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Abstract 

The release of toxic industrial effluents has created serious impacts on human health and the 

aquatic ecosystem. WTa37O95.487 is a wide bandgap material that was reported in 1971 but no 

one has investigated its photocatalytic properties due to its wide bandgap and unique crystal 

structure. Herein, we carried out detailed experimental and density functional theory (DFT) 

simulations of WTa37O95.487 nanocatalyst. The influence of temperature and light intensity on 

their crystallography, morphology, optical, and photocatalytic properties were studied. The 

powder obtained at 150 °C (WT-1) exhibited higher photocatalytic activity of 99 % of 

methylene blue dye degradation within 30 minutes with pseudo-first-order kinetics constant of 

0.0643 min-1. DFT simulations revealed a good correlation between theory and experiment of 

electronic properties of WTa37O95.487, which consequently validate the catalytic performance 

of the catalyst. The WTa37O95.487 nanocatalyst is proposed as a novel and effective 

photocatalyst for treating dye effluents of wastewater. 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

1. Introduction 

In recent years, the widespread presence of organic contaminants such as dyes in industrial 

wastewater has posed a serious threat to human health and the aqueous ecosystem. Textile 

wastewater is one of the major industrial activities that contribute to environmental pollution 

because they discharge undesirable dye effluents. The dyes used in the textile industry such as 

methylene blue (MB) have a heterocyclic aromatic compound that is highly dangerous, 

carcinogenic even at low concentrations, and cannot be degraded easily by ordinary 

treatments.1,2 Therefore, the removal of dyes from industrial effluents before releasing them 

into the environment is extremely imperative. In recent years, heterogeneous photocatalyst was 

regarded as a propitious way for the purification of contaminated waters.3–9 In this perspective, 

wide bandgap semiconductor photocatalysts have shown their potential capacity in the 

photocatalytic degradation of environmental pollutants. Tantalum pentoxide, Ta2O5 is a 

promising and efficient photocatalyst that is nearly comparable to the popular TiO2 

photocatalyst owing to its wide bandgap (3.9 eV)10 and stable solid oxide semiconductor. Ta2O5 

possesses good chemical and thermal stability and has a high photocatalytic performance to 

break down organic pollutants in the UV regime.11 Nevertheless, the wide bandgap of Ta2O5 

severely limits the absorb photons to create electron-hole pairs. Therefore, in an attempt to 

improve the charge separation efficiency, Ta2O5 was modified by incorporation of W that leads 

to the shift of some bands in Ta2O5 to reduce its bandgap for an effective photocatalytic 

reaction. Other than band gap tuning, it is well known that the specific characteristic such as 

morphology is strongly affected by the photocatalytic performance. Porous 

micro/nanostructure can greatly improve the photocatalytic activity due to the more accessible 

active site and short diffusion length of charge carriers.12–14 In this work, the incorporation of 

W into Ta2O5 was synthesized by simple co-precipitation method and the influence of synthesis 

temperature of tungsten tantalum oxide, WTa37O95.87 on the structural, morphology, optical 
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characteristics towards the photodegradation of methylene blue under UV light were 

investigated. Also, the influence of light intensity on the photodegradation rate of MB was 

studied by irradiating the WTa37O95.487 nanocatalyst with varying irradiation intensities (100 

and 200 mWcm-2). A possible mechanism of the photocatalytic reaction over WTa37O95.487 is 

proposed. Our results would certainly have a significant impact on the further use of 

WTa37O95.487 as a potential photocatalyst for environmental remediation. In addition, density 

functional theory (DFT) simulations are performed to countercheck our experimental data. For 

the first time, we model the structure of WTa37O95.487, although, it has been reported by 

Stephenson et al. in 1971.15–17 The electronic properties of WTa37O95.487 such as band structure, 

density of states (DOS), partial DOS (PDOS), optical absorption spectra, electron difference 

density, and Fermi energy are simulated and compared with the experimental data. From the 

combined theoretical and experimental data, a good correlation is found which consequently 

validate and confirmed the catalytic performance of the proposed catalyst. 

 

2. Materials and Method  

2.1. Synthesis of WTa37O95.487 Powder 

The catalyst powder was prepared by a facile co-precipitation method as follows: 3 g of EDTA 

was added into a 150 ml NH3 solution. 2:1 of Ta2O5 and (NH4)6H2W12O4·xH2O) were added 

into the above solution. The mixture was further stirred and heated at 80 °C for 4 hours and 

then was dried in the microwave oven at 150 °C for 6 hours and at 200 °C for 4 hours. The 

samples that were dried at 150 and 200 °C were denoted as WT-1 and WT-2, respectively. The 

phase and crystallinity of the obtained powder were examined using Powder X-ray 

Diffractometer (XRD) from Bruker/D8 Advance using Cu-X-ray in the 2θ range from 20° to 

80°. The morphology and elemental mapping of the powder were obtained via field emission 

scanning electron microscopy (FESEM) coupled with energy-dispersive X-ray spectroscopy 
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(EDX; FE-SEM SUPRA VP55). Optical characterizations were performed by the UV-vis 

absorption spectrophotometer (PerkinElmer Lambda 950). The photocatalytic activities of 

WT-1 and WT-2 have been evaluated by the degradation of methylene blue (MB) as the target 

pollutant and the experiment was conducted at room temperature using a 150 W xenon lamp 

as a light source. Prior to irradiation, the suspension of the catalyst powders prepared at 150 °C 

and 200 °C were kept in the dark for 30 minutes to attain adsorption/desorption equilibrium 

between the dye molecules and catalyst surface with continuous stirring. 0.05 g of the WT-1 

and WT-2 was dispersed in 60 ml of MB (10 mg/L) during the reaction. 6 ml of the suspension 

was filtered through 0.45µm Millipore discs to remove the catalyst agglomerates in suspension 

from the dye solution at various time intervals of the irradiation period. The photocatalytic 

degradation rate of methylene blue was expressed according to the following formula (equation 

1):18 

0

0

-  
  (%)   x 100%  (1)tC C

Degradation rate
C



 

Where C0 is the initial concentration of methylene blue solution, Ct is the concentration at 

reaction time, t determine at max = 664 nm. The kinetic of MB degradation against irradiation 

time can be assumed as the pseudo-first-order kinetics model shown in equation (2):19 

     (2)0
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Where kapp is the apparent pseudo-first-order rate constant, C0 represents the initial 

concentration of methylene blue at t = 0, and Ct represents the instantaneous concentration of 

MB remaining at different photo-irradiation periods t. The Brunau–Emmet–Teller (BET) 

N2 adsorption/desorption isotherm of the as prepared nanocatalysts have been carried with the 

help of Micromeritics ASAP 2020 M system at a temperature of liquid nitrogen. The ST-2000 

constant volume adsorption apparatus was used for the evaluation of BET surface area. The 
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quantum yield, Φ, turnover number (TON) and turnover frequency (TOF) for the photocatalytic 

decomposition of methylene blue have been calculated by using equation (3, 4 and 5):20,21 

  

Number of contaminant molecules degraded
  (3)

Number of photons absorbed
   

Number of moles of contaminant degraded  
TON   (4) 

Number of moles of catalyst
  

TON
TOF=   (5)

time
 

2.2. Computational Methodology 

Solid-state density functional theory (DFT) simulations are performed on Quantum-ATK22 and 

the results are analyzed on VNL Version 2019.12.22 In order to represent the experimentally 

observed WTa37O95.487, first, we used the unit cell of Ta2O5,23 having a space group of Pmmm 

and lattice parameters of, a = 3.88 Å, b = 3.93 Å and c = 13.05 Å, and α, β, γ = 90; taken from 

the literature.23 The unit cell has four Ta and ten oxygen atoms hence, cannot be used for the 

minimum W doping. The perfect model of WTa37O95.487 can be built from the 4x4x2 supercell 

of Ta2O5, where two Ta should be replaced with W, followed by the addition of an O atom (see 

Figure S1b). As we know, WTa37O95.487 is a combination of 18.5 Ta2O5 and one WO3, as shown 

in equation (6) below.15–17 

18.5Ta2O5 + WO3 → WTa37O95.487   (6) 

In this case, the ratio between Ta and W is 37:1, hence, in order to build a reliable model 

of WTa37O95.487, at least a 4x4x2 supercell of Ta2O5 is required (Fig S1). The unit and supercells 

of Ta2O5 have been optimized at Generalized Gradient Approximation (GGA) with the 

Perdew-Burke-Ernzerhof (PBE) method, exchange-correlation functional, and pseudopotential 

of Hartwigsen Goedecker-Hutter (HGH) with tier 4 basis.24 While the electronic properties 

such as band structure, optical absorption spectra, the density of states (DOS) and partial DOS 
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(PDOS), effective potential, electron difference density (EDD), and electron localization 

functional (ELF) are simulated at GGA/PBE at PseudoDojo pseudopotential.22,25 The linear 

combination of atomic orbitals (LCAO) method is used for Ta, W, O, and H atoms.26 The 

optimized lattice parameters of bulk Ta2O5 have a nice correlation with the previous 

reports.15,16,27 Besides, we have also considered the 2x2x2 supercell of Ta2O5 for WTa37O95.487 

and investigated the catalytic activity. The 2x2x2 supercell of Ta2O5 has 80 oxygen and 32 Ta 

atoms. We replaced one of the Ta atoms in a 2x2x2 supercell of Ta2O5 with W and constructed 

minimum possible model of WTa37O95.487 nanocatalyst as shown in Figure S2. Asymmetric 

[001] slabs of Ta2O5 and WTa37O95.487 are constructed and optimized according to the above 

mentioned method.23 A 7x7x7 Monkhorst-Pack k-grid with an energy cut-off of 1500 eV is 

used for the unit cell, while a 5x5x1 k-point mesh is used for the slabs. In order to check and 

compare the catalytic activity of WTa37O95.487 with pristine Ta2O5; we attach one hydroxyl 

group (OH) on their surfaces and simulate the adsorption energy.  

3. Results and Discussion  

3.1. Structural Analysis 

X-ray diffraction spectra of the prepared photocatalysts are shown in Figure 1a. All the 

characteristic diffraction peaks at 2θ = 22.90°, 28.30°, 28.95°, 37.14°, 46.79°, 55.59° can be 

assigned to (0 0 1), (1 19 0), (2 2 0), (2 18 0), (0 0 2), (0 38 0) and (1 19 2) of the orthorhombic 

tungsten tantalum oxide, WTa37O95.487 (JCPDS 01-070-2464, a = 6.188 Å, b = 69.570 Å, c = 

3.880 Å). The strong intensity of diffraction peaks indicates better crystallinity for the catalyst 

powder. Furthermore, no other peaks were detected in the spectra implying the high purity of 

both samples. The crystallites size of WT-1 and WT-2 calculated based on the peak at (0 0 1), 

were increased from 55 to 71 nm respectively indicating that larger crystallite size attributed 

to the thermally promoted crystalline growth in high temperature. As the synthesis temperature 

rise, the crystal grain begins to grow and re-organize to form a crystal cluster.28 Since the 
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growth orientation of the crystal grain depends on the energy absorbs from the heat due to the 

increase in temperature hence, the orientation of crystal growth exploits the vacancy position 

between the crystal cluster29 and consequently increases the crystallite size.30 Figure 1 (b, c) 

portrays the surface morphology of the WT-1 and WT-2. The morphology of WT-1 (Figure 

1b) is comprised of porous granular shapes. It can be seen that the aggregation creates 

substantial pores and rough surfaces that are suitable for dye trapping and adsorption. Thus, 

WT-1 has a larger accessible active site for photocatalytic reaction. On contrary, the FESEM 

image of WT-2 (Figure 1c) showed different morphology where the particles are merged 

causing dense agglomeration. Both WT-1 and WT-2 have an average particle size of about 310 

and 210 nm, respectively (Figure S3). The elemental presence of the constituents in the 

nanocatalyst is confirmed through EDX and elemental mapping as presented in Figure 1 (d, e, 

f). The EDX spectrum shows high peaks of Ta and W followed by O and detected no other 

impurities which indicate the nanocatalyst are well-crystallized which are in accordance with 

the XRD results. The images from elemental mapping undoubtedly proved that powder 

nanocatalyst contains W, Ta, and O elements. However, as seen in Figure 1f, small amounts of 

W and Ta were detected on the catalyst surface of WT-2. Therefore, fewer free radicals are 

generated for the photocatalytic reaction. Since, catalysis belongs to the class of surface 

reaction, thus, huge specific surface area could remarkably promote the photocatalytic 

performance of the photocatalyst. In order to confirm whether the surface area contribute to the 

enhanced activity of the as-fabricated WT-1 nanocatalyst, we measured BET nitrogen 

adsorption-desorption isotherm curves of both WT-1 and WT-2 as provided in Figure S4. It is 

obvious that WT-1 exhibited large specific surface area i.e. 62.1 m2g-1 compared to that of WT-

2 (45.7 m2g-1). Thus, we can say the enhanced photoactivity is related to the corresponding 

large surface area. 
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Figure 1. (a) XRD pattern and (b, c) surface morphology of WT-1 and WT-2. (d) The EDX 

spectrum and (e, f) elemental mapping of WT-1 and WT-2. 

 

3.2. Optical Properties 

To evaluate the optical properties of the obtained catalyst, the absorption spectra of the WT-1 

and WT-2 are illustrated in Figure 2a. The major absorption band of both samples that appear 

near 300 nm is evidence that the photocatalytic activity of WT-1 and WT-2 are driven 

predominantly by UV light. The WT-2 exhibits a low absorption spectrum than WT-1 and blue 

shift at 300 nm signifying an increase in the bandgap values. The bandgap energy of the 

synthesized catalyst can be estimated by extrapolating the graph from the Tauc plot in Figure 

2b. The estimated bandgap of WT-1 and WT-2 is 3.73 and 3.92 eV, respectively. This wide-

bandgap value is in accordance with the UV characteristics of the WTa37O95.487. The slightly 

shifted absorption edge from a longer wavelength to a shorter wavelength implies that the 

temperature can play a vital role in changing the absorption characteristic of the catalyst.  
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Figure 2. (a) UV-visible absorption spectra and (b) Tauc plots of WT-1 and WT-2. 

 

3.3. Photocatalytic Properties  

The photocatalytic degradation of MB under UV light is depicted in Figure 3. The catalytic 

degradation of the MB dyes in the presence of 0.05 g catalyst was observed visually by the 

change in color. The intensity of the color gradually decreased with time after 

adsorption/desorption equilibration (t0) for WT-1. The decoloring of methylene blue after 30 

minutes of adsorption/desorption attributed to the oxidative attack on the central ring of MB 

with resulting loss of electronic delocalization due to the solvatochromism effect.31 For WT-1, 

after 30 minutes of irradiation (t30), the color of MB turns to light blue under 100 mWcm-2 

(inset Figure 3a) and it achieved an almost complete decolorization of the blue color under 200 

mWcm-2 (inset Figure 3c) marking an effective catalytic degradation activity of WT-1 in the 

presence of sunlight. Meanwhile, the decolorization of dye for sample WT-2 was observed 

after 240 min of irradiation as seen in inset Figure 3 (b, c). Thereafter, the degradation of MB 

was analyzed spectroscopically by obtaining an absorption band of the dye solution as shown 

in Figure 3. Initially, the as-prepared MB dye displayed a maximum absorption in 640 ‒ 650 

nm owing to the n-π* transition of the MB.32,33 For sample WT-1, the gradual hypsochromic 

shift of the absorption band from 664 to 614 nm suggested the concurrent N-demethylation of 
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the dimethylamino group of MB. While the slightly hypsochromic shift at 292 nm indicates 

that the phenothiazine species has been completely decomposed and no other phenothiazine-

like intermediates were produced34 (Figure S5). In this regard, the remarkable catalytic activity 

of WT-1 is attributed to its porous structure, which favors the adsorption of dye molecules. As 

seen in Figure 1b, the visible tiny pores embedded in WT-1 acts as a channel for the effective 

diffusion of methylene blue and facilitates the photoreaction. Moreover, the smaller bandgap 

of WT-1 accelerates the charge carrier movement upon irradiation and results in the 

enhancement of degradation rate. In contrast, the efficiency of photo-decolorization slowly 

decreased for WT-2 because the particle agglomeration in WT-2 makes the powder catalyst 

less dispersed in the methylene blue solution, which in turn lowers the reactant adsorption. Low 

dispersibility prevents catalyst suspension from harvesting more light and inadequate exposure 

to the reactant, hence reduces the photogeneration charge carriers. Owing to the low absorption 

intensity absorbed by WT-2 (Figure 2a), and small amounts of W and Ta detected on WT-2 

(Figure 1f), fewer charge carriers were generated. Furthermore, the charge recombination rate 

of WT-2 surpasses the rate of charge separation in WT-2 due to its large bandgap and particle 

agglomeration which retards the photocatalytic activity. Approximately 99 % of MB are photo-

catalytically degraded by WT-1 after 60 minutes and 30 minutes under 100 and 200 mWcm-2, 

respectively. Meanwhile, it took 240 min for WT-2 to degrade 74 % and 81 % of MB under 

the same irradiation. Figure 3 (e, f, g, h) shows the rate of photocatalytic degradation of MB as 

a function of time C/C0 at a maximum absorbance max = 664 nm. The significant enhanced 

photocatalytic activity was observed under 200 mWcm-2 compared to 100 mWcm-2 for WT-1 

which inferring the photodegradation rate of MB becomes dependent on light intensity. As 

shown in inset of Figure 3 (e, f, g, h), the kinetic disappearance of MB was obtained from the 

plot of ln (C/C0) against illumination time. The apparent time constant, kapp for WT-1 was 

0.0321 and 0.0643 min-1 under 100 and 200 mWcm-2, respectively. Concurrently, kapp for WT-
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2 is approximately 13 and 20 times smaller than its counterpart. To further assess the 

photocatalytic efficiency, the quantum yield (Φ), turnover number (TON), and turnover 

frequency (TOF) were estimated for WT-1 and WT-2. The use of Φ, TON, and TOF concepts 

as quantitative indicators of catalytic efficiency has been extensively described in batch 

photocatalytic reaction studies. 21,35,36 These terms are useful to describe the catalyst efficiency 

in relative terms.36 Values of Φ, TON and TOF calculated after 60 min are shown in Table 1 

and detailed calculations are given in the Supporting Information. In both cases, the higher 

irradiation intensity (200 mWcm-2) produced a greater TON and TOF value than the lower 

intensity counterpart (100 mWcm-2). These higher values should be expected, as more photons 

are available for the catalyst sites and more chemical reactions occurred per hour. Meanwhile, 

the value of Φ is smaller under higher light intensity because the number of absorbed photons 

exceed the number of catalyst particles. As a result, only a few number of photons are necessary 

to excite the catalyst particles and the rest are reflected or absorbed as a heat.  

 

Figure 3. The photocatalytic degradation of methylene blue over (a) WT-1 and (b) WT-2 under 

100 mWcm-2 irradiation. The photocatalytic degradation of methylene blue over (c) WT-1 and 

(d) WT-2 under 200 mWcm-2 irradiation. The C/C0 vs. the irradiation time under 100 mWcm-
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2 of (e) WT-1 and (f) WT-2. The C/C0 vs. the irradiation time under 200 mWcm-2 of (g) WT-1 

and (h) WT-2. The inset shows the respective kinetics degradation of MB. 

 

Table 1. The C/C0 and degradation efficiency of methylene blue under different light 

intensities. 

Sample WT-1 WT-2 

Light intensity (mWcm-2) 
 

100 200 100 200 

Degradation efficiency (%) 99* 99** 74*** 81*** 

 C/C0 (min-1) 0.0321 0.0643 0.0025 0.0031 

Quantum yield, Φ 1.09 x 10-3 5.54 x 10-4 7.13 x 10-4 3.90 x 10-4 

Turnover number, TON 8.69 x 10-3 8.83 x 10-3 5.40 x 10-3 5.82 x 10-3 

Turnover frequency, TOF (min-1) 1.45 x 10-4 1.47 x 10-4 9.00 x 10-5 9.70 x 10-5 

Note: * Within 60 min of irradiation; ** Within 30 min of irradiation; *** Within 240 min of irradiation 

As the light intensity increase, the number of photons striking on per unit area also increases. 

The separation rate of photoelectrons and holes precedes their recombination rate and thus 

facilitates the generation of reactive OH radicals. The generation of electron-hole becomes the 

uppermost process, resulting in a fast photodegradation rate. Meanwhile, the rate of 

degradation was sluggish under lower light intensity because electron-hole separation 

competes with their recombination due to the less formation of free radicals.37,38 There are more 

photons per unit time at a higher intensity. Thus, increasing the light intensity has led to a 

decrease in the time required for dye decolorization. The mechanism that constitutes the 

photocatalytic degradation of MB is illustrated in Figure 4 and equation (7-12). When the 

photocatalyst absorbs light, electron-hole pairs are created. The energy from the photon induces 

the separation of electron-hole pairs. The electron from the valence band moves across the 

bandgap of the photocatalyst to the conduction band leaving behind a hole. Once the electron 
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reaches the conduction band, it picks up the O2 acceptor at the catalyst interface to produce 

superoxide radical anion O2
• that endorses the conversion of H2O molecule into H2O2 and then 

OH•. Meanwhile, the hole at the valence band scavenges by H2O or hydroxyl group OH¯ to 

produce hydroxyl radical OH•. The existence of reactive OH• radical is a dominant oxidizing 

species for the destruction of organic dye. In particular, faster adsorption kinetics rate was 

achieved due to the apparent porosity of and high surface area of WT-1. 

   

     

 

  

 

Figure 4. Schematic diagram of photocatalytic degradation of MB by WTa37O95.87 

nanocatalyst. 

3.4. Electronic Properties 

In order to report a model and investigate the electronic properties of WTa37O95.487, we applied 

different methods and simulate the bandgap of 2x2x2 supercell of Ta2O5 and found that 

GGA/PBE at PseudoDojo pseudopotential can nicely reproduce the experimental band gap (3.9 

eV).10 Although, the simulated bandgap (3.32 eV, see Figure S6a, and Table S1) of Ta2O5 is 

lower than the experimentally 3.9 eV, the Fermi energy, VB, and CB positions are accurately 
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reproduced.27 We also simulated a 4.10 eV bandgap for Ta2O5 at MGGA at TB09LDA, as 

given in Figure S6 but the Fermi energy is underestimated so, VB and CB were also at 

inappropriate positions. Pristine WO3 has a bandgap of 3.1 eV as reported by Wang’s.39 Using 

the GGA/PBE at PseudoDojo has also accurately reproduced the bandgap of WO3. Geometries 

of Ta2O5 unit cell and its supercells are relaxed before simulating their electronic properties. 

The optimized relaxed structure of the 2x2x2 supercell of Ta2O5 along [001] is just used for 

the interaction study with OH and to predict the catalytic activity. The cohesive formation 

energy of Ta, W, and O are calculated to validate the method. As reported by Cui et al, we also 

used the Ta2O5(001) model, which has positive surface formation energy.23 

The PDOS of bulk 4x4x2 supercell of Ta2O5 in the range of −10 and +10 eV at Fermi 

energy of -7.25 eV (vs. vacuum level) is given in Figure 5. The occupied 5d orbitals of Ta are 

lower in energy than that of the O 2p so, the bonding orbitals of O constitute the valence band 

while anti-bonding orbitals of Ta (5d) constitute the conduction band. Finally, this results in a 

bandgap of 2.34 eV. Although, this bandgap is a bit underestimated compared to that of the 

experiment, the valence band maximum (VBM) and conduction band minimum (CBM) trends 

are nicely reproduced. From Figures 5a and c, we can see that the upper portion of the valence 

band (VB) is composed of bonding O 2p states and with a minor contribution of Ta 5d states. 

The O 2p and Ta 5d states have a good hybridization in the VB state, however, the CB is 

majorly constituted by the anti-bonding orbitals of Ta 5d, as shown in Figure 5a. The VBM 

and CBM of pristine 4x4x2 supercell of Ta2O5 are listed in Table 2 while that of 2x2x2 

supercell of Ta2O5 are −7.02 and −4.70 eV (at vacuum), respectively (Table S1). 
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Figure 5. PDOS of 4x4x2 supercell of Ta2O5 (a) along with the orbital contribution of Ta (b), 

and O (c) in a vacuum level. The Fermi energy is set to zero. 

Table 2. The Fermi energy, VB, CB, and energy bandgap (eV) of 4x4x2 supercell of Ta2O5 

and WTa37O95.487.  

Species Fermi 
Energy 

VB CB Bandgap 
(eV) 

Ta2O5 -7.25 -1.25 1.09 2.34 

WTa37O95.487 -6.19 -2.35 -0.05 2.30 

 

In order to correlate the theoretical data with our experiments and propose a novel model, we 

constructed the WTa37O95.487 from Ta2O5 (vide supra), and the optimized structures are given 

in Figure S1. As explained earlier, we replaced two of the Ta atoms with W and added one O 
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atom in the 4x4x2 supercell of Ta2O5 to represent the WTa37O95.487. The electronic properties 

of the WTa37O95.487 nanocatalyst in the form of PDOS along with its individual Ta, W, and O 

atoms are given in Figure 6 and Table 2. Comparative analysis of the data of Table 2 predicts 

that Fermi energy and bandgap of 4x4x2 supercell of Ta2O5 are decreased to -6.19 and 2.30 

eV, from -7.25 and 2.34 eV, respectively. So, it is inferred that the incorporation of W has 

lowered both the bandgap and Fermi energy of pristine Ta2O5. The PDOS of WTa37O95.487 in 

the energy range of −10 and +10 eV is given in Figure 6a. From 6a, we can see that again the 

VB of WTa37O95.487 is majorly composed of bonding orbitals of O 2p along with a minor 

contribution of W as can be seen from Figure 6a. In addition, the successful incorporation of 

W in 4x4x2 supercell of Ta2O5 can also be predicted from the strong hybridization of both 

bonding anti-orbitals (5d) of W and Ta atoms as can be seen from Figure 6a-c. While the PDOS 

of O atoms in WTa37O95.487 is similar to that of the pristine 4x4x2 supercell of Ta2O5 as shown 

in Figure 6c. We have seen that occupied 2p orbitals of O constitute the VBM while unoccupied 

5d orbitals of Ta constitute the VBM in the 4x4x2 supercell of Ta2O5 (see Figure 5). However, 

in the case of WTa37O95.487, the VBM is made of 2p bonding orbitals of O but the CBM is 

majorly constituted by the anti-bonding orbitals of W (5d), instead of Ta (5d). Besides, W 

atoms produce an extra band within the bandgap of WTa37O95.487, which is closer to the VB. 

Again, we can say that the reduction in the bandgap of WTa37O95.487 is because the W atom, 

produced extra bands within the bandgap that has reduced its Fermi energy as well. This lower 

bandgap (2.30 eV) and appropriate positions of the VBM and CBM are ideal for the efficient 

photocatalytic reaction of WTa37O95.487 nanocatalyst. This statement can nicely support our 

experimentally observed data. 



18 
 

 

Figure 6. PDOS of (a) WTa37O95.487 and its constituents such as (b) Ta, (c) W, and (d) O at 

vacuum level. The Fermi energy is set to zero. 

The band structures of bulk 4x4x2 supercell of Ta2O5 and WTa37O95.487 are shown in Figure 7, 

where VBM and CBM are depicted as blue and red lines. Comparative analysis of Figure 7 led 

us to predict that WTa37O95.487 has a narrower bandgap (2.30 eV) than that of the 4x4x2 

supercell of Ta2O5 (2.34 eV). From Figure 7b, we can see an extra band above the VBM of 

WTa37O95.487, responsible for narrowing the bandgap of Ta2O5. A similar trend is observed in 

the 2x2x2 supercell cell of Ta2O5 and its W-doped species as shown in Figure S7 and Table S1 

of the Supporting Information.  
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Figure 7. Band structure of 4x4x2 supercell of Ta2O5 (a) and WTa37O95.487 (b). The Fermi 

energy was set to zero. 

 

Since the bandgap of both 4x4x2 supercells of Ta2O5 and WTa37O95.487 are simulated from 

band structure, we also investigated their optical properties. The optical absorption spectra of 

4x4x2 supercell of Ta2O5 and WTa37O95.487 are simulated along the X, Y, and Z directions as 

shown in Figure 8, while that of 2x2x2 supercell cell of Ta2O5 and its W-doped species are 

given in Figure S8 of the Supporting Information. As discussed earlier, W atoms produce an 

extra flat band within the bandgap of WTa37O95.487 which consequently reduces its bandgap 

compared to that of pristine 4x4x2 supercell of Ta2O5. From the optical absorption spectral 

analysis, it can be inferred that the pristine 4x4x2 supercell of Ta2O5 has a maximum absorption 

band peak within the range of 2.0 to 3.5 eV along with a minor absorption band peak at around 

0.1 eV (Figure 8a). On the other hand, the maximum absorption band peak of WTa37O95.487 is 

in the range of 0 to 1.0 eV along with another absorption band peak of ~ 2.0 to 3.0 eV. So, 

again as observed in the band structure and PDOS analyses, a similar trend is found in the 

optical absorption spectra of 4x4x2 supercell of Ta2O5 and WTa37O95.487. We can say, that the 

maximum absorption band peak in 0 to 1 eV of WTa37O95.487 is due to the merging of Fermi 

level within its CBM. 
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Figure 8: Optical absorption spectra of 4x4x2 supercell of Ta2O5 (a) and WTa37O95.487 (b). 

 

Furthermore, the catalytic activity of these two species is predicted from the interaction of the 

OH group. For this study, we used the 2x2x2 supercell of Ta2O5 along [001] direction and its 

W-doped species. The adsorption of hydroxyl is non-dissociative where the O of OH group 

interacts with the Ta and W of 2x2x2Ta2O5(001) and W-doped 2x2x2Ta2O5(001), respectively, 

as shown in Figure 9. The adsorption energy of this non-covalent bonding in 

2x2x2Ta2O5(001)@OH is about -11.76 kcal mol-1 while -19.83 kcal mol-1 in the case of the W-

doped 2x2x2Ta2O5(001)@OH system (see Figure 9). This stronger interaction in the W-doped 

2x2x2Ta2O5(001)@OH system predicts the excellent catalytic of the WTa37O95.487 system 

compared to pristine Ta2O5 (vide supra). The adsorption energy of the OH group over the 

surfaces of 2x2x2Ta2O5(001) and W-doped 2x2x2Ta2O5(001) was calculated from the 

difference in energies of the optimized OH group and adsorbent (Eslab) from the optimized OH-

slab complex (slab@OH), using equation (13). 

 

 

 

@ ( )  (13)ad slab OH OH slabE E E E   
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Figure 9. Optimized structures of (a) 2x2x2Ta2O5(001)@OH and (b) W-doped 

2x2x2Ta2O5(001)@OH. 

 

Finally, the charge distribution analysis of 2x2x2Ta2O5(001), W-doped 2x2x2Ta2O5(001), and 

their OH interactive systems are simulated from the electron density difference (EDD). The 2D 

EDD plots and their respective electrostatic potential plots are shown in Figure 10. Besides, 

the comparative EDD plots of 2x2x2Ta2O5(001) and W-doped 2x2x2Ta2O5(001) are shown in 

Figure S9, where we can see the successful incorporation of the W atom. In addition, this 

sharing of charge produces a strong hybridization between the orbitals of Ta and W atoms 

which finally improves the catalytic activity (vide supra) and stability. The blue and green 

shaded areas of Figure 10 denote charge accumulation and depletion, respectively. 

Comprehensive analysis of these EDD plots led us to predict that a significant amount of 

electronic cloud density is shared between OH and W-doped 2x2x2Ta2O5(001) in the  W-doped 
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2x2x2Ta2O5(001)@OH system. This charge transferring is higher than that of the 

2x2x2Ta2O5(001)@OH system.   

 

Figure 10. The electron density difference (Δρ) in the Z-direction for 2x2x2Ta2O5(001) and its 

OH interacted system (a) W-doped 2x2x2Ta2O5(001) and its OH interacted system (b). The 

blue and green shaded areas show electron accumulation and donation, respectively. 

Electrostatic potential map (ESP) of 2x2x2Ta2O5(001) (c), W-doped 2x2x2Ta2O5(001)@OH 

(d), W-doped 2x2x2Ta2O5(001) (e) and  W-doped 2x2x2Ta2O5(001)@OH systems (f). 

 

In summary, we found that either model of WTa37O95.487 produce similar trends and corroborate 

the experimental data. However, we suggest that further deep investigation of WTa37O95.487 is 

crucial as this material has not been properly studied since 1971. Besides, we recommend that 

our proposed model can be used as a landmark for future researchers. Again, we can say that 

WTa37O95.487 has excellent performance compared to that of pristine Ta2O5. The possible 

explanation for this might be the proper amount of W atoms in WTa37O95.487 nanocatalyst, 
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which is responsible for higher catalytic activity. Thus, the addition of the W atom can improve 

the overall performance of WTa37O95.487, and does not distort the parental geometry of Ta2O5.  

 

4. Conclusion  

In this work, we report a wide bandgap WTa37O95.487 photocatalyst, using density functional 

theory (DFT) and an experimental approach. This material (WTa37O95.487) was reported for the 

first time by N. Stephenson et al. in 197116, but no one has investigated its photocatalytic 

properties. The reason behind this is its wide bandgap and complicated crystal structure. 

Herein, we have designed and reported two different types of models for the DFT investigation 

which are followed by a simple and low-cost co-precipitation synthetic method. The 

WTa37O95.487 prepared at 150 °C (WT-1) demonstrates efficient photocatalytic activity for 

methylene blue decolorization due to surface dispersibility and porosity. The degradation 

efficiency and pseudo kinetic constant, kapp of WT-1 attained 99 % and 0.0321 min-1, 

respectively within 60 min under 100 mWcm-2 simulated sunlight. The degradation efficiency 

achieved almost 100 % within 30 min with kapp = 0.0643 min-1 under 200 mWcm-2 for the same 

nanocatalyst powder which infers that the kinetics of the photocatalytic process is 

proportionally dependent on an increase in light intensity. Finally, a good correlation of 

theoretical and experimental results validates and confirms the efficient catalytic performance 

of our proposed nanocatalyst. 
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