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ABSTRACT: This study investigated the photocatalytic properties of MoS,-

doped boron nitride nanotubes (BNNTs) for overall water splitting using Solar energy
popular density functional theory (DFT). Calculations of the structural,
mechanical, electronic, and optical properties of the investigated systems were
performed using both the generalized gradient approximation and the GW
quasi-particle correction methods. In our calculations, it was observed that (" /(contuctionbang €+

\_  MoS-doped SWBNNT B

\

\\

only (10, 10) and (12, 12) single-walled BNNTs (SWBNNTs) turned out to

be stable toward MoS, doping. Electronic property calculations revealed K{

metallic behavior of (10, 10)-MoS,-doped SWBNNTs, while the band gap of o
(12, 12) SWBNNT was narrowed to 2.5 eV after MoS, doping, which is Ho Nl
within the obtained band gaps for other photocatalysts. Hence, MoS, -
influences the conduction band of pure BNNT and improves its 0

photocatalytic properties. The water-splitting photocatalytic behavior is

found in (12, 12) MoS,-doped SWBNNT, which showed higher water oxidation (OH™/O,) and reduction (H*/H,) potentials. In
addition, optical spectral calculations showed that MoS,-doped SWBNNT had an optical absorption edge of 2.6 eV and a higher
absorption in the visible region. All of the studied properties confirmed MoS,-doped SWBNNT as a better candidate for next-
generation photocatalysts for hydrogen evolution through the overall water-splitting process.

1. INTRODUCTION Mo-based electrocatalysts.” The results indicated that oxide or
hydroxide promotes water dissociation and the alloy
accelerates the hydrogen combination.

In order for a semiconductor to act well as a photocatalyst
for hydrogen production, (i) the band gap should be larger
than the difference between the water oxidation (OH™/0,)
and reduction potentials (H*/H,)* and (ii) the water oxidation
and reduction potentials should be in the energy gap region
between the valence band maxima (VBM) and the conduction
band minima (CBM) of the photocatalyst. Several semi-
conductors with these conditions have been presented in the
literature, e.g, TiO," and Bi,WO,.>

Although the literature revealed that some theoretical
studies on the electronic structure of BNNT® materials and
the effects of doping on its electronic band structure have been
performed, the proofs of the theoretical studies on the
electronic and optical structures of the MoS,-doped and

Hydrogen storage is a form of chemical energy storage that can
be used as a fuel in an internal combustion engine or fuel cell.
It is the most abundant element in the universe, accounting for
up to 142 MJ kg™"." Due to the overconsumption of fossil fuels
and their greater contribution to ecosystem pollution, there is
an ongoing fear in the global community.” There are many
searches and initiatives for alternatives to fossil fuels and
conversion to environmental pollution. For example, a study
was carried out to reduce atmospheric CO, using a Cu—Zn
alloy/Cu—Zn aluminate oxide composite electrocatalytic
system.' Results revealed significant adsorption and activation
of CO, and the dissociation of H,O and strengthened the
adsorption of CO intermediates. One of the most successful
efforts is the discovery of hydrogen fuel, which has greater
potential to replace fossil fuels in the near future.” This was
due to its relatively environmentally friendly properties, which
produce water after combustion. In 1972, Fujishima and
Honda discovered the production of hydrogen from photo- Received: August 10, 2023
catalytic water splitting by solar radiation.* Until now, this Accepted:  September 18, 2023
method has received much attention as one of the most Published: October 4, 2023
appropriate processes to solve global energy crises and

environmental pollution. Recently, a study was carried out

on the evolution of hydrogen under alkaline conditions in Ni—
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Figure 1. Optimized unit cells of (a) (8, 8) SWBNNT, (b) (9, 9) SWBNNT, (c) (10, 10) SWBNNT, (d) (11, 11) SWBNNT, (e) (12, 12)
SWBNNT, (f) top view of MoS,-doped (10, 10) SWBNNT, and (g) side view of MoS,-doped (10, 10) SWBNNT. The green balls represent N
atoms, the red balls represent B atoms, and the yellow balls represent Mo atoms, while the black balls represent S atoms.

WS,-doped BNNT systems were missing and therefore need to
be investigated. To fill this gap, this research study investigated
the photocatalytic properties of the MoS,-doped system with
the SWBNNT structure for water-splitting applications.
However, untreated BNNTSs cannot be used directly as
photocatalysts due to their large band gaps.” The reported
band gaps of the pristine BNNTSs were in the range of 5—6.4
€V,? so these values must be narrowed to the range of 1.2—2.8
eV, which is the range of band gaps of semiconductors
classified as catalysts that can be used for hydrogen production
by photochemical water splitting.” It was found that BNNTSs
with a small excess of boron or carbon substitution can be used
as candidates for the preparation of photocatalysts because
their optical absorptions are within the spectral range.
Nevertheless, the photocatalytic efficiency of the C- or B-
substituted BNNT for the evolution of H, under visible light
was not satisfactory. When the photocatalytic potential of
nitrogen-doped BNNT was investigated in air and water
media, it was found that the photocatalytic activity of the
doped system for H, and O, evolution showed no significant
change after 20 days. Therefore, it is an interesting challenge to
improve the photocatalytic activity of BNNTs for H,
production in the research field of related energy sources. To
find solutions to the problems already highlighted, it is
necessary to narrow the band gap of the BNNT so that it can
efficiently serve as a candidate for next-generation photo-
catalytic water splitting. Therefore, this research study
investigated the photocatalytic properties of the SWBNNT
doped with MoS, for water splitting. MoS, was chosen as our
model to dope SWBNNT because of its widely reported
photostability, high reactivity, strong oxidizing ability, chemical
inertness, photothermal properties, and chemical stability.'’

38633

2. RESEARCH METHODS

Density functional theory (DFT) calculations were performed
using the Perdew—Burke—Erzerhof (PBE) parametrized
exchange—correlation functlonal by using quantum ESPRES-
SO (QE) simulation codes."" QE is a code operated under the
GNU General Public License for materials modeling and
electronic structure calculation based on the pseudopotential
DFT plane wave approach. QE can perform different tasks,
which include ground-state calculation, structural optimization,
transition states and minimum energy paths, density-functional
perturbation theory response properties, such as phonon
frequencies, electron—phonon interactions, and Electron
Paramagnetic Resonance (EPR) and Nuclear Magnetic
Resonance (NMR) chemical shifts, ab initio molecular
dynamics: Car—Parrinello and Born—Oppenheimer MD,
spectroscopic properties, quantum import, and generation of
pseudo potentials. To ensure accurate results, the quasi-particle
energy correction was performed via the GyW,, approximation
implemented in the Yambo code by using the many-body
perturbation theory (MBPT). We used the MBPT to link N
atom and N and N + 1- partlcle systems using the central time-
ordered Green function,'” given by

G(r't, r't') (1)

In order to eliminate the underestimation of the band gap by
the generalized gradient approximation (GGA) functional, the
PBE functional was corrected using the popular GW
approximations implemented in Yambo."” The 1 X 1 X 30
k-point sample was used to describe the Brillouin zone (BZ)
for the doped SWBNNT structure. The kinetic energy limit of
40 Ry was used, and the energy convergence criterion of 10—3
Ry was used to reduce computational costs. The electronic
band structures of the bare SWBNNT and MoS,-doped
SWBNNT systems were calculated by fixing the Fermi level at

https://doi.org/10.1021/acsomega.3c05907
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the gamma point of the Brillouin zone. VBM, CBM, and the
Fermi level were calculated from the relationship'*

VBM = VBMcal - ‘/vac,ns (2)
CBM = CBMcal - ‘/vac,ns (3)
Ef = Efcal - ‘/vac,ns (4)

where X, (X = VBM, CBM, and E;) and V,,_ are the
calculated values of parameters obtained via PBE and the
vacuum level potentials of the nanotubes, respectively. The
determination of the photocatalytic properties of the
investigated systems was carried out by taking into account
the optical response of the nanotubes to the incident
electromagnetic photon. The complex dielectric function
e(w) was used to determine the optical response of the
hybrid SWBNNT via the Bethe-Salpeter Equation (BSE)
approach. The value of £(w) is calculated using the equation'

e(w) = g(w) + &,(w) (5)

where &,(w) is the real part and &,(®) is the imaginary part of
the optical dielectric constant obtained by the Kramers—
Kronig relations
21 wey(w)
w'e,(w
&(w) =1+ =P S——dw’
zJ (0 — @?) (6)
We used the imaginary part of the dielectric function result
of the summation of the valence to conduction band
transitions under a specified k-point of the corresponding BZ
to find the magnitude of the energy absorbed within the visible
spectrum.

3. RESULTS AND DISCUSSION

3.1. Structural Optimizations and Elastic Properties.
The pristine unit cell of the armchair single-walled boron
nitride nanotubes (SWBNNTs) was optimized from the
generated carbon nanotube structure via the Tubegen
database.'® To ensure good stability of the optimized
nanotubes, (8, 8), (9, 9), (10, 10), (11, 11), and (12, 12)
armchair configurations were studied, and the bond lengths
were adjusted to the experimental value of 1.71 A."” It was
found that only (10, 10) and (12, 12) SWBNNTSs were stable
toward MoS, doping. The SWBNNTs were doped by
exchanging B and N atoms at appropriate positions. The
optimized structure is such that one N atom has been replaced
by one Mo atom at position 11.14 A, while two adjacent B
atoms have been replaced by two S atoms at positions 12.51
and 10.43 A, respectively, which brought the concentration of
the MoS, dopant to 5.7%. The optimized structures of the
pristine SWBNNT and MoS,-doped SWBNNT are presented
in Figure 1, while Table 1 presents the sampled k-points
relative to the structural optimization of the studied systems.

As can be seen in Table 1, doping the pristine SWBNNT
with MoS, does not significantly change the stability of the
system. However, a small change in diameter was observed
because the size of the dopants and the Mo—S bond length are
slightly larger compared to the size of both the B and N atoms.
In addition, doping of the study material has a significant
impact on its volume. Due to this stability,"® we selected this
optimized material as a representative case study of our
research.

Table 1. Sampled k-Points with Respect to Doped and
Undoped SWBNNT Systems

material diameter (A) volume (A*)  k-points
pristine SWBNNT (8, 8) 1391 0.93 1150
pristine SWBNNT (9, 9) 13.95 0.96 1150
pristine SWBNNT (10, 10) 14.05 1.00 1.1 60
pristine SWBNNT (11, 11) 14.26 1.01 1.1 60
pristine SWBNNT (12, 12) 14.29 1.02 1_1_60
MoS,-doped SWBNNT (10, 10) 1442 1.03 1.1 60
pristine SWBNNT (12, 12) 15.37 1.05 1.1 80
MoS,-doped SWBNNT (12, 12) 1571 1.08 1.1 80

The chirality of the pristine SWBNNT system was calculated
from the equation of the chiral vector for nanotubes. Just like
carbon nanotubes,'” the diameters of armchair SWBNNTS can

be obtained by

d= i\/n2 + nm + m*

T (7)
where a is the lattice constant in armchair SWBNNT. Different
chiralities of armchair SWBNNT were tested before choosing
the representative (12, 12) SWBNNT material. Table 2
presents the results obtained for (8, 8), (9, 9), (10, 10), (11,
11), and (12, 12) armchair SWBNNTs.

Table 2. Optimized Chiral Geometry of Armchair
SWBNNT

chirality = diameter ~ diameter =~ B—N bond  strain ener ba;;)d
(n,m) of B(A) ofN (A) length (A) (eV/atom éV)
(8, 8) 9.80 921 1.70 0238 471
9,9) 9.81 9.22 1.71 0.393 4.10
(10,10)  9.81 931 1.73 0.051 520
(11,11) 983 9.33 1.73 0.028 5.50
(12,12) 985 9.35 1.75 0.14 5.61

It is evident from Table 2 that the obtained band gaps for (8,
8) and (9, 9) SWBNNT were below the experimental values
reported for SWBNNT structures (5 6.3 eV).” Although these
nanotubes were also found to be stable, their interactions with
the MoS, dopant did not result in a well-converged value of
the total energy. In the case of (10, 10), (11, 11), and (12, 12),
well-converged results were obtained for both the band gap
values and the lattice parameters. Interactions of these
nanotubes led to well-converged total energy values. Therefore,
it is necessary to perform our calculations on these nanotube
configurations.

The elastic properties of the considered nanotubes were
calculated considering the total energy calculations for the (12,
12) SWBNNT and the MoS,-doped SWBNNT, respectively.
We obtained the results of the total energy as a function of
volume and different bond lengths and then calculated Young’s
moduli of the two nanotubes. Figure 2 shows the calculated
variations in total energy with volume for the two systems
studied. For pure SWBNNT, the total energy decreased with
volume from —268.05 to —268.35 eV and then varied directly
with volume from 1400 a.u’, which is in accordance with the
obtained experimental and theoretical data.”’ A similar case
was observed for the MoS,-doped SWBNNT, except that in
this case, the volume is larger than the volume of pristine
SWBNNT because the diameter increases as a result of MoS,

https://doi.org/10.1021/acsomega.3c05907
ACS Omega 2023, 8, 38632—-38640
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Figure 2. Variation of total energy with volume for (a) pristine SWBNNT and (b) MoS,-doped SWBNNT.

doping. It was also found that MoS, impurity doping does not

affect the mechanical stability of the optimized SWBNNT.
Figure 3a,b shows the results of total energy variations with

bond lengths for pristine SWBNNT and MoS,-doped
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Figure 3. Variations of potential energy with a bond length of (a)
pristine SWBNNT and (b) MoS,-doped SWBNNT. Variations of
Young’s moduli with nanotubes’ length of (c) pristine SWBNNT and
(d) MoS,-doped SWBNNT.

SWBNNT. As can be seen in Figure 3a, the closest distance
between adjacent N—B atoms (N—B bond length) is 1.65 nm,
which agrees with the obtained experimental value of 1.653
nm.”” In the case of the MoS,-doped system shown in Figure
3b, a slight difference of 1.66 nm was obtained due to the
doping because of the longer Mo—S bond length than B—N.
To investigate Young’s moduli of the systems under study,
we use the conventional definition of Young’s modulus as

38635

_10E
V, 0% (8)

where Vj is the volume of the given nanotube cylinder defined

by23

V, = 2nL,RSR )
where Lo, R, and SR are the lengths of the nanotube
corresponding to its equilibrium volume and & is the axial
strain of the nanotube. The results of the calculated Young’s
moduli for the pristine and doped systems of SWBNNT
structures are shown in Figure 3c,d. It can be seen that Young’s
moduli are related to the length of the nanotubes. In the case
of the pristine (12, 12) SWBNNT, it can be seen that there is a
direct variation of Young’s modulus with the length of the
nanotubes from 825.2 to 899.6 GPa with the lengths from 3.1
to 4.9 nm. Claims for this are attributed to the effects of the
cohesive energy of the nanotube being greater than its length.
The behavior observed in this case is similar to the observed
behavior found for (1, 0) carbon nanotubes.”* Concerning the
doped SWBNNT, there was more energy variation with the
length of the nanotubes, which can be seen starting at 850 GPa
and extending up to 953 GPa, which is much larger than the
range obtained for the original SWBNNT. Based on this, the
MoS,-doped SWBNNT can be considered stiffer than the
pristine SWBNNT.

3.2. Effects of MoS, Doping on the Electronic
(Photocatalytic) Properties of SWBNNT. To better under-
stand the photocatalytic behavior of the doped SWBNNT
structure, it is necessary to analyze the electronic behavior of
the system under doped and undoped conditions. The
electronic properties of the pristine SWBNNT and the
MoS,-doped SWBNNT were studied separately, and the
results are shown in Figure 4. Furthermore, all calculations of
the electronic transport systems were performed on the (10,
10) and (12, 12) nanotubes. This is intended to ensure that
the nanotube, which is suitable as a photocatalyst, has a precise
geometry that is as precise as possible. Figure 4a shows the
electronic band structure of the pristine SWBNNT. As can be
seen, a band gap of 4.9 eV was obtained with the GGA
function. However, this does not agree well with the band gap
range (5—6.3 V) obtained for larger SWBNNT, and hence,
the GGA results are inconsistent.”> To correct this
inconsistency, we further performed the calculation with the
hybrid GyW, approximation to perform a quasi-particle
correction via the many-body perturbation theory approach.

https://doi.org/10.1021/acsomega.3c05907
ACS Omega 2023, 8, 38632—-38640
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Figure 4. Electronic band structures of (a) pristine SWBNNT, (b) (10, 10) MoS,-doped SWBNNT, and (c) (12, 12) MoS,-doped SWBNNT.

A band gap of 5.2 eV was achieved with this method, which is
in good agreement with the literature results obtained.”’
Furthermore, the (10, 10) SWBNNT was first doped with
MoS,, and the resulting electronic properties were determined.
There were three atoms, one from Mo and two from S
elements, that were used to build the doped system, which
brought the concentration of the MoS, dopant to 6%. The Mo
atom was used to replace a B atom, while the two S atoms
replaced N atoms. Figure 4b shows the results of the calculated
electronic structure of the (10, 10)-MoS,-doped SWBNNT
structure. In terms of its photocatalytic potential, this system
can be considered unsuitable for hydrogen photocatalysts since
the band gap has been completely closed due to doping, as
shown by both GGA and G,W, approximations. To investigate
this further, we performed the same investigations of the
MoS,-doped SWBNNT system of the (12, 12) armchair
configurations and obtained favorable results.

The doping of MoS, in the (12, 12) SWBNNT generated
molecular interactions in the doped system that are related to
the behavior of the B and N atoms under the quantum
mechanical effects of the nanotube diameter. This leads to
partial occupation of the VBM by many electrons from the
MoS, atoms. As a result of this, the band gap of the pure
SWBNNT has been narrowed to 2.2 and 2.5 eV by GGA and
GoW,, respectively. Although both results fall within the band
gap range of the photocatalyst, the GGA value was an
underestimate, while the GyW,, value gives the exact band gap
obtained. Furthermore, the band gap obtained is direct since
VBM and CBM all have the same momentum.”” As can be
seen, the CBMs of the MoS,-doped SWBNNT are larger than
the H'/H, potential (—4.40 eV), so they are suitable
photocatalysts for the half-reaction of hydrogen reduction.”®
Based on the obtained results, it can be shown that the (12,
12) MoS,-doped SWBNNT semiconductor can be an excellent
candidate for enhanced photocatalytic water splitting.

Table 3 presents the optimized lattice parameters, the
formation energies, and the band gaps of the (10, 10), (12, 12)
and the MoS,-doped (10, 10), (12, 12) SWBNNT
nanostructures. As shown in Table 3, swapping B and N
atoms does not significantly affect the stability of the

Table 3. Calculated Band Gap Energies, Lattice Parameters,
and Formation Energies of Pristine and Doped Systems
under Studies

pristine (10, MoS,-doped  pristine (12, MoS,-doped

10) (10, 10) 12) (12, 12)

parameters ~ SWBNNT SWBNNT SWBNNT SWBNNT
band gap 5.20 0.00 5.40 2.50

(ev)
a (A) 38.00 39.00 39.31 39.50
b (A) 38.00 39.00 39.31 39.50
¢ (A) 0.12 0.13 0.14 0.14
A 90.00 90.00 90.00 90.00
B 90.00 90.00 90.00 90.00
r 120 120 120 120
formation —8.37 —-8.71 —8.42 —8.71

energy

(eV/unit)

SWBNNT. However, the band gap value decreased to zero
for (10, 10) MoS,-doped SWBNNT, whereas the band gap
value decreased to 2.5 eV after doping (12, 12) SWBNNT
with MoS,, which is in good agreement with the experimental
values of the band gaps for other photocatalysts.”” The band
gap of the MoS,-doped (12, 12) SWBNNT was narrowed in
the energy range of 0.6—1.8 eV due to the presence of vacant
MoS, orbitals. In addition, the CBMs of the doped system
consist of the combination of the vacant orbitals of the Mo and
S atoms, respectively.

To understand the electronic occupations and orbital
contributions of atoms in the doped systems of the (10, 10)
and (12, 12) SWBNNT systems, we calculated both the total
density of states (TDOS) and the partial density of states
(PDOS) of the interacting systems. Figure S shows the results
in detail. In the case of the pure SWBNNT shown in Figure Sa,
TDOS is divided into three regions. The first two ranges in the
—10 to —8 and —1.6 to 6 eV range fall in the valence band,
while the third range in the 2.8—5 eV range is in the
conduction band. The Fermi level showed the existence of
empty states, and this justified the system as a semiconductor.
Therefore, the behavior of this nanotube is determined by
these three domains. The TDOS in Figure 5b shows occupied
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states at the Fermi level as a result of MoS, doping. In the case
of (12, 12) MoS,-doped SWBNNT, Figure Sc shows that the
VBM is —10.2 eV, which is close to the value of an ideal water-
splitting photocatalyst. Therefore, the (12, 12) MoS,-doped
SWBNNT is a suitable photocatalyst for the entire water-
splitting process under sunlight irradiation. Moreover, due to
the nature of its VBM, this material can also be used as an ideal
n-type photocatalyst in a heterojunction water splitting.*’
Different orbital contributions from each interacting atom are
shown in Figure 6a,b. In addition, the orbital combinations of
the VBM and CBM of this nanotube are given in Table 3. The
VBM is mainly dominated by the 2p orbitals of S and the 4f
orbitals of Mo atoms, respectively. Furthermore, the effects of
the vacant 2p orbitals of B and N atoms in the doped
SWBNNT increased with increasing energy levels. In general,
the photocatalytic behavior of the MoS,-doped SWBNNT
semiconductor is governed by the quantum mechanical effects

38637

of the 2p and 4f orbitals of S and Mo atoms, respectively, and
this can be explained by the occupation of the Fermi level by S
and Mo orbitals as shown in Figure 6b.

3.3. Effects of Photoabsorption of the MoS,-Doped
SWBNNT (Photocatalysts). Photocatalysts absorb electro-
magnetic energy (solar radiation) in the visible range. Their
photocatalytic nature depends on light absorption and charge
transport. The number of active sites related to the size of the
band gap also plays a key role in the behavior of the
photocatalyst. The imaginary dielectric constant was consid-
ered to explain the light energy absorbed by the MoS,-doped
SWBNNT. Figure 7 shows the calculated real and imaginary
dielectric values related to the energy scattered and absorbed
by the pristine and doped systems of (12, 12) SWBNNTs.
Calculations were performed using the GyW,-BSE approx-
imation, which takes into account both electron—electron and
electron—hole interactions.”’ The real dielectric functions
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determine the amount of light energy that is scattered or
reflected by the photoabsorbing material. For the MoS,-doped
SWBNNT system, Figure 7a shows the real dielectric spectrum
that accounts for the energy reflected in the system. As can be
seen, there is generally less reflection in the visible region,
corresponding to the rise and fall of the lower peaks between 0
and 2.4 eV. Therefore, the system absorbs more energy than it
reflects. Figure 7b shows the amount of energy absorbed by the
pristine and doped systems. In both systems, the optical
absorption edge starts at 2.6 eV, which is within the visible
range of absorbed electromagnetic energy and is comparable to
the available literature values, as shown in Table 4. However,

Table 4. Photocatalytic Band Gap and Optical Absorption
Edge of the System under Study and the Obtained
Literature

band gap  absorption binding
material (ev edge (eV) energy (eV) references

MoS,-doped 2.50 2.60 —8.71 current

SWBNNT work
N-doped TiO, 291 2.61 =721 32
nanotube/TiO,— 2.31 2.59 —7.43 33

ZnO composites
2D MoS, 1.30 1.48 —6.61 34
MoS,/Ni,S, 1.48 1.51 =733 35

the amount of energy absorbed by the pristine SWBNNT
system is much less than that of the energy absorbed by the
MoS,-doped SWBNNT. In addition, the presence of two
higher peaks falls to 2.3 and 3.1 eV, respectively, by the MoS,-
doped system. This showed that the MoS,-doped SWBNNT
absorbs the highest amount of visible solar radiation, revealing
a greater degradation of chemicals or pollutants. Furthermore,
the higher absorption by MoS,-doped SWBNNT was due to
the quantum effects and band transitions through the orbitals
of Mo and S atoms. Therefore, MoS,-doped SWBNNT may be
a better candidate for next-generation photocatalysts for overall
water splitting.

4. CONCLUSIONS

In this work, the photocatalytic properties of the SWBNNT’s
MoS,-doped system were investigated using the popular DFT
as implemented in QE and Yambo simulation codes. The
material stabilities were checked for different chiralities of the

pristine armchair SWBNNT before doping, and it was found
that only (12, 12) SWBNNT was suitable for MoS, doping for
photocatalysis. The doping of MoS, in the (12, 12) SWBNNT
system generated molecular interactions in the doped system,
and they are related to the behavior of the B and N atoms
under the quantum mechanical effects of the nanotube
diameter. This leads to the partial occupation of the VBM
by many electrons from the MoS, atoms. This narrowed the
band gap of the pure SWBNNT to 2.2 and 2.5 eV by GGA and
GoWy, respectively. The system absorbs more energy than it
reflects. In both the pure and doped systems, the optical
absorption edge starts at 2.6 eV, which is within the
electromagnetic energy absorbed in the visible range and this
also falls within the energy absorption range of other
photocatalysts. These properties and other novel features
observed in MoS,-doped SWBNNT made it a better candidate
for next-generation photocatalysts for overall water splitting.
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