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Anthropogenic NOy emissions from industrial sources pollute the Earth’s atmosphere. It produces adverse effects
on the Earth and human beings. TiO2 has the potential application for the photocatalytic degradation of envi-
ronmental NOy pollutants. Pure TiO2 may have some practical limitations. Surface chemical functionalization of
metal and metal oxide nanoclusters on top of the TiOy surface may enhance photocatalytic activity toward
reducing environmental NOy pollution. Hence, we have presented a state-of-the-art Density functional theory-
based study on the surface chemical functionalization of the transition metal oxide NbyOs and the metal Nb;o
nanocluster supported by TiO, rutile (110) surfaces for the reduction of harmful environmental NO pollutants.
The most favorable geometry and size of the Nb,Os/Nb;g nanocluster are studied. The binding energetics were
analyzed to study the growth of NbyOs/Nbjg nanoclusters and their stability. The interaction and the charge
transport between the nanocluster and the surfaces are studied by electronic structure, charge density, and the
Bader charge analysis. Ab-Initio Molecular Dynamics (AIMD) analysis was carried out in order to study the
thermodynamic stability of the nanocluster-supported TiOy surfaces. The favorable adsorption sites of NO
molecules on the NbyOs/TiO, surface are studied by the adsorption energetics. From the NbyOs/TiO2 (Nbyo/
TiOy) surface, the dissociation of NO molecules into N, O by-products, and other harmless by-products is pro-
posed by different possible mechanisms by reaction coordinates profile with the aid of Nudged Elastic Band
methods. The transition state for the reaction mechanism is calculated. Our analysis will help understand the
nature of the interaction between metal oxide/metal nanoclusters and oxide surfaces. A possible way to reduce
the NO molecules through the novel oxide surfaces is proposed. Our theoretical analysis will provide a new
pathway to reduce the environmental NOy pollutants.

1. Introduction

The anthropogenic emission of NOy produces adverse environmental
effects, such as atmospheric air pollution, depletion of the ozone layer,
acid rain, and global warming. In human beings, it affects the respiratory
system, leading to breathing difficulties and issues [1-6]. Emissions
from the industry and automobile vehicles are known as a common
source of NOy pollution [7-10]. Reducing this pollutant by the photo-
catalytic redox reaction is the most promising approach. TiOy has the
potential capabilities for photocatalytic applications [11]. TiOy is
regarded as the most hopeful semiconductor photocatalyst for its

advantages, such as being non-toxic, relatively cheap, chemically stable,
and photo-stable. Also, it has been known that, among the various
planes, TiO, Rutile (110) has the highest thermodynamic stability and
lower surface energy; hence, it has the most technological applications
[12]. Pure TiOy has a few disadvantages, such as a large band gap of
about 3.0 eV [13]. This restricts its photo-catalytic activity only in the
UV region of the solar spectrum. Also, the higher recombination of
photo-generated electron and hole charge carriers greatly restricts the
efficiency of photocatalytic redox reactions. By reducing the band gap of
TiOg, it can perform the photocatalytic activity by visible light spectrum
[14-18]. TiO2 can be made into more efficient photocatalysts by doping
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external elements into it [19]. Even though doping is considered the
most practical method, it has a few disadvantages. Such as the lack of
stability of the host compound, recombination of the charge carriers,
and issues in reproducibility, which are the adverse effects that reduce
the photocatalytic activity [20-22]. Functionalizing the TiO, surfaces
with metal nanoparticles opens the pathway to tune their electronic
structure characteristics and also enhances their applications [23].
Noble metal functionalization on TiOy improves their photocatalytic
applications toward visible light absorption. The deposition of noble
metal nanoclusters such as Au, Ag, Pt, and Ru on other semiconductor
surfaces gives improved photocatalytic properties, but the addition of
noble metals is costly [24]. Exploring an efficient photocatalyst with
cost-effectiveness will fulfill the practical necessity [25].

Semiconductor coupling is considered the most promising approach
to modifying the physical-chemical properties of the oxide surfaces to-
wards photocatalytic applications. Several previous study reports
favorable evidence for tuning the oxide surfaces through semiconductor
coupling. The interface of TiO, with CdS gives better photoactivity to-
wards visible light absorption. Interfacing the two semiconductors can
be considered an advantage for photocatalytic activity by increasing the
active sites for pollutants [26]. The surface modification of ZnGay04
with a SnO, semiconductor improves its photocatalytic activity towards
the visible spectrum [27]. The deposition of oxide nanoclusters on top of
the surface enhances the total surface area and thus improves the charge
transport mechanism for the photocatalytic degradation of pollutant
molecules. The interface of surfaces and deposited nanoclusters has
low-coordinated sites on the surfaces, thus acting as binding sites for
pollutant adsorption. The previous studies on transition metal oxide
deposited TiO, surfaces show efficient photocatalytic activity through
enhanced charge carrier transport [28].

The deposition of iron oxide nanoclusters on top of the TiO; surface,
show better efficiency by improving the optical absorption towards the
visible spectrum and also reducing the recombination of electron and
hole charge carriers [29]. The catalytic property of the oxide surfaces is
greatly modified by the addition of a nanocluster on top of them. The
size, termination, coordination, and stoichiometry of
nanocluster-supported TiOo surfaces greatly influence the charge
transport, and thus affect the photocatalytic activity [30]. NboOs is a
semiconductor with enormous scientific applications in the field of
photocatalysts. NbyOs is cost-effective, chemically stable, and easily
available [31-34]. Even though NbyOs can be used as a photocatalyst,
the higher recombination of photo-generated charge carriers greatly
restricts its activity. The coupling of Nb2O5 and TiO; leads to a superior
photocatalyst by overcoming the drawbacks of pure compounds
[35-40].

In this work, we have shown the state-of-the-art Density functional
theory-based study for the Nb,Os/Nb;g nanocluster supported by TiOy
rutile (110) surfaces for the enhanced reduction of harmful NO mole-
cules. The growth of the nanoclusters and their stability can be studied
by the binding energies. The interaction and the charge transport be-
tween the nanocluster and the surfaces are further studied by electronic
structure, charge density, and the Bader charge analysis. The thermo-
dynamic stability of the nanocluster-supported TiO2 surfaces was stud-
ied by Ab Initio Molecular dynamics (AIMD) analysis. The favorable
adsorption sites of NO molecules on the Nanocluster/TiO; surface are
studied by the adsorption energetics. The dissociation of NO molecules
into N and O by-products is proposed by a different possible mechanism
by reaction coordinates profile with the aid of transition state
calculation.

2. Methodology

The Density Functional Theory calculations were done by localized
atomic orbital basis set methods as programmed in the SIESTA packages
[41,42]. The exchange-correlation functions were considered by
Generalized Gradient Approximations (GGA), as by the Perdew, Burke,
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and Ernzerhof formalism [43]. The core electrons were described by the
Troullier-Martins-based pseudopotentials, and the valence electrons are
depicted by a doubly ¢ polarized basis set [44]. A mesh cutoff of about
300 Ry was used for the real-space integration. Monkhorst-Pack k-point
mesh of a4 x 4 x 1 and 2 x 2 x 1 was used for the Brillouin Zone
integration for the electronic structure and the relaxation calculation,
respectively. The convergence is achieved by setting the convergence
threshold values as 107 eV and 0.05 eV/A for energy and force,
respectively. For the consideration of the slab model, a 4 x 2 supercell of
two layers of thickness was used, and a vacuum of 15 A was imple-
mented along the Z direction. The NbyOs nanocluster with different
nanocluster sizes was modeled on the TiO5 Rutile (110) surfaces and
further studied accordingly. For metal nanoclusters, the Nb;y nano-
cluster is studied. During the geometry optimization, the bottom layers
of the nanocluster/TiO, system are fixed, and the remaining layers are
allowed to relax. The charge present on the surfaces is calculated by
Bader charge analysis [45]. The transition state (TS) was calculated by
the climbed-image nudged elastic band (CI-NEB) calculations [46].
VESTA packages were used for the visualization of crystal structure and
electronic structure results [47].

3. Results and discussions
3.1. Binding energy and geometrical structure of Nb205/TiO2

The initial stage is the optimization of isolated NbOs nanoclusters.
We modeled isolated forms of Nb,Os nanoclusters with different nano-
cluster sizes, such as (Nb2Os)1, (Nb2Os)a, (Nb2Os)3 and (Nb2Os)4. Fig. 1
shows the geometrical structure of the (NbyOs)1, (Nb2Os)2, (Nb2Os)3,
and (NbOs)4 isolated nanoclusters in (a), (b), (c), and (d), respectively.
The cohesive energy vs size of the nanocluster plots is shown in Fig. 1(e).
Equation (1) is used to calculate the cohesive energy of the isolated
nanocluster. Where Enp20s)n is the total energy of the isolated NbyOs
nanocluster, and Exp,o,) is the total energy of the isolated single Nb,Os
formula unit.

Hence, the calculated cohesive energy of isolated (NbyOs)a,
(Nb20s)3, and (Nb2Os)4 nanoclusters is —11.75 eV, —18.16 eV, and
—25.10 eV, respectively. Here, the isolated (NbyOs)4 nanocluster has the
highest cohesive energy; hence, it will be more stable than the other
nanoclusters.

Ece = Enb20s)n — 1 X E(np20s) (€]

The TiO, Rutile (110) surfaces were modeled from the bulk TiO,
Rutile unit cell. Fig. S1 in the supplementary materials shows the unit
cell structure (a) and its projected density of states (b) for the TiO, Rutile
unit cell. Fig. S2 in the supplementary materials shows the 4 x 2
supercell structure (a), its projected density of states (b) for the TiOq
Rutile (110) surface.

The optimization of the NbyOs nanocluster on top of the TiO, Rutile
(110) surfaces is further studied. Hence, we modeled NbyOs nanocluster-
supported TiO, surfaces with different nanocluster sizes, such as
(Nb20s)1, (Nb20s)2, (Nb2Os)3, and (Nb2Os)4. Equation (2) is used to
calculate the binding energy of the nanocluster decorated on the TiO4
surface.

Eg £ = Enb20s)n/mio2 — Etioz2 — E(nb20s)n 2

Where Enb20s)n/Tio2 is the total energy of the NbyOs nanocluster-
supported TiO, Rutile (110) surfaces, Erjoz is the total energy of bare
TiO5 Rutile (110) surfaces, and Ep205)n is the total energy of isolated
NbyOs nanoclusters. Based on that, the binding energy of the Nb2Os
nanocluster on TiO, with different cluster sizes is calculated accordingly
Fig. 2. Hence, the binding energy of (Nb2Os);/TiO2, (Nb2Os)2/TiO2,
(NbyOs5)3/TiO,, and (Nb20s)4/TiO2 nanoclusters is —3.40 eV, —3.57 eV,
—4.47 eV, and —8.20 eV, respectively. Among the various models,
(Nb20s)4 nanocluster-supported TiO, Rutile (110) surfaces have the
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Fig. 1. The isolated Nb,Os nanocluster with different nanocluster sizes (a, b, ¢, and d). Cohesive energy vs nanocluster size plots (e). Green and red balls represent
the Nb and O atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. The Nb,Os nanocluster supported by TiO, surfaces with different nanocluster sizes (a, b, ¢, and d). Binding energy vs nanocluster size plots (e). Green, blue,
and red balls represent the Nb, Ti, and O atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

highest binding energy of about —8.20 eV. Hence, this configuration is
considered the most stable one and is chosen for further in-depth anal-
ysis. The optimized geometrical structure of these configurations is
shown in Fig. 2 (d). Bare TiO; surfaces have Ti-O bond lengths of 1.84 A
and 1.95 A. After the deposition of the Nby,Os nanocluster, the Ti-O
bond length was increased to 1.96 Aand2.00A. Also, the isolated NbyOs5
nanocluster has the bond length of 2.01 A and 1.96 A; After the nano-
cluster deposition, the Nb-O bond length was increased to 2.42 A and
2.01 A. The increasing bond length of TiOy and NbyOs nanoclusters
implicates the superior binding of the adsorbed nanocluster on the TiOy
surfaces.

3.2. Electronic structure analysis

The projected density of states (PDOS) for the (NbyOs)4 nanocluster
supported by the TiO5 surface is shown in Fig. 3. For the case of isolated
Nb,Os nanocluster, most of the states from the VBM are made up of O-2p
orbitals, while the inner bands have the hybridized states of O-2p and
Nb-4d orbitals, and most of the states of CBM are from the Nb-4d or-
bitals. Also, the calculated electronic structure depicts the semi-
conductor characteristics of the Nb,Os nanocluster. For the case of Bare
TiO4 Rutile (110) surfaces, VBM is made from O-2p orbitals, and the
CBM is made from Ti-3d orbitals; this feature agrees well with our
previous results [48,49]. For the case of NbyOs nanocluster-supported
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Fig. 3. The projected density of states (PDOS) plots for the most stable con-
figurations of NbyOs-supported Rutile TiO5 (110) surfaces. The Fermi level is
shifted by 0 eV.

TiO4 Rutile (110) surfaces, most of the VBM states are from the O-2p
orbitals, and most of the states of CBM are made from Ti-3d orbitals.
After 3.5 eV in the conduction bands, it has Nb-4d majority states. After
the Nb,Os nanocluster deposition on the surface, there is the generation
of small energy states from O-2p orbitals around —1 eV in the VBM. On
CBM, the flat band of the Ti-3d orbitals is changed into a dispersed band.
The band gap of TiO; is also reduced by 0.4 eV after the nanocluster
deposition, thus influencing the increased mobility of electron charge
carriers in the visible region.

3.3. Charge transfer analysis

The charge density difference plot of NbyOs nanocluster deposited on
TiO4 Rutile (110) surfaces is shown in Fig. 4. The accumulation and the
depletion of charge along the interface can be represented by the yellow
and light blue contours. The charge redistribution occurs at the inter-
face, mainly due to the lower coordinated Nb and Ti atoms. This analysis
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is further studied by the Bader charge analysis, as shown in Fig. 5. On the
TiO5 Rutile (110) surfaces, the Tis. site and Oy, site are low-coordinated
sites and may be considered as the most active. These active sites bind
the Nb,Os nanoclusters to the surfaces. The O sites of TiO, surfaces are
considered the most active sites for binding the NbyOs nanocluster,
which receives a charge of about 0.2e from the Nb,Os nanocluster. After
that, Tis, sites of the TiO, surface receive 0.08e from the Nb,Os nano-
cluster. The Og, sites interact poorly with the Nb,Os nanocluster and
thus receive charges of about 0.04e from the nanocluster.

3.4. NO adsorption on Nb;05/TiO2

The most active adsorption of the NO molecules is calculated by the
adsorption energetics, by analyzing the adsorption at different possible
sites. The adsorption energy is calculated based on the formula as
mentioned in our previous work [48]. Fig. 6 shows the various
adsorption sites of NO molecules on Nby,Os nanocluster-supported TiOy
surfaces. NO adsorbed at the sideways of the Nb,Os nanocluster (a), NO

© O
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Fig. 4. The optimized structure of the NbyOs/TiO2 system with its interface shown by red dotted lines (a). The charge density difference isosurface plots with the
isovalue of 0.003 e/A, where yellow and light blue represent the accumulation and depletion, respectively (b), and the planar average charge density difference plots
(c). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. NO molecule adsorption at various possible adsorption sites of Nb,Os/TiOs (a, b, c), adsorption energy plots (d). Green, blue, white, and red balls represent
the Nb, Ti, N, and O atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

adsorbed on the top of the Nb,Os nanocluster (b), and NO adsorbed on
the bottom of the NbyOs nanocluster (c). Among the various adsorption
sites, NO adsorbed on the sideways of Nb,Os nanocluster-supported
TiOy surface has the highest adsorption energy of about —1.54 eV.
The NO molecule adsorbed on the sideways is in the exact position
where the NbyOs nanocluster interfaces with the TiO, slab. At these
adsorption sites, NO molecules are influenced by active adsorption sites
such as Nby, Oy, and Tis of the NbyOs/TiO4 system. Hence, compared
to other adsorption configurations, it has the highest binding energy.
Hence, this configuration is considered the most stable one and is chosen
for further studies.

TS 3.40eV

IS NO +NO

Energy (e¢V)
o
l

3.5. NO reduction reaction

The reaction coordinates profile has been studied for the reduction of
Harmful NO molecules into harmless by-products through the following
two-step process. The initial step will be converting NO molecules into
N0 and oxygen atoms [50,51]. For this mechanism, the transition state
(TS) was calculated by the Climbed Image Nudged Elastic Band method
(CI-NEB). Fig. 7 shows the reaction coordinates profile for converting
NO molecules into N2O and oxygen by-products. Initially (IS), two NO
molecules co-adsorb on the sideways of Nb,Os nanocluster-supported
TiO; surfaces. Later, two NO molecules bind together at the transition
state with an activation barrier of about 3.40 eV. Then, it attains the
intermediate state (IMS)-1 with an exothermic energy of —0.62 eV, with

IMS-2

1 - IMS - 0.61.2 eV -0.65 eV FS - 0.72 ¢V
exothermic exothermic
2 - 2NO - N,0+ 0 N,0+0

Reaction Coordinates

Fig. 7. Reaction coordinates profile for converting NO molecules into N,O and oxygen by-products.
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the by-product of N2O and oxygen atoms. Further, the NoO molecules
adsorbed on the surface and the O ad atoms make a chemical bond with
the five-coordinated Ti atoms and four-coordinated Nb atoms at the
intermediate state (IMS)-2 with an exothermic energy of —0.65 eV.
Later, it attains the final state (FS) with an exothermic energy of about
—0.72 eV, with the by-products N,O and O ad atoms.

Still, the N2O molecule is considered harmful. Hence, dissociating
the N2O into N and O by-products is necessary for complete environ-
mental purification [50]. The reaction coordinates profile for dissoci-
ating N2O molecules into N and O by-products, is illustrated in Fig. 8.
Initially, N2O is adsorbed on the Tis. site of the TiO, surface with the O
down configuration. Later, the O atom of the N,O is detached from the
molecule and attains the transition state (TS) with activation barriers of
about 4.64 eV. Finally, the oxygen atoms make a chemical bond with the
five-coordinated Ti and four-coordinated Nb atoms. The N, molecules
are adsorbed on the TiO, surface at the final state (FS) with an
exothermic energy of about —0.17 eV.

3.6. Nbjg nanocluster supported by rutile TiOz (110) surface

The calculated structure of the TiO; rutile (110) surface-supported
Nb;p nanocluster is shown in Fig. 9. Initially, the Nbjy nanocluster
with a different geometry was studied. Different geometries of Nbjg
nanoclusters, such as pyramidal or tetrahedral (a), spherical (b), and
planar (c) geometries, are shown in Fig. S3 in the supplementary ma-
terials. Among these Nb;y nanoclusters, the tetrahedral geometry has
the highest negative cohesive energy of about —9.01 eV and is consid-
ered for further studies. Our analysis agreed well with the previous work
regarding the tetrahedral nanocluster [52].

Nb;o nanocluster with tetrahedral geometry was constructed on the
TiO4 surface. For our study, we obtained two layers of TiO5 (110) sur-
face, which is terminated by a 2-coordinated O atom and a 5-coordi-
nated Ti atom. Nbjy nanocluster was deposited at the center of the
TiO4 surface. The pure Rutile TiOy (110) surface has an average Ti-O
bond length of 1.935 A. After the deposition of the Nb nanocluster, it
increases to 1.943 A. The Nb nanocluster has an average Nb-Nb bond
length of 2.766 A, and the Nb nanocluster bonds with the 2-coordinated
O atom of TiO5 (110) with an average Nb—O bond distance of 2.10 A. The
binding energy of the Nb nanocluster on the TiO3 rutile (110) surface
was measured by the following equation (4),

Epp= ENb/surface — Esurface — Enp @

Where Egg denotes the binding energy of Nb nanocluster on TiO; sur-
face, Enb/surface denotes the total energy of Nb nanocluster deposited on
TiO4 surface, Egyface denotes the total energy of TiO, rutile (110) sur-
face, and Eyp denotes the total energy of an isolated Nb;o nanocluster.

Energy (eV)

0 o
IS N,0 FS -0.17 eV

" exothermic N, +0O

2 N,O—N,+0

Reaction Coordinates

Fig. 8. Reaction coordinates profile for dissociating N>O molecules into ni-
trogen and oxygen by-products.
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From the above formula, the binding energy of the Nb nanocluster on
the TiO; surface was calculated as —6.10 eV. The binding energy is
exothermic; hence, the system is thermodynamically stable and can be
synthesized experimentally.

The projected density of states (PDOS) of a Nbjy nanocluster
deposited on TiOg rutile (110) is shown in Fig. 10 (a). From the PDOS, it
is found that, in the pure TiO; rutile (110), the valence mainly consists of
O-2p orbitals, and the conduction band consists of Ti-3d orbitals and
shows a perfect semiconducting nature. For the case of an isolated Nb;q
nanocluster, the valence band and conduction band overlap; it mainly
consists of Nb-4d orbitals. After the deposition of the Nb nanocluster to
the TiO, rutile (110) surface, the Fermi level is shifted towards the
conduction band minimum, where we can see the shifting of Ti-3d and
O-2p states in the conduction band minimum (CBM) shifted towards the
Fermi level. (Fig. 10 (a)). Both occupied states and unoccupied states
overlapped and were dominated by Nb-4d states. The Nb nanocluster
provides enormous electrons to the TiO; surface. Hence, due to its n-type
nature, the conduction band of TiO, was shifted towards the Fermi level.
Due to rich electron charge carriers, the band gap region was occupied
by Nb-4d states, and the system shows a metallic nature.

The charge flow between the Nb nanocluster and the TiO; surface is
further studied by the Bader charge analysis. Here, Nb nanocluster
provides electrons to the TiO2 surface and attains the net charges of
+2.71e (Fig. 10 (b)). The distribution of Bader charges on the Nb cluster
deposited Rutile TiO, (110) surface is shown in Fig. 10 (b). It is un-
derstood that the atoms in the bottom layer of the Nb;o nanocluster,
which are in direct contact with the Nb cluster, hold more charges than
the other atoms in the nanocluster [52]. The distribution of charges on
the Nb nanocluster leads to the creation of an internal electric field along
the interface of the TiO surface and Nb nanocluster, which is explained
below.

The creation of an internal electric field along the interface between
the Nbyp nanocluster and TiO, surface is further explained by the charge
density difference isosurface plot (Fig. 11 (a)) and the planar average
charge density difference plot (Figure 11 (c)). Figure 11 (b) shows
charge density difference isosurface plots (with the isovalue of 0.003 e/
R) for the Nby(/TiO; system. The yellow and cyan region represents
charge accumulation and depletion, respectively. Figure 11 (c) shows
the planar average charge density difference plot along the z-direction.
Here, the positive values show the charge accumulation and the nega-
tive value denotes the charge depletion. The red dotted lines represent
the Nbjp nanocluster and TiO surface interface. From the planar
average charge density difference plot, the highest negative peak occurs
at 7 A (from Nb;( nanocluster). It is understood that the depletion of
charges, i.e., the loss of charges, occurs at the Nb nanocluster. The
highest positive peak occurs at 5.5 A (from the TiO surface). It is un-
derstood that the accumulation of charges, i.e., the gain of charges,
occurs at the TiOg surface. Hence, it is again confirmed that Nbjg
nanocluster provides electrons to the TiOy surface. From the charge
density difference analysis, it is found that the charge accumulation and
depletion occur at the interface between the Nb nanocluster and the
TiOq surface. This charge redistribution leads to the creation of an in-
ternal electric field along the Nb nanocluster and TiO, surface. This
creation of an internal electric field will enhance the separation of
electron and hole charge carriers, thus eventually increasing the pho-
tocatalytic activity of the surface [49,53].

3.7. Oxidation of the NO molecule

Fig. 12 shows the reaction coordinate profile for the oxidation of NO
molecules into NO3. Initially, the co-adsorption of NO and O3 occurred
at the interface of the Nby nanocluster and the TiO, surface [54]. The
co-adsorbed NO and Oz come close to each other. Due to the charges
provided by the Nb nanocluster, the O, molecule is activated and
dissociated. For the dissociation of O molecules, it crosses the
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difference (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

activation barrier of 3.97 eV, known as the first transition state. The
dissociated O atoms make a chemical bond with NO and become NO5
molecules. After the reaction, it attains the intermediate state with NO5
molecule configuration and ad O atoms on the TiO; surface. The inter-
mediate state is exothermic with an energy of —0.30 eV; hence, this
process is thermodynamically favorable. Later, the remaining oxygen
atom is attached to the NO; molecules and becomes NO3.. In this process,

it crosses the activation barrier of 2.05 eV, known as the second tran-
sition state. Finally, it attains the final state with an exothermic energy
of —2.26 eV; here, the higher negative energy represents the thermo-
dynamic favorability of the reaction.

The PDOS in Fig. 13 shows the initial configurations of co-adsorbed
NO and O3 molecules (a) and the final configurations of NO3 formation
(b). At the initial states of co-adsorbed NO and O, molecules, NO
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molecules have energy states in the range of around —8 eV and 1 eV,
which are hybridized with O-2p of surface oxygen. Co-adsorbed O
molecules have states in the energy range around —6 eV, which are also
mainly hybridized with surface O-2p orbitals. Overall, both NO and Oz
molecules show distinguished energy states with energy intervals of
about 2 eV (Fig. 13 (a)). After the reaction, at the final stage, the formed
NOj3 has states in the energy range of around —7 eV and —2 eV. NO3 is
mainly hybridized with O-2p and Nb-4d of the surface. No corre-
sponding states were observed regarding individual NO and Oy mole-
cules (Fig. 13 (b)). This analysis further confirms the successful
formation of NO3 from the co-adsorbed NO and O5 molecules.

3.8. Ab-Initio Molecular Dynamics (AIMD) analysis

To further understand the thermodynamic stability of the
nanocluster-supported TiOy surfaces, Ab-Initio Molecular Dynamics
(AIMD) simulation was carried out at 300 K. The thermodynamic and
dynamic stability of the system was further studied. Fig. 14 shows the
AIMD results for the NbyOs/TiO4 systems, where the NbyOs nanocluster
supported TiO; rutile (110) surfaces is allowed to run over 10,000 fs for
300 K. Figure 14 (a) shows the temperature vs time steps plots. It can be
concluded that the temperature is stable around 300 K for the entire
10,000 fs. Therefore, it is understood that the NbyOs/TiO> system is
thermodynamically stable around room temperature. Figure 14 (b)
shows the total energy vs time steps plot, where the total energy of the
system is converged around —1086 eV throughout the entire 10,000 fs.
Both the initial configuration and the final configuration of the system
are more or less the same, with a slight geometrical distortion. Hence, it
is understood that the NbyO5/TiO5 system has dynamic stability at room
temperature.

Fig. 15 shows the AIMD results for the Nb,o/TiO3 systems, where the
Nb; ¢ nanocluster supported TiO, rutile (110) surfaces is allowed to run
over 10,000 fs for 300 K. Figure 15 (a) shows the temperature vs time
steps plots; it can be concluded that the temperature is stable around
300 K for the entire 10,000 fs. Therefore, it is understood that the Nbyo/
TiO, system is thermodynamically stable around room temperature.
Figure 15 (b) shows the total energy vs time steps plot, where the total
energy of the system is converged around —915.5 eV throughout the
entire 10,000 fs. Both the initial configuration and the final configura-
tion of the system are almost the same. Hence, it is understood that the
Nb;¢/TiO4 system has dynamic stability at room temperature. From the

500 T T T
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AIMD analysis, it is concluded that our proposed nanocluster-supported
TiO4 surfaces have good thermal stability at room temperature. Thus, it
eventually acts as the most stable material to carry out any photo-
catalytic degradation mechanism.

4. Conclusion

From our DFT-based calculation, we are proposing a possible method
for modifying the electronic structure of Rutile TiO3 (110) surfaces with
the NbyOs/Nbjg nanocluster. Initially, the growth mechanism of the
NbyOs/Nb;g nanocluster on the TiO, surface is studied. The favorable
geometry and size of the NbyOs/Nbjo nanocluster are studied. The
binding energy of NbyOs nanoclusters on TiO, surfaces increases with
increasing nanocluster size. The most favorable nanocluster size of
Nb,Os/Nb;g-supported TiO, surfaces is chosen for further studies. The
Nb,Os nanocluster creates the band gap states along the VBM and CBM
of the TiO, surfaces, thus helping to achieve visible light absorption. The
recombination of electron and hole charge carriers can be greatly sup-
pressed by the Nb,Os nanocluster deposition on the TiO; surfaces; these
features can be obtained by electronic structure analysis. The charge
redistribution between the TiO, surface and Nb,Os nanocluster is
further studied. The deposition of Nb;( nanoclusters on the TiO surface
creates the internal electric field, thus eventually improving the gener-
ation of electron and hole charge carriers and suppressing their
recombination, thus helping to improve the photocatalytic activity. The
thermodynamic stability of the nanocluster-supported TiO, surfaces is
analyzed by AIMD simulation. It is found that both NbyOs/TiO2 and
Nb;¢/TiO4 systems have good thermodynamic stability over the entire
AIMD simulation at 300 K. The most favorable adsorption sites of the NO
molecule on the Nby,Os/TiOy surface are obtained by the adsorption
energetics. It has been known that the sideways of the NbyOs/TiO4
surface is considered the most favorable adsorption site for NO. The
reaction coordinates profile for the conversion of NO into N3O and the
latter dissociation of N3O into N and O by-products have been studied. It
has been concluded that all the end products at the final state has
exothermic energy values, which illustrates that the chemical reactions
are thermodynamically favorable. Similarly, the harmful NO molecule
into harmless NO3 conversion mechanism is illustrated with possible
reaction coordinate profiles. Our calculations will give the pathway to
experimentally build a co-catalyst to act as a novel photocatalyst for
environmental pollution reduction.

(a)

Temperature (K)

|
2000 4000

(®)

915}

Total Energy (eV)

o _t)|7 L | L |

T T

!
6000 8000 10000

I L 1 L

2000 4000

Time steps (fs)

,‘?_,O:g@ ..

%Inmal configuration

6000 8000

10000

Final configuration

Fig. 15. The AIMD studies for the Nb;o/TiO; surfaces, temperature vs time steps plots (a), total energy vs time steps plots (b).
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From our analysis, the possibility of tuning the TiO, semiconductor

property by nanocluster surface chemical functionalization is proposed.
The recombination of charge carriers is considered a disadvantage for

the

photocatalytic mechanism. We observed strong evidence for the

creation of the internal electric field along the interface of the
nanocluster-supported TiO, surface. This creation of an internal electric

fiel
Thi
pos
har

d suppresses the recombination of electron and hole charge carriers.
s eventually leads to the enhanced photocatalytic activity. The
sible reaction coordinate mechanism is proposed for converting the
mful NO molecules into harmless by-products. The exothermic en-

ergy of the Final state of the reaction conveys, the reaction mechanism is
thermodynamically stable and naturally favorable. From our results, it is
concluded that our proposed novel material, i.e., nanocluster-supported
TiO4 surfaces, will act as a potential co-catalyst for the photocatalytic

red

uction of harmful NO pollutants. Our findings can directly help the

experimentalist to synthesize the Nb-based nanocluster-supported oxide
photo catalyst towards the enhanced NO reduction mechanism.
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