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principles and experimental
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and Imtiaz Ahmed *a

Here we synthesized Bi2WO6 (BWO) using both solid-state reaction (SBWO) and hydrothermal (HBWO-U and

HBWO-S)methods. The orthorhombic Pca21 phase purity in all samples is confirmed fromRietveld refinement

of X-ray diffraction data, Raman spectroscopy, and Fourier transform infrared spectroscopy. TheHBWO-U and

HBWO-S morphology revealed rectangular, spherical, and rod-like features with an average particle size of

55 nm in field emission scanning electron micrographs. A high-resolution transmission electron micrograph

showed spherical-shaped particles in the HBWO-U sample with an average diameter of ∼10 nm. The

diffuse reflectance-derived indirect electronic band gaps lie within the 2.79–3.23 eV range. The BWO

electronic structure is successfully modeled by Hubbard interaction Ud and Up corrected Perdew–Burke–

Ernzerhof generalized gradient approximation GGA-PBE+Ud+Up with van der Waals (vdW) force in effect.

The optimized (Ud, Up) values are further justified by tuning the Hartree–Fock (HF) exact-exchange mixing

parameter aHF from 25% in Heyd–Scuseria–Ernzerhof (HSE06) to 20% in the PBE-HF20% functional.

Moreover, no inconsistencies were seen in the GGA-PBE+Ud+Up+vdW simulated crystallographic

parameters, and the elastic tensor, phonon, and linear optical properties. Overall, the computationally

cheap GGA-PBE+Ud+Up with vdW force may have successfully probed the physical properties of BWO.
1 Introduction

Semiconductor oxides based on benign and stable bismuth (Bi)
have reigned supreme in visible-light-induced photocatalytic
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applications to mitigate disconcerting environmental issues.1–4

The Bi brings about many interesting properties owing to its
stereochemical and lone-pair activity, sp coupling, and spin–
orbit interaction.5–8 Tungsten (W), with partially lled 5d states
in its oxides, also holds promise for photocatalytic actions.9–11

Their combined oxide bismuth tungstate Bi2WO6 (BWO) turned
out to be an n-type semiconducting material belonging to the
Aurivillius phase where pseudo-perovskite [WO4]

2− octahedral
layers are stacked between [Bi2O2]

2+ layers and possesses a band
gap of ∼2.8 eV.12,13 The BWO has manifested many fascinating
photocatalytic, dielectric, ferroelectric, and piezoelectric prop-
erties that are pertinent to the photodegradation of pollutants,
water splitting, and photovoltaic applications.14

Several experimental methods like solid-state reactions, and
sol–gel, hydrothermal, solvothermal, and microwave-assisted
techniques have been used to synthesize BWO.14,15 The rst
principles simulations using density functional theory (DFT)
can serve as an indispensable tool for understanding the
functional properties of BWO.16,17 The accuracy of DFT simula-
tions suffers critically due to the improper modeling of partially
lled W-5d orbitals in BWO for generalized gradient approxi-
mation (GGA) of Perdew–Burke–Ernzerhof (PBE).18,19 The Hub-
bard interaction corrected GGA-PBE+Ud version, where the Ud is
applied to the W-5d, was used to study polaron formation
© 2023 The Author(s). Published by the Royal Society of Chemistry
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effects, seems to underestimate the electronic band gap of bulk
BWO measured from the density of states (DOS) compared to
the experimental observations.20 Moreover, the indirect nature
of the BWO band gap is not conrmed by the electronic band
structure (BS) simulation based on GGA-PBE+Ud.21,22 The
computationally intense and sophisticated Heyd–Scuseria–
Ernzerhof (HSE06) functional with 25% Hartree–Fock (HF)
exact-exchange mixing overestimates the band gap in electronic
BS simulations.23 In recent times, corrections to electronic and
optical properties have been simulated using the quasi-particle
GW method with spin–orbit interaction turned on.24 The
computational burden of these advanced many-body methods
can be huge and requires careful parameter optimization to
keep the simulation tractable. A computationally cheap DFT
functional capable of reliably simulating the physical properties
of BWO is oen desired. To this aim, we invoke the GGA-
PBE+Ud+Up formalism including the van der Waals (vdW) force
to model the observations regarding experimentally synthesized
BWO.25,26

Here we synthesized BWO following solid-state reaction and
hydrothermal techniques. The X-ray diffraction, Raman, and
Fourier transform infrared spectroscopy were used to conrm the
desired orthorhombic Pca21 phase purity in all synthesized
samples. The surface morphology and chemical purity analysis
were performed using eld emission scanning electron micro-
graphs and energy-dispersive X-ray spectroscopy, respectively.
High-resolution Transmission Electron Microscopy and X-ray
Photoelectron Spectroscopy were used to probe the crystallinity
and chemical states of the samples. The diffuse reectance
measurements were performed to estimate the electronic band
gaps of the BWO samples. The photocatalytic degradation
performance of all BWO samples in degrading themethylene blue
(MB) dye is studied with UV-vis absorption measurements.
We tuned the Hubbard (Ud, Up) corrections within the
GGA-PBE+Ud+Up formalism including the vdW force to reliably
reproduce the electronic properties of the experimentally synthe-
sized BWO samples. The optimized GGA-PBE+Ud+Up+vdW simu-
lated results were benchmarked against computationally intense
HSE06 and PBE-HF20% functionals where the Hartree–Fock (HF)
exact-exchange parameter aHF is tuned. The elastic tensor, vibra-
tional phonon, and linear optical properties were probed in detail
to justify the use of the optimized (Ud, Up) values.

2 Methodology
2.1 Computational details

The projector augmented wave (PAW) based spin-polarized DFT
simulations were performed using the Vienna Ab Initio Simu-
lation Package (VASP) code.27,28 The orthorhombic Bi2WO6 unit
cell contains a total of 36 atoms comprising of Bi (8), W (4), and
O (24) atoms. The PAW considered Bi 5d106s26p3 (15), W
5p65d46s2 (12), and O 2s22p4 (6) electrons as valence and the
remaining ones are treated as the core. The plane wave basis
expansion is used with a 580 eV energy cutoff. A 9 × 9 × 3
Monkhorst–Pack k-mesh was used to sample the Brillouin Zone
(BZ) in structural relaxation (Hellmann–Feynman force
convergence 10−4 eV Å−1) and single point self-consistent total
© 2023 The Author(s). Published by the Royal Society of Chemistry
energy (convergence accuracy of 10−8 eV per atom) calculations.
The Quantum-ESPRESSO (QE) code was used to calculate the
Raman tensor using the nite difference method with similar
values for the simulation parameters.

The exchange–correlation (xc) functional dictates the DFT
simulation accuracy and complexity.29,30 The nite difference
technique was used to simulate the Raman tensor using GGA-
PBE and GGA-PBE+Ud+Up functionals.28,31–37 The GGA-PBE
functional leads to localized d orbital binding energy underes-
timation that inates its hybridization with p orbitals.16,17,38–40

This spurious p–d coupling enhancement shis the valence
band maximum (VBM) up in energy, leading to band gap nar-
rowing effects.41 Moreover, the W-5d orbitals in BWO are less
spatially localized than many 3d orbitals present in transition
metals.42 The interaction and correlation corrections have been
applied to W-5d and O-2p orbitals within the GGA-PBE+Ud+Up

approach.25,26,43,44 The lattice parameter overestimation in
GGA-PBE and GGA-PBE+Ud+Up was reduced by incorporating
the van der Waals (vdW) force with DFT-D3 method including
Becke–Johnson (BJ) damping.45 The phonon DOS, BS, and Born
charge were simulated using the nite difference method in
Phonopy based on 2× 2× 2 supercell containing 288 atoms.46,47

The 2nd order force constants are calculated for GGA-PBE and
GGA-PBE+Ud+Up with vdW taken into account. Moreover,
HSE06 hybrid functional with the Hartree–Fock (HF) exact
exchange mixing parameter aHF = 25% was used to simulate
electronic and optical properties.17,38,48–52 The aHF is tuned to
20% as PBE-HF20% functional to obtain better agreement with
GGA-PBE+Ud+Up+vdW simulation and experimentally
measured electronic band gap.53–55 The PBE-HFaHF% functional
use HSE screened approach similar to HSE06 with xc energy
EHSE
xc given in terms of short-range (SR) and long-range (LR)

terms as

EHSE
xc = aHFE

HF,SR
x (m) + (1 − aHF)E

PBE,SR
x (m)

+ EPBE,LR
x (m) + EPBE

c (m) (1)

where the screening parameter m in hybrid functionals was set
to 0.2 Å−1.56 The WANNIER90 tool is used to keep the compu-
tational burden manageable in hybrid functional-based elec-
tronic BS simulations.17,39,57,58 The optical properties are derived
from complex dielectric constant simulations for GGA-
PBE+vdW, GGA-PBE+Ud+Up+vdW, HSE06 and PBE-HF20%
functionals.16,17,38,39

2.2 Sample preparation

2.2.1 Solid-state reaction. Solid-state reaction-based
sample was synthesized following our previous works in
ref. 16, 17, 38, 59 and 60. The stoichiometric amount of
Bi(NO3)3$5H2O (Merck Germany, 99+% pure) and
Na2WO4$2H2O (Merck Germany, 99+% pure) were weighed as
precursor materials. The Bi(NO3)3$5H2O was hand milled for
30min using an agate mortar. Next Na2WO4$2H2O was added to
it and the mixture was hand milled again for 2 h. Circular
pellets made in a hydraulic press (Weber-Pressen) with 25 kN
uni-axial force were sintered at 300 °C for 2 h. The pre-sintered
pellets were crushed into ne powder form before being
RSC Adv., 2023, 13, 36130–36143 | 36131
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subjected to subsequent sintering at higher temperatures. Aer
a number of trial sintering, the optimum temperature for phase
pure BWO was found to be 650 °C, and termed as SBWO
hereaer.

2.2.2 Hydrothermal synthesis. The 20 mmol (9.9 g)
Bi(NO3)3$5H2O (Merck Germany, 99+% pure) and 10 mmol
(3.332 g) Na2WO4$2H2O were rst dissolved homogeneously by
vigorous stirring and sonication in 9 mL of 20% HNO3 solution
separately. A mixture was formed aer 80 mL of ethylene glycol
was poured into this solution. The pH of the mixture was set to
7.5 by adding a required portion of KOH and converted to
a suspension by subsequent magnetic stirring for 1 h. The
resulting suspension was loaded into a 100 mL Teon-lined
autoclave and then reacted at 180 °C for 20 h inside an oven.
Subsequently, the reactor was cooled to room temperature
naturally. The resulting product was centrifuged at 10000 rpm
for 10 min with rst ethanol and then distilled water for 6
consecutive cycles and then heated at 80 °C for 16 h to obtain
powder form samples termed as HBWO-U. This unsintered
HBWO-U sample was sintered at 400 °C for 2 h and the resulting
sample was labeled as HBWO-S subsequently.

2.2.3 Photocatalytic sample preparation. The 100 mL of
MB solution was prepared at 10 ppm concentration. For each of
the SBWO, HBWO-U, and HBWO-S photocatalysts, 1 g L−1

solutions were prepared at pH = 10 with the proper amount of
NH4OH in the dye-photocatalyst mixture. The adsorption–
desorption equilibrium was attained to form suspension by
constant magnetic stirring for 30 min in the dark. The liquid
suspensions were under constant magnetic stirring during the
optical exposure from the Hg–Xe lamp. The stirring avoids
inhomogeneity of the MB concentration across the solution and
prevents spurious degradation effects. High-speed centrifuging
(12 000 rpm, 5 cycles) facilitated the photocatalyst removal from
the dye solution. The UV-vis absorption measurements are
taken in nite intervals for SBWO (30 min), HBWO-U (10 min),
and HBWO-S (10 min) to evaluate the photocatalytic degrada-
tion performances.
2.3 Characterization techniques

Programmable high-temperature Muffle Furnaces (Naber-
therm LT 5/14 & Kejia M1700) were used for sample sintering.
The powdered X-ray Diffraction (XRD) data within 10° to 80°
diffraction angle were recorded at 35 kV tube voltage and 20
mA tube current with Cu Ka radiation (l = 0.15418 nm) in
a Rigaku SmartLab SE multipurpose XRD system. The Raman
bands for the samples are obtained from 532 nm laser exci-
tation in a Horiba Scientic Confocal Raman Microscope
LabRAM HR Evolution. The PerkinElmer Spectrum Fourier
Transform Infrared (FTIR) spectrometer was used to obtain
the relevant IR absorption bands of the samples. The
morphology and chemical purity of the SBWO sample were
studied using a Scanning Electron Microscope (SEM, AVO
Research) and Energy Dispersive X-ray Spectroscopy (EDX,
EDAX Team) respectively. For hydrothermally synthesized
samples, morphology studies were performed using Field
Emission Scanning Electron Microscopy (FESEM, JEOL
36132 | RSC Adv., 2023, 13, 36130–36143
7610F), Transmission Electron Microscopy (TEM), High-
Resolution Transmission Electron Microscopy (HRTEM), and
Selected Area Electron Diffraction (SAED) measurements
using Thermo Fischer Scientic Talos F200X. The Ka X-ray
Photoelectron Spectroscopy (XPS) was done using Thermo
Fischer Scientic X-ray Photoelectron Spectrometer where the
284.8 eV binding energy C-1s level was used for calibration.
The optical characterizations were performed by UV-vis diffuse
reectance measurements in a Shimadzu UV-2600i UV-Vis-NIR
spectrometer. The samples' photocatalytic performance was
estimated from UV-vis absorption spectra measured with
a Shimadzu UV-1900i spectrometer.
3 Results and discussion
3.1 X-Ray diffraction analysis

The powder XRD data of solid-state reaction synthesis-based
samples with different sintering temperatures of 400, 500,
600, 650, and 800 °C are presented in Fig. 1(a). The phase pure
Bi2WO6 was evident in the SBWO sample sintered at 650 °C. In
samples with other sintering temperatures, the Bi2O3 impurity
peaks were present. The Rietveld renement in Fig. 1(b)
revealed a pure orthorhombic phase in SBWO with the good-
ness of tting c2 = 1.75. The orthorhombic phase was also
conrmed both in HBWO-U (c2= 1.45) and HBWO-S (c2= 1.27)
samples as presented in Fig. 1(c) and (d), respectively. The
orthorhombic phase belongs to the Pca21 space group and point
group mm2 (JCPDS No. 39-0256). No unwanted impurity peaks
were detected. The sharp intense peaks corroborate good crys-
tallinity in all samples. The diffraction peak intensity of HBWO-
U is decreased and increased compared to SBWO and HBWO-S
samples, respectively. This is suggestive of crystallite growth
with temperature. The broadening in the (131) peak for hydro-
thermally synthesized HBWO-U and HBWO-S as compared to
that of the SBWO sample indicates the existence of small-size
particles in them. The line width analysis with the Scherrer
formula revealed average crystallite sizes to be 22 nm (SBWO),
8 nm (HBWO-U), and 12 nm (HBWO-S). The most intense
diffraction peak in all samples is (1 3 1) which is in line with (1
2m + 1 1) peak of Aurivillius phases.61

Table S1† reveals that both GGA-PBE and GGA-PBE+Ud+Up

functionals overestimated the unit cell volume by ∼7.7% and
∼5.93% compared to the experimental observations. The
inclusion of vdW force provides correction to the lattice
parameters and reduces the unit cell volume estimation error to
3.79% and 2.18% for GGA-PBE+vdW and GGA-PBE+Ud+Up+-
vdW, respectively, see Table S2.† Hence the inclusion of vdW
force has the potential to improve the reliability of the DFT
simulations.
3.2 Raman analysis

The measured Raman spectra of the samples are presented in
Fig. 2. The group theory dictates A1g, B1g and Eg symmetry
modes to be Raman active near the BZ center of orthorhombic
Bi2WO6.62–64 All experimentally observed Raman bands are
interpreted in accordance with the corresponding atomic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Powder XRD patterns of BWO samples with different sintering temperatures prepared in solid-state reaction. Rietveld refined XRD
patterns on top of (b) experimentally observed data of SBWO, hydrothermally synthesized (c) unsintered HBWO-U, and (d) sintered HBWO-S
samples. The yellow circles are the experimental data points (Yobs), the black solid line represents the calculated refined pattern Ycal, the bottom
blue curve Ydiff shows the difference between the Yobs and Ycal values.

Fig. 2 Deconvoluted room temperature Raman spectra of SBWO,
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motion along with the DFT simulated peaks in Table S3†.65 The
phase-independent external lattice modes are located near 130
(Eg) and 150 cm−1 (A1g). The antisymmetric deformation (B1g) of
WO6 octahedra stems Raman bands near ∼220 nm in HBWO-U
and HBWO-S samples. The Raman peaks near ∼250 cm−1 can
be explicated as symmetric bending vibration (A1g) of Bi–O
bonds. The bands around ∼280 and ∼410 cm−1 arose from
antisymmetric bending vibrations (Eg) of WO6 octahedra. The
coupled Bi3+ and WO6−

6 unit undergoes simultaneous trans-
lation (Eg) which produce Raman bands near 300 cm−1. The
asymmetric bridge mode (B1g) of the WO6 chain bridge origi-
nates the Raman bands at∼710 and∼800 cm−1. The peaks near
724 and∼814 cm−1 can be interpreted as asymmetric stretching
modes (B1g) of O–W–O bonds in the WO6 octahedral cluster.
Both GGA-PBE and GGA-PBE+Up+Ud derived Raman peaks are
in good agreement with the experimental observations.
HBWO-U, and HBWO-S.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 36130–36143 | 36133
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Fig. 3 FTIR spectra of SBWO, HBWO-U, and HBWO-S.
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3.3 Fourier transform infrared spectroscopy

The FTIR spectra of SBWO, HBWO-U, and HBWO-S samples are
displayed in Fig. 3. The observed FTIR absorption bands are
Fig. 4 (a) SEM micrograph of SBWO. FESEM micrographs of (b) HBWO-

36134 | RSC Adv., 2023, 13, 36130–36143
assigned to their respective atomic bond vibrations in Table
S4.†66,67 The symmetric Bi–O stretching stems the IR absorption
near ∼427 and ∼820 cm−1. The absorption originating from
antisymmetric Bi–O–Bi stretching can be seen in 533 and
565 cm−1. The IR bands (∼680,∼700) and (∼1056,∼1029) cm−1

can be assigned to W–O symmetric stretching. The 958 cm−1

(SBWO) and ∼3471 (HBWO-U, and HBWO-S) cm−1 IR absorp-
tion can be ascribed to the bending vibration of O–H bonds in
water molecules present in the sample. For hydrothermally
synthesized samples, the O-H stretching vibration is located
near ∼1634 cm−1. The symmetric stretching of C]O bonds
appear near 1314 cm−1 (HBWO-U) and 1392 cm−1 (HBWO-S).
The adsorption of atmospheric CO2 may have originated these
IR bands.

3.4 Morphology analysis

Fig. 4 presents the SEM and FESEM micrographs. The SBWO
grains in Fig. 4(a) were irregularly shaped with an average size of
∼175 nm. The higher sintering temperature of the solid-state
reaction may have provided enough energy for this irregular
thermal grain nucleation and growth. For the HBWO-U sample,
a mixture of rectangular and spherically shaped particles with
55 nm size are visible in the FESEM micrograph presented in
U, and (c) HBWO-S.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM images of (a) HBWO-U, (b) HBWO-S. HRTEM images of (c) HBWO-U, and (d) HBWO-S. SAED images of (e) HBWO-U, and (f) HBWO-
S.
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Fig. 4(b). The subsequent sintering promoted rectangular rod-
like features in particles as presented in Fig. 4(c). The EDX
spectra of Bi, W, and O in Fig. S1† are also in good agreement
with that of Bi2WO6.68–70 The experimental atomic percentage
(at%) and weight percentage (wt%) of Bi, W, and O in Table S5†
conform to that of theoretical values conforming to the atomic
ratio of Bi2WO6. Fig. 5 presents the HRTEM, and SAED
measurements of HBWO-U and HBWO-S samples. Fig. 5(a)
shows randomly distributed spherical-shaped particles with
© 2023 The Author(s). Published by the Royal Society of Chemistry
a diameter of∼10 nm in HBWO-U sample. In the case of HBWO-
S, uniform sheets are revealed in Fig. 5(b). HRTEM images in
Fig. 5(c) and (d) show distinct lattice fringes separated by 0.31 (R1
& R3) and 0.27 (R2 & R4) nm that correspond to d-spacing of (131)
and (020) crystallographic planes of Bi2WO6.70–72 The non-
uniform intensity of concentric circular-shaped diffraction
rings visible in SAED images in Fig. 5(e) and (f) are characteristic
of the textured polycrystalline nature of the samples.
RSC Adv., 2023, 13, 36130–36143 | 36135
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Fig. 6 (a) XPS full survey, and core level XPS spectra of (b) Bi-4f, (c) W-4f, and (d) O-1s for HBWO-U and HBWO-S.
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3.5 X-ray Photoelectron Spectroscopy

The full XPS spectrum in Fig. 6(a) revealed Bi, W, and O
elements in HBWO-U and HBWO-S samples.73 The XPS peaks at
159.2 and 164.5 eV in Fig. 6(b) are characteristic to Bi-4f7/2 and
Bi-4f5/2 spin–orbit splitting of Bi3+ in BWO.67 The W-4f7/2
and W-4f5/2 XPS peaks at 35.6 and 37.7 eV of HBWO-U are
slightly shied to higher binding energies of 35.7 and 37.8 eV
for HBWO-S as shown in Fig. 6(c), and are ascribed to W6+ in
BWO lattice.74,75 The O-1s peak at 530.4 eV (530.5 eV) of
HBWO-U (HBWO-S) in Fig. 6(d) can be designated to lattice
oxygen of W–O and Bi–O bonding. The weak XPS peak at
531.8 eV (531.9 eV) of HBWO-U (HBWO-S) can be attributed to
C]O bonds adsorbed on the surface of samples.72
36136 | RSC Adv., 2023, 13, 36130–36143
3.6 UV-vis spectroscopy

The Kubelka–Munk function F(RN) was used to convert the UV-
vis diffuse reectance into absorption as presented in Fig. 7(a).
The samples' steep absorption edges lie within the 350-450 nm
wavelength bands. The band gap Eg was estimated from

[F(RN)hn]1/g = A(hn − Eg), (2)

where A, h, and n represent proportionality constant, Planck's
constant, and incident photon frequency, respectively. The
parameter g sets the direct and indirect nature of the band gap.
By extrapolating the Tauc's plots onto the energy axes for g = 2
in Fig. 7(b), the indirect Eg turned out to be 2.84, 3.13, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) UV-vis diffuse absorption spectra, and (b) Tauc plots of SBWO, HBWO-U and HBWO-S samples.
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2.79 eV for SBWO, HBWO-U, and HBWO-S, respectively. The
measured band gaps are consistent with that of the ref. 75–79.
Fig. 9 The photocatalytic degradation measurements from UV-vis
absorption spectra of SBWO-U (a) in dark, and (b) under optical
exposure.
3.7 Photocatalytic measurements

The MB photocatalytic degradation of SBWO, HBWO-U, and
HBWO-S are estimated from UV-vis absorption measurements
as displayed in Fig. 8. The photocatalyst and MB dye concen-
trations are set to 1 g L−1 and 10 ppm, respectively at pH= 10 in
all cases. The reduction of MB characteristic intensity peak at
663 nm over exposure time indicates complete annihilation of it
in cases of SBWO (180 min) and HBWO-U (60 min). To illustrate
the signicant degradation of HBWO-U in the dark, absorption
spectra were recorded for one sample placed in the darkness
and another under illumination, see Fig. 9(a) and (b). The
absorption spectra are identical for the initial 30 min dark
condition as expected. Because of the MB adsorption onto the
photocatalyst, MB degradation in Fig. 9(a) continues as time
progresses in the dark condition. The MB degradation Fig. 9(b)
is much faster due to the optical exposure case. The absorption
Fig. 8 The photocatalytic degradation measurements from UV-vis abs
catalysts (1 g L−1) with 10 ppm MB dye.

© 2023 The Author(s). Published by the Royal Society of Chemistry
curve nearly attens and loses its distinctive shape just aer
30 min of illumination. The overall photocatalytic efficiencies
are estimated by plotting C/C0 vs. irradiation time in Fig. 10(a),
where C0 and C stand for the MB concentration at initial and
some specic time, respectively. The HBWO-S degraded 60% of
orption spectra of (a) SBWO, (b) HBWO-U, and (c) HBWO-S photo-

RSC Adv., 2023, 13, 36130–36143 | 36137
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Fig. 10 (a) Time-dependent photocatalytic degradation fraction C/C0, (b) linear fitted time-dependent photocatalytic degradation fraction of
10 ppm MB for 1 g L−1 SBWO, HBWO-U, and HBWO-S photocatalysts at pH = 10.
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MB in 60 min of irradiation as presented in Fig. 10(a) (inset).
The pseudo-rst-order degradation kinetics is captured in
Fig. 10(b) with Langmuir–Hinshelwood model using ln(C0/C) =
kt. By linear tting the data, the reaction rate k is estimated to be
0.0172 (SBWO), 0.0546 (HBWO-U), and 0.0131min−1 (HBWO-S).
The observed binding energy increment for W and O species as
shown in Section 3.5 may have degraded the photocatalytic
activity of HBWO-S compared to the HBWO-U sample.
3.8 Electronic properties simulation

The band gap Eg is measured from the total density of states
(TDOS) and its projections onto different relevant orbitals
(PDOS), see Fig. S2–S7.† It is evident in Fig. 11(a) that beyond Ud

= Up = 9 eV, the vdW force have negligible effect on Eg. Fig. 11(b)
reveals Eg of ∼2.61 eV, closer to experimental Eg of SBWO (2.84
eV) and HBWO-S (2.79 eV), for Ud= Up= 14 eV with vdW force in
effect. Moreover, the HSE06 (aHF = 25%) provides an over-
estimation of Eg (2.98 eV) in Fig. 11(c). By tuning the aHF to 20%
in HSE screened approach, the PBE-HF20% functional yields Eg
= 2.79 eV. For all functionals, the DOS share following common
features: (i) the valence band (VB) stems from Bi-6s, Bi-6p, W-
5p, W-5d, and O-2p orbitals, (ii) the top of the VB is comprised of
hybridization among dominant O-2p and small Bi-6s and Bi-6p
orbitals, (iii) the conduction band (CB) is formed with Bi6p, W-
5d, O-2p and small portion of O-2s orbitals, and (iv) the bottomof
the CB is mainly comprised of W-5d and O-2p orbital mixing.

The direct/indirect nature of the band gap can only be found
from electronic BS simulation. The GGA-PBE in Fig. 12(a) provides
an erroneous direct band gap for BWO even with the presence of
vdW force. The valence bandmaxima (VBM) and conduction band
minima (CBm) are located at the G point in BZ. But the optimum
GA-PBE+Ud+Up with the vdW force gives rise to the correct indirect
transition as shown in Fig. 12(b). The VBM is located in G / X
and the CBm occurred at G. The BS derived from HSE06
corroborated similar BS dispersion in Fig. 12(c) but overestimated
36138 | RSC Adv., 2023, 13, 36130–36143
the Eg (3.26 eV). With aHF = 20%, the PBE-HF20% reduces the
overestimation to 3.05 eV in Fig. 12(d). All these results corrobo-
rate the reliability of the GGA PBE+Ud+Up+vdW simulations.

3.9 Optical properties simulation

The optical properties are dened by angular frequency u

dependent complex dielectric constant 3(u) = 3real(u) + i3imag(u).
The 3imag is derived from the dipole transition matrix and the
Kramer–Kronig relation is used to obtain 3real from it for different
functionals. Fig. 13(a) provides evidence for close agreement of
GGA-PBE+Ud+Up+vdW with PBE-HF20% for 3real. The perfect
match in the u / 0 limit corroborates the refractive indices
agreement of both functionals. In Fig. 13(b), the steep rising
edges of 3imag along with the position of the peak in energy for
both functionals are also in accord. The energy threshold beyond
which optical absorption a shoots up depends on the band gap
and varies for different functionals as shown in Fig. 13(c). The
good agreement between the onset of absorption for GGA-
PBE+Ud+Up+vdW with PBE-HF20% is a direct consequence of
their agreement in band gap estimation.

3.10 Elastic properties simulation

The structural stability of orthorhombic BWO was veried from
elastic tensor Cijs simulations for GGA-PBE, GGA-PBE+vdW,
GGA-PBE+Ud+Up, and GGA-PBE+Ud+Up+vdW.80,81 The simulated
elastic properties are presented in Table S6.† The orthorhombic
Pca21 symmetry denes nine independent Cijs: C11, C12, C13,
C22, C23, C33, C44, C55, and C66 that satisfy the required Born
stability criterion

C11 > 0, C44 > 0, C55 > 0, C66 > 0, C11C22 > C12
2, C11C22C33

+ 2C12C13C23 − C11C23
2 − C22C13

2 − C33C12
2 > 0, (3)

regardless of the vdW force as can be seen from Table S5†.82–84

The salient elastic properties like bulk-modulus (BV, BR and BH),
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Band gap Eg tuning with Ud and Up with and without vdW force, (b) TDOS and PDOS of BWO for GGA-PBE+Ud+Up+vdW, (c) HSE06,
and (d) PBE-HF20%.
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shear modulus (GV, GR and GH), Young's modulus (EV, ER and
EH), Poisson's ratio (nV, nR and nH) and Pugh's ratio (kV, kR and
kH) were simulated for Voigt (V), Reuss (R) and Hill (H)
framework.85–87 The Hubbard (Ud, Up) corrections and the vdW
force inate the bulk, shear, and Young's moduli compared to
that of GGA-PBE which imply plastic deformation and stiffness
enhancement. The brittle nature of BWO is prevalent in all
cases as Poisson's ratio stayed below the threshold value of 0.33.
The Pugh's ratio is well below the brittle/ductile value of 1.75
which further conrms the brittle nature of BWO.

3.11 Phonon properties simulations

The dynamical stability can be probed from phonon modes of
the material.16,17,39,40 The simulated phonon BS and DOS using
nite difference supercell method are shown in Fig. 14. The
absence of imaginary frequency modes in the entire BZ
© 2023 The Author(s). Published by the Royal Society of Chemistry
corroborates the dynamical stability of HBWO for both GGA-
PBE and GGA-PBE+Ud+Up with vdW force in action. The
supercell allows displacement distortion that helps to establish
the dynamical stability of the BWO structure.46,88,89 The Bi, W,
and O have decreasing inertial resistance to atomic vibration
due to a reduction in the atomic masses. The vibrational spectra
of Bi (heavy), and O (light) dominate over 15–200 and 250–
500 cm−1 ranges, respectively as shown in the phonon DOS of
Fig. 14(a) and (b). The phonon DOS peaks are in good agree-
ment with experimental FTIR peaks in Table S4.† The average of
the diagonal Born effective charge (BEC) tensor elements in
Table S7† yields +4.675, +7.66, and −2.97 for Bi, W, and O1
atoms. For Ud = Up = 14 eV with vdW force, the born charge
anomalies are increased due to electronic charge delocalization
in favor of covalent bonding.
RSC Adv., 2023, 13, 36130–36143 | 36139
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Fig. 12 Electronic BS of BWO along G, R, S, T, U, X, Y, and Z high symmetry k-points in BZ for (a) GGA-PBE+vdW, (b) GGA-PBE+Ud+Up+vdW, (c)
HSE06 and (d) PBE-HF20%.

Fig. 13 (a) Real part of dielectric constant 3real, (b) imaginary part of the dielectric constant 3imag, and (c) absorption coefficient a as a function
photon energy E calculated with GGA-PBE+vdW, GGA-PBE+Up+Ud+vdW, HSE06 (aHF= 25%), and PBE-HF20% (aHF = 20%) averaged over three
different polarization Ex, Ey and Ez.

36140 | RSC Adv., 2023, 13, 36130–36143 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Phonon BS, total DOS, and partial DOS of B, W, and O atoms in BWO using the finite-difference supercell approach for (a) GGA-
PBE+vdW, and (b) GGA-PBE+Ud+Up+vdW. The phonon BS is simulated along G, R, S, T, U, X, Y, and Z high symmetry k-points in BZ.
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4 Conclusion

The orthorhombic Pca21 phase purity in the SBWO, HBWO-U,
and HBWO-S samples was conrmed from XRD, Raman, and
FTIR measurements. The morphology analysis revealed particle
shapes to vary over rectangular, spherical, and rod-like features
as per the FESEM measurements. The HRTEM images revealed
randomly distributed particles with size ∼10 nm in HBWO-U
sample. The polycrystalline nature of samples is conrmed by
ring-shaped SAED patterns. The UV-vis diffuse reectance
revealed indirect electronic band gap variation within the 2.79–
3.23 eV energy window. The diluted Coulomb interaction of
localized W-5d orbital is successfully modeled with computa-
tionally cheap GGA-PBE+Ud+Up functional with the vdW force
that reproduced experimentally observed crystallographic
parameters, and electronic band gaps of as-synthesized
samples. The use of optimized values of Ud and Up is justied
by reproducing the BWO electronic properties by tuning the
Hartree–Fock exact-exchange mixing parameter aHF from 25%
in the HSE06 to 20% in PBE-HF20% functional. Moreover, the
tuned GGA-PBE+Ud+Up+vdW successfully probed the elastic
tensor, phonon, and optical properties of BWO. Overall, the
computationally cheap PBE+Ud+Up with vdW force may have
successfully modeled the relevant physical properties of BWO.
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