0.97Ag0.03O3, and W0.94Ag0.06O3 were made using 

33 atoms, 84 atoms of oxygen, 28 atoms of 

Tungsten.  All of the calculations in this study 

relating to wastewater treatment were conducted by 

material studio 8.0, multitasking software. In order 

to calculate the band gap or band structure, the total 

density of state, and partial density of state, GGA 

method with PBE was used. These were the 

optimization of CASTEP code [35; 36] from 

material studio 8.0 as well [37]. 

 

3. Results and discussion  

3.1. Optimized structure 

Having completed Geometry optimization, the 

lattice parameter values have been calculated for the 

crystal. The values are: a= 7.301098 Å, b= 7.449006 

Å, c= 10.243191 Å. Angles among them have also 

been measured. These are: α= 90.135870 β= 

93.0042330, γ= 93.5020350. Tungsten oxide (WO3) 

crystal is a monoclinic crystal. The space group is 

Harmanna Mauguin P1̅, triclinic crystal system, 

point group, hall P1̅, density 4.85 g/cm3 shown in 

figure 1(a). The Ag-doped optimized structures are 

accounted in figure 1(b), and 1(c), where the same 

geometry is explained aptly. 

 

3.2. Thermo Physical Properties 

The thermophysical properties, such as enthalpy, 

entropy, the heat of formation, heat capacity, and 

total or internal energy, are considered as the most 

important parameter for crystals as their uses. It is a 

very well known problem that the formation energy 

or heat of formation of tested alloys is not calculated 

the experimental value that is why for method 

validation, the crystal Ag3PO4 was simulated 

through the methods and GGA with PBE, which 

shows the close value to experimental value showing 

in table 1. The main cause for the selection of 

Ag3PO4 crystal is noted that it has experimental 

value. In the case of the alloy or crystals of 

condensed matter, the formation energy indicates the 

stability of the crystal. From table 1, the formation 

energies of WO3, W0.97Ag0.03O3, and W0.94Ag0.06O3 

are 170.67, 66.92, and 64.82 kcal/mol.  

 

3.3. Surface area 

It was reported that the peak photocatalytic 

activity is directed related to the specific surface area 

of photocatalyst, and this value is different for 

different series at variable pH value. So that higher 

value of surface area indicated the higher 

photocatalytic activity of catalyst [39]. In figure 2, 

there are listed the surface area for calculation of 

theoretical investigation of WO3, W0.97Ag0.03O3, and 

W0.94Ag0.06O3 crystal, and one point is noted for that 

doping process has performed with constant surface 

area for all crystals. 
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Table 1: Magnitude of formation energy for WO3, W0.97Ag0.03O3, and W0.94Ag0.06O3

Structure Formation energy, kcal/mol Experimental data 

kcal/mol 

Ref. structure Ag3PO4 237.14 240.20 [38] 

WO3 170.67 New predicted 

W0.97Ag0.03O3 66.92 New predicted 

W0.94Ag0.06O3 64.82 New predicted 

WO3 W0.97Ag0.03O3 W0.94Ag0.06O3 

 
Surface area: 686.38 

 
Surface area: 686.38 

 
Surface area: 686.38 

Figure 2: Surface area for WO3, W0.97Ag0.03O3, and W0.94Ag0.06O3 crystals  

3.4. Electronic Structure  

In order to determine the electronic band structure 

of WO3, W0.97Ag0.03O3, and W0.94Ag0.06O3, the Fermi 

energy level was set at zero. As shown in figure 3(a), 

it was found that the minimum of conduction bands 

(MCB) was obtained within the G symmetry point, 

whereas the maximum of valance band (MVB) was 

ostensibly connected additionally in G symmetry 

points where each of MCB and MVB is joined, so that 

it is known as direct band gap. From figure 3(a), the 

calculated band gap has shown 2.03eV for WO3. 

Having doped 3% of Ag – W0.97Ag0.03O3—the band 

gap decreased magnificently, which has been recorded 

at 0.227 eV. The premier and interesting fact are that 

when 6% of Ag is doped, the band gap dramatically 

goes down and settled down at 0.171eV. To elucidate 

congruously the comparison, a table has been given 

along with the electronic structures. 

 

3.5. Density of states and partial density of state 

The density of the state shows the character of 

electronic band structures and the splitting of an 

orbital. The density of states (DOS) of WO3, Ag, and 

o atoms of W0.97Ag0.03O3 and W0.94Ag0.06O3 crystal 

were calculated by GGA with PBE functional. As 

shown in figure 4 (a), the valence bands square were 

occupied by consisting orbital including both of 

conduction band and valance band. From the figure 

3(a), it has identified a noticeable change in the sum of 

DOS for WO3, W0.97Ag0.03O3, and W0.94Ag0.06O3 

crystals. Moreover, the figure 4(b), figure 4(c) 

represent the contribution of each atom in DOS, which 

  
 

Figure 1(a): Structure for  WO3 Figure 1(b): Structure for W0.97Ag0.03O3 Figure 1(c): Structure for W0.94Ag0.06O3 
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has mention as PDOS, and after doping the Fe atom, 

there has a vast upward trend in both of valance band 

and conduction band which could be considered as the 

reason of decreasing the band gap. 

 

 

 

Figure 3(a): Electronic structure for WO3 Figure 3(b): Electronic structure for W0.97Ag0.03O3 

 
Figure 3 (c): W0.94Ag0.06O3 

 

Table 2: Band gap for WO3 W0.97Ag0.03O3 and W0.94Ag0.06O3 

Sample GGA with PBE Experimental data 

WO3 2.031 eV No data available 

W0.97Ag0.03O3 0.227 eV New predicted 

W0.94Ag0.06O3 0.171 eV New predicted 

 

Figure 4(a): Comparison of the sum of DOS for doped and undoped WO3 
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Figure 4(b): PDOS in WO3 for W atom Figure 4(c): PDOS in W0.97Ag0.03O3for 

W atom 

Figure 4(d): PDOS in W0.97Ag0.03O3 Ag 

atom 

 

 

Figure 4(e): PDOS in W0.94Ag0.06O3for W atom Figure 4(f): PDOS in W0.94Ag0.06O3for Ag atom 

3.6. Photo-catalyst activity 

Tungsten oxide (WO3) is an n-type semiconductor 

material with a band gap between 2.7-2.8 eV. It has 

been using for ages for virus inactivation, energy 

conversion, and degradation of harmful pollutants 

from liquids –water. In visible light or UV light, 

Tungsten oxide (WO3), a photo-catalyst, works and 

reacts exceedingly well. It has been proved that 

Tungsten oxide (WO3) shows a considerable photo-

absorption rate with UV or visible light. Photo-catalyst 

activity under visible light irradiation might be 

enhanced by morphology control, certain element of 

doping Ag atom. The change of energy band gaps 

happens when 3% of Ag and 6% of Ag is added with 

the Tungsten oxide (WO3), which has been shown 

above. In the ruin of pollutants in liquid phase 

applications, this technique in which the powder of 

WO3 is disseminated into a liquid pollutant 
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3.7. Optical properties  

3.7.1. Optical reflectivity 

Reflectivity is an optical property of the material in 

which how much light is reflected from the material in 

relation to an amount of light incident on the material 

is defined. In our investigation, we determined the 

Reflectivity of WO3, W0.97Ag0.03O3, and W0.94Ag0.06O3. 

We found that the initial frequency recorded was 

around 0.35 and 5.57 for WO3. Once an ordered 

increase, it reached a decreasing of 0.15 at 15 units and 

abruptly accrued at 0.22. It dropped significantly 

concerning 0.02 at 23eV, which has been mentioned 

and shown in the figures. During the study of 

W0.97Ag0.03O3 and W0.94Ag0.06O3 Reflectivity, these 

were modified at the same point though these two were 

smaller than WO3. Having investigated, we 

experienced a dramatic zigzag between 0 to 12 eV. 

 

3.7.2. Absorption 

In order to calculate and determine the optical 

absorption of WO3, W0.97Ag0.03O3, and W0.94Ag0.06O3 

materials, the polycrystalline polarization technique, 

the electrical field vector as an isotropic average were 

used. During the simulation, a small smearing value of 

1.5 eV was applied to obtain additional distinguishable 

absorption peaks. The gained absorption peaks, which 

have been presented in the figure, were attributed to 

the image transition energies from the MVB to the 

MCB under visible light irradiation. These materials 

can absorb photons of visible range each of WO3, 

W0.97Ag0.03O3, and W0.94Ag0.06O3 displays the 

modification at a similar point. W0.97Ag0.03O3 and 

W0.94Ag0.06O3 are slightly higher than WO3. 

 

3.7.3. Refractive Index 

Refractive index or index of refraction is a value 

calculated as the ratio of the speed of light in a vacuum 

to that in another—second— medium of greater 

density. It is also used during the measurement of the 

concentration of a solute in an aqueous solution. In this 

research, a refractive index has been used for chemical 

degradation from the solution. The large value of the 

index of refraction related to the larger and denser 

medium. Figure 7 indicates the refraction index as a 

function of photon energy wherever the real part is and 

therefore, the imaginary part of a complex number for 

each of the doped and undoped mentioned has been 

showing an inverse pattern. At the very early stage of 

photon energy, the refraction index is higher for the 

real part while the imaginary part of a complex number 

is almost near to zero. Next, a decline of each and 

every element encounters them to each other for doped 

and undoped. Then they follow a constant pattern with 

outright different values of refraction index and the 

similar for every undoped and doped of WO3. 

 

3.7.4. Dielectric function  

Owing to analyze the optical properties that are 

illustrated with sorption properties, the dielectric 

function tool is used; the following equation for solid 

is followed in this stage:  

ε = ε1(ω) + iε2(ω). 

Here, ε (ω), and ε1 (ω) denote nonconductor 

constant—real part and the dielectric loss factor — 

imaginary part. Nonconductor function combines 

amity with the space of materials, which are physically 

the same as the permittivity or absolute permittivity. 

The real part of the dielectric function shows the 

energy storing capacity in the electric field and also 

represents the pure imaginary number of the energy 

dissipation capability of nonconductor materials. 

Figure 8 indicates that the imaginary part-number is a 

smaller amount than the real part from 0 eV to 5eV 

frequencies. However, the imaginary part becomes 

larger than the real part in between 6eV to 16eV and it 

indicates the same real and imaginary part for the 

doped and undoped WO3  

 

3.7.5. Loss function  

For optical properties, there are two regions for the 

electronic energy function high energy function and 

low energy function. The higher loss function shows 

the higher energy region with modification of 

frequency or ranges. The opposite is the low energy 

loss function, which together with energy less than 

one, will provide data of composition and electronic 

structure. The energy loss function for optical 

properties is joined to the insulator constant of the 

materials. According to figure 9, the loss functions for 

W0.97Ag0.03O3 and W0.94Ag0.06O3 are higher than WO3. 
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3.8. Molecular Dynamics 

Free energy may also be expressed in terms of 

averages over ensembles of molecular configurations 

for the molecular system with the vibrational modes, 

indicating the molecular stability through a 

multifarious system. From the total energy, it can be 

said that after doping the Ag atom in crystal, the total 

energy can be shifted four times from its initial states, 

which stands for the instability of molecular stage of 

doped crystal and give strong supports to the lowering 

electronic structure and variation of DOS, as well as 

PDOS. On the other hand, the kinetic energy and 

potential energy are related to the total energy, which 

is represented in the following figures and their 

distribution. 

 

 

 

 

 Figure 5: Reflectivity  Figure 6: Absorption 

   

 

 

Figure 7: Refractive Index Figure 8: Dielectric Function 
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Figure 9: Loss Function 

 

 

 

WO3 W0.97Ag0.03O3 W0.94Ag0.06O3 

4. Conclusion 

Decreasing the electronic band gap by doping the 

Ag atom with WO3 –leading to the augment of 

absorption rate of visible light or UV light in 

wastewater—is the ultimate goal of our research. 

From the functional of GGA with PBE, the calculated 

electronic structures of WO3, W0.97Ag0.03O3, and 

W0.94Ag0.06O3 crystals are 2.031 eV, 0.227 eV and 

0.171 eV, respectively. From the comparison of band 

gap, it can be said that the band gap has reduced with 

increasing the Ag doping in WO3. Moreover, DOS can 

show how individuals’ atom their contribution in 

TDOS and PDOS. In the section of optical properties, 

the absorption has increased in beginning photon 

energy by doping Ag atom with 3% and 6% that 

propounds the theoretical evidence to enhance the UV 

light absorption, and photocatalytic activity has grown 

up. The other underlying principle is found for the 

electronic and semiconductor devices in the area of 

materials science that WO3 has been converted from 

semiconductor to superconductor by the little amount 

of Ag doping into the semiconductor, WO3. The top-

notch novelty has derived from the dynamic molecular 

study, which is related to total energy, kinetic energy, 

and potential energy into multifarious systems, and it 

undergoes the towering molecular disorder to show the 

highly activated state in photocatalytic reaction. 
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