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Here we present a detailed ab initio study of two experimentally synthesized bismuth niobate BiNbO4 (BNO)

polymorphs within the framework of density functional theory (DFT). We synthesized orthorhombic a-BNO

and triclinic b-BNO using a solid-state reaction technique. The underlying Pnna and P�1 crystal symmetries

along with their respective phase purity have been confirmed from Rietveld refinement of the powdered X-

ray diffraction measurements in combination with generalized gradient approximation of Perdew–Burke–

Ernzerhof (GGA-PBE) based DFT simulations. The scanning electron micrographs revealed average grain

sizes to be 500 nm and 1 mm for a-BNO and b-BNO respectively. The energy-dispersive X-ray

spectroscopy identified the Bi, Nb, and O with proper stoichiometry. The phase purity of the as-

synthesized samples was further confirmed by comparing the local density approximation (LDA) norm-

conserving pseudo-potential based DFT-simulated Raman peaks with that of experimentally measured

ones. The relevant bond vibrations detected in Fourier transform infrared spectroscopy were matched

with GGA-PBE derived phonon density of states simulation for both polymorphs. The structural stability

and the charge dynamics of the polymorphs were verified from elastic stress and born charge tensor

simulations respectively. The dynamical stability of the a-BNO was confirmed from phonon band

structure simulation using density functional perturbation theory with Heyd–Scuseria–Ernzerhof (HSE06)

hybrid functional. The electronic band gaps of 3.08 and 3.36 eV for a-BNO and b-BNO measured from

UV-Vis diffuse reflectance measurements were matched with the sophisticated HSE06 band structure

simulation by adjusting the Hartree–Fock exchange parameter. Both GGA-PBE and HSE06 functional

were used to simulate complex dielectric function and its derivatives with the help of Fermi's golden rule

to define the optical properties in the linear regime. All these may have provided a rigorous theoretical

analysis for the experimentally synthesized a-BNO and b-BNO polymorphs.
1 Introduction

Bismuth (Bi) based semiconductor oxides are perhaps the most
extensively studied materials for maximizing the energy harvest
from the abundant and perennial solar energy through
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photocatalytic means to mitigate the daunting environmental
challenges.1–6 Among the different possible oxidation states,
Bi3+ turned out to be more stable than Bi5+.1 The presence of
distorted Bi-ions with lone pair 6s electron promotes facile
stereochemical activity.7 The sp coupling resulting from the
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† Electronic supplementary information (ESI) available: EDX analysis, and DFT
benchmarked FTIR peak assignments for both a-BNO and b-BNO. It also
contains electronic density of states and band structure simulations of a-BNO
and b-BNO polymorphs using HSE06 functional. Moreover, some of the
HSE06 derived optical properties of both polymorphs are also presented in it.
The photocatalytic degradation efficiency and reaction rate analysis are also
presented near the end. See DOI: https://doi.org/10.1039/d2ra07910k
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mixing of O-2p and Bi-6s lone-pair orbitals facilitates the opti-
cally generated charge carrier mobility enhancement and hole
effective mass reduction, thereby improving photocatalytic
performance.8 Moreover, Bi being a heavier element (Z = 83)
tends to induce strong spin–orbit coupling and large dynamic
Born charges in materials.9,10 In the case of the Nb5+, the
possibility of 4d orbital reduction aids the solar absorption
capabilities.11 Hence when both of these aforementioned
elements are combined to form BiNbO4, fascinating and unique
electrical, mechanical and optical properties emerge in the
form of piezoelectricity, pyroelectricity, ferroelectricity, anti-
ferroelectricity, enhanced dielectric properties, and photo-
catalytic activity.12–16,16–22

There are four different polymorphs of BNO exist depending
on the temperature of the thermal annealing and the pressure
during the synthesis process: (i) the Pnna symmetry dened
orthorhombic a-BNO (∼1070 °C), (ii) the space group P�1 derived
triclinic b-BNO (∼1150 °C), (iii) the Cmc2 group symmetry
dened orthorhombic g-BNO (∼1055 °C) and (iv) the high
pressure (HP) cubic HP-BNO with the symmetry group Fd�3m
(∼800 °C).23–27 The occurrence and the evolution of phase
transition among these BNO polymorphs are intimately linked
with experimentally controllable parameters such as tempera-
ture, pressure, pH level, and extrinsic defects.23,26,26,28–31 More-
over, the electronic and optical properties of these different
polymorphs of BNO vary, making its detailed study a topic of
great scientic interest. The common crystallographic building
blocks of all these BNO polymorphs are the BiO6 and NbO6

octahedra, but the difference in their orchestration germinates
the observed variation in physical properties.23 For example,
both a-BNO and b-BNO consist of corner-sharing niobate
octahedral sheet stack separated by Bi3+ ions, with the differ-
ence being the latter having corrugation in the stacking layer.28

This affects the relevant orbital energies of Bi-6s and O-2p
orbitals relevant to the valence band (VB) of the BNO, making
the electronic band gap of a-BNO smaller than that of b-
BNO.11,23,32 The corrugation also yields higher crystallographic
density in b-BNO compared to that of a-BNO. Moreover, the
BNO crystal structure contains corner-shared NbO6 groups
which support large polarization deformation resulting in
excellent microwave dielectric properties.15 Also, the charge
transfer transition in NbO6 octahedra in combination with Bi3+

spin–orbit coupling originate blue luminescence in b-BNO
under UV and X-ray illumination.33

Several synthesis methods for BNO are reported in the
existing literature. For example, the planetary ball milled a-BNO
phase formation was reported at 700 °C through mechanical
activation.34,35 The co-precipitation methods yield both pure a-
BNO and mixed phases at ∼700 °C.36–38 By varying the calcina-
tion temperature from 600 to ∼800 °C in the hydrothermal
process, mixed, a-BNO and b-BNO phases were synthesized.36,39

The sol–gel methods produced similar phases of BNO as the
calcination temperature was varied across ∼600 °C (b-BNO),
∼700–900 °C (mixed a–b-BNO) and ∼900–1020 °C (a-
BNO).21,21,24,25,29,40,41 The most widely used solid-state reaction
technique stabilized the a-BNO and b-BNO at ∼1020 °C and
∼1040 °C respectively.16,25,41
© 2023 The Author(s). Published by the Royal Society of Chemistry
The optical absorption and electronic energy band gap of
BNO are convoluted with synthesis methods that dene the
surface morphology and the particle size. The solid-state reac-
tion and sol–gel derived a-BNO displayed 2.6–2.8 eV and 3.4 eV
electronic energy band gap (Eg) respectively.36,42,43 In the case of
the b-BNO, the Eg varies depending on the synthesis processes
like solid state reaction (3.4 eV), sol–gel (2.79–3.35 eV) and
hydrothermal (3.31 eV). To probe the interesting functional
behaviors of BNO, density functional theory (DFT) based rst
principles calculation can be used as an invaluable tool.44 The
DFT-based precise calculation of electronic and optical prop-
erties helps to attain a deeper understanding of the behavior of
BNO in different applications. The generalized gradient
approximations (GGA) with Perdew–Burke–Ernzerhof (PBE)
functional yield an Eg of 2.55 eV from the density of states
simulation of a-BNO and no band structure (BS) was performed
which is essential for nding the direct or indirect nature of
band gap.45 A more comprehensive GGA-PBE based calculation
for a-BNO revealed the indirect nature of the Eg = 2.87 eV from
the BS simulation.46 A combined local density approximation
(LDA) and modied Becke-Johnson approximation (mBJ) func-
tional based DFT simulation for both a-BNO and b-BNO were
reported in ref. 32. The LDA (mBJ) functional provides the Eg to
be indirect 3.73 eV (direct 3.84 eV) in case of a-BNO; whereas for
b-BNO, indirect 2.62 eV (direct 3.15 eV) band gap was revealed.
This showed the band gap overestimation as compared to that
of the experimental values. The sophisticated Heyd–Scuseria–
Ernzerhof (HSE06) hybrid functional based simulations resul-
ted in indirect 3.29 eV (direct 2.537 eV) for a-BNO (b-BNO).47 The
band gap underestimation was evident there when compared to
the experimentally measured values to be found elsewhere. The
DFT simulation was combined with experiments in the case of
a-BNO to show the slight Eg underestimation of GGA-PBE
functional.48 Recently, experimental observed structural and
vibrational phonon modes for both a-BNO and b-BNO were
combined with LDA-based DFT simulations.28 To the best of our
knowledge, a comprehensive study of the different functional
properties of both a-BNO and b-BNO with combined experi-
mental and DFT simulation approaches are hard to nd in the
existing literature.

Here, we synthesized both a-BNO and b-BNO using solid-
state reaction techniques. The phase purity and the crystallo-
graphic parameters of both polymorphs were extracted from
Rietveld renement of the X-ray diffraction (XRD) and bench-
marked against the GGA-PBE simulations. The surface
morphology, grain size, and chemical compositions of the
synthesized samples were measured from scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDX). The experimentally measured room temperature (RT)
Raman spectra were compared to that of DFT-derived results.
We identied the Fourier-transform infrared (FTIR) peaks in
terms of different bond vibrations in the as-synthesized a-BNO
and b-BNO samples and compared them with the GGA-PBE
based phonon density of states simulation. The structural and
dynamic stability were analyzed in terms of DFT-based elastic
stress tensor and phonon DOS and BS structure simulations.
The optical absorption and band gap were measured from
RSC Adv., 2023, 13, 5576–5589 | 5577
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diffuse reectance measurements and compared with GGA-PBE
and HSE06-based simulations. We estimated the organic dye
methylene blue (MB) decomposition capabilities of both poly-
morphs under simulated solar irradiation. Overall, our
combined DFT and experimental results provide a detailed
understating of the functional properties of a-BNO and b-BNO.
2 Methodology
2.1 Computational details

The rst principles Density Functional Theory (DFT) derived
spin-polarized simulations based on projector augmented wave
(PAW) framework have been obtained using the Vienna Ab
Initio Simulation Package (VASP) and QUANTUM-ESPRESSO
(QE).49–52 The simulations presented here used orthorhombic
a-BNO and triclinic b-BNO unit cells, each of which contains 24
atoms (number) comprised of Bi (4), Nb (4) and O (16).28,47 The
PAW requires the total number of electrons to be divided into
valence and core congurations. To facilitate PAW, 32 electrons
comprised of Bi (5d106s26p3), Nb (4p64d45s1), and O (2s22p4) are
considered as valence class and the rest are subjected to frozen
core approximation. We sampled the Brillouin zone (BZ) with
Monkhorst–Pack 7 × 6 × 3 (a-BNO) and 6 × 4 × 4 (b-BNO) grid
k-points mesh for structural relaxation and optimization with
Hellmann–Feynman force threshold of 10−4 eV Å−1, self-
consistent total electronic energy convergence of 10−8 eV and
500 eV as plane wave energy cutoff.

The accuracy of DFT simulations is intimately linked with
the type of functional used to encode the electron–electron
interaction.44,53 The exchange–correlation term representing the
tricky electron interaction is modeled with different func-
tionals.49 The rst one is the Perdew–Burke–Ernzerhof (PBE)
semi-local generalized gradient approximation (GGA).54 For the
Raman active vibrational phonon mode calculation using QE,
we considered local density approximation (LDA) norm-
conserving pseudo-potential.55–58 The third one is the sophisti-
cated Heyd–Scuseria–Ernzerhof (HSE06) hybrid functional that
keeps the electron correlation part unchanged and splits the
GGA-PBE exchange into short and long-range parts.59–61 The
HSE06 is prominent for proving reliable and accurate modeling
of localized d and f orbitals in different materials.62–65 Although
the use of 25% Hartree–Fock exchange is widespread,66,67 here
we systematically tune Hartree–Fock exchange parameter aHF

with xed long-range Coulomb potential screening parameter m
= 0.2−1 to match the experimental results.66–68 For band struc-
ture simulations, we rely on WANNIER90 tool to keep the
computational load manageable.69–71 The vibrational phonon
DOS and BS were obtained using density functional perturba-
tion theory (DFPT).72,73 The Raman tensors were derived from
the derivatives of the dielectric tensor using the nite difference
method considering unpolarized optical excitation in a back-
scattered geometry.28 The resultant Raman peaks are averaged
over the different crystalline planes.74 For the linear optical
properties simulation, Fermi's golden rules along with standard
Kramer–Kronig relations were used with both GGA-PBE and
HSE06 functionals.
5578 | RSC Adv., 2023, 13, 5576–5589
2.2 Sample preparation

The proper stoichiometric mixture of Bi2O3 (Merck Germany,
99+% pure) and Nb2O5 (Merck Germany, 99.9% pure) was used
to synthesize the BiNbO4 following the conventional solid-state
reaction technique.75–77 The homogeneous solid solutions were
obtained by milling the mixture in a mortar and pestle. The
powder mixtures were transformed into a circular disk-shaped
pellet by adding polyvinyl alcohol and using 20 kN uniaxial
force in a hydraulic press. The pallets were sintered at 800 °C for
4 h. These pre-sintered pellets were smashed to ne powder
form and sintered subsequently at elevated temperatures. Aer
a number of trials for determining the optimum sintering
temperature, the a-BNO and b-BNO phases were stabilized at
1000 °C and 1070 °C respectively.16,24,26,28,29,29,31,40,78–83
2.3 Characterization techniques

The samples were sintered in a programmable Nabertherm
Muffle Furnace LT 5/14 & Kejia M1700. The powdered X-ray
Diffraction (XRD) measurements are performed in a Rigaku
SmartLab SE multipurpose XRD system with Cu Ka radiation (l
= 0.15418 nm) from 10° to 80° at 35 kV accelerating voltage with
an emission current of 20 mA. The AVO 18 Research Scanning
Electron Microscope from ZEISS is used to perform Scanning
Electron Microscopy (SEM) and Energy-dispersive X-ray spec-
troscopy (EDX) for sample morphology and chemical species
identication. The MonoVista Confocal Raman Microscope
CRS+ with a laser excitation wavelength of 532.090 nm was used
to record the RT Raman spectra. The RT Fourier Transform
Infrared (FTIR) spectra were obtained from a PerkinElmer
Spectrum spectrometer. The UV-Vis diffuse reectance
measurements were performed using a Shimadzu UV-2600i UV-
Vis-NIR spectrometer. The UV-Vis absorption spectra were used
to determine the photocatalytic efficiency of our samples in
deteriorating the MB dye exposed under solar radiation simu-
lated by a Hg–Xe lamp.84 We prepared 100 mL solution con-
taining 50 ppm MB. For both a-BNO and b-BNO polymorphs,
the sample densities were taken to be 1 g L−1 with a solution pH
value of 4.5. We used a Hg–Xe lamp to simulate solar irradia-
tion. Constant magnetic stirring was used to avoid the detri-
mental effect arising from the emergence of MB concentration
gradient near the sample in the solution.
3 Results and discussion
3.1 X-ray diffraction analysis

To perform the crystallographic structure, phase, and purity
analysis of the as-synthesized samples, the powdered XRD
patterns were obtained for both a-BNO and b-BNO as displayed
in Fig. 1 and 2 respectively within a diffraction angle 2q range of
10° to 80°. The FullProf soware-based Rietveld renement
revealed the goodness of tting parameter c2 to be ∼3.75 and
∼3.91 in cases of a-BNO and b-BNO respectively. The sharp and
intense peaks located at 2q of 24.97, 28.30, 29.07, 30.54, 36.09,
46.54 and 54.37° corresponding to planes (111), (121), (031),
(040), (002), (060) and (232) according to JCPDS no. 82-0348
corroborates the desired orthorhombic structure under the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Rietveld refined XRD patterns on top of experimentally
observed data for b-BNO. The yellow circles are the experimental data
points (Yobs), the black solid line represents the calculated refined
pattern Ycal, the bottom green curve Ydiff shows the difference
between the experimental Yobs and calculated Ycal values.
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space group Pnna (52) as depicted in
Fig. 1.13–15,17,23,27–29,38,40,48,80,85–89 Similarly, the XRD peaks at
diffraction angles 23.94, 27.93, 28.24, 28.70, 29.62, 32.35, 36.98,
48.83 and 51.02° originating from (020), (102�), (12�0), (112�),
(120), (200), (022), (22�2�) and (14�0) as per the JCPDS no. 71-1518
conform with the triclinic structure of b-BNO with the space
group P�1(2).15,25,27–29,31,48,87,90 The relevant crystallographic
parameters and bond lengths for both a-BNO and b-BNO were
extracted from the Rietveld renement and are displayed in
Table 1. The estimated parameters for a-BNO (b-BNO) are a =

5.683 Å, b = 11.717 Å and c = 4.986 Å (a = 7.619 Å, b = 5.540 Å
and c = 7.933 Å) are in excellent agreement with that of stan-
dard values to be found in ref. 26, 28 and 89 and conrms the
phase purity of the as-synthesized samples. In the case of a-
BNO, the Nb–O bond lengths dNb–O in the corner sharing dis-
torted NbO6 octahedra vary from 1.879 to 2.206 Å, whereas the
Bi–O bond lengths dBi–O in the four-pyramidal structure reside
within the range of 2.164 to 2.295 Å.28 For b-BNO, the distorted
NbO6 octahedra are corrugated in which the dNb–O stays within
1.797 to 2.296 Å. The Bi atoms form both trigonal and four-
pyramidal geometry with the O atom resulting in dBi–O in the
range 2.124 to 2.644 Å.26

For comparative analysis, we estimated the lattice parame-
ters of both a-BNO and b-BNO from the relaxed structure of the
DFT simulations using the GGA-PBE functional as can be seen
from Table 1. It is well established that the GGA-PBE under-
binds the atoms in the unit cell and produces an overestimate of
the lattice parameters.71,91–93 This fact is evident from ∼5.4%
and ∼3.4% volume overestimation of GGA-PBE with respect to
the experimental observations for both a-BNO and b-BNO
respectively. Moreover, our DFT simulated lattice parameters of
both a-BNO and b-BNO are consistent with that of ref. 32, 45–47
and 94.
Fig. 1 Rietveld refined XRD patterns on top of experimentally
observed data for a-BNO. The yellow circles are the experimental data
points (Yobs), the black solid line represents the calculated refined
pattern Ycal, the bottom green curve Ydiff shows the difference
between the experimental Yobs and calculated Ycal values.

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2 Morphology and EDX analysis

We obtained SEM micrographs of both a-BNO and b-BNO to
analyze the surface morphology and microstructure. The stan-
dard histogram analysis of SEM micrographs was used to esti-
mate the average grain size of the as-synthesized samples, see
Fig. 3. In the case of 1000 °C sintered a-BNO, the average grain
size turned out to be ∼500 nm as shown in Fig. 3(a). The
elevated sintering temperature of 1070 °C in the case of b-BNO
may have promoted the grain growth to an average grain size of
∼1 mm, see Fig. 3(b). The chemical species identication and
concentration analysis were performed for both a-BNO and b-
BNO using EDX measurements. The atomic at% and
weight wt% percentages of identied chemical species are dis-
played in Table S1 of ESI.† The theoretical at% (wt%) of Bi, Nb
and O in both a-BNO and b-BNO are ∼16.67 (∼57.12%), ∼16.67
(∼25.39%) and ∼66.67% (∼17.48%). The Bi at% & wt% for both
a-BNO (16.47% & 51.65%) and b-BNO (15.74% & 51.66%) are in
good agreement with that of the aforementioned theoretical
values. Similar good agreement for Nb and O at% & wt% can be
seen for both a-BNO and b-BNO.

3.3 Raman analysis

The vibrational spectra of the phononmodes are captured in RT
Raman spectroscopy for both a-BNO and b-BNO in Fig. 4 and 5
respectively. The experimental observations along with the
corresponding DFT simulations based on LDA norm-conserving
pseudo-potential for the Raman active phonon modes are
summarized in Table 2. The DFT simulated Raman peaks are in
excellent accord with the experimental observation. The D2h

6

symmetry in Pnna space group of a-BNO are characterized by
optical modes labeled as Goptical= 8Ag + 8Au + 9B1g + 8B1u + 10B2g
+ 9B2u + 9B3g + 8B3u. Among thesemodes, only the gerademodes
RSC Adv., 2023, 13, 5576–5589 | 5579
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Table 1 Crystallographic parameters, bond angles, and bond lengths measured from experiments (Exp.) and DFT simulations using GGA-PBE
functional for a-BNO and b-BNO

Crystallographic parameters, bond lengths and bond angles

Sample Symmetry a (Å) b (Å) c (Å) a (°) b (°) g (°) V (Å3) dBi–O (Å) dNb–O (Å)

a-BNO Pnna Exp. 5.683 11.717 4.986 90 90 90 332.028 2.164, 2.647, 2.295 1.879–2.206
DFT 5.832 11.793 5.108 90 90 90 351.213 2.338, 2.172 1.856–2.248

b-BNO P�1 Exp. 7.619 5.540 7.933 90.155 77.488 87.206 326.514 2.124–2.644 1.797–2.296
DFT 7.745 5.576 8.011 101.723 90.147 92.768 338.297 2.219–2.594 1.846–2.238
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are Raman active, and are characterized by GRaman= 8Ag + 9B1g +
10B2g + 9B3g.23,29,40,95 The internal NbO6 octahedral stretching
originates the Raman peaks near 530 and 625 cm−1. The peaks
near 280 and 200 cm−1 mark the bending vibrations of BiO6.
The peaks located around 367, 385 and 430 cm−1 stem from the
combined stretching and bending vibrations of BiO6 octahe-
dron. The peak at 850 cm−1 may describe the symmetric
stretching of Nb–O bonds. The band near 890 cm−1 can be
ascribed to the Bi3+ stretching vibration in the distorted BiO6

octahedron. The increased structural complexity of b-BNO
lowers its symmetry as compared to a-BNO; hence extra Raman
peaks are observed at 101, 459, and 697 cm−1 which are
consistent with the ndings in ref. 29 and 36.
Fig. 4 Room temperature Raman spectra of a-BNO.
3.4 Fourier transform infrared spectroscopy

To detect the FTIR absorption bands, we measured the trans-
mittance T of both a-BNO and b-BNO from 400 to 1400 cm−1 as
shown in Fig. 6.40 The observed FTIR absorption bands were
identied along with their bond vibrations and compared against
GGA-PBE based phonon density of states simulation as shown in
Table S2 (ESI†). The observed minute differences in the FTIR
absorbance among these two phases are due to the slight differ-
ence in the way the [Bi2O2] layers are formed in these two poly-
morphs.36 Since both polymorphs are made up of stacking layers
of alternating [Bi2O2] and [NbO4] units, the bond vibrations have
their origins in NbO6 octahedra, Nb–O–Nb, Nb–O, Bi–O, and Bi–
O–Bi. The stretching vibrations in Bi–O bonds are detected near
400 to 500 cm−1.26,28 The NbO6 octahedral stretching appeared at
550 cm−1. The symmetrical Bi–O–Bi stretching is IR active near
850 to 890 cm−1. The BiO6 octahedral stretching vibrations are
Fig. 3 SEM micrographs of (a) a-BNO and (b) b-BNO and with grain siz

5580 | RSC Adv., 2023, 13, 5576–5589
detected near 1000 cm−1 band. The dominant absorption at
846 cm−1 is characteristic to b-BNO while the one near 440 cm−1

resembles the a-BNO phase. The Nb–O stretching vibrations
result in IR absorption near 1250 cm−1. The FTIR peak at
1394 cm−1 is representative of the stretching and bending of –OH
in water adsorbed by a-BNO sample.

3.5 UV-Vis spectroscopy

We used the Kubelka–Munk function F(RN) to obtain the
absorption spectra from the measured diffuse reectance data
e histograms superimposed.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Room temperature Raman spectra of b-BNO.

Table 2 RT experimental (Exp.) and DFT (LDA norm-conserving
pseudo-potential) based Raman peaks of both a-BNO and b-BNO

Raman peak analysis

a-BNO b-BNO

Exp. (cm−1) DFT (cm−1) Symm. Exp. (cm−1) DFT (cm−1) Symm.

91 89 B1g — — —
— — — 101 102 B1g
118 118 B2g 126 129 B2g
147 147 Ag 141 150 Ag
162 164 Ag 166 165 Ag
— 183 184 Ag
208 207 B3g — — —
229 228 B1g 231 214 B1g
— — — 247 246 Ag
282 290 B1g 280 280 B1g
— — — 298 301 B1g
— — — 331 334 B3g
348 346 B2g — — —
— — — 367 369 Ag
380 397 B1g 390 392 B1g
435 438 B1g 431 433 B1g
— — — 459 462 B1g
— — — 489 494 B1g
548 543 B2g 530 530 B2g
634 629 B2g 617 618 B2g
— — — 697 700 —
741 762 Ag — — —
852 848 Ag 851 852 Ag
894 — B3g 900 908 B3g

Fig. 6 Room temperature FTIR spectra of both a-BNO and b-BNO.
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as depicted in Fig. 7(a). The primary absorptions occur within
the wavelength range of 300 to 400 nm. Many different
parameters, such as electronic structure, grain shape and size,
and the presence of different vacancies, interstitials, and
defects convolve together to dene the effective optical
absorption of any materials.76 A red shi in fundamental
© 2023 The Author(s). Published by the Royal Society of Chemistry
absorption edge is expected when grain size increment is
considered alone.96 The observed red shi in the absorption
edge of b-BNO may have the increased grain size as one of the
contributing factors. The F(RN) is related to incident photon
energy hn and the electronic energy band gap Eg (g = 1/2 for
direct and g = 2 in case of indirect electronic transition) of the
material as

[F(RN)hn]1/g = A(hn − Eg) (1)

where A is a constant of proportionality. We obtained the Tauc
plots using eqn (1) as shown in Fig. 7(b). The steep edge of the
linear absorption can be extrapolated (shown as dotted lines) to
the hn axis for the reliable estimation of the Eg. Our HSE06 DFT
simulations presented in Section 3.9 revealed the indirect and
direct nature of the band gap of a-BNO and b-BNO respectively.
Based on this observation, we estimate an Eg of indirect 3.08 eV
(direct 3.36 eV) for our as-synthesized a-BNO (b-BNO) sample.
These Eg estimations are consistent with that of ref. 12, 29
and 48.
3.6 Elastic properties simulation

To test the structural stability, we simulate the elastic properties
(E.P.) of both a-BNO and b-BNO in terms of elastic tensor Cij.
The Cij tensor was estimated by perturbing the underlying
lattice with forces applied in different directions.97,98 The energy
cutoff for the plane wave expansion was set to 620 eV to ensure
convergence of the stress tensor. In case of the orthorhombic a-
BNO, 6 independent non-trivial elastic constants C11, C12, C13,
C22, C23, C33, C44, C55 and C66 exist. It is evident from Table 3
that the required Born rule for mechanical stability in case of
the orthorhombic a-BNO are fullled by the following
conditions99

C11 > 0, C44 > 0, C55 > 0, C11C22 > C12
2 (2)

C11C22C33 + 2C12C13C23 − C11C23
2 − C22C13

2 − C33C12
2 > 0.(3)
RSC Adv., 2023, 13, 5576–5589 | 5581
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Fig. 7 (a) UV-Vis diffuse absorption spectra. (b) Band gap estimation from Tauc plots for a-BNO and b-BNO.

Table 3 Elastic constants (Cij), bulk modulus (BV, BR and BH), shear
modulus (GV, GR, GH), Young's modulus (EV, ER, EH), Poisson ratio (nV,
nR, nH) and Pugh's ratio (kV, kR, kH) in Voigt–Reuss–Hill framework for
a-BNO and b-BNO using GGA-PBE functional. The li's are the
eigenvalues of tensor Cij for b-BNO

Elastic properties of a-BNO and b-BNO

a-BNO b-BNO

E.P. GGA-PBE E.P. GGA-PBE E.P. GGA-PBE

C11 (GPa) 116.131 C11 (GPa) 177.986 GR (GPa) 41.574
C12 (GPa) 39.992 C12 (GPa) 48.605 GH (GPa) 44.645
C13 (GPa) 49.999 C13 (GPa) 54.542 EV (GPa) 119.442
C14 (GPa) 0.000 C14 (GPa) 13.120 ER (GPa) 105.401
C22 (GPa) 129.092 C15 (GPa) 7.454 EH (GPa) 112.444
C23 (GPa) 31.173 C16 (GPa) 17.423 nV 0.253
C33 (GPa) 129.824 C22 (GPa) 145.480 nR 0.268
C44 (GPa) 34.278 C23 (GPa) 44.577 nH 0.259
C55 (GPa) 26.992 C24 (GPa) −7.744 kV 1.682
C66 (GPa) 2.812 C25 (GPa) −3.642 kR 1.818
BV (GPa) 68.601 C26 (GPa) −0.431 kH 1.744
BR (GPa) 68.532 C33 (GPa) 102.284 l1 (GPa) 28.397
BH (GPa) 68.564 C34 (GPa) −3.708 l2 (GPa) 47.859
GV (GPa) 29.741 C35 (GPa) 5.681 l3 (GPa) 58.352
GR (GPa) 10.624 C36 (GPa) −3.754 l4 (GPa) 73.288
GH (GPa) 20.183 C44 (GPa) 36.904 l5 (GPa) 115.807
EV (GPa) 77.961 C45 (GPa) −1.028 l6 (GPa) 247.950
ER (GPa) 30.306 C46 (GPa) −5.382
EH (GPa) 55.138 C55 (GPa) 60.930
nV 0.31 C56 (GPa) −4.175
nR 0.426 C66 (GPa) 2.812
nH 0.366 BV (GPa) 80.131
kV 2.310 BR (GPa) 75.595
kR 6.451 BH (GPa) 77.864
kH 3.397 GV (GPa) 47.72

Fig. 8 Phonon band structure, the total density of states TDOS and
partial density of states PDOS for Bi, Nb and O atoms (in right column)
of a-BNO (aHF = 2%) using the DFPT for HSE06 functional. The
phonon dispersion curves in the band structure are plotted along the
high symmetry k-points G, R, S, T, U, Y, and Z in the Brillouin zone.
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The triclinic b-BNO with lower symmetry is dened by 21
independent elastic constants as displayed in Table 3. The
mechanical stability of b-BNO is guaranteed from all eigen-
values lis of the stress tensor C11 being positive as per the ref.
99. We estimated relevant elastic properties such as bulk-
5582 | RSC Adv., 2023, 13, 5576–5589
modulus (B), shear modulus (G), Young's modulus (E), Pois-
son's ratio (n) and Pugh's ratio (k) using three different frame-
works Reuss (BR, GR, ER and nR, kR), Voigt (BV, GV, EV, nV and kV)
and Hill (BH, GH, EH, nH and kH).100–102 The bulk-moduli (BV =

80.131, BR= 75.595 and BH= 77.864), shear moduli (GV= 42.72,
GR = 41.574 and GH = 44.645) and Young's moduli (EV =

190.442, ER= 105.401 and EH= 112.444) of b-BNO turned out to
be larger than those of a-BNO (BV = 68.601, BR = 68.564 and BH
= 68.564; GV = 29.741, GR = 10.624 and GH = 20.183; EV =

77.961, ER = 30.306 and EH = 55.138), indicating the former to
have higher compressibility, resistance to plastic deformation
and stiffness than the latter. The estimated Poisson ratios of b-
BNO (nV = 0.253, nR = 0.268 and nH = 0.259) are below the
threshold value of 0.33 which indicate its brittle nature. The
Pugh's ratios of b-BNO (kV = 1.682, kR = 1.818 and kH = 1.744)
stayed close to the critical value 1.75.103 In the case of a-BNO, the
Pugh's ratios (kV = 2.310, kR = 6.451 and kH = 3.397) are well
above the brittle/ductile threshold value of 1.75.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Born effective charge tensor of a-BNO and b-BNO using GGA-PBE functional

ZB Position xx xy xz yx yy yz zx zy zz

a-BNO Bi 4c 3.870 0 0 0 4.444 −0.085 0 −0.626 4.975
Nb 4d 7.567 0 −0.279 0 6.146 0 0.521 0 7.172
O1 8e −2.181 0.320 −1.375 0.792 −2.433 −0.473 −1.505 −0.708 −3.945
O2 8e −3.537 1.984 −0.967 1.763 −2.862 0.412 −0.826 0.269 −2.128

b-BNO Bi1 2i 5.371 0.325 −0.200 0.398 4.282 −0.719 0.286 0.039 4.510
Bi2 2i 5.059 0.338 0.381 0.329 4.160 0.001 −0.248 0.197 4.758
Nb1 2i 7.705 −0.345 −0.049 −0.026 8.056 0.472 −0.538 −0.362 6.573
Nb2 2i 7.051 0.273 0.069 −0.259 6.975 0.789 0.753 0.227 6.464
O1 2i −3.149 0.344 1.039 0.350 −2.924 −0.027 0.501 −0.134 −2.193
O2 2i −3.878 2.037 0.884 1.854 −4.310 −0.106 0.679 −0.031 −1.417
O3 2i −2.031 0.416 0.727 0.467 −1.302 −0.278 0.574 −0.054 −5.120
O4 2i −3.582 0.602 0.348 0.875 −3.150 0.118 −0.282 0.061 −2.318
O5 2i −3.919 −2.381 −0.721 −2.332 −4.124 −0.337 −0.466 −0.241 −1.244
O6 2i −2.969 0.338 −0.951 0.405 −4.034 0.308 −0.658 0.484 −1.872
O7 2i −3.739 −1.453 −0.191 −1.446 −2.184 0.323 0.003 0.258 −2.886
O8 2i −1.919 −0.494 −0.639 −0.616 −1.444 −0.544 −0.600 −0.444 −5.255
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3.7 Vibrational properties simulations

The dispersion in phonon vibration embodies the dynamical
stability of materials. To probe the dynamical stability, we
performed computationally intense DFPT based phonon DOS
and BS simulation on top of sophisticated HSE06 functional for
the a-BNO phase depicted in Fig. 8. The 3 low energy acoustic
modes are linear and degenerate at the G-point. The stability of
the a-BNO is evident from the absence of imaginary phonon
modes residing in the BZ. The Bi, Nb and O possess heavy,
moderate and light atomic masses respectively. The vibrational
contributions of atoms go inversely with the wave number range
due to increasing atomic masses. This is evident in the right
column of Fig. 8, e.g. the heaviest Bi provides a dominant
contribution to low 100 cm−1 range.
3.8 Born charge analysis

The Born effective charge (BEC) characterizes the dynamical
state of electric charge with atomic position alteration.104–106 The
Fig. 9 Spin polarized total density of states (TDOS) and its projection on
GGA-PBE functional.

© 2023 The Author(s). Published by the Royal Society of Chemistry
BEC encodes screening of the long-range Coulomb potential
among nuclei that denes the phonon vibrational modes
arising from the underlying lattice dynamics.107,108 We simu-
lated the BEC tensor using GGA-PBE as shown in Table 4. The
nominal ionic charges of Bi, Nb, and O are +3, +5, and −2
considering close shell conguration. The diagonal charges
averaged to +4.43 (+4.72), +6.96 (+6.83) and +2.853 (+2.76) for Bi,
Nb and O in cases of a-BNO (b-BNO) respectively. The deviation
from the nominal charge states in cases of Bi and Nb can be
related to the orbital hybridization, between O-2p and Bi-6s near
the top of the VB, and among Bi-6p, Nb-4d and O-2p at the
bottom part of the CB. The hybridization promotes electronic
charge delocalization favoring the covalent nature of the
bonding that superimposes dynamical contributions on the
nominal ionic charges.109,110

3.9 Electronic properties simulations

The GGA-PBE spin-polarized total density of states (TDOS) and
its projection onto the different constituent atomic orbitals as
to different orbitals in Bi, Nb, and O in (a) a-BNO and (b) b-BNO using

RSC Adv., 2023, 13, 5576–5589 | 5583
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Fig. 10 TDOS and its projection onto different orbitals in Bi, Nb, and O for (a) a-BNO (aHF = 2%) and (b) b-BNO (aHF = 20%) using HSE06
functional.
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a function of energy E within a range of 14 eV window con-
taining the Fermi level (EF) in the middle for both a-BNO and
b-BNO are shown in Fig. 9. For both polymorphs, the states
near the valence band maxima (VBM) result from mixing
between Bi-6s lone pair with dominant O-2p orbital. The (Nb-
4d, O-2p) as well as (Bi-6p, O-2p) orbitals get hybridized to
form the bonding states 1.5 eV below the EF indicating the
covalent nature of both Nb–O and Bi–O bonds. The mixing
strength of (Nb-4d, O-2p) is stronger than that of (Bi-6p, O-2p)
resulting in stronger covalency in the Nb-0 bonding. The
states near the conduction band minima (CBm) stem from the
hybridization of anti-bonding (Nb-4d, O-2p) and (Bi-6p, O-2p)
levels. The GGA-PBE functional produced a 2.77 and 2.57 eV
energy gap between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) for
a-BNO and b-BNO respectively as can be seen from Fig. 9(a)
and (b). The standard 25%Hartree–Fock exchange aHF yields 4
and 3.65 eV, which are clearly overestimated energy gaps
between HOMO and LUMO in cases of a-BNO and b-BNO
Fig. 11 Electronic band structure along high symmetry k-points G, Y, Z
functional.

5584 | RSC Adv., 2023, 13, 5576–5589
respectively as shown in Fig. S2.† We vary the aHF parameter
(see Fig. S3†) to obtain best t for our experimentally observed
Eg = 3.08 eV (3.36 eV) of a-BNO (b-BNO). We tune the aHF to
2% (20%) to reduce the energy gap to 2.87 eV (3.28 eV) for a-
BNO (b-BNO) as depicted in Fig. 10. The GGA-PBE simulated
electronic band structure along the relevant high symmetry
points G, X, S, Y, Z, U, R, and T in the BZ for a-BNO is shown in
Fig. 11(a). We estimated an indirect band gap of 3 eV between
the VBM at the G point and the CBm occurring in Y / S. This
is in excellent agreement with our experimental observation of
the 3.08 eV indirect band gap in the case of a-BNO. We extend
the BS simulation with the optimum aHF of 2% for HSE06 to
produce an Eg of 3.14 eV in Fig. 12(a) which is a slight over-
estimate of that of the experimentally observed one. In the
case of the b-BNO, both the VBM and the CBm occur at the G

point resulting in a direct band gap of 2.71 eV in Fig. 11(b)
which is an underestimation to that of the experimentally
measured value of 3.36 eV. The HSE06 with an aHF of 20%
corrects the band gap to 3.46 eV as can be seen from Fig. 12(b).
, S, X, Z, U, R, T and V for (a) a-BNO and (b) b-BNO using GGA-PBE

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Electronic band structure along high symmetry k-points G, Y, Z, S, X, Z, U, R, T and V for (a) a-BNO (aHF = 2%) and (b) b-BNO (aHF = 20%)
using HSE06 functional.
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3.10 Optical properties simulations

The optical properties are revealed through the complex

dielectric constant 3(u) = 3real(u) + i3imag(u) (i ¼ ffiffiffiffiffiffi�1p
, u =

angular frequency of the optical excitation). The dipole
Fig. 13 Optical properties. (a) Real part of dielectric constant 3real, (b) ima
(d) refractive index h a function photon energy E calculated from GGA-PB
case of a-BNO (aHF = 2%) and b-BNO (aHF = 20%) functional.

© 2023 The Author(s). Published by the Royal Society of Chemistry
transition matrix elements were derived from BS simulation for
both GGA-PBE and HSE06 functionals in cases of a-BNO and b-
BNO to calculate the 3imag. The standard Kramer–Kronig rela-
tions were used to estimate 3real from 3imag.71,109,111,112 The optical
response is characterized by parameters like absorption
ginary part of the dielectric constant 3imag, (c) absorption coefficient a,
E and HSE06 averaged over three different polarization Ex, Ey and Ez in

RSC Adv., 2023, 13, 5576–5589 | 5585
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Fig. 14 The UV-Vis absorption spectra during the photodegradation of MB dye as a function of exposure time for (a) a-BNO and (b) b-BNO.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
29

/2
02

4 
10

:5
0:

04
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
coefficient a, reectivity R, energy loss function L, refractive
index h, extinction coefficient K, and optical conductivity s

derived from 3(u).113 All aforementioned quantities are averaged
over three orthogonal polarization directions Ex, Ey and Ez along
spatial x, y, and z coordinates. In the u / 0 limit, the GGA-PBE
based 3real in Fig. 13(a) attained 6.21 (6.65) in case of a-BNO (b-
BNO) which are clear overestimation of the experimentally
measured value of 4.4 in ref. 114. The HSE06 corrects this
overestimation by providing 5.6 (a-BNO) and 4.82 (b-BNO) with
aHH of 2% and 20% respectively. The 3imag embodies the elec-
tronic transitions in response to optical excitation. The domi-
nant peaks below 8 eV mark the electronic transition from O-2p
in VB to Nb-4d in CB. The energy cut-off Ecut below which 3imag

vanishes in Fig. 13(b) are consistent with the estimated Eg
measured from GGG-PBE and HSE06 functionals. Moreover,
HSE06 shis signicantly the peaks 3imag to higher energy (6 eV)
as it corrects the GGA-PBE (4.8 eV) underestimated Eg. The
HSE06 functional, as it tunes the Eg, shis the energy threshold
beyond which absorption steeply shoots up as shown in
Fig. 13(c). The GGA-PBE derived refractive index h turned out to
be 2.5 (a-BNO) and 2.6 (b-BNO) as depicted in Fig. 13(d). The
HSE06 results in an h of 2.4 and 2.2 as compared to that of
experimentally measured values of 2.5 and 2.2 in ref. 114 and
115. The optical losses L due to fast charge carrier movement116

emerging beyond the Ecut as expected, see Fig. S4(a).† The
extinction coefficient K increases from zero near the Ecut where
the peaks near 4.5 and 6.5 eV mark the emergence of plasmonic
resonance as shown in Fig. S4(b).† Both polymorphs are rela-
tively transparent in the static limit with reectance below 20%
as shown in Fig. S4(c).† The broad summit peaks near 4.5 and
6.5 eV coincide with optical resonances in the sample. The
optical conductivity s dened by s= u3imag in Fig. S4(d)† shares
similar features like conductivity threshold and peak positions
in energy to those of 3imag as expected.
3.11 Photocatalytic measurements

We measured the MB dye degradation capabilities of both a-
BNO and b-BNO samples as photo-catalyst under the inuence
5586 | RSC Adv., 2023, 13, 5576–5589
of simulated solar irradiation. The measured exposure time-
dependent UV-Vis absorption spectra of the MB dye during
the photocatalytic degradation are shown in Fig. 14(a) and (b).
The observed intensity reduction of the MB characteristic
intensity peak at 665 nm as a function of irradiation time
corroborates the annihilation of its chromophoric structure. We
estimated the photodegradation efficiency for a-BNO (b-BNO) to
be 52.15% (58.88%) aer 3 h of simulated solar radiation
exposure (see ESI†). The reaction rate k turned out to be
0.00387 min−1 (0.0455 min−1) for a-BNO (b-BNO) as measured
from the linear tting of the photodegradation kinematics (see
Fig. S5(b)†).
4 Conclusion

We performed rigorous rst principles simulations within the
framework of DFT to support experimentally synthesized phase
pure a-BNO and b-BNO samples. The phase purity of the as-
synthesized samples was demonstrated with reliable Rietveld
rened powdered XRD measurements, and relevant crystal
parameters were benchmarked against the GGA-PBE based DFT
simulations. The surface morphology, microstructure, and
chemical purity of the samples were investigated with standard
SEM and EDX measurements. The experimental RT Raman
spectra for both a-BNO and b-BNO polymorphs were identied
with that of LDA norm-conserving pseudo-potential based DFT
simulation to further ensure the phase purity of the samples.
The relevant chemical bond vibrations in both polymorphs were
probed with FTIR measurements and resultant absorption
bands were compared with the DFT-simulated phonon DOS.
The structural stability for both a-BNO and b-BNO were
demonstrated with Born stability criteria in elastic stress tensor
simulations. The dynamical stability of the a-BNO is established
from DFPT based phonon BS simulation with HSE06 func-
tional. The Born effective charge tensor simulations were done
for both polymorphs. We tuned the Hartree–Fock exchange
term aHF to 2% and 20% to match the experimental electronic
energy band gap of a-BNO and b-BNO respectively. The linear
© 2023 The Author(s). Published by the Royal Society of Chemistry
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optical behavior of both polymorphs was studied in detail using
both GGA-PBE and HSE06 functionals. We estimated the pho-
tocatalytic properties of both polymorphs in degrading the MB
dye. Overall, this work may have seamlessly integrated the DFT
simulations with the experimental observations for a-BNO and
b-BNO polymorphs.
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