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Here we present a comprehensive density functional theory (DFT) based ab initio study of copper bismuth
oxide CuBi,O4 (CBO) in combination with experimental observations. The CBO samples were prepared
following both solid-state reaction (SCBO) and hydrothermal (HCBO) methods. The P4/ncc phase purity
of the as-synthesized samples was corroborated by Rietveld refinement of the powdered X-ray
diffraction measurements along with Generalized Gradient Approximation of Perdew-Burke—Ernzerhof
(GGA-PBE) and the Hubbard interaction U corrected GGA-PBE+U relaxed crystallographic parameters.
Scanning and field emission scanning electron micrographs confirmed the particle size of the SCBO and
HCBO samples to be ~250 and ~60 nm respectively. The GGA-PBE and GGA-PBE+U derived Raman
peaks are in better agreement with that of the experimentally observed ones when compared to local
density approximation based results. The DFT derived phonon density of states conforms with the
absorption bands in Fourier transform infrared spectra. Both structural and dynamic stability criteria of
the CBO are confirmed by elastic tensor and density functional perturbation theory-based phonon band
structure simulations respectively. The CBO band gap underestimation of GGA-PBE as compared to UV-
vis diffuse reflectance derived 1.8 eV was eliminated by tuning the U and the Hartree—Fock exact-
exchange mixing parameter apr in GGA-PBE+U and Heyd-Scuseria—Ernzerhof (HSE06) hybrid
functionals respectively. The HSE06 with apr = 14% yields the optimum linear optical properties of CBO
in terms of the dielectric function, absorption, and their derivatives as compared to that of GGA-PBE and
GGA-PBE+U functionals. Our as-synthesized HCBO shows ~70% photocatalytic efficiency in degrading
methylene blue dye under 3 h optical illumination. This DFT-guided experimental approach to CBO may
help to gain a better understanding of its functional properties.

1 Introduction

Earth-abundant, stable, and benign bismuth (Bi) based oxides
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have been the holy grail for photocatalytic materials applicable
to environmental pollutant degradation, water splitting, and
noxious gas reduction using the renewable solar energy.'® The
Bi reigns supreme due to many of its interesting properties like
pronounced stereochemical activity, charge carrier effective
mass reduction, and mobility enhancement arising from 6s
lone electron pair, sp hybridization, spin-orbit interaction, and
possesses useful optical, dielectric, and magnetic properties.”**
The majority of the Bi-based oxides are n-type semiconductors
and in applications like water splitting, two-photon processes
require an efficient p-type light absorber to form a p/n-
photoelectrochemical cell.”*” The built-in electric field in the
p/n structure aids the photogenerated electron-hole pair sepa-
ration and thereby enhances the photocatalytic activities.*®
Since copper-based oxides exhibit a p-type semiconducting
nature, alloying Bi and Cu oxides to form ternary oxides like
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copper bismuth oxide CuBi,O, (CBO hereafter) displays the
desired p-type conductivity."** The alloying reduces the CBO
self-reduction directing the photo-electrons away from the Cu-
3d orbital and reduces the electronic band gap to achieve effi-
cient solar absorption.”® Moreover, surface passivation in
combination with Fermi level engineering in CBO can facilitate
carrier selective transport.*

The CBO has been synthesized both in powder and film
forms by following different synthesis routes. The phase pure
tetragonal powdered CBO can be obtained in solid-state reac-
tions near 800 °C."***” The sol-gel methods produced CBO
with a lower solution temperature of ~200 °C followed by
subsequent thermal annealing at elevated temperatures (~600-
800 °C).>*** The dendritic CBO nanoparticles were obtained at
low-temperature (below ~100 °C) from a solution chemistry
approach.®* The hydrothermal approach yield phase pure CBO
at temperatures below 180 °C with varying morphology.****-%”
The thin film CBO emerged from a metal-organic decomposi-
tion method and evolved through electrodeposition, drop
casting, spray pyrolysis, spin coating, pulsed laser deposition,
and reactive co-sputtering.'>'71920:2227:342 The relevant physical
properties like optical absorption and band gap of CBO may
vary depending on the morphology and the particle size
resulting from the aforementioned synthesis methods. Several
methods like doping, composite structure, surface morphology
engineering, and heterostructure use different synthesis
methods to modulate carrier transport in CBO to enhance
photocatalytic activity.>***

The CBO crystallizes with tetragonal symmetry in the 3D unit
cell where square shaped planar [CuO,]®” units are stacked
along c-axis interleaved by Bi*" ions.* It holds the promise of an
efficient photocatalytic material through (i) optimum electronic
energy band gap (1.5-1.8 eV) resulting in an efficient absorber of
the visible spectrum of the solar radiation, (ii) proper band edge
locations with desired thermodynamic potentials (e.g. straddles
both H,0 reduction and oxidation potentials) for both valence
band maximum (VBM) (e.g. suitable for CO, reduction) and
conduction band minimum (CBm), and (iii) p-type conductivity
complementary to n-type nature of most photoelectrode mate-
rials.'®1727:31:343839 Pegpite these promising aspects, the photo-
electrochemical performance of CuBiO, still suffers from
major drawbacks due to photo-induced Cu** reduction (Cu*>" —
Cu'® — Cu), (i) poor photo carrier mobility (10 em®> V' s7?)
due to polaronic transport resulting in few tens of nm diffusion
lengths which severely restricts the effective thickness of CBO
layer for efficient photon conversion, and (iii) modest optical
absorption coefficient requiring few hundreds of nm thick
layers to generate appreciable current density (~10 mA cm >
when exposed to AM1.5G solar illumination).”***** Many of
these detrimental effects arise from charge bulk and surface
defect-induced carrier losses in CBO.*

The ab initio density functional theory (DFT) based simula-
tions can serve as an indispensable tool to probe CBO func-
tional properties relevant to different aforementioned
applications.** The CBO electronic and magnetic structures
were investigated using local density approximation (LDA),
Hubbard interaction U corrected LDA+U, and generalized
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gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE)
functionals where band gap underestimation problem was
evident when compared to that of experimentally measured
values."** The CBO band gap underestimation was avoided by
tuning the Hubbard U parameter in a spin-polarized simulation
using the GGA-PBE+U functional.® The sophisticated self-
interaction corrected Heyd-Scuseria-Ernzerhof (HSEO06)
hybrid functional with Hartree-Fock exact-exchange parameter
apr = 25% produced an overestimation of the CBO band gap.*?
Recently, the tuning of ayr parameter has shown to produce
more accurate electronic structure simulation as compared to
that of the experimental values.***” It is hard to find detailed
investigations of optical properties, Raman tensor, infrared
response, elastic properties, and born charge tensor of CBO in
combination with experimental observations in the existing
literature. A DFT-guided experimental approach has proven to
be invaluable for gaining a better understanding of the CBO
functional properties.*?****

Here we attempt to perform rigorous ab initio DFT simula-
tions of CBO in combination with detailed experimental
observations. The CBO was synthesized following solid-state
reaction (SCBO) and hydrothermal (HCBO) methods, and
phase purity was confirmed using Rietveld refinement of the
powder X-ray diffraction (XRD). The crystallographic parame-
ters of both SCBO and HCBO samples were benchmarked
against the GGA-PBE and GGA-PBE+U simulations. The
sample's morphology and grain size were estimated by scan-
ning and field emission scanning electron microscopy (SEM,
FESEM), and the chemical purity was ensured from energy
dispersive X-ray spectroscopy (EDX). The experimental room
temperature (RT) Raman peaks for both SCBO and HCBO
samples were identified in Raman tensor simulation using LDA,
GGA-PBE, and GGA-PBE+U functionals. The RT Fourier-
transform infrared (FTIR) peaks of the as-synthesized samples
were compared with phonon density of states (DOS) in the cases
of GGA-PBE and GGA-PBE+U functionals. The elastic stress
tensor-based structural stability and vibrational phonon band
structure (BS) derived dynamic stability of CBO were confirmed
for both GGA-PBE and GGA-PBE+U functionals. We tuned the
electronic and optical properties of CBO, simulated using GGA-
PBE+U and HSEO06 functionals to match the experimental elec-
tronic band gap and linear optical properties. We performed the
photocatalytic methylene blue (MB) degradation of the HCBO
under simulated solar exposure and estimated its degradation
capability. In short, this comprehensive ab initio DFT approach
aiding the experimental observation may facilitate a better
understanding of CBO's physical properties.

2 Methodology

2.1 Computational details

The DFT-based first principles spin-polarized simulations were
facilitated by projector augmented wave (PAW) using the Vienna
Ab Initio Simulation Package (VASP).***° The tetragonal CBO
unit cell with P4/ncc (130) symmetry containing 28 atoms, Cu
(04), Bi (08), and O (16), in total, was considered in all simula-
tions presented here. The PAW pseudo-potentials used 17, 15,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and 6 electrons from Cu (3p°®3d'%4s"), Bi (5d'°6s’6p’), and O
(2s*2p*) in valence configuration respectively. The rest of the
electrons, apart from these valence ones, are considered as
frozen core electrons in the PAW. The Monkhorst Pack 4 x 4 x
6 grid k-points mesh was used to sample the Brillouin Zone (BZ)
during the full structural relaxation and optimization until the
Hellmann-Feynman force and self-consistent total electronic
energy convergence thresholds reach 10™* eV A~ and 107° eV
respectively. The plane wave cut-off was set to 500 eV in all cases
except for the elastic properties simulations where the cut-off is
set to 620 eV.

The DFT models the unknown electron interaction by
different exchange-correlation functionals whose computa-
tional complexities and accuracy vary over its various kinds.***
In VASP-based simulations, we make use of three different
functionals to simulate various materials’ properties. The
semilocal GGA-PBE was the first one to be used here.*” The use
of LDA in VASP was avoided as it yields a metallic ground state
for CBO due to self-interaction error.* The presence of localized
Cu-3d and Bi-5d orbitals in CBO dilutes Coulomb Interaction
(CI) in the case of GGA-PBE.***** The diluted CI is boosted by the
Hubbard interaction parameter U = 7 eV in the GGA-PBE+U
formalism.*****¢ The U parameter is material dependent and
requires ad-hoc choice or parametric optimizations.** The Bi-5d
usually has negligible contributions on the electronic properties
of its oxides making the exact value of U on it less critical and
even can be treated as core in PAW.””*® The third one is the
computationally HSE06 hybrid functional that makes reliable
estimates for CI in the localized d-orbitals to yield electronic
and optical properties with better accuracy.>******* The HSE06
uses the GGA-PBE electron correlation and divides the exchange
into short and long-range parts.®>*” The use of partial exact
Hartree-Fock exchange in HSE06 gives the required sophisti-
cation to combat the self-interaction error.®* The Hartree-Fock
exact-exchanged mixing parameter ayyr in HSE06 was tuned
while keeping the screening parameter u fixed to 0.2 A™* for
reproducing the experimental observations.®®*”® The computa-
tional burden in the case of HSE06 electronic BS simulations
was kept manageable using the WANNIER90 tool.**””> We
make use of density functional perturbation theory (DFPT) to
simulate vibrational phonon DOS and BS.”’* The optical
properties were derived from the BS using Fermi's golden rule
along with the standard Kramer-Kronig relations for GGA-PBE,
GGA-PBE+U, and HSEO6 functionals.****** The simulated
dielectric tensor for an unpolarized electromagnetic wave-
driven back-scattered geometry, when differentiated using the
finite difference method, yields the desired Raman tensor.**”
In the case of Raman peak position simulation, we make use of
QUANTUM-ESPRESSO (QE) with the same aforementioned
simulation parameters except the plane wave cut-off was set to
400 eV for LDA and 500 eV in cases of GGA-PBE and GGA-PBE+U
functionals.”**

2.2 CBO magnetic configuration

We have considered the CBO formula unit as shown in Fig. 1

with four different spin magnetic configurations, ie.,
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Fig. 1 Different spin magnetic orientations in CBO unit cell: (a)
ferromagnetic (FM), (b) A-type antiferromagnetic (A-AFM), (c) C-type
antiferromagnetic (C-AFM) and (d) G-type antiferromagnetic (G-AFM).
Atomic spin orientations are marked with a black arrow.

ferromagnetic (FM), C-type antiferromagnetic (AFM-C), G-type
antiferromagnetic (AFM-G), and A-type antiferromagnetic
(AFM-A).'#*>#384 To probe the spin structure, we fully relaxed the
CBO unit cell with 28 atoms by sampling the BZ (4 x 4 x 6 k
points) for both GGA-PBE and GGA-PBE+U functionals using
10 ®evand 10 * ev A for electronic and Hellmann-Feynman
force convergences respectively. The estimated ground state
energies including the non-magnetic (NM) configurations are
compiled in Table S1 in ESI.f None of the functional produced
any metallic ground state for the NM configurations.*® In recent
times, the non-magnetic metallic phase of CBO is predicated
which may display exotic behavior.**® Moreover, the AFM-C
and AFM-G configurations turned out to be very close in total
energies with the former being slightly lower for both GGA-PBE
and GGA-PBE+U functionals. Hence we used the AFM-C spin
configuration for all simulations presented in this article.

2.3 Sample preparation

2.3.1 Solid state reaction. The Bi,O; (Merck Germany,
99+% pure) and CuO (Merck Germany, 99.9% pure) powders
were mixed with the desired stoichiometric ratio by grinding for
6 h in a ceramic mortar and pestle. The mixture was converted
to circular pellets with 20 kN force in a hydraulic press (Weber-
Pressen) before loading into the muffle furnace. The sample was
sintered at 700 °C for 28 h with a heating rate of 10 °C min~" in
air. The resultant blackish powder was milled for 2 h before
being subjected to all subsequent measurements.

2.3.2 Hydrothermal. Bi(NO;);-5H,0 (Merck Germany,
99+% pure) and Cu(NO3),-5H,0 (Merck Germany, 99+% pure)
were used as precursor materials. The Bi(NOj);-5H,0 was
completely dissolved into 65% w/w concentrated HNOj. The
Cu(NO3;),-5H,0 was dissolved in an aqueous solution with
constant and vigorous magnetic stirring. Both solutions were
mixed properly with the desired amount of as-prepared NaOH
(25 mL 6 M) added to obtain a solution pH of 11. The solution
was loaded into a 100 mL Teflon-lined stainless steel autoclave
and heated to 180 °C for 24 h inside an oven. The resultant
solution was agitated with 3 consecutive 20 min cycles of vortex
and sonication. The solution precipitate was collected with

RSC Adv, 2023, 13, 14291-14305 | 14293
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Fig. 2 Rietveld refined XRD patterns on top of experimentally
observed data of (a) SCBO and (b) HCBO. The yellow circles are the
experimental data points (Yops), the black solid line represents the
calculated refined pattern Y., the bottom green curve Y shows the
difference between the experimental Yops and calculated Y., values.

a centrifuge (10 000 rpm; 8 min; 4 cycles), rinsed, and then dried
at 120 °C for 12 h.

2.3.3 Photocatalytic sample preparation. The 10 ppm MB
was dispersed into a 100 mL aqueous solution. The 0.2 g per L
HCBO sample was used as a photocatalytic agent with two
different values of solution pH 5 and 10 using the required
amount of NH,OH. The solution was subjected to constant
magnetic stirring during the time of optical exposure by a Hg-
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Xe lamp to eliminate the chance of MB concentration gradient
formation near the sample capable of causing spurious effects.

2.4 Characterization techniques

The high-temperature thermal sintering was performed in
muffle furnace (Nabertherm LT 5/14 & Kejia M1700). The
universal oven (XU058) was used for low-temperature sample
heat treatments. The hydrothermally synthesized sample was
subjected to vortex mixing (BIOBASE MX-S), sonication (GT
SONIC-D6), and centrifugation (REMI C-24PLUS). The XRD
pattern of the powdered samples was measured from 10° to 80°
using a Rigaku SmartLab SE multipurpose XRD system with Cu
Ko radiation irradiation at A = 0.15418 nm emitted at 35 kV
accelerating voltage with an emission current of 20 mA. The
samples’ morphology and chemical purity analysis were done
using both SEM (AVO 18 Research) and FESEM (JEOL 7610F)
coupled with EDX (JED 2300). The hydrodynamic size of the
sample was estimated from dynamic light scattering (DLS)
measurements using a nanoPartica SZ-100V2 nanoparticle
analyzer. The RT Raman spectra were recorded using a Mono-
Vista Confocal Raman Microscope CRS+ with 532.090 nm laser
excitation. The PerkinElmer FTIR spectrometer was used to
characterize the chemical bond vibrations. The UV-vis diffuse
reflectance was performed with a Shimadzu UV-2600i UV-vis-
NIR spectrometer. The photocatalytic efficiency of HCBO in
degrading the MB dye exposed to the Hg-Xe lamp simulated
solar irradiation was estimated from UV-vis absorption spectra.

3 Results and discussion
3.1 X-ray diffraction analysis

The crystal structure and phase purity of both SCBO and HCBO
samples were investigated from the powdered XRD measure-
ments with 26 angular range of 10-80° as shown in Fig. 2(a) and
(b). The intense narrow XRD peaks are located as per JCPDS
PDF# 42-0334 for both samples confirming the desired tetrag-
onal crystal structure with P4/ncc (130) space group
symmetry.'>1719344.42 The Rietveld refinement further confirms
the high phase purity of the samples fitting parameter x> values
of 1.87 (SCBO) and 1.92 (HCBO) and the extracted crystallo-
graphic parameters are displayed in Table 1. The crystallo-
graphic parameters for both SCBO (@ = b = 8.481 A and ¢ =
5.807 A) and HCBO (@ = b = 8.612 A and ¢ = 5.785 A) are in good
agreement with that of ref. 15, 19 and 42.

Table 1 Crystallographic parameters, bond angles, and bond lengths measured for both SCBO and HCBO samples from experiments (Exp.) and

DFT simulations with GGA-PBE and GGA-PBE+U functionals

Crystallographic parameters, bond lengths and bond angles

Sample  Symmetry a@ bR @ «@ ) ¥O) VE)  deo@)  duo(®

SCBO P4/ncc Exp. 8.481 8.481 5.807 90 90 90 417.682 1.942 2.179, 2.323

HCBO P4/ncc Exp. 8.612 8.612 5.785 90 90 90 429.053 1.972 2.206, 2.327
P4/ncc GGA-PBE 8.517 8.517 6.035 90 90 90 437.753 1.960 2.198, 2.376
P4/ncc GGA-PBE+U 8.502 8.502 6.030 90 90 90 435.908 1.945 2.193, 2.377
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Fig. 3

In the case of the in-plane crystal parameters a and b, the
GGA-PBE (GGA-PBE+U) provides a = b = 8.517 A (a = b = 8.502
A) which are overestimation (underestimation) for SCBO
(HCBO) sample. But in the case of out-of-plane parameter c,
both GGA-PBE (6.035 A) and GGA-PBE+U (6.030 A) yield an
overestimation for SCBO and HCBO samples. Overall, both the
GGA-PBE and GGA-PBE+U overestimate the experimentally
measured unit cell volume of SCBO and HCBO. This volume
overestimation is well established as the GGA-PBE underbinds
the atoms in the unit cell.>***%-% Moreover, our DFT-derived
lattice parameters are consistent with that of ref. 19, 34 and
42, confirming the reliability of our simulations.

3.2 Morphology and EDX analysis

The SEM and FESEM micrographs were recorded to analyze the
morphology and microstructure of SCBO and HCBO samples as
depicted in Fig. 3(a) and (b) respectively. The grain size histo-
grams show mean values of 250 nm and 60 nm in cases of SCBO
and HCBO respectively. The thermal annealing at the elevated
700 °C for the SCBO sample may have facilitated the larger grain
growth.”® The low temperature of 180 °C favors the small
particle size of the HCBO sample. The EDX peak analysis
confirms the chemical purity by identifying the expected Cu, Bi,
and O elements in both SCBO and HCBO samples as shown in
Fig. S5 in ESL.f The estimated atomic at% and weight wt%
percentages of the aforementioned chemical elements are dis-
played in Table S2 (see ESIf). The CBO chemical formula
dictates theoretical at% (wt%) of Cu, Bi, and O to be ~14.28
(~11.65%), ~28.58 (~76.62%) and ~54.14% (~11.73%) which
are in good agreement with the experimentally measured
values.

3.3 Dynamic light scattering

The hydrodynamic size distribution of the HCBO samples in the
colloidal suspension was estimated from DLS correlation
analysis as shown in Fig. 4. The distribution bimodal with one
intense peak centered at 230 nm and the other weaker peak
appeared at 455 nm. The HCBO particles undergo a dispersed

© 2023 The Author(s). Published by the Royal Society of Chemistry

(a) SEM micrographs of SCBO, (b) FESEM micrographs HCBO with particle size histograms superimposed.
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Fig. 4 Size distribution of HCBO nanoparticles from dynamic light
scattering measurements.

random walk in small clusters as they interact with the laser
beam. The motion of the individual clusters is convoluted from
their size, viscosity, and temperature of the solution. Hence
small aggregation of 60 nm HCBO particles may have defined
the hydrodynamic sizes to be in the aforementioned range.***

3.4 Raman spectroscopy

To probe the structure and symmetry of the underlying crystal
through the vibrational phonon spectra, the RT Raman spectra
were obtained for both SCBO and HCBO samples as shown in
Fig. 5. The centrosymmetric P4/ncc space group defines the
Wyckoff positions of Cu (4c), Bi (8f), and O (16g), and the 25
Raman modes are labeled by I'raman = 5Ag + 5By + 4B,g + 11E,.
All these Raman bands usually appear together in a pure single
crystal CBO sample. Out of the 25 Raman bands, 9 Raman
modes are observed in both SCBO and HCBO samples. The
observed Raman bands are identified with their corresponding

RSC Adv, 2023, 13, 14291-14305 | 14295
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Fig. 5 RT Raman spectra of (a) SCBO, (b) HCBO samples.

symmetry along with the DFT simulated peak positions using
LDA, GGA-PBE, and GGA-PBE+U functionals in Table 2 (also in
Table S3 in ESIt with corresponding atomic motion). The LDA
missed detection of the Raman peaks at 136 (A4) and 830 cm ™
(A4g) originating from translation and breathing modes of CuO,

Table2 Experimental Raman peaks of both SCBO and HCBO samples
along with that of DFT simulation with LDA, GGA-PBE, and GGA-
PBE+U functionals

Raman peak analysis

View Article Online
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respectively. Both GGA-PBE and GGA-PBE+U successfully
detected all the experimentally observed Raman peaks. The
close match of the experimental Raman peaks with that of
ref. 19, 26, 92-94 and DFT simulation further corroborates the
phase purity of the as-synthesized samples. The B;; Raman
peaks are missing due to their lower intensity two orders of
magnitude as compared to that of B,, modes.

3.5 Fourier transform infrared spectroscopy

The relevant chemical bond vibrations for both SCBO and
HCBO samples were detected through FTIR absorption bands
as shown in Fig. 6 and Table S4 (ESI{). The observed bond
vibrations are benchmarked against the characteristic peaks in
the DFT simulated phonon DOS presented in Section 3.6 of this
article. The Cu-O bond stems the absorption near 390 (387) and
505 (544) cm ™' for SCBO (HCBO) sample. The Bi-O bond
lengths vary across the CBO unit cell which resonates at
different excitation frequencies giving rise to absorptions near
672 (703), 830 (841), 1330, and 1430 cm ™" in the case of SCBO
(HCBO) sample. The absorption near 1050 (1040) cm ™" is
characteristic of Bi-O-Cu bond vibrations. The good agreement
between the experimental FTIR peaks with that of DFT simu-
lation along with other ref. 92 and 95 further validates the
crystalline structure and chemical composition of our as-
synthesized samples.

3.6 Elastic properties simulation

The structural stability is codified in the elastic properties (E.P.)
of the materials. We simulated the elastic tensor Cys by applying
a finite perturbation to atoms in the unit cell with forces applied
in different directions.”®®” The plane wave energy cut-off is
chosen to be 620 eV which is large enough to facilitate the
convergence in stress tensor simulation. The simulated E.P. for
both GGA-PBE and GGA-PBE+U are tabulated in Table 3. The
tetragonal crystal structure with P4/ncc (130) (point group 4/
mmm) is characterized by six independent elastic constants, i.e.,

1007
90-
80-

SCBO HCBO LDA GGA-PBE GGA-PBE+U

(em™) (em™) (em™)  (em™) (em™) Symm.
— — 44 37 30 Asg

85 78 78 85 72 Bog

— 128 127 128 128 Aqg
136 — — 138 138 Asg
200 191 194 191 194 Eg
271 257 260 261 274 Asg
300 284 290 308 282 BZg/Eg
415 398 398 398 398 Ay
473 482 480 475 486 Byg
597 583 585 593 593 A14/Eg
834 830 — 827 825 Aqg
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Fig. 6 The RT FTIR spectra of SCBO and HCBO samples.
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Table 3 Elastic constants (Cy), bulk moduli (By, Br and By), shear
moduli (Gy, Ggr, Gr)., Young's moduli (Ey, Eg, E), Poisson's ratio (v, vg,
vy) and Pugh's ratio (ky, kg, kpy) in Voigt—Reuss—Hill framework for CBO
using GGA-PBE and GGA-PBE+U functionals

Elastic properties (E.P.) of CBO

E.P. GGA-PBE GGA-PBE+U
Cy; (GPa) 79.396 79.703
C,, (GPa) 50.035 47.819
Cy; (GPa) 34.914 33.982
Cs3 (GPa) 95.857 101.064
Cua (GPa) 21.838 22.079
Ceo (GPa) 53.033 56.566
By (GPa) 54.930 54.677
Bg (GPa) 54.928 54.606
By (GPa) 54.929 54.638
Gy (GPa) 28.330 29.79
Gr (GPa) 23.627 24.753
Gy (GPa) 25.977 27.272
Ey (GPa) 72.520 75.63
Eg (GPa) 61.993 64.511
Ey (GPa) 67.320 70.145
vy 0.280 0.270
R 0.312 0.303
- 0.296 0.286
ky 1.940 1.84
ke 2.325 2.206
ky 2.115 2.003

Ci1, C1o, C13, C33, Cyy and Cee- Both GGA-PBE and GGA-PBE+U
functionals satisfy the structural stability condition for tetrag-
onal CBO through Born rule,*®

Ci1 > |Chal, Cag > 0, Co6 > 0,2C15° < C33(Ciy + Cra), (1)

as can be seen from Table 3. The important material's elastic
properties such as bulk-modulus (By, Bgx and By), shear
modulus (Gy, Gg and Gy), Young's modulus (Ey, Er and Ey),
Poisson's ratio (vy, vg and vy) and Pugh's ratio (ky, kg and k)
were determined using three different frameworks Voigt (V),
Reuss (R) and Hill (H).”™** The nonzero U in the case of GGA-
PBE+U slightly diminish the By, Br and By; as compared to that
of GGA-PBE indicating a small reduction in compressibility of
CBO. But for shear modulus (Gy, Br and By) and Young's
modulus (Ey, Er and Ey), nonzero U increases all these elastic
properties indicating enhanced resistance to plastic deforma-
tion and stiffness. Both functions preserve the brittle nature of

View Article Online
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the CBO by the Poisson's ratio being smaller than the threshold
value of 0.33. The simulated Pugh's ratios are greater than the
brittle/ductile threshold value of 1.75.

3.7 Born charge tensor simulation

The dynamic nature of the electronic charge of the localized
atom is encoded in the Born effective charge (BEC).'*>** The
BEC emerges from the screened Coulomb potential of the ions
in the lattice whose vibration originates the phonon modes in
the material.’**'” The calculated BEC tensor is reported in
Table 4 for both GGA-PBE and GGA-PBE+U functionals.
Assuming the closed shell structure, the nominal values for the
ionic charges of Cu, Bi, and O are +2, +3, and —2 respectively. By
considering the average value of the diagonal elements, a large
evident anomaly in the Cu (+9.31) charge state is evident for the
GGA-PBE functional. The application of U on the Cu-3d orbital
reduces this charge state anomaly to +6.24. In the case of the O1
atom, the average charge state turned out to be +4.15 (+4.10) in
cases of GGA-PBE and GGA-PBE+U respectively. This is due to
the strong hybridization of O-2p with Cu-3d orbitals.® In the
case of the O2 atom, GGA-PBE (GGA-PBE+U) derived average
diagonal BEC turned out to be —2.465 (—2.482) which is quite
close to the O atom nominal static close shell charge of —2.

3.8 Phonon properties simulations

The dynamic stability of the CBO has intimately linked with the
characteristic phonon vibrational modes.** The phonon BS and
DOS were derived from the DFPT technique for both GGA-PBE
and GGA-PBE+U functionals as shown in Fig. 7(a) and (b)
respectively. For both functionals, the degeneracy in the linearly
dispersed acoustic phonon branch is evident. The absence of
any imaginary phonon modes in the BS dispersion within the
entire BZ validates the dynamic stability of the CBO in cases of
both GGA-PBE and GGA-PBE+U functionals. This corroborates
the fact that the application of a large value of U= 7 eV does not
disrupt the dynamic stability of the CBO. Besides, the Bi, Cu,
and O, having their atomic masses in descending order, are
subject to decreasing inertial resistance in performing atomic
vibration. Hence the vibrational spectra of the heavy Bi atoms
are dominant in the 10-125 cm ™' range. The moderately heavy
Cu and light O atoms stem vibrations in ranges 100-220 and
250-530 cm ™ respectively as can be seen from the phonon DOS
plotted in the right columns of Fig. 7(a) and (b). The peaks in

Table 4 Born effective charge tensor of CBO using GGA-PBE and GGA-PBE+U functionals

Zy Position xXx xy Xz yx yy yz 2x b4) 2z

CBO [DFT] Cu 4c 10.262 0 0 0 10.262 0 0 0 7.411
Bi 8f 2.172 0.219 0 —-0.219 2.172 0 0 0 0.343
o1 8g 3.863 —1.155 0.090 —1.155 3.863 —0.090 0.168 —0.168 4.719
02 8g —1.878 0.386 0.417 0.112 —-3.072 —0.159 0.684 0.214 —2.445

CBO [DFT+U] Cu 4c 6.348 0 0 0 6.348 0 0 0 6.024
Bi 8f 2.306 0.285 0 —0.285 2.305 0 0 0 0.534
o1 8g 3.792 —0.999 0.146 —0.999 3.792 —0.146 0.268 —0.268 4.730
02 8g —1.875 0.252 0.418 0.076 -3.071 —0.122 0.549 0.291 —2.499

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Phonon BS, the total DOS (TDOS) and partial DOS (PDOS) for Cu, Bi, and O atoms (in right column) of CBO using the DFPT for (a) GGA-PBE
and (b) GGA-PBE+U functionals. The phonon dispersion curves in the BS are plotted along the high symmetry k-points I, X, M, Z, R, and A in the
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Fig. 8 UV-vis diffuse absorption spectra of SCBO and HCBO samples.

the phonon DOS are matched with the FTIR absorption as ex-
pected (see Table S4 in ESIt).

3.9 UV-vis spectroscopy

The measured UV-vis diffuse reflectance measurements were
transformed into absorption by virtue of Kubelka-Munk function
F(R..) for both SCBO and HCBO samples as displayed in Fig. 8.
The presence of multiple absorption edges for CBO is ex-
pected.***>'*® The small absorption commences near 800 nm for
both SCBO and HCBO samples. A more pronounced absorption
onset is observed at 690 nm with a steeper slope for the SCBO as
compared to HCBO sample. Near 550 nm, a sharp rise in
absorption is marked for the HCBO sample, whereas the SCBO
displayed a gradual increment in absorption.”* The incident
photon energy Av is related to F(R.,) through the band gap E, as

14298 | RSC Adv, 2023, 13, 14291-14305

(AR = A(hv — Ey), (2)
where A4 stands for a constant, and the parameter v defines the
direct (1/2) and indirect (2) optical transitions. The Tauc plots
shown in Fig. 9 are for y = 2 and yield multiple steep absorption
edges which extrapolated to an E, 1.55 (1.50) and 1.80 (1.78) eV
for SCBO (HCBO) sample.” For the direct optical induced
electronic transitions y = 1/2, the presence of multiple
absorption edges is also evident in the Tauc plots in Fig. 10, and
they resulted in multiple E, of 1.85, 1.91, 2.25, 2.96 eV (2.42, 2,
75, 3.31 eV) for SCBO (HCBO) sample. The E, ~ 1.5 eV stems
from Cu d-d transition. The one near 1.85 eV marks the elec-
tronic transition from hybridized O-2p:Cu-3d states in VB to Cu-
3d states in CB of CBO. The p-d charge transfer (CT) transition
appears near 2.25 eV. The 2.43 eV resembles the CT transition

[F(R )RV (a.u.)
[F(R)hv]"* (a.u.)

0 1 2 3 4 5 6
Energy (eV)

Fig. 9 Indirect band gap estimation from Tauc plot of SCBO and
HCBO samples.
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Fig. 10 Direct band gap estimation from Tauc plot of SCBO and
HCBO samples.

involving Cu-3d orbitals. Above 3 eV, the direct excitation
involves p-d CT.

3.10 Electronic structure simulation

The total density of states (TDOS) and its projections onto
relevant CBO orbitals are simulated using GGA-PBE functional
as shown in Fig. 11(a). The Fermi energy Er is set as zero of
energy. The GGA-PBE isolates the valence band maxima (VBM)
and conduction band minima (CBm) by a 0.30 eV forbidden
energy window. The ~0.75 eV narrow bandwidth valence band
(VB) stems from strong hybridization among Cu-3d and O-2p
orbitals along with very small contributions arising from Bi-
5d, Bi-6s and O-2s. The conduction band (CB) extends over
a narrow energy range of ~0.50 eV where Cu-3d and O-2p
strongly interact together to provide a dominant contribution

(a) 20_
—~ 151
% |
2 104
Q ]
<
Z 57
$ 0
s ]
25
o
2 -10
g 5]
A
20

Fig. 11
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with a very weak presence of Bi-(6p, 5d) and O-2s orbitals. The
energy gap between the VBM and CBm can be significantly
increased to 1.6 eV by introducing Hubbard interaction
correction term U = 7 eV to both (Cu-3d, Bi-5d) orbitals within
the GGA-PBE+U formalism as can be seen from Fig. 11(b). The
non-zero Hubbard U term changes the narrow bandwidth of the
VB to the wide band nature. The states near VBM originate from
mixing among dominant O-2p and weak Cu-3d, Bi-5d and Bi-6s
orbitals. The GGA-PBE+U preserves the narrow-band nature of
the CB along with its orbital hybridization to that of GGA-PBE
functional. The GGA-PBE derived BS simulation revealed the
indirect nature of the CBO band gap E, = 0.39 eV with VBM
located at X and CBm appearing at R points as shown in
Fig. 12(a). The GGA-PBE underestimated the experimentally
measured CBO indirect band gap E; = 1.78 €V. The U = 7 eV
boosts the diluted Coulomb interaction of both Cu-3d and Bi-5d
orbitals and increases the indirect band gap E, = 1.82 eV with
VBM and CBm located at X and Z points as depicted in
Fig. 12(b). The sophisticated HSE06 with Hartree-Fock exact-
exchange mixing parameter ayr = 25% although preserves
the overall nature of orbital mixing and bandwidths of VB as CB
to that of GGA-PBE+U, it increases the forbidden gap between
VBM and CBm to 2.58 eV as shown in Fig. 13(a). The forbidden
energy gap can be tuned by changing the Hartree-Fock mixing
parameter ayp.*®*” The energy gap is reduced to 1.55 eV by
reducing the exact-exchange mixing agr to 14% as displayed in
Fig. 13(b). The simulated HSE06 BS with ayr = 25% in Fig. 14(a)
revealed an indirect band gap of E, = 2.86 eV which is an
overestimation of the experimentally measured E, = 1.76 €V.
The electronic band gap E; is reduced to 1.84 eV with ayr = 14%
in Fig. 14(b) which is in excellent agreement with that of the
experimental value of 1.80 eV. For different values of the mixing
parameters ayr, the HSE06 keeps the VBM at X point. The CB
dispersion from Z — R is very small resulting in band flattening
and the CBm can be considered to be located at Z point.
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TDOS and its projection onto different orbitals in Bi, Cu, and O of CBO for (a) GGA-PBE and (b) GGA-PBE+U functionals.

RSC Adv, 2023, 13, 14291-14305 | 14299


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01813j

Open Access Article. Published on 10 May 2023. Downloaded on 1/24/2026 5:10:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
(a) 47 ~— (b4
34 3
21 R ————
<2y E,=039eV| ~ | E =182 eV
% 1 l g % 1 e e

k-points in BZ
Fig. 12
(a) 20 TDOS Bi-6s 025
Cu-4s Bi-6p O-2p|
154 gu';[t; Bi-5d
% S
% 104 . |
O 1 1
= ! !
2 51 e e
8 i E
= : :
n | :
G | |
) i |
z : :
£ i :
O 1 1
A s E,=258eV
0 2 4 6
E-E, (eV)

k-points in BZ

Electronic BS along CBO BZ high symmetry k-points T, X, M, Z, R, and A for (a) GGA-PBE and (b) GGA-PBE+U functionals.

(b) 25 TDOS Bi-6s 0-2s
— Cu-4s Bi-6p 0-2p
20 + Cu-3p Bi-5d
Cu-3d

—_
wm O W
L 1 1

Density of States (states/eV)
o
1

1]

E,=1.55eV

2 4 6
E-E; (eV)

Fig. 13 TDOS and its projection onto different orbitals in Bi, Cu, and O of CBO for HSE06 functional with (a) ayr = 25% and (b) apr = 14%.

3.11 Optical properties simulation

The optical response of the materials can be characterized by
the complex dielectric constant &(w) = erea(®) + icimag(®)
(i =+v/—1, v = angular frequency of the optical excitation). The
electronic BS calculated from GGA-PBE, GGA-PBE+U, and
HSE06 were used to obtain the dipole transition matrix
elements to estimate the ejnqg.**** The ey is derived from
&imag With Kramer-Kronig relation. Having both é;cq and éjmag in
hand, one can further obtain absorption coefficient «, reflec-
tivity R, energy loss function L, refractive index 7, extinction
coefficient K, and optical conductivity ¢ that define the optical
behavior of the CBO in the linear regime as shown in Fig. 15. All
the optical parameters mentioned here are averaged over the
three orthogonal polarization directions E,, E, and E, along

14300 | RSC Adv, 2023, 13, 14291-14305

spatial x, y, and z coordinates. In the w — 0 low energy limit, the
&real OVerestimation (9.44) in the case of the GGA-PBE is reduced
to 6.01 with GGA-PBE+U, see Fig. 15(a). The HSE06 provides
more fine correction for the overestimated values and yields
4.56 (5.37) for ayr = 25% (apr = 14%). The CBO electronic
transitions started to appear at much lower energy (0.75 eV) as
a peak in the gjn,,e for GGA-PBE due to its band gap underesti-
mation as can be seen in Fig. 15(b). The &;yay peaks are shifted
to higher energies of 4.61 eV, 5.66 eV (ayr = 14%), and 6 eV (ayp
= 25%) for GGA-PBE+U and HSEO06 functionals as they increase
the CBO band gap. The threshold energies beyond which the
absorption « rapidly increases match with the estimated band
gaps of 0.39 eV, 1.82, 2.86 eV, and 1.84 eV for each of the
functionals as depicted in Fig. 15(c). The peaks in « appear at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 The UV-vis absorption spectra during the photodegradation of MB dye of HCBO as a function of exposure time for (a) pH = 5 and (b) pH

=10.

the zero crossing energies of the &, In the low energy limit,
both GGA-PBE+U and HSE06 functionals result in low reflec-
tivity R below 20% Fig. 15(d) indicating optical transparency due
to the free carrier effects in CBO. The R is peaked near 16.93 eV,
17.74 eV, and 18.47 eV for GGA-PBE+U and HSE06 functionals
which coincide with the optical loss L peaks in Fig. 15(e). They
arise from the induced optical dipole oscillation from the core
electrons in CBO and follow a Lorentzian shape. In the static
limit, the GGA-PBE overestimates the refractive index 7 to 3.06
in Fig. 15(f). The GGA-PBE+U brings it down to 2.45 and the
HSEO06 reduces it close to the experimentally observed value of
~2. The extinction coefficient K in Fig. 15(g) rises steeply beyond
the estimated band gaps of the corresponding functionals and
its peak positions merge with the zero crossing energies of ¢,
The optical conductivity displayed conductivity threshold
energies and peaks positions similar to those of &jy,, as antic-
ipated in Fig. 15(h) because of the functional relation ¢ =

(L)Eimag.

3.12 Photocatalytic measurements

The CBO has the potential as a photocatalytic dye degrading
material.>*'**"® We performed photocatalytic measurements to
estimate the HCBO's MB dye annihilation capabilities under
simulated solar exposure. The MB solution absorption in the
visible range of the electromagnetic spectrum is measured for
two different pH values (5 and 10) to demonstrate the photo-
catalytic degradation as shown in Fig. 16(a) and (b). The char-
acteristic MB dye absorption occurs near 663 nm as expected for
both pH values.* The intensity of the MB characteristic
absorption peak is undergoing reduction over time demon-
strating the destruction of the chromophoric structure of the
dye. The HCBO photocatalytic degradation efficiency was
derived from the linear rate equation to be 54.97% (69.86%) for
a solution pH value of 5 (10) after 3 h of exposure (see Fig. S6 in
ESIf). Based on the assumed linearity of the reaction

14302 | RSC Adv, 2023, 13, 14291-14305

kinematics, the estimated reaction rate k& was found to be
0.00426 min " (0.00572 min ") for the pH of 05 (10).

4 Conclusion

We performed a detailed ab initio DFT-based simulations to
probe the functional properties of as-synthesized CBO. The
underlying tetragonal crystal symmetry of CBO was confirmed by
powdered XRD measurements aided by the Rietveld refinement
technique, and the crystallographic parameters are found to be
consistent with GGA-PBE and GGA-PBE+U relaxed structures. The
standard SEM, FESEM, and EDX measurements outlined the
desired morphology and chemical purity of the as-synthesized
CBO samples. The DFT simulated Raman tensor with GGA-PBE
and GGA-PBE+U provided excellent agreement with experimen-
tally observed Raman peaks. The FTIR absorption bands con-
formed with the DFT-simulated phonon DOS. The DFT simulated
elastic stress tensor satisfied the Born criteria of structural
stability. The absence of imaginary modes in the DFPT-derived
phonon BS in the entire BZ of CBO ensured its dynamical
stability. We tuned both the Hubbard U and the Hartree-Fock
exact-exchange parameter ayr in GGA-PBE+U and HSEO06
respectively to match the experimentally measured electronic
band gap of CBO from UV-vis diffuse reflectance measurements.
We rigorously simulated the linear optical properties of CBO
using GGA-PBE, GGA-PBE+U, and HSEO06 functionals. We esti-
mated the photocatalytic properties of CBO in degrading the MB
dye. This ab initio DFT simulation-guided experimental approach
to CBO may have provided a solid theoretical analysis of its
functional behavior.

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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