
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
2/

7/
20

25
 1

2:
13

:0
9 

A
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
View Journal  | View Issue
Band structure e
aDepartment of Physics, Bacha Khan Univ

walayat76@gmail.com
bNew Technologies-Research Centre, Univers

Pilsen, Czech Republic
cDepartment of Physics, Riphah Internationa
dDepartment of Chemistry, Bacha Khan Uni

Cite this: RSC Adv., 2025, 15, 2452

Received 11th November 2024
Accepted 21st January 2025

DOI: 10.1039/d4ra08019j

rsc.li/rsc-advances

2452 | RSC Adv., 2025, 15, 2452–246
ngineering, optical, transport, and
photocatalytic properties of pristine and doped
Nb3O7(OH): a systematic DFT study
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Nb3O2(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 Nb3O7(OH) based on

recent developments in related research. The current study summarizes the modeling approach and

computationally used techniques for doped Nb3O7(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 Nb3O7(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

Nb3O7(OH) to the visible region suggest their promising potential for photocatalytic activity and

photoelectrochemical solar cells.
1. Introduction

The global energy crises, with the expansion of industry and
agriculture, especially associated with nonrenewable fossil fuels
and environmental pollution, have become a major obstacle to
sustainable development. Consequently, there is an increased
interest in creating green technologies to address these crises. In
investigating various green technologies, semiconducting pho-
tocatalytic materials have attracted extensive interest due to their
vast potential in energy/environmental applications. Many semi-
conducting materials like TiO2, ZnO, Fe2O3, etc. have been
ersity Charsadda, KP, Pakistan. E-mail:
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synthesized for photocatalysis i.e.water splitting and degradation
of organic pollutants, mainly depending on their band gaps.1–8

TiO2 is the most commonly used semiconductor among
them, having been utilized by Fujishima and Honda as an
electrode for water splitting.9 Various modications have been
made i.e. doping, inorganic/organic molecular support, and
nanostructuring, to improve the photocatalytic reaction.
However, due to its large band gap, it utilizes only 4% of radi-
ation in the UV region. This reduces the efficiency of TiO2 and
restricts its use for photocatalytic activity.10 In addition to the
above-mentioned semiconducting materials, organic-polymer
nanomaterials like chitosan and cellulose are considered
promising catalysts. They have been paid tremendous attention
due to their abundant surface functional groups and environ-
mental friendliness that improve the catalytic activity.11–13

Recent reviews highlight the potential of inorganic and organic
polymer-based nanomaterials, focusing on the advancement
and applications of these organic-polymer-based composites,
© 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
Nb3O7(OH).
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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.14,15 While organic polymers
can be optimized exibly, 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.16 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.17 Like graphene and its
various doped congurations with N atoms, low-dimensional
materials have greater potential in device applications.18 M. A.
Dar19 investigated the photocatalytic activity of highly stable B2-
doped g-C2N and g-C6N6 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-C2N
and GaN monolayers greatly impacts the band gap, making the
parent material favorable for electrochemical CO2RR.20,21

Therefore, a 3D (three-dimensional) hierarchical Nb3O7(OH)
superstructure was prepared via a step template-free hydro-
thermal strategy.22 This material was further studied theoreti-
cally to investigate the energetic band position of this system
and conrmed that this system has higher mobility than Nb2O5,
which results in high photocatalytic activity.23 Further, Betzler24

reported the change in morphology and found an enhancement
in the light-induced water-splitting reaction through Ti doping
into the 3D Nb3O7(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 Nb3O7(OH). Tantalum
(Ta) and antimony (Sb) are employed as dopants to investigate
the inuence 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
inuence of metal doping on Nb3O7(OH) properties.

2. Methodology

To understand the doping effect, a 2 × 2 × 1 supercell of
Nb3O7(OH) was constructed, where one Nb atom was
substituted by one tantalum (Ta) atom (Ta:Nb3O7(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
All electronic structure calculations were conducted using
plane DFT based on the generalized gradient approximation
(GGA).25–27 This approach was implemented in the WIEN2k
code,28 which utilizes the full-potential plane wave method (FP-
LAPW).29 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 lmax = 10, while the charge density (expanded in
Fourier series) was carried up to Gmax= 12 (a.u)−1. To obtain the
converged energy, a Monkhorst–Pack k-mesh of 1 × 2 × 2 was
selected for tantalum (Ta)/antimony (Sb) in the rst irreducible
Brillouin zone, while a denser k-mesh of 3 × 9 × 9 was selected
for self-consistent calculations.30

In this study, Trans-Blaha modied 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-mBJ approximation
is more oen used to predict accurate band gaps than the GGA
approximation.31,32 To perform these calculations, we build
three structures: (1) the pristine crystal of Nb3O7(OH) comprises
24 atoms. A 2 × 2 × 1 supercell of Nb3O7(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
Nb3O7(OH). There are a total of 23 atoms of Nb aer
substituting one Nb atom which sits in the corner-sharing
octahedra by Ta atom (Ta:Nb3O7(OH)) and Sb atom (Sb:Nb3-
O7(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.33 The energy loss function for
the studied compounds was obtained using Fermi's golden rule
and dipole matrix element. The BoltzTraP code,34 an interfaced
code in the WIEN2k code, is used to nd the thermoelectrical
properties based on Boltzmann's semi-classical theory.
RSC Adv., 2025, 15, 2452–2460 | 2453
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Table 2 Optimized bond lengths between Nb–O, Sb–O and Ta–O of
parent and doped Nb3O7(OH)

Compound name Crystallographic direction in Å

Nb3O7(OH) Nb–O Along x-axis 1.917 1.929 1.932
Sb:Nb3O7(OH) Sb–O Along y-axis 1.799 1.996 2.116
Ta:Nb3O7(OH) Ta–O Along z-axis 2.018 2.017 2.010
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3. Results and discussion
3.1. Structural properties

We performed internal/external optimization of the parent and
Sb/Ta-doped Nb3O7(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 Nb3O7(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–
O, Sb–O, 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.35
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-Nb3O7(OH)). The dopant level can be
veried 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-mBJ 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 Nb3O7(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 G 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.,23 using TB-mBJ 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 G point.
Table 1 Optimized lattice parameters of parent and doped
Nb3O7(OH)

Compound name Optimized lattice parameters in Å

Nb3O7(OH) a 20.797 7.663 7.895
Sb:Nb3O7(OH) b 20.814 7.680 7.912
Ta:Nb3O7(OH) c 20.830 7.697 7.929

2454 | RSC Adv., 2025, 15, 2452–2460
The fundamental band gaps of the Ta/Sb-doped Nb3O7(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 shied 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:Nb3O7(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
Fig. 2 Schematic description of calculated electronic band structures.
(a) Nb3O7(OH), (b) Ta:Nb3O7(OH), and (c) Sb:Nb3O7(OH), using Trans-
Blaha modified Becke–Johnson approximation (TB-mBJ/TB-mBJ +
SO).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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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 Nb3O7(OH). (c and d) PDOS of Ta:Nb3O7(OH). (e and f) PDOS of Sb:Nb3O7(OH).
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dispersion features with relevant symmetry points suggesting
a small effective mass of the holes/electrons in the entire
system, reecting 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 Nb3O7(OH), the partial density of states
was simulated using TB-mBJ/TB-mBJ + SO approximation for
the parent/doped systems. Fig. 3(a–d) depict the partial density
RSC Adv., 2025, 15, 2452–2460 | 2455
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of states (PDOS) of the Nb3O7(OH), and Ta/Sb-doped
Nb3O7(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 modication in the VBM due to the intro-
duction of 4d metals like Sb and 5d metals like Ta in the crystal
lattice of the Nb3O7(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)
Fig. 4 (a) Calculated real part of the dielectric function. (b) Imaginary par
function spectra (EELs) of the pristine and Ta/Sb-Nb3O7(OH), using Tran

2456 | RSC Adv., 2025, 15, 2452–2460
shi 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:Nb3O7(OH))/1.023 eV (Sb:Nb3O7(OH)), are decreased, which
can be explained based on the introduction of the 4d and 5f
orbitals of the impurity atoms, which shied up the Fermi level,
downshi the CBM, respectively. Considering the effect of the
dopant location, we found the same ndings 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 Nb3O7(OH). It is
important to note that semiconductors play a crucial role in
device applications because their band gap denes the
threshold energy and differentiates between the absorption and
transparency regions.

The optical parameters of pristine and doped Nb3O7(OH)
were analyzed by complex dielectric function 3(u). The calcu-
lation of the imaginary part (32(u)) is based on the momentum
matrix element, and is described by the following equation:
t of the dielectric function. (c) Reflectivity, and (d) electron energy loss
s-Blaha modified Becke–Johnson approximation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Calculated effective masses of pristine and Ta/Sb-doped
NH3O7(OH)

Materials m*
e m*

h

Nb3O7(OH) 0.147 0.351
Ta:Nb3O7(OH) 0.064 0.0344
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32ðuÞ ¼ 2pe2

U30

X

k;n;c

jh4k
cjûrj4k

nij2dðEk
n � EÞ (1)

where e, U, and n referred to as electronic charge, unit cell
volume, frequency of radiation. The induced electric eld
polarization and the wave function associated with conduction/
valence at k are symbolized as û, and 4kc/4k

n, respectively. The
real part 3(u) can be obtained via the Kramers–Kronig
relation.

The real 31(u) and imaginary 32(u) parts of the dielectric
function for pristine and doped-Nb3O7(OH) are illustrated in
Fig. 4(a and b). The introduction of the dopant (Sb and Ta
atoms) in the crystal lattice of the Nb3O7(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 (Nb3O7(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) dene the near-metallic nature of
the investigated crystals. The reduction in the negative value of
31(u) 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 32(u) considered only electronic participa-
tion. The 32(u) 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-mBJ 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).22

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 Nb3O7(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.36,37 The major
peaks of the 32(u) 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.24

There is a shi 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
Fig. 4c depicts the reectivity R(u) 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 reect 28% (main peak) and 25% (second
peak) of the incident radiations. The increased calculated
reectivity 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(u) upon the incident photon energy for pristine/doped
Nb3O7(OH). The EEL spectra come from the free oscillations
of the valence band's electrons upon irradiation, which causes
a plasma frequency. The L(u) appears from the energy points in
31(u), where 31(u) crosses the zero line. It is obvious from Fig. 4d
that the L(u) 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 shi towards
lower energy.
3.5. Transport properties

In solid-state physics, effective mass is a crucial quantity
inuencing how charge carriers, such as electrons and holes,
move through materials. It considers the periodic potential's
effect when dening 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 signicant mobility.
Furthermore, the binding energy of excitons is inuenced by
the effective mass m* i.e. lower m* corresponds to a lower
binding energy (Eb).

The effective mass values for the holes and electrons for
pristine and doped Nb3O7(OH) are listed in Table 3. A decrease
was found in the effective mass of electrons m*

e and holes m*
h;

while moving from pristine to doped systems i.e. 0.147 (pristine)
/ 0.072 (Sb-doped)/ 0.064 (Ta-doped) form*

e and it decreases
from 0.351 (pristine) / 0.04 (Sb-doped) / 0.0344 (Ta-doped)
for m*

h; respectively. It implies that both doped systems have
lower effective mass values.

Comparatively, Ta-doped Nb3O7(OH) depicts substantia-
tionally reduced effective masses ðm*

e=m
*
hÞ than the other two
Sb:Nb3O7(OH) 0.072 0.04
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Fig. 5 Calculated electrical conductivity at 300 K using constant
relaxation time approximation employed in BoltzTraP code.
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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 inuences the material's
electronic properties such as conductivity, optical behavior, and
possible applications in electronic and optoelectronic elds.
The lowered value of effective masses for both carriers
demonstrates that the Ta-doped NH3O7(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
Nb3O7(OH) in thermoelectric appliances, thermoelectrical
conductivity was simulated using the BoltzTraP code. Fig. 5
illustrates electrical conductivity save (m, 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)
Table 4 Calculated ionization energy of atoms (kJ mol−1) electron affini
Sb-doped NH3O7(OH)

Name of the element/compound Eion in kJ mol−1

Nb 652
Ta 760
Sb 834
H 1312
O 1314
Nb3O7(OH)
Ta:Nb3O7(OH)
Sb:Nb3O7(OH)

2458 | RSC Adv., 2025, 15, 2452–2460
and the p-type region (hole region). The save (m, 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 save (m, T)
and possibly reduce some mobility advantages through greater
scattering. Unlikely Ta-doped Nb3O7(OH), Sb-doped Nb3O7(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 Nb3O7(OH), using
the following formulae:30,38

ECB
0 = Ee − c + 0.5Eg, and EVB

0 = ECB − Eg, (2)

where c = {(cNb)
m × (cO)

n × (cH)
P}1/m+n+P (for pristine), (3)

c = {(cX=Ta/Sb)
m × (cNb)

n × (cO)
p

× (cH)
q}1/m+n+P+q (for the doped system) (4)

and

cX = 1/2[EX
EA + EX

ion], where X = Nb, O, H, and Ta/Sb (5)

where c/ECB
0 is the electronegativity, the energy of the

conduction band edge, and Ee is a constant equal to 4.5 eV,39

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 EXEA/E

X
ion, where the optical band

gap of the pristine/doped Nb3O7(OH) is denoted by Eg. 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-Nb3O7(OH) are listed in Table 4. The substitu-
tion of the Ta/Sb in the crystal lattice of the Nb3O7(OH) system
showed that the VB edge and CB edge shied small positive/
ty (eV), and conduction/valence band edge position of pristine and Ta/

c in eV ECB in eV EVB in eV

520.15 3.17 0.07
537.34 2.95 0.36
537.32 2.85 0.55

© 2025 The Author(s). Published by the Royal Society of Chemistry
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negative potential, respectively. These ndings 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 inuenced 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 modied Becke–Johnson approximation (TB-mBJ) was
utilized to determine the accurate band gap. For pristine
Nb3O7(OH), the calculated nding specied 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 Nb3O7(OH) resulted in a shi in the band
gap and repositioning of the Fermi level. The VBM led to
a downward shi, and CBM shied 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 Nb3O7(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 Nb3O7(OH)). In Sb-doped
Nb3O7(OH), the CB is constructed by Nb d/Sb s orbitals,
respectively. Further, the dopants induced a red shi in the
optical threshold to the visible region. Furthermore, the doped
systems showed larger mobility and photocatalytic activity than
the pristine system. These ndings conrmed that Ta/Sb-doped
Nb3O7(OH) holds the potential to be an outstanding candidate
for photoelectrochemical solar cells.
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References

1 D. E. Curry, K. A. Andrea, A. J. Carrier, C. Nganou,
H. Scheller, D. Yang, B. Youden, Y. Zhang, A. Nicholson,
S. Cui, K. D. Oakes, S. L. MacQuarrie, M. Lu and X. Zhang,
Surface interaction of doxorubicin with anatase determines
its photodegradation mechanism: insights into removal of
waterborne pharmaceuticals by TiO2 nanoparticles,
Environ. Sci.: Nano, 2018, 5(4), 1027–1035.

2 D. Gogoi, A. Namdeo, A. K. Golder and N. R. Peela, Ag-doped
TiO2 photocatalysts with effective charge transfer for highly
efficient hydrogen production through water splitting, Int.
J. Hydrogen Energy, 2020, 45(4), 2729–2744.

3 T. Zhou, J. Wang, S. Chen, J. Bai, J. Li, Y. Zhang, L. Li, L. Xia,
M. Rahim, Q. Xu and B. Zhou, Bird-nest structured ZnO/TiO2

as a direct Z-scheme photoanode with enhanced light
harvesting and carriers kinetics for highly efficient and
stable photoelectrochemical water splitting, Appl. Catal., B,
2020, 267, 118599.

4 X. Li, Y. Liu, C. Zhang, T. Wen, L. Zhuang, X. Wang, G. Song,
D. Chen, Y. Ai, T. Hayat and X. Wang, Porous Fe2O3

microcubes derived from metal organic frameworks for
efficient elimination of organic pollutants and heavy metal
ions, Chem. Eng. J., 2018, 336, 241–252.

5 K. R. Tolod, S. Hernández, M. Castellino, F. A. Deorsola,
E. Davarpanah and N. Russo, Optimization of BiVO4

photoelectrodes made by electrodeposition for sun-driven
water oxidation, Int. J. Hydrogen Energy, 2020, 45(1), 605–618.

6 X. Ning and G. Lu, Photocorrosion inhibition of CdS-based
catalysts for photocatalytic overall water splitting,
Nanoscale, 2020, 12(3), 1213–1223.

7 H. Li, X. Shi, X. Liu and X. Li, Synthesis of novel, visible-light
driven S, N-doped NaTaO3 catalysts with high photocatalytic
activity, Appl. Surf. Sci., 2020, 508, 145306.

8 H. Yu, Y. Xue, Y. Lu, X. Wang, S. Zhu, W. Qin and M. Huo,
Novel application of a Z-scheme photocatalyst of
Ag3PO4@g-C3N4 for photocatalytic fuel cells, J. Environ.
Manage., 2020, 254, 109738.

9 A. Fujishima and K. Honda, Electrochemical Photolysis of
Water at a Semiconductor Electrode, Nature, 1972, 238, 37–
38.

10 L. Wang, K. Wang, T. He, Z. Yang, H. Song and H. Wang,
Graphitic Carbon Nitride-Based Photocatalytic Materials:
Preparation Strategy and Application, ACS Sustainable
Chem. Eng., 2020, 8(43), 16048–16085.

11 F. Lu and D. Astruc, Nanocatalysts and other nanomaterials
for water remediation from organic pollutants, Coord. Chem.
Rev., 2020, 408, 213180.

12 F. Lu and D. Astruc, Nanomaterials for removal of toxic
elements from water, Coord. Chem. Rev., 2018, 356, 147–164.
RSC Adv., 2025, 15, 2452–2460 | 2459

https://pubs.acs.org/doi/10.1021/acs.jpcc.6b06391
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08019j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
2/

7/
20

25
 1

2:
13

:0
9 

A
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
13 R. J. Moon, A. Martini, J. Nairn, J. Simonsen and
J. Youngblood, Cellulose nanomaterials review: structure,
properties and nanocomposites, Chem. Soc. Rev., 2011,
40(7), 3941–3994.

14 A. Thomas, A. Fischer, F. Goettmann, M. Antonietti,
J.-O. Müller, R. Schlögl and J.-M. Carlsson, Graphitic
carbon nitride materials: variation of structure and
morphology and their use as metal-free catalysts, J. Mater.
Chem., 2008, 18, 4893–4908.

15 D. S. Su, J. Zhang, B. Frank, A. Thomas, X. Wang,
J. Paraknowitsch and R. Schlogl, Metal-free heterogeneous
catalysis for sustainable chemistry, ChemSusChem, 2010,
3(2), 169–180.

16 A. Wisnet, K. Bader, S. Betzler, M. Handloser, P. Ehrenreich,
T. Pfadler, J. Weickert, A. Hartschuh, L. Schmidt-Mende,
C. Scheu and J. Dorman, Defeating Loss Mechanisms in
1D TiO2-Based Hybrid Solar Cells, Adv. Funct. Mater., 2015,
25, 2601–2608.

17 A. Kudo and Y. Miseki, Heterogeneous Photocatalyst
Materials for Water Splitting, Chem. Soc. Rev., 2009, 38,
253–278.

18 C. Zhang, et al., Enhancing graphene capacitance by
nitrogen: effects of doping conguration and
concentration, Phys. Chem. Chem. Phys., 2016, 18, 4668.

19 M. A. Dar, Implications of the Pore Size of Graphitic Carbon
Nitride Monolayers on the Selectivity of Dual-Boron Atom
Catalysts for the Reduction of N2 to Urea and Ammonia: A
Computational Investigation, Inorg. Chem., 2023, 62,
13672–13679.

20 S. Fozia, et al., Boosting CO2 Activation and Reduction by
Engineering the Electronic Structure of Graphitic Carbon
Nitride through Transition Metal-Free Single-Atom
Functionalization, J. Phys. Chem. C, 2023, 127, 11911–11920.

21 R. Khanam, et al., Nickel single atom catalyst supported on
the gallium nitride monolayer: rst principles
investigations on the decisive role of support in the
electrocatalytic reduction of CO2, Sustain. Energy Fuels,
2023, 7, 5046–5056.

22 S. B. Betzler, et al., Template-free Synthesis of Novel, Highly-
Ordered 3D Hierarchical Nb3O7(OH) Superstructures with
Semiconductive and Photoactive Properties, J. Mater. Chem.
A, 2014, 2, 12005–12013.

23 W. Khan, et al., Theoretical and Experimental Study on the
Optoelectronic Properties of Nb3O7(OH) and Nb2O5

Photoelectrodes, J. Phys. Chem. C, 2016, 120(41), 23329–
23338.

24 S. B. Betzler, et al., Titanium Doping and Its Effect on the
Morphology of Three-Dimensional Hierarchical Nb3O7(OH)
Nanostructures for Enhanced Light-Induced Water
Splitting, Chem. Mater., 2016, 28(21), 7666–7672.
2460 | RSC Adv., 2025, 15, 2452–2460
25 R. Parr, Density-Functional Theory of Atoms and Molecules;
International Series of Monographs on Chemistry, Oxford
University Press, 1989.

26 W. Kohn, Nobel Lecture: Electronic Structure of
Matter−Wave Functions and Density Functionals, Rev.
Mod. Phys., 1999, 71, 1253–1266.

27 J. P. Perdew, K. Burke and M. Ernzerhof, Generalized
Gradient Approximation Made Simple, Phys. Rev. Lett.,
1996, 77, 3865–3868.

28 P. Blaha, K. Schwarz, G. Madsen, D. Kvasnicka and J. Luitz,
WIEN2k: An Augmented Plane Wave Plus Local Orbitals
Program for Calculating Crystal Properties, Techn.
Universität Wien, Vienna, 2001.

29 C. Ambrosch-Draxl and J. O. Sofo, Linear Optical Properties
of Solids within the Full-Potential Linearized Augmented
Planewave Method, Comput. Phys. Commun., 2006, 175, 1–14.

30 H. J. Monkhorst and J. D. Pack, Special points for Brillouin-
zone integrations, Phys. Rev. B, 1976, 13, 5188–5192.

31 F. Tran and P. Blaha, Accurate Band Gaps of Semiconductors
and Insulators with a Semilocal Exchange–Correlation
Potential, Phys. Rev. Lett., 2009, 102, 226401.

32 W. Khan, S. Borek and J. Minara, Correlation between the
electronic structure, effective mass and thermoelectric
properties of rare earth tellurides Ba2MYTe5 (M = Ga, In),
RSC Adv., 2015, 5, 51461.

33 F. Wooten, Optical Properties of Solids, Academic Press, New
York, 1972.

34 G. K. Madsen and D. J. Singh, BoltzTraP. A Code for
Calculating Band-Structure Dependent Quantities, Comput.
Phys. Commun., 2006, 175, 67–71.

35 A. Hassan and M. A. Dar, Addressing the Activity and
Selectivity Challenges for CO2 Reduction via Transition-
Metal-Free Homo- and Hetero-Biatomic Catalysts
Embedded in Two-Dimensional Networks, ChemCatChem,
2024, 16(1 of 13), e202400299.

36 A. Elaouni, et al., Bismuth tungstate Bi2WO6: a review on
structural, photophysical and photocatalytic properties,
RSC Adv., 2023, 13(26), 17476–17494.

37 H. Khan and M. U. H. Shah, Modication strategies of TiO2

based photocatalysts for enhanced visible light activity and
energy storage ability: a review, J. Environ. Chem. Eng.,
2023, 11, 111532.

38 C. Xing, et al., Band structure-controlled solid solution of
Cd1−xZnxS photocatalyst for hydrogen production by water
splitting, Int. J. Hydrogen Energy, 2006, 31, 2018.

39 M. Askari, et al., Structural and optical properties of PVP-
capped nanocrystalline ZnxCd1−xS solid solutions,
Superlattice. Microst., 2015, 81, 193.
© 2025 The Author(s). Published by the Royal Society of Chemistry

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

	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study
	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study
	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study
	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study
	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study
	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study
	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study
	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study
	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study
	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study

	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study
	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study
	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study
	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study
	Band structure engineering, optical, transport, and photocatalytic properties of pristine and doped Nb3O7(OH): a systematic DFT study


