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NbzO,(OH) has emerged as a highly attractive photocatalyst based on its chemical stability, energetic band
positions, and large active lattice sites. Compared to other various photocatalytic semiconductors, it can be
synthesized easily. This study presents a systematic analysis of pristine and doped NbzO,(OH) based on
recent developments in related research. The current study summarizes the modeling approach and
computationally used techniques for doped Nbs;O7(OH) based photocatalysts, focusing on their
structural properties, defects engineering, and band structure engineering. This study demonstrates that
the Trans-Blaha modified Becke—Johnson approximation (TB-mBJ) is an effective approach for
optoelectronic properties of pristine and Ta/Sb-doped NbzO,(OH). The generalized gradient
approximation is used for structure optimization of all systems studied. Spin—orbit (SO) coupling is also
applied to deal with the Ta f orbital and Sb d orbital in the Ta/Sb-doped systems. Doping shifts the
energetic band positions and relocates the Fermi level i.e. both the valence band maximum and the
conduction band minimum are relocated, decreasing the band gap from 1.7 eV (pristine), to 1.266 eV
(Ta-doped)/1.203 eV (Sb-doped). The band structures of pristine and doped systems reflect direct band
behavior. Investigation of the partial density of states reveals that the O p orbital and Nb d/Ta d/Sb-
d orbitals contributed to the valence and conduction bands, respectively. Optical properties like real and
imaginary components of the dielectric function, reflectivity, and electron energy loss function are
calculated using the OPTIC program implemented in the WIEN2k code. Moreover, doped systems shift
the optical threshold to the visible region. Transport properties like effective mass and electrical
conductivity are calculated, reflecting that the mobility of charge carriers increases with the doping of
Ta/Sb atoms. The reduction in the band gap and red-shift in the optical properties of the Ta/Sb-doped
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DOI: 10.1039/d4ra08019) Nb3zO,(OH) to the visible region suggest their promising potential for photocatalytic activity and

rsc.li/rsc-advances photoelectrochemical solar cells.

1 Introduction synthesized for photocatalysis i.e. water splitting and degradation
of organic pollutants, mainly depending on their band gaps.*™®

The global energy crises, with the expansion of industry and TiO, is the most commonly used semiconductor among

agriculture, especially associated with nonrenewable fossil fuels them, having been utilized by Fujishima and Honda as an
and environmental pollution, have become a major obstacle to  electrode for water splitting.® Various modifications have been
sustainable development. Consequently, there is an increased made ie. doping, inorganic/organic molecular support, and
interest in creating green technologies to address these crises. In  nanostructuring, to improve the photocatalytic reaction.
investigating various green technologies, semiconducting pho- However, due to its large band gap, it utilizes only 4% of radi-
tocatalytic materials have attracted extensive interest due to their ~ation in the UV region. This reduces the efficiency of TiO, and
vast potential in energy/environmental applications. Many semi- ~ restricts its use for photocatalytic activity."® In addition to the
conducting materials like TiO,, ZnO, Fe,O;, etc. have been above-mentioned semiconducting materials, organic-polymer

nanomaterials like chitosan and cellulose are considered

promising catalysts. They have been paid tremendous attention
“Department of Physics, Bacha Khan University Charsadda, KP, Pakistan. E-mail: due to their abundant surface functional groups and environ-
walayat76@gmail.com mental friendliness that improve the catalytic activity.'***
Recent reviews highlight the potential of inorganic and organic
polymer-based nanomaterials, focusing on the advancement
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and inorganic nanomaterials. However, the limitation in the
active lattice sites restricted the conventional inorganic-metal
semiconductors and led to a discourse on the problems
linked to metallic contamination.'**> While organic polymers
can be optimized flexibly, they encounter less stability and the
challenges of separating catalysts from the products. When
considering factors like catalyst optimization, selectivity, cata-
lyst activity, stability, and the preparation of an effective pho-
tocatalytic system still faces major difficulties, especially
concerning the cost and environmental sustainability.

The water-splitting reaction mechanism occurs at the
surface of the semiconductor, and its high surface area is
advantageous. The diffusion of the photo-generated charge
carriers happens at the nanostructure's surface, which is
countered by the recombination process, which decreases effi-
ciencies.'® The probability of electron-hole recombination can
be reduced by small numbers of defects in the lattice and with
small dimensions of nanostructures. The large surface area
enhances the active sites for reaction.” Like graphene and its
various doped configurations with N atoms, low-dimensional
materials have greater potential in device applications.'® M. A.
Dar® investigated the photocatalytic activity of highly stable B,-
doped g-C,N and g-C¢N monolayers with various dimensions
leading to the reduction of urea and ammonia. It has also been
reported that the incorporation of a single impurity into g-C,N
and GaN monolayers greatly impacts the band gap, making the
parent material favorable for electrochemical CO,RR.***
Therefore, a 3D (three-dimensional) hierarchical Nb;O,(OH)
superstructure was prepared via a step template-free hydro-
thermal strategy.”” This material was further studied theoreti-
cally to investigate the energetic band position of this system
and confirmed that this system has higher mobility than Nb,Os,
which results in high photocatalytic activity.”® Further, Betzler*
reported the change in morphology and found an enhancement
in the light-induced water-splitting reaction through Ti doping
into the 3D Nb;O,(OH) nanostructure.

This study presents a density functional (DFT) under-
standing of the structural, electronic, optical, and thermoelec-
tric properties of the pristine and doped Nb;O,(OH). Tantalum
(Ta) and antimony (Sb) are employed as dopants to investigate
the influence of metal incorporation. Detailed investigations
like structural, electronic band structure, partial density of
states (PDOS), real/imaginary part of the dielectric function, and
transport properties including the effective mass and thermo-
electrical conductivity for the entire systems. It also includes the
photocatalytic activity of the pristine and doped systems. The
impact of the positioning of the dopants in the crystal lattice is
also studied. The results offer a comprehensive analysis of the
influence of metal doping on Nb;O,(OH) properties.

2. Methodology

To understand the doping effect, a 2 x 2 x 1 supercell of
Nb;O,(OH) was constructed, where one Nb atom was
substituted by one tantalum (Ta) atom (Ta:Nb;O,(OH)). Simi-
larly, one antimony (Sb) atom replaced one Nb atom at the same
lattice site in the crystal (see Fig. 1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic presentation of the pristine and Ta/Sb-doped
NbsO,(OH).

All electronic structure calculations were conducted using
plane DFT based on the generalized gradient approximation
(GGA).»**” This approach was implemented in the WIEN2k
code,*® which utilizes the full-potential plane wave method (FP-
LAPW).”® The GGA approximation is one of the most precise
functional for geometric optimization of the crystal. We used it
for all crystal systems. The muffin tin sphere’s radii are selected
as 1.65 (niobium Nb), 1.73 (Ta/Sb), 1.25 (oxygen O), and 0.67
(hydrogen H), respectively in all three crystals.

The energy cut-off/plane wave cut-off is settled up to 7.0. The
spherical harmonics were expanded inside the muffin tin
spheres up to [, = 10, while the charge density (expanded in
Fourier series) was carried up to Gpax = 12 (a.u)". To obtain the
converged energy, a Monkhorst-Pack k-mesh of 1 x 2 x 2 was
selected for tantalum (Ta)/antimony (Sb) in the first irreducible
Brillouin zone, while a denser k-mesh of 3 x 9 x 9 was selected
for self-consistent calculations.*®

In this study, Trans-Blaha modified Becke-Johnson approx-
imation plus spin-orbit coupling (TB-mBJ + SO) is used to
calculate the electronic structure and optical properties calcu-
lation of doped systems. In addition, the TB-mB]J approximation
is more often used to predict accurate band gaps than the GGA
approximation.**> To perform these calculations, we build
three structures: (1) the pristine crystal of Nb;O,(OH) comprises
24 atoms. A 2 x 2 x 1 supercell of Nb;O,(OH), consisting of 96
atoms in total, was then built to study the impact of the dopant.
The last two structures are mainly assigned to the Ta/Sb-doped
Nb3;O,(OH). There are a total of 23 atoms of Nb after
substituting one Nb atom which sits in the corner-sharing
octahedra by Ta atom (Ta:Nb;O,(OH)) and Sb atom (Sb:Nbs-
0,(OH)), and kept the concentration of the Ta and Sb atoms up
to 4.16%, respectively.

Optical properties were calculated from the OPTIC code used
in the WIEN2k simulation code.*® The energy loss function for
the studied compounds was obtained using Fermi's golden rule
and dipole matrix element. The BoltzTraP code,* an interfaced
code in the WIEN2k code, is used to find the thermoelectrical
properties based on Boltzmann's semi-classical theory.

RSC Adv., 2025, 15, 2452-2460 | 2453
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3. Results and discussion

3.1. Structural properties

We performed internal/external optimization of the parent and
Sb/Ta-doped Nb;O,(OH) through the generalized gradient
approximation (GGA). The optimized lattice parameters of the
studied systems are listed in Table 1 and found that there is very
minor variation in the lattice parameters while moving from
parent to Sb/Ta-doped Nb;O,(OH) to see the impact of these
dopants on the bond lengths. We also listed the internal
parameters (bond lengths) in Table 2, along with x/y/z-axes.
Comparing these parameters along different directions for Nb—
0O, Sb-0O, and Ta-O, it was found that there is more increase
along the y-axis than x/z-axes. It means that there is an increase
in the surface area of the doped systems, which increases in
active reactive sites. The studied systems also have higher
catalytic activity like other 2D (two-dimensional) monolayers
having high surface area, and distinctive properties suitable for
catalytic activity.*

3.2. Electronic band structure

The band structure explains the behavior of the electrons in
a material by delineating their energy and momentum states.
This study performed electronic structure calculations in a large
supercell (pristine/doped-Nb;O,(OH)). The dopant level can be
verified from the band structure and density of states of the
investigated systems (see Fig. 2). Investigating the material's
band gap is essential for understanding the charge carriers/
optical properties. Note that the ideal band gap lies in the
range of 1.1 to 1.4 eV for photovoltaic applications, and for
photocatalysis, the optimal band gap lies in the range of 1.8 to
2.2 eV. Firstly, it is widely established that GGA functional
underestimates the band gap more than what is observed
experimentally. In contrast, TB-mB] approximation typically
yields band gaps that equate or exceed the experimentally
observed value. Fig. 2(a-c) shows the electronic band structures
of pristine and doped Nb;O,(OH). The Fermi energy level
(marked by a dashed line) is set to zero energy. The valence
band maximum (VBM) and the conduction band minimum
(CBM) are located at the I' point, showing that the systems are
direct-band semiconductors. The energy width between VB and
CB (energy band gap) for the pristine system is 1.7 eV/3.1 eV
(optical band gap) is similar to the band gap value reported by
Khan et al.,” using TB-mB]J approximation. Upon the analysis of
Fig. 2, it is clear that all systems produced similar band struc-
tures, having both the valence band maximum VBM and the
conduction band minimum CBM positioned at the I" point.

Table 1 Optimized
NbzO7(OH)

lattice parameters of parent and doped

Compound name Optimized lattice parameters in A

Nb;0,(OH) a 20.797 7.663 7.895
Sb:Nb;0,(OH) b 20.814 7.680 7.912
Ta:Nb;O,(OH) c 20.830 7.697 7.929
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Table 2 Optimized bond lengths between Nb—0O, Sb—O and Ta-O of
parent and doped NbzO,(OH)

Compound name  Crystallographic direction in A

Nb;0,(OH) Nb-O  Along x-axis  1.917  1.929  1.932
Sb:Nb,;0,(OH) Sb-O  Along y-axis 1.799  1.996  2.116
Ta:Nb;0,(OH) Ta-O  Along z-axis  2.018  2.017  2.010

The fundamental band gaps of the Ta/Sb-doped Nb;O,(OH)
are 1.266/1.023 eV, where the optical band gaps are 2.59 eV and
2.30 eV, respectively, as shown in Fig. 2(b and c). In both
systems, the CBM (conduction band minima) is shifted down-
ward, while the Fermi energy level moves closer to the
conduction band, indicating the n-type semiconductor
behavior. This can be attributed to the larger valence electrons
in Ta and Sb atoms than in the Nb atom. At the top of the VBM,
the band splitting is caused by spin-orbit (SO) coupling
employed to Sb d orbitals and Ta d orbitals, respectively. The
band gap values for the entire Ta/Sb:Nb3;O,(OH) systems were
observed alike irrespective of the various positions of the
dopant in the crystal lattice of the pristine crystals. The
consistency in the band gap values does not depend on the
dopant position. The conduction/valence bands depict greater
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Fig.2 Schematic description of calculated electronic band structures.
(a) Nb3O4(OH), (b) Ta:NbsO-(OH), and (c) Sb:NbsO,(OH), using Trans-
Blaha modified Becke—Johnson approximation (TB-mBJ/TB-mBJ +
SO).
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Fig. 3 Calculated partial density of states (PDOS) using Trans-Blaha modified Becke—Johnson approximation (TB-mBJ/TB-mBJ + SO). (a and b)
PDOS of NbzOZ(OH). (c and d) PDOS of Ta:NbzO5(OH). (e and f) PDOS of Sb:NbzO,(OH).

dispersion features with relevant symmetry points suggesting
a small effective mass of the holes/electrons in the entire
system, reflecting interesting electronic characteristics. It is
important to mention that the investigated compound's band
gap values make them the most suitable candidate for photo-
electrochemical (PEC) applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.3. Density of states

For the detailed analysis of the electronic structure properties of
the pristine and doped Nb;O,(OH), the partial density of states
was simulated using TB-mBJ/TB-mB] + SO approximation for
the parent/doped systems. Fig. 3(a-d) depict the partial density
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of states (PDOS) of the Nb;O,(OH),
Nb;O,(OH), respectively.

Fig. 3(a-d) illustrates that, in a pristine system, the region
around the Fermi level is mainly composed of O p orbitals. In
contrast, CBM is primarily made up of Nb d orbitals. In a region
from —2.0 to —4.0 eV, the O p orbitals and Nb d orbitals depict
strong hybridization and the Nb/O s orbitals show strong
hybridization too. The conduction band (CB) is predominantly
made up of Nb d orbitals along with the minor contribution of
other orbitals of other atoms, respectively.

In the Ta-doped system, the position of the CBM is expected
to alter with minor modification in the VBM due to the intro-
duction of 4d metals like Sb and 5d metals like Ta in the crystal
lattice of the Nb;O,(OH). Unlike the impurities bands at the top
of the VBM, strong consistencies in the behavior of the doped
systems have been observed near CBM. A strong perturbation of
the CBM/VBM is due to the addition of Sb and Ta atoms,
however, the Sb atom contributes more clearly to impurity
bands than the Ta atom (see Fig. 2 and 3). Fig. 3 illustrates the
contribution of the Ta d/f orbitals in addition to the O p orbitals
around Ef, and the hybridization of Ta f orbital with Nb p
orbitals around 1.0 eV. Whereas, the impurities (Ta/Sb atoms)

and Ta/Sb-doped

74
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shift the H atom to lower energy, and the lower part of the
conduction band is predominantly constructed by Ta d orbital
than the pristine and Sb-doped system, where the main
contributor to CB is Nb d orbitals. The band gap values, 1.266 eV
(Ta:Nb;O,(OH))/1.023 eV (Sb:Nb;O,(OH)), are decreased, which
can be explained based on the introduction of the 4d and 5f
orbitals of the impurity atoms, which shifted up the Fermi level,
downshift the CBM, respectively. Considering the effect of the
dopant location, we found the same findings of the PDOS.

3.4. Optical properties

To gain deep insight and further analyze the investigated
compounds, the linear optical response properties have been
studied to clarify the effect of the dopant on Nb;O,(OH). It is
important to note that semiconductors play a crucial role in
device applications because their band gap defines the
threshold energy and differentiates between the absorption and
transparency regions.

The optical parameters of pristine and doped Nb;O,(OH)
were analyzed by complex dielectric function ¢(w). The calcu-
lation of the imaginary part (¢,(w)) is based on the momentum
matrix element, and is described by the following equation:

—Nb,0,(OH)

— Ti:Nb,0_(OH)
— Sb:Nb,O_(OH)
mBlJ

54 (®

energl}(f) (eV) b 20

— Nb,O_(OH)

— Ti:Nb,O_(OH)
— Sb:NbO_(OH)
64 mBJ

0.8

0.0 v T v T T v
energlyg (eV) > 20

(a) Calculated real part of the dielectric function. (b) Imaginary part of the dielectric function. (c) Reflectivity, and (d) electron energy loss

function spectra (EELs) of the pristine and Ta/Sb-NbzO,(OH), using Trans-Blaha modified Becke—Johnson approximation.
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where e, Q, and v referred to as electronic charge, unit cell
volume, frequency of radiation. The induced electric field
polarization and the wave function associated with conduction/
valence at k are symbolized as @, and ¢ic/¢;”, respectively. The
real part ¢(w) can be obtained via the Kramers-Kronig
relation.

The real &(w) and imaginary &,(w) parts of the dielectric
function for pristine and doped-Nb;O,(OH) are illustrated in
Fig. 4(a and b). The introduction of the dopant (Sb and Ta
atoms) in the crystal lattice of the Nbz;O,(OH) structure
increases the dielectric constant in the following sequence 4.02
(pristine)/4.143 (Sb-doped)/4.149 (Ta-doped), respectively. At
zero frequency, the doped crystals (Nb;O,(OH)) have a higher
dielectric constant than pristine, which means the electronic
polarizability for the doped systems is greater than that of the
pure systems. Fig. 4a depicts that the peaks below the zero line
(marked as a green dash line) define the near-metallic nature of
the investigated crystals. The reduction in the negative value of
&1(w) could be explained as introducing the dopants i.e. 4d/5d
metals (Sb, Ta atoms) in the crystal lattice of the studied
systems.

Fig. 4b presents ¢,(w) considered only electronic participa-
tion. The ¢,(w) spectra of the studied systems are depicted in
Fig. 4b indicating that the fraction of electromagnetic radiation
is lost when it goes through materials. The TB-mB] functional
yields an optical band gap value of 3.1 eV for the pristine
system, which agrees with the experimental data (3.1 + 0.1 eV).*
The calculated optical threshold is 3.25 eV for the undoped
system, which is higher than the Ta-doped (2.4 eV) and then
followed by the Sb-doped (2.11 eV) system, respectively (see
Fig. 4b). Pristine Nb;O,(OH) has an optical band gap value of
3.1 eV, which limits the absorption of solar radiation to only 4%
in the UV region as reported in previous studies.***” The major
peaks of the &,(w) describe the transition from occupied (VB) to
the unoccupied orbitals (CB). Fig. 4b reveals three peaks for the
pristine system, among them two are lying at 4.93 eV and
6.19 eV, and the third peak (broader one) is located at 8.88 eV
with two shoulders, respectively. In a pristine system, these
peaks are associated with the electronic transitions from O p
orbital (occupied band) to Nb d orbital (unoccupied band)
aligned with the results reported in Khan et al.**

There is a shift in the optical threshold towards the visible
region attributed to the dopant in the crystal lattice of the
systems. The main peak of the Ta-doped system is positioned at
5.05 eV, whereas the main peak for Sb-doped is observed at the
same energy. The only difference is the intensity variations. The
transitions from O p orbital to Nb d orbitals are responsible for
the main peaks in the spectra of the doped system, and the
following peaks are made from the transition of O p orbital and
Ta d orbital. Despite the main peaks, there is a shoulder in the
spectra in the visible region that matches the incorporation of
Sb/Ta atoms (see Fig. 3), and these are associated with the
transition from O p orbital to H s orbital.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4c depicts the reflectivity R(w) of the investigated
systems. The investigated systems possess two main peaks with
some small peaks and shoulders. The maximum peaks are
observed at 6.14 eV and 9.78 eV similar to the previously pub-
lished data, which reflect 28% (main peak) and 25% (second
peak) of the incident radiations. The increased calculated
reflectivity of the investigated systems indicates their potential
for use in photo-electrochemical (PEC) appliances.

Fig. 4d shows the dependence of electron energy loss func-
tion L(w) upon the incident photon energy for pristine/doped
Nb;O,(OH). The EEL spectra come from the free oscillations
of the valence band's electrons upon irradiation, which causes
a plasma frequency. The L(w) appears from the energy points in
&(w), where ¢4(w) crosses the zero line. It is obvious from Fig. 4d
that the L(w) spectra increase with photon energy up to 14.0 eV
for the pristine system and up to 12.5 eV for doped systems. The
positions of the peaks depend on the composition of the
systems, and the heights of these peaks are due to plasmon
resonance. The calculated EEL spectra for the doped systems
have similar features with the pristine except for a shift towards
lower energy.

3.5. Transport properties

In solid-state physics, effective mass is a crucial quantity
influencing how charge carriers, such as electrons and holes,
move through materials. It considers the periodic potential's
effect when defining the apparent mass of a carrier moving
through a crystal lattice. The effective mass of electrons and
holes is associated with the curvature of the valence band (for
holes) or conduction band (for electrons) around the band
extremum. These masses match the masses that appear to
participate in conduction properties. In addition, the anisot-
ropy of charge carrier conduction might affect the effective
mass, with m* < 0.5 potentially having significant mobility.
Furthermore, the binding energy of excitons is influenced by
the effective mass m* ie. lower m* corresponds to a lower
binding energy (Ep).

The effective mass values for the holes and electrons for
pristine and doped Nb;O,(OH) are listed in Table 3. A decrease
was found in the effective mass of electrons m,, and holes m,,
while moving from pristine to doped systems i.e. 0.147 (pristine)
— 0.072 (Sb-doped) — 0.064 (Ta-doped) for m, and it decreases
from 0.351 (pristine) — 0.04 (Sb-doped) — 0.0344 (Ta-doped)
for m;, respectively. It implies that both doped systems have
lower effective mass values.

Comparatively, Ta-doped Nb;O,(OH) depicts substantia-
tionally reduced effective masses (m_/m;,) than the other two

Table 3 Calculated effective masses of pristine and Ta/Sb-doped
NHz0O5(OH)

. * *
Materials me my
Nb;0,(OH) 0.147 0.351
Ta:Nb;0,(OH) 0.064 0.0344
Sb:Nb;0,(OH) 0.072 0.04

RSC Adv, 2025, 15, 2452-2460 | 2457


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08019j

Open Access Article. Published on 24 January 2025. Downloaded on 12/7/2025 12:13:09 AM.

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

(cc)

RSC Advances

301 Sb:Nbz;O7(O \q
4.0
30 p-type | n-type
2.0
1.0
A~0.0
g 601 Ta:Nb3;O7(OH)
G 504
2 4.0+
o
— 3.0
>
£ 20
2 IO-/\/‘\/\
© 00
6.0 Nb3O7(OH)
504
4.0
3.0
20
1.0
0.0 T T . T v
015 010  -005  0.00 0.05 0.10 0.15
(n-Ep) eV

Fig. 5 Calculated electrical conductivity at 300 K using constant
relaxation time approximation employed in BoltzTraP code.

systems. This implies that the Ta-doped system has higher
mobility, where the inverse relation of the effective mass and
carrier mobility applies. It greatly influences the material's
electronic properties such as conductivity, optical behavior, and
possible applications in electronic and optoelectronic fields.
The lowered value of effective masses for both carriers
demonstrates that the Ta-doped NH;0,(OH) may have superior
charge transport properties, making a material more potential
for electrical and optoelectronic.

To further elucidate the prospect of pristine and doped
Nb;O,(OH) in thermoelectric appliances, thermoelectrical
conductivity was simulated using the BoltzTraP code. Fig. 5
illustrates electrical conductivity ¢ (u, T) at 300 K for all
systems vs. chemical potential, which can be determined from
the density of states (DOS). The region below and above the
Fermi level is designated as the n-type region (electron region)
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and the p-type region (hole region). The ¢* (u, T) in the n-type
region for all systems is higher than the p-type region, whereas
the Ta-doped system depicts a higher value in the lower energy
region. It is important to note that, Ta doping can also result in
new scattering centers, which might reduce overall ¢**° (u, T)
and possibly reduce some mobility advantages through greater
scattering. Unlikely Ta-doped Nb3;0O,(OH), Sb-doped Nb;0,(OH)
has a more complex band structure with several peaks in the
DOS, which may restrict carrier movement because of probable
localization effects.

3.6. Determining the conduction band and valence band
positions

Knowing the ionization energy and the electron affinity of the
constituent element of the investigated systems allows us to
determine the positions of the conduction/valence band edges
in solid aqueous solution composition. These positions can be
evaluated for the pristine and Sb/Ta-doped Nb;O,(OH), using
the following formulae:****

Ecg’ = E. — x + 0.5E,, and Evg’ = Ecp — Ey, (2)

where x = {(xnp)” % (x0)" x ()"} (for pristine), (3)

X = {Otx=rarsp)” % (xnw)" % (xo)
x ()T} ™ (for the doped system) (4)

and
xx = 12[Efs + EX,], where X = Nb, O, H, and Ta/Sb  (5)

where x/Ecg’ is the electronegativity, the energy of the
conduction band edge, and E. is a constant equal to 4.5 eV,*
and it is based on the composition of the element. The ioniza-
tion energy and electron affinity energy of the Nb/O/H/Ta/Sb
elements are symbolized by Exa/Ein, where the optical band
gap of the pristine/doped Nb;O,(OH) is denoted by E,. Electron
affinity is the energy gained by moving electrons outside the
semiconductor from the vacuum to the bottom of the CB inside
the semiconductor. The computed values of the ionization
energy, electronegativity, and the positions of both the CB/VB of
pristine/doped-Nb3;O,(OH) are listed in Table 4. The substitu-
tion of the Ta/Sb in the crystal lattice of the Nb;O,(OH) system
showed that the VB edge and CB edge shifted small positive/

Table 4 Calculated ionization energy of atoms (kJ mol™3) electron affinity (eV), and conduction/valence band edge position of pristine and Ta/

Sb-doped NHzO,(OH)

Name of the element/compound Ejon in kJ mol™* X in eV Ecgin eV Eyg in eV
Nb 652

Ta 760

Sb 834

H 1312

O 1314

Nb;0,(OH) 520.15 3.17 0.07
Ta:Nb;0O,(OH) 537.34 2.95 0.36
Sb:Nb;0,(OH) 537.32 2.85 0.55
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negative potential, respectively. These findings show that the
doped compounds show better photocatalysis than the pristine
system.

4. Conclusion

It is concluded that fundamental properties like band gap,
dielectric constant, effective mass, electrical conductivity, and
photocatalytic properties are important for the semiconductors
to use potentially in photovoltaic and photochemical appliances.

Theoretical investigation of the electronic structure, band
gap engineering, optical/thermoelectric properties, and photo-
catalytic properties influenced by the dopants using the full
potential linearized augmented plane wave method employed
in the WIEN2k program. The generalized gradient approxima-
tion (GGA) was used for internal geometry optimization. Trans
Blaha modified Becke-Johnson approximation (TB-mBJ) was
utilized to determine the accurate band gap. For pristine
Nb;O,(OH), the calculated finding specified a band gap of 1.7 eV
(fundamental band gap)/3.1 eV (optical band gap), which is
aligned with the experimental data. The SO coupling was
applied to doped systems. The substitution of Ta and Sb atoms
in the crystal lattice of Nb;O,(OH) resulted in a shift in the band
gap and repositioning of the Fermi level. The VBM led to
a downward shift, and CBM shifted towards the Fermi level,
resulting in the band gap i.e. 1.7 eV — 1.266 eV — 1.203 eV. The
calculated PDOS of the pristine system described that the O p
orbitals mainly contributed to VB, and the Nb d orbital con-
structed the CB. While in the doped Nb;O,(OH), the CB is made
of Nb d orbitals and Ta d orbitals, and the O p orbitals still
dominated the VB in addition to the small contribution of the
orbitals from doped atoms (Ta-doped Nb;O,(OH)). In Sb-doped
Nb;O,(OH), the CB is constructed by Nb d/Sb s orbitals,
respectively. Further, the dopants induced a red shift in the
optical threshold to the visible region. Furthermore, the doped
systems showed larger mobility and photocatalytic activity than
the pristine system. These findings confirmed that Ta/Sb-doped
Nb;0,(OH) holds the potential to be an outstanding candidate
for photoelectrochemical solar cells.
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