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Abstract: In this work, using Density Functional Theory (DFT) and Time Dependent DFT, the absorp-
tion spectrum, the optical gap, and the binding energy of scandium pnictogen family nanoparticles
(NPs) are examined. The calculated structures are created from an initial cubic-like building block
of the form Sc4Y4, where Y = N, P, As after elongation along one and two perpendicular directions.
The existence of stable structures over a wide range of morphologies was one of the main findings
of this research, and this led to the study of several exotic NPs. The absorption spectrum of all the
studied structures is within the visible spectrum, while the optical gap varies between 1.62 and
3 eV. These NPs could be used in the field in photovoltaics (quantum dot sensitized solar cells) and
display applications.
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1. Introduction

Industrial revolution, the lifestyle of the developed world, urbanization, globalization,
and technological advancements have contributed to escalated environmental pollution
and the depletion of fossil fuel resources [1]. Climate change is one of the most serious
issues facing the worldwide community, and it directly affects fuel supply and energy
production [2,3]. Increasing emissions of CO2 into the atmosphere from human activities,
forest fires, global warming, greenhouse gas emissions, and deforestation negatively affect
climate change [4,5]. Also, more and more studies have been conducted on how to reduce
CO2 emissions over both short- and long-term time horizons [6]. Renewable energy
consumption is crucial for achieving sustainable environmental goals, and it discourages
fossil fuel use in the energy mix, thereby aiming for a sustainable environment. The
photovoltaic (PV) industry, solar cells, and other greenhouse technologies have played
a significant part in achieving the goal of low carbon development and accomplishing
sustainable economic growth [7–9].

Nanotechnology, as one of the most developing fields today, offers innovative ma-
terials that find application in energy production and conservation. More specifically,
semiconductor nanoparticles (NPs), which are commonly named quantum dots (QDs),
have great potential for applications in medical diagnostics, drug delivery, gene therapy,
medicine, and biology, both in vivo and in vitro, in areas including pharmacokinetics,
biosensors, and bio-imaging [10–12]. Also, quantum dots are widely used in the field
of photovoltaics technologies because they benefit from unique quantum confinement
effects [13–15].

Quantum dots composed of a combination of at least one of the pnictogen family
(phosphorus (P), arsenic (As), and nitrogen (N)) are widely used in applications based
on their optical and structural properties. More specifically, nitrogen quantum dots have
unique and distinct photoluminescence properties, with an increasing percentage of ni-
trogen compared to the neighboring carbon dots [16], while doping of N is a promising
strategy to modulate electronic, chemical, and structural functionalities of graphene (G) and
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graphene quantum dots (GQDs) in energy and environmental applications, such as super-
capacitors, batteries, sensors, fuel cells, solar cells, and photocatalysts [17,18]. Also, there
have been many scientific studies to explore synthetic methods (such as ultrasonic and elec-
trochemical exfoliation, solvothermal treatment, blender breaking, milling crushing, and
pulsed laser irradiation), properties, and modifications of black phosphorus quantum dots
(BPQDs), exhibiting a broad range of applications in the fields of bioimaging, fluorescence
sensing, nonlinear optical absorbers, cancer therapy, intelligent electronics, photovoltaics,
optoelectronics, and flexible devices [19,20]. Recent research has shown that Sc doping
in Titanium Dioxide (TiO2) can be used for applications in photocatalytic water-splitting
technology in low-cost and eco-friendly hydrogen production [21], while the interstitial
dimers of Sc formed in silicon can introduce several intermediate-bands (IBs) in the band
gap, making the material a high-efficiency IB solar cell [22]. Furthermore, the conduction
band structure and electron mobility in rocksalt ScN were recently studied using DFT [23],
while there has been progress to overcome the materials engineering challenges to grow
high-quality epitaxial, nominally single crystallin metal/semiconductor superlattices based
on transition metal nitrides [24,25].

In the present study, using the Density Functional Theory and Time Dependent DFT,
the absorption spectrum, the optical gap, and the binding energy of scandium–pnictogen
family nanoparticles are examined. The calculated structures are of the form ScxYx where
Y = N, As, P, while additionally a wide range of stable configurations are presented. This
work aims to provide non-toxic and easy to find semiconducting NPs, which can be used
in the field of renewable energy source such as photovoltaic technologies [26,27].

2. Materials and Methods

In this manuscript, the optical and the structural properties of more than thirty differ-
ent geometries were calculated by Density Functional Theory and Time Dependent DFT
(TD-DFT). The structures studied herein were initially formed after elongation of an initial
geometry in one and two perpendicular directions. From the study of structurally stable
configurations, stable morphologies were formed. Using the gradient corrected functional
of Perdew, Burke, and Ernzerhof (PBE) [28], with the triple-ζ quality def2-TZVP basis
set [29], the geometries of the studied structures were optimized. Subsequently, with the
help of the TD-DFT on the ground state geometries, the lowest singlet vertical excitation
energies and the ultraviolet-visible absorption spectra were calculated. Note that the initial
calculations were made only for the small nanostructures, due to the lack of experimental
data on the absorption spectrum of the large structures. We were very concerned about
choosing the functional for each group of the scandium–pnictogen family. It is true that
if we use a consistent functional (especially PBE) for all studied absorption spectra, the
calculations would be faster (and perhaps more comparable to each other). However,
the results from the comparison with the EOM-CCSD [30] functional showed us that it is
better and more accurate to calculate the absorption spectrum with a different functional
for each group of the scandium–pnictogen family. The functionals used to calculate the
absorption spectra were PBE, M06-2X [31], and CAM-B3LYP [32] for ScxNx, ScxPx, and
ScxAsx nanoparticles, respectively. A specified script representing each excitation as a Gaus-
sian function centered on the TD-DFT calculated excitation energy and with a standard
deviation (broadening) of 0.1 eV was used to calculate the absorption spectrum. Also, in
order to approximate the peak shape, which is observed experimentally, the latter value of
the spectrum was chosen. Additionally, the calculation package TURBOMOLE [33] was
used in all calculations, while the Particle Swarm Optimization (PSO) [34] was used to
ensure that the studied nanostructures are indeed realistic.

3. Results

Classified as a rare-earth element, scandium has attracted much research interest in its
properties. The optical, structural, and electronic properties of Sc, such as the refractory
nitrides ScN, make it an excellent candidate semiconductor for optoelectronic and DMS
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applications [35,36]. Also, Yu Gong and Mingfei Zhou showed that the cyclic Sc(µ-N)2Sc
molecules dimerize on annealing to form a cubic Sc4N4 cluster with tetrahedral symmetry,
which is a fundamental building block for ScN NPs and crystals [37]. Note that in small-size
nanocrystals, the Sc4N4 units prefer to arrange into the rectangular-like wire structures,
and they arrange into the compact rectangular-like or cubic-like configurations in large-size
nanocrystals [38]. Recent research has shown that the cage unit tends to arrange into the
compact configurations, and the occupied positions of N atoms shift from the surface
towards the center of the coordination site with the increasing number of Sc atoms, while
there is a study in which the calculated optical spectra (by using DFT) suggest that 2D
tetragonal ScN and YN nanosheets have high visible light absorption efficiency [39,40].

All of the studied structures were created from an initial cubic-like building block
of the form Sc4Y4, where Y = N, P, As. Figure 1 shows the elongation of this block, from
which new stable structures with interesting optical properties could be created. So, the
nanostructures of Sc, which are formed, fall into three categories. In the first category
belong the elongated nanoparticles in one direction (1D); in the second belong the NPs in
two vertical directions; and, in the third category, belong the exotic structures. Regarding
the shape of the structure (Figure 1), we notice that the geometry of Sc4N4 NP is almost a
perfect cube, because the corresponding angles are almost 90 degrees, while the geometry
of phosphorus and arsenic structures is like a distorted cube (the angles formed are acute
and obtuse). Also, the third category of studied NPs is formed by creating a hole in the
structures (categories one and two) after extracting atoms from them. Note that the study of
examined nanostructures showed very interesting results in green technology applications.
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in the case of Sc4P4 appear at 2.79, 2.93, 3.11, 3.27, and 3.42 eV, with the corresponding 
absorption varying around 0.007, 0.01, 0.09, 0.24, and 0.01. When Sc4As4 is considered in 
the calculations, the first five excitation energies of the AS appear at 2.44, 2.56, 2.63, 2.83, 
and 2.99 eV, with corresponding absorbance of 0.01, 0.04, 0.05, 0.06, and 0.02. Also, as we 
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Figure 1. The initial cubic-like building block Sc4Y4 (Y = N, P, As). The top view refers to the top view
of the cubes, while the bottom view refers to the side view (45 degree). The white color corresponds
to the Sc atom, the blue one to the N atom, the orange one to the P atom, and the purple one to the As
atom.

3.1. ScxYx NPs

Figure 2 shows the absorption spectra of the initial cubic-like building blocks for the
studied NPs, i.e., the structures Sc4Y4, where Y = N, P, As. In the case of Sc4N4, the first five
excitation energies on the AS appear at 2.59, 3.63, 3.82, 4.07, and 4.44 eV, with corresponding
absorption of 0.10, 0.13, 0.01, 0.20, and 0.02. Similarly, the first five excitation energies
in the case of Sc4P4 appear at 2.79, 2.93, 3.11, 3.27, and 3.42 eV, with the corresponding
absorption varying around 0.007, 0.01, 0.09, 0.24, and 0.01. When Sc4As4 is considered in
the calculations, the first five excitation energies of the AS appear at 2.44, 2.56, 2.63, 2.83,
and 2.99 eV, with corresponding absorbance of 0.01, 0.04, 0.05, 0.06, and 0.02. Also, as we
can observe, the smallest optical gap is 2.44 eV, and it appears in the case of Sc4As4, while
for the structures Sc8Y8 where Y = N, P, As, the smallest optical gap shifts to lower energies
(Figure 3). From the comparison of Figures 2 and 3, we observed that in the case of Sc8N8,
the optical gap appeared at 2.41 eV, i.e., 0.18 eV lower than the initial cubic structure and
the optical gap of Sc8P8 appears at 2.43 eV, i.e., 0.50 eV lower than the corresponding Sc4P4,
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while the value of the optical gap for Sc8As8 appears at 2.21 eV and it is lower by 0.23 eV
than the corresponding cubic structure. Furthermore, the strength of the absorbance of
the Sc8Y8 structures shows an upward trend as we move into larger energies. The first
five excitation energies for the Sc8N8 on the AS appear at 2.41, 2.53, 2.74, 2.99, and 3.14 eV,
while the corresponding absorbances are about 0.03, 0.05, 0.02, 0.06, and 0.03. For the Sc8P8
NPs, the first five excitation energies appear at 2.43, 2.61, 2.80, 3.02, and 3.10 eV and the
corresponding absorbances are about 0.01, 0.15, 0.01, 0.08, and 0.09. Similarly, in the case
of Sc8As8, the first five peak positions appear at 2.21, 2.39, 2.52, 2.81, and 2.96 eV with
absorbance of 0.05, 0.11, 0.04, and 0.09, respectively.
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The following is the stability of the examined NPs by the binding energies per formula
unit (BE per f.u.). The BE, EB, is defined as follows:

EB(ScxYx) = xE(Sc) + xE(Y)− E(ScxYX)

where E(Sc) is the energy of the isolated atoms of Sc, E(Y) is the energy of the isolated atoms
of Y = N, P, As, and the index x indicates each examined formula of the structure (formula
unit). E(ScxYx) is the total energy of the examined NPs. Also, the binding energy per f.u.,
(Eb) is

Eb(ScxYx) =
EBE(ScxYX)

x
= E(Sc) + E(Y)− E(ScxYX)/x

The BE per f.u. for the Sc4N4, Sc4P4, and Sc4As4 is 10.45, 8.53, and 7.40 eV, respectively.

3.1.1. Elongated ScxYx NPs along One Direction

As mentioned above, the scandium NPs are divided into three categories. First,
nanostructures were created by elongation of the initial cubic-like building block, Sc4Y4
(Y = N, P, As), along one direction. The general form of the created NPs is ScxYx, where
x = 8, 16, 24. As we can observe from Figure 4, the structure with x = 8 consists of two initial
cubic-like building blocks, the structure with x = 16 consists of four corresponding cubes,
and the structure with x = 24 contains six individual initial corresponding cubes. These
structures are optimized as geometrically stable due to not finding imaginary frequencies.
We clarify that the ScxNx and ScxAsx nanostructures are almost the same as the ScxPx
shown.
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Figure 4. The examined NPs (ScxYx, where x = 8, 16, 24), which were created after elongation of the
initial cubic-like building block Sc4Y4 (Y = P, N, As) along one direction.

The results of calculating optical properties of the examined NPs and BE per f.u are
shown in the Table 1. We observe that as the number of atoms in the structure increases, a
significant decrease in the optical gap is observed in three cases of ScxYx in this category.
For the ScxNx NPs, the optical gap decreases from 2.59 eV (for Sc4N4) gradually to 2.41 and
2.29 eV (for Sc8N8 and Sc16N16, respectively), while for Sc24N24, it is 2 eV. The BE per
f.u. has particularly high values compared to MgxYx NPs [41], which indicates that the
Sc monopnictogen structures are significantly more stable. Also, the binding energy is
10.45 eV for Sc4N4, while it increases to 11.57 eV for the Sc24N24. In the case of ScxPx NPs,
it is noted that for x = 4, the optical gap is 2.93 eV, while as the nanostructure becomes
bigger, a large reduction in the OG is observed. More specifically, the OG for Sc8P8 is
0.5 eV less than Sc4P4, while it is 2.18 eV for the Sc24P24. In the case of ScxAsx NPs in this
category, the absorption spectrum and the oscillator strength have the same intensity as the
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corresponding ScxPx. So, the OG is 2.44 and 2.00 eV for Sc4As4 and Sc24As24, respectively,
and the oscillator strength is 1.18.

Table 1. Binding energy (BE) per f.u., optical gap (OG), and oscillator strength (OS) for ScxYx NPs
(x = 4, 4, 16 and Y = N, P, As), which were created after elongation of the initial cubic-like building
block Sc4Y4 (Y = N, P, As) along one direction.

NP OG (eV) OS BE per Atom (eV)

N

Sc4N4 2.59 0.10 10.45
Sc8N8 2.41 0.03 11.12

Sc16N16 2.29 0.06 11.46
Sc24N24 2.00 0.003 11.57

P

Sc4P4 2.93 0.01 8.53
Sc8P8 2.43 0.01 9.30

Sc16P16 2.26 0.39 9.68
Sc24P24 2.18 0.92 9.80

As

Sc4As4 2.44 0.02 7.40
Sc8As8 2.21 0.05 8.03

Sc16As16 2.07 0.47 8.36
Sc24As24 2.00 1.18 8.47

3.1.2. Elongated NPs along Two Perpendicular Directions

The second group of Sc nanostructures examined in this work contains the initial
building block, which was elongated along two perpendicular directions. The general form
of the proposed nanoparticles is ScxNx, where x = 16, 24, 32, 36, and 48. The resulting
nanostructures are shown in Figure 5 and the calculated optical properties are collected
in Table 2. Note that the nanostructures depicted in the first row of Figure 5 were derived
from Sc8Y8 and they have a square shape, while the corresponding structures in the second
row were derived from Sc16Y16 and they have a rectangular shape. The optical gap for the
examined ScxNx in this category ranges between 2.33 eV and 2.07 eV, while the Sc36N36
and Sc48N48 nanostructures for which we do not give a value for the optical gap are
unstable. The BE per f.u. for the examined NPs is approximately the same as those of NPs
elongated along one direction and range between 11.68 eV and 12.13 eV for Sc16N16 and
Sc48N48, respectively.

When the second part of the NP is phosphorus, the optical gap is 2.16 eV and 1.73 eV
for Sc16P16 and Sc48P48 NPs, respectively, while the OS for Sc36P36 is much higher than
other examined nanostructures in this category. Regarding the BE per f.u. for the studied
NPs, the calculated values range between 9.91 eV and 10.41 eV. Also, the Sc36P36 NPs seem
to be more stable than Sc32P32 NPs (with a hole in the center of their geometry) because
they have a higher BE by 0.35 eV.

The calculations continued by considering arsenic as the second part of the examined
NPs. The BE per f.u. of the smallest nanostructure (Sc16As16) elongated along two directions
is 2.02 eV, while the oscillator strength ranges between 0.02 and 0.10.

A very interesting case from the nanostructures that are examined and created by
elongation of the initial building block along one and two perpendicular directions is the
one where x = 16. In Figure 6, the absorption spectra of these cases of Sc16Y16 NPs are
shown. A notable general observation is that the most excitation energies are within the
visible spectrum. More specifically, for the elongated along one direction Sc16N16 NP, the
first six excitation energies appear at 2.03, 2.29, 2.49, 2.58, 2.73, and 2.87 eV, while for the
elongated along two perpendicular directions Sc16N16 NP, the relative excitation energies
are 2.33, 2.41, 2.53, 2.70, 2.93, and 3.09 eV. Also, in the case of Sc16P16 NP elongated along
one direction, the absorption spectrum showed the first six excitation energies at 2.26,
2.36, 2.67, 2.80, 3.01, and 3.09 eV, while for the corresponding NPs elongated along two
directions, the AS showed the corresponding energies at 2.16, 2.23, 2.51, 2.84, 3.09, and
3.24 eV. For Sc16As16 NPs, the calculations showed the first six resonances at 2.07, 2.24,



Nanomaterials 2023, 13, 2589 7 of 18

2.52, 2.80, 2.96, and 3.23 eV for those created from elongation along one direction and 2.02,
2.19, 2.30, 2.60, 2.84, and 3.04 eV for the NPs that were created by elongation of the initial
building block along two perpendicular directions.

Nanomaterials 2023, 13, x FOR PEER REVIEW 8 of 20 
 

 

 
Figure 5. The examined NPs (ScxYx, where x = 16, 24, 32, 36, and 48), which were created after elon-
gation of the initial cubic-like building block Sc4Y4 (Y = P, N, As) along two perpendicular directions. 

When the second part of the NP is phosphorus, the optical gap is 2.16 eV and 1.73 eV 
for Sc16P16 and Sc48P48 NPs, respectively, while the ΟS for Sc36P36 is much higher than other 
examined nanostructures in this category. Regarding the BE per f.u. for the studied NPs, 
the calculated values range between 9.91 eV and 10.41 eV. Also, the Sc36P36 NPs seem to be 
more stable than Sc32P32 NPs (with a hole in the center of their geometry) because they 
have a higher BE by 0.35 eV. 

The calculations continued by considering arsenic as the second part of the examined 
NPs. The BE per f.u. of the smallest nanostructure (Sc16As16) elongated along two direc-
tions is 2.02 eV, while the oscillator strength ranges between 0.02 and 0.10. 

A very interesting case from the nanostructures that are examined and created by 
elongation of the initial building block along one and two perpendicular directions is the 
one where x = 16. In Figure 6, the absorption spectra of these cases of Sc16Y16 NPs are 
shown. A notable general observation is that the most excitation energies are within the 
visible spectrum. More specifically, for the elongated along one direction Sc16N16 NP, the 
first six excitation energies appear at 2.03, 2.29, 2.49, 2.58, 2.73, and 2.87 eV, while for the 
elongated along two perpendicular directions Sc16N16 NP, the relative excitation energies 
are 2.33, 2.41, 2.53, 2.70, 2.93, and 3.09 eV. Also, in the case of Sc16P16 NP elongated along 
one direction, the absorption spectrum showed the first six excitation energies at 2.26, 2.36, 
2.67, 2.80, 3.01, and 3.09 eV, while for the corresponding NPs elongated along two direc-
tions, the AS showed the corresponding energies at 2.16, 2.23, 2.51, 2.84, 3.09, and 3.24 eV. 
For Sc16As16 NPs, the calculations showed the first six resonances at 2.07, 2.24, 2.52, 2.80, 
2.96, and 3.23 eV for those created from elongation along one direction and 2.02, 2.19, 2.30, 

Figure 5. The examined NPs (ScxYx, where x = 16, 24, 32, 36, and 48), which were created after elon-
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Table 2. Binding energy (BE) per f.u., optical gap (OG), and oscillator strength (OS) for ScxYx NPs
(x = 16, 24, 32, 36, 18 and Y = N, P, As), which were created after elongation of the initial cubic-like
building block Sc4Y4 (Y = N, P, As) along two directions. Style T refers to square-shaped structures
in the first raw in Figure 8, and style-O refers to rectangular-shaped structures in the second raw in
Figure 8.

Style NP OG (eV) OS BE per Atom (eV)

N
T

Sc16N16 2.33 0.04 11.68
Sc36N36 - - 12.04
Sc32N32 2.14 0.02 11.72

O
Sc24N24 2.22 0.02 11.87
Sc32N32 2.07 0.04 11.96
Sc48N48 - - 12.13

P
T

Sc16P16 2.16 0.04 9.91
Sc36P36 1.89 0.06 10.32
Sc32P32 2.18 0.23 9.97

O
Sc24P24 1.93 0.04 10.12
Sc32P32 1.80 0.08 10.22
Sc48P48 1.73 0.02 10.41

As
T

Sc16As16 2.02 0.02 8.52
Sc36As36 1.88 0.10 8.85
Sc32As32 2.01 0.22 8.59

O
Sc24As24 1.83 0.03 8.69
Sc32P32 1.71 0.05 8.78
Sc48P48 1.77 0.05 8.93
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The calculated binding energy per f.u. versus the number of the formula (x) of each
examined NP is shown in Figure 7. It is observed that the nanostructures that present
higher BE per f.u. are those that have a lighter atom in the second part of the NP. It takes
higher values for the case of nitrogen and a further decrease for the cases of phosphorus
and arsenic. So, when the second part of the studied NP is N, P, and As, the BE per f.u.
ranges between 10.48 and 12.16 eV, 8.5 and 10.38 eV, and 7.25 and 8.78 eV, respectively.
Furthermore, for all cases of ScxYx (where Y = N, P, As), the corresponding curves have the
same trend, i.e., when the formula number is less than 16, the BE per f.u. raises slightly,
while when the x is greater than 36, the BE per f.u. is almost unchanged. Also, the flattening
of the curve (in the case that x > 36) strongly indicates that the calculated values for the BE
per f.u. would not differentiate significantly with the values of the bulk.
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3.2. ScxYx Exotic NPs

The third category of scandium nanostructures studied in this work includes the exotic
NPs, which are so named because of their morphology characteristics. The stability of these
structures was checked by calculating their vibrational spectrum. No negative frequencies
were found for the 24 different NPs shown. The general form of those structures is ScxYx,
where Y = N, P, As and x ranges between 12 and 40. The studied exotic NPs are divided
into two groups. The first group of exotic NPs includes structures whose morphology does
not change (or only slightly changes) with their geometry optimization (Figure 8), while
the second group includes nanostructures that change their shape (Figure 9).
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Figure 9. Exotic nanostructures with familiar shapes and their morphologies change with their
geometry optimization (ScxYx, where Y = N, P, As, and x varies from 16 to 40). The structures with a
green color are before geometry optimization, while the rest of the structures are optimized. The blue,
brown, and purple atoms refer to N, P, and As, respectively.

As we can observe from Figure 8, NPs have several familiar shapes. So, there are NPs
with L-type (a, b c cases), with C-type (d case), with Z-type (e), with Cross-type (h, I, k),
with W-type (g), with O-type (n), and with D-type (o) shapes. Also, the (j) nanostructure
consists of three crosses joined together (without a cube in the center for each cross), the
(l) nanostructure forms a 2D-cross, and the (m) one consists of two joined crosses. The
last three structures that did not change their morphology with geometry optimization are
the (p), (q), and (r) cases. The first one consists of two individual squares of 2 × 2 initial
cubic-like building blocks, the second is formed by three identical squares, and the last
one comes from the previous structure, but by removing two cubes from the perimeter (it
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looks like two letters ‘’Γs” are formed anti-diametrically). The initial configurations of the
structures shown in Figure 8h,l are similar, except that the outer-left and out-right atoms
(four on each side) have been removed in Figure 8h’s case. After geometry optimization, the
final configuration shown in Figure 8l has been almost the same as its initial configuration.
However, the final configuration shown in Figure 8h has been significantly changed from
its original configuration. This is a clear indication that the stable configurations consist of
cubic-like building blocks Sc4Y4 (Y = N, P, As).

The optical gap (OG), the oscillator strength (OS), and the BE per f.u. of the proposed
optimized structures were numerically examined. The results of this set of calculations
are shown in Table 3. Note that the structures, in which the OG has not been calculated,
are not stable. When the second part of the studied NPs in this category is nitrogen, the
optical gap takes various values between 1.65 and 2.34 eV, while the BE per f.u. varies
from 11.30 eV to 11.86 eV. As we can observe, the structure of this category that has the
minimum optical gap (1.65 eV) with the best resonance (0.09) and BE per atom (11.86 eV) is
the Sc40N40 NP (case q). When the second part of the exotic NPs is the phosphorus, the
calculated OG is 1.95, 1.89, 1.88, 1.84, 1.82, 1.76, 1.74, and 1.72 eV, while the resonance is
0.05, 0.06, 0.12, 0.01, 0.10, 0.09, 0.05, and 0.14 for the cases (e), (l), (g), (f), (p), (o), (m), and
(r), respectively. Also, the BE per f.u range is between 9.40 eV and 10.12 eV. In the case of
arsenic, the optical gap is 1.98, 1.90, 1.89, 1.89, 1.84, 1.82, 1.81, 1.80, 1.75, and 1.73 eV for the
cases (h), (i), (a), (c), (d), (b), (f), (n), (l), (p), (e), (g), and (r), respectively. Similarly to the
aforementioned group of nanostructures, Sc40N40 NP has the largest BE per atom (8.68 eV)
and the strongest resonance (0.24), while its OG is 1.65 eV. Notable cases of this category
are also (m) and (q) cases, in which the OG is 1.63 and 1.68 eV, respectively.

The second group of studied exotic NPs includes nanostructures that change their
morphology after geometry optimization. Figure 9 shows all of the examined structures
created again from the initial cubic-like building block and presents the initial and final
nanostructures. It is noteworthy that the final morphology changes significantly when
the second element is N, while the structures that have in the second element P or As the
morphology remain almost unchanged. The final shape that each optimized NP is strongly
related to is the initial shape before optimization. Also, for the T-type shapes, and for the
C-type with the extensions (cases (a), (b), (c), and (d) of the relevant Figures), the final shape
of the central building block of the optimized NP takes a hexagonal form. In Figure 9e,f,
NPs with A-type and cross-H-type shapes are presented, respectively. It is observed that
all optimized A-type NPs are similar to each other, while the cross-H-type ScxAsx NP is
not stable and it is not presented.

The optical gap (OG), the oscillator strength, and the binding energy per f.u. of the
proposed structures were also numerically examined. The results of this set of calculations
are collected in Table 4. When the second part of the studied NPs in this category is nitrogen,
the optical gap varies from 2.13 eV to 2.47 eV and the oscillator strength is weak, while the
values for the BE per atom vary from 11.37 to 11.71 eV. Also, when the second part of the
exotic NPs is the phosphorus, the calculated OG is 1.88, 1.85, and 1.76 eV, while the BE per
f.u. is 9.75, 9.70, and 9.96 eV for the cases (d), (c), and (e), respectively. In the case of arsenic,
the calculated OG is 2.09, 2.00, 1.94, 1.94, and 1.73 eV for the cases (a), (e), (b), (d), and (c),
respectively. The smallest calculated value for the BE per f.u. is 5.14 eV and the larger is the
8.57 eV.

Therefore, among the most characteristic NPs studied is Sc16Y16 (where Y = N, P, As),
and the corresponding absorption spectra are shown in the following graphs. In Figure 10,
an L-type Sc12Y12 and Sc16Y16 composed after elongation of the initial building block
along one and two perpendicular directions are additionally shown. A notable general
observation is that the exotic examined NPs have much weaker oscillator strengths than the
elongated corresponding NPs. However, in the case of nitrogen, the absorption spectrum
has an increasing trend, and it was calculated at 2.12, 2.22, 2.23, 2.29, and 2.42 eV for Z-type,
Middle-type, L-type, Cross-type, and T-type NPs. The same behavior is observed regarding
the case of phosphorus and arsenic. The optical gap takes values of 1.95 eV for Z-type, 2.06



Nanomaterials 2023, 13, 2589 13 of 18

for L-type, 2.08 for Middle-type, 2.11 for T-type, and 2.52 eV for Cross-type Sc16P16 NPs,
while the OG was calculated at 1.80, 1.89, 2.11, 2.20, and 2.27 eV for Z-type, Middle-L-type,
T-type, L-type, and Cross-type of Sc16As16 NPs, respectively.

Table 3. Binding energy (BE) per f.u., optical gap (OG), and oscillator strength (OS) for exotic
optimized ScxYx NPs (x ranges between 12 and 40 and Y = N, As, P), whose morphologies do not
change (or only slightly change) with their geometry optimization. Cases and shapes are shown in
Figure 8.

Case Shape NP OG (eV) OS BE per Atom (eV)

N

a L Sc12N12 2.25 0.01 11.30
b Middle-L Sc16N16 2.22 0.01 11.43
c Large-L Sc20N20 2.32 0.01 11.50
d C Sc20N20 2.24 0.01 11.48
e Z Sc16N16 2.12 0.04 11.39
f Large-Z Sc20N20 2.15 0.01 11.48
g W Sc20N20 1.99 0.06 11.44
h Cross Sc16N16 2.29 0.02 11.32
i Cross 1 Sc24N24 2.21 0.01 11.47
j Cross 2 Sc32N32 2.33 0.04 11.54
k Cross 3 Sc36N36 2.34 0.02 11.62
l Cross 4 Sc20N20 - - 11.37

m Cross 5 Sc36N36 - - 11.48
n O Sc40N40 2.18 0.01 11.74
o D Sc36N36 - - 11.78
p Cubes Sc28N28 1.87 0.04 11.81
q Cubes 1 Sc40N40 1.65 0.09 11.86
r Cubes 2 Sc32N32 1.94 0.04 11.60

P

a L Sc12P12 2.06 0.01 9.49
b Middle-L Sc16P16 2.08 0.02 9.64
c Large-L Sc20P20 2.25 0.02 9.72
d C Sc20P20 2.09 0.04 9.69
e Z Sc16P16 1.95 0.05 9.60
f Large-Z Sc20P20 1.84 0.01 9.69
g W Sc20P20 1.88 0.12 9.65
h Cross Sc16P16 2.52 0.05 9.40
i Cross 1 Sc24P24 2.48 0.08 9.55
j Cross 2 Sc32P32 2.47 0.15 9.62
k Cross 3 Sc36P36 2.45 0.02 9.69
l Cross 4 Sc20P20 1.89 0.06 9.60

m Cross 5 Sc36P36 1.74 0.05 9.72
n O Sc40P40 2.04 0.02 9.99
o D Sc36P36 1.76 0.09 10.03
p Cubes Sc28P28 1.82 0.10 10.06
q Cubes 1 Sc40P40 1.62 0.21 10.12
r Cubes 2 Sc32P32 1.72 0.14 9.85

As

a L Sc12N12 2.18 0.02 8.19
b Middle-L Sc16N16 1.89 0.01 8.32
c Large-L Sc20N20 1.98 0.04 8.39
d C Sc20N20 1.90 0.02 8.35
e Z Sc16N16 1.80 0.03 8.27
f Large-Z Sc20N20 1.89 0.03 8.35
g W Sc20N20 1.75 0.09 8.32
h Cross Sc16N16 2.27 0.05 8.13
i Cross 1 Sc24N24 2.26 0.01 8.25
j Cross 2 Sc32N32 - - 8.31
k Cross 3 Sc36N36 - - 8.37
l Cross 4 Sc20N20 1.82 0.04 8.26

m Cross 5 Sc36N36 1.63 0.03 8.36
n O Sc40N40 1.84 0.02 8.61
o D Sc36N36 1.68 0.04 8.62
p Cubes Sc28N28 1.81 0.11 8.64
q Cubes 1 Sc40N40 1.65 0.24 8.68
r Cubes 2 Sc32N32 1.73 0.13 8.46
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Table 4. Binding energy (BE) per f.u., optical gap (OG), and oscillator strength (OS) for exotic
optimized ScxYx NPs (x ranges between 12 and 40 and Y = N, As, P), whose morphologies change
with their geometry optimization. Cases and shapes refer to Figure 9.

Case Shape NP OG (eV) OS BE Per Atom (eV)

N

a T Sc16N16 2.42 0.02 11.43
b Large-T Sc20N20 2.37 0.01 11.50
c C Sc24N24 2.40 0.01 11.66
d C1 Sc28N28 2.36 0.01 11.57
e A Sc40N40 2.13 0.01 11.71
f Cross-H Sc24N24 2.47 0.01 11.37

P

a T Sc16N16 2.11 0.01 9.59
b Large-T Sc20N20 2.12 0.06 9.69
c C Sc24N24 1.85 0.05 9.70
d C1 Sc28N28 1.88 0.01 9.75
e A Sc40N40 1.76 0.01 9.96
f Cross-H Sc24N24 2.07 0.04 9.50

As

a T Sc16N16 2.09 0.07 8.27
b Large-T Sc20N20 1.94 0.02 8.35
c C Sc24N24 1.73 0.03 8.35
d C1 Sc28N28 1.94 0.07 8.39
e A Sc40N40 2.00 0.20 8.57
f Cross-H Sc24N24 - - 8.14
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Figure 10. The UV–visible spectra of exotic NPs ScxYx with familiar shapes (where (a) Y = N,
(b) Y = P, (c) Y = As and x = 12 and 16) and examined Sc16Y16 (where (a) Y = N, (b) Y = P, (c) Y = As)
created after elongation of the initial cubic-like building block.
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4. Conclusions

The structural, electronic, and optical properties of ScxYx NPs (where x = 4 up to 48
and Y = N, P As) were examined in this work. Using Particle Swarm Optimization (PSO),
it was confirmed that for the case where x = 4, the structure with the lowest energy is the
cubic-like building block. A total of 34 different nanostructures were studied and created
by elongation of the initial cubic-like building block, Sc4Y4 (Y = N, P, As), along one, two,
and three perpendicular directions. Also, geometry optimizations and structural stability
for all studied NPs were carried out with Density Functional Theory.

The absorbance spectrum was calculated with Time Dependent Density Functional
Theory for ScxYx (where x = 4,8,16 and Y = N, P As), while for larger NPs, only the optical
gap was calculated. The functionals used to calculate the absorption spectra were PBE,
M06-2X, and CAM-B3LYP for ScxNx, ScxPx, and ScxAsx NPs, respectively. The small
differences in the BE per f.u. of the initial cubic-like building block and the studied NPs
indicate that the good structural stability of the proposed morphologies is based on the
good structural stability of the initial building block. It is also worth noting that the optical
gap (OG) generally decreases with increasing nanoparticle size. For studied NPs created
by elongation along one direction, the OG starts from 2.59, 2.93, and 2.44 eV to 2.00, 2.18,
and 2.00 eV in the case of nitrogen, phosphorus, and arsenic, respectively. Similarly, in the
case of ScxYx NPs elongated in two directions, the OG starts (when x = 16) from 2.33, 2.16,
and 2.02 eV to (when x = 48) 2.07, 1.73, and 1.77 eV for Y = N, P, and As, respectively. Also,
regarding the exotic NPs, whether their morphology changes or not with the geometry
optimization, the OG decreases as the number of atoms in the structure increases. In all
three groups of examined NPs, the exotic nanostructures show the OG at lower energies
than the corresponding structures elongated in one and two directions, while in all studied
cases, the OG ranges from 1.62 (for the Sc40As40 NP) to 3.6 eV. Also, for all examined ScxYx
NPs, the Z-type NP has the lowest optical gap.

In conclusion, the studied ScxYx NPs show their optical gap within the visible spectrum
and indeed at quite low frequencies, depending on the morphology and material. The
lowest optical gap found is 1.62 eV (while the absorbance is 0.09) for the case of Sc40P40 NP,
which consists of three joined initial cubic-like building blocks. The absorption spectrum
of all the structures studied indeed covers most of the visible spectrum. Such structures
can find applications in a variety of fields that require absorption in the visible spectrum,
as in sensors, catalysis, photocatalysis, in biolabeling, in LEDs, and in emerging low-cost
third-generation solar cells technology (quantum dots sensitized solar cell). The results of
this work could be utilized by theorists and experimentalists in further research on these
very interesting and powerful sectors.

Author Contributions: Software, A.G.C.; Writing—original draft, F.I.M.; Writing—review & editing,
M.M.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chakrabartty, I.; Hakeem, K.R.; Mohanta, Y.K.; Varma, R.S. Greener nanomaterials and their diverse applications in the energy

sector. Clean Technol. Environ. Policy 2022, 24, 3237–3252. [CrossRef]
2. Thengane, S.K.; Bandyopadhyay, S. Biochar mines: Panacea to climate change and energy crisis? Clean Technol. Environ. Policy

2020, 22, 5–10. [CrossRef]
3. Borowski, P.F. Mitigating climate change and the development of green energy versus a return to fossil fuels due to the energy

crisis in 2022. Energies 2022, 15, 9289. [CrossRef]

https://doi.org/10.1007/s10098-022-02368-0
https://doi.org/10.1007/s10098-019-01790-1
https://doi.org/10.3390/en15249289


Nanomaterials 2023, 13, 2589 17 of 18

4. Qin, Y.; Xiao, X.; Wigneron, J.P.; Ciais, P.; Brandt, M.; Fan, L.; Li, X.; Crowell, S.; Wu, X.; Doughty, R.; et al. Carbon loss from forest
degradation exceeds that from deforestation in the Brazilian Amazon. Nat. Clim. Chang. 2021, 11, 442–448. [CrossRef]

5. Marengo, J.A.; Jimenez, J.C.; Espinoza, J.C.; Cunha, A.P.; Aragão, L.E. Increased climate pressure on the agricultural frontier in
the Eastern Amazonia–Cerrado transition zone. Sci. Rep. 2022, 12, 457. [CrossRef] [PubMed]

6. Zhao, J.; Jiang, Q.; Dong, X.; Dong, K.; Jiang, H. How does industrial structure adjustment reduce CO2 emissions? Spatial and
mediation effects analysis for China. Energy Econ. 2022, 105, 105704. [CrossRef]

7. Xu, X.; Cui, X.; Chen, X.; Zhou, Y. Impact of government subsidies on the innovation performance of the photovoltaic industry:
Based on the moderating effect of carbon trading prices. Energy Policy 2022, 170, 113216. [CrossRef]

8. Wang, W.; Rehman, M.A.; Fahad, S. The dynamic influence of renewable energy, trade openness, and industrialization on the
sustainable environment in G-7 economies. Renew. Energy 2022, 198, 484–491. [CrossRef]

9. Zeng, S.; Tanveer, A.; Fu, X.; Gu, Y.; Irfan, M. Modeling the influence of critical factors on the adoption of green energy technologies.
Renew. Sustain. Energy Rev. 2022, 168, 112817. [CrossRef]

10. Manikandan, V.; Lee, N.Y. Green synthesis of carbon quantum dots and their environmental applications. Environ. Res. 2022, 12,
113283. [CrossRef]

11. Molaei, M.J. A review on nanostructured carbon quantum dots and their applications in biotechnology, sensors, and chemilumi-
nescence. Talanta 2019, 196, 456–478. [CrossRef]

12. Łoczechin, A.; Séron, K.; Barras, A.; Giovanelli, E.; Belouzard, S.; Chen, Y.-T.; Metzler-Nolte, N.; Boukherroub, R.; Dubuisson, J.;
Szunerits, S. Functional Carbon Quantum Dots as Medical Countermeasures to Human Coronavirus. ACS Appl. Mater. Interfaces
2019, 11, 42964–42974. [CrossRef] [PubMed]

13. Duan, L.; Hu, L.; Guan, X.; Lin, C.-H.; Chu, D.; Huang, S.; Liu, X.; Yuan, J.; Wu, T. Quantum Dots for Photovoltaics: A Tale of Two
Materials. Adv. Energy Mater. 2021, 11, 2100354. [CrossRef]

14. Albaladejo-Siguan, M.; Baird, E.C.; Becker-Koch, D.; Li, Y.; Rogach, A.L.; Vaynzof, Y. Stability of Quantum Dot Solar Cells: A
Matter of (Life) Time. Adv. Energy Mater. 2021, 11, 2003457. [CrossRef]

15. Alhamada, T.F.; Azmah Hanim, M.A.; Jung, D.W.; Nuraini, A.A.; Hasan, W.Z.W. A Brief Review of the Role of 2D Mxene
Nanosheets toward Solar Cells Efficiency Improvement. Nanomaterials 2021, 11, 2732. [CrossRef]

16. Chen, X.; Jin, Q.; Wu, L.; Tung, C.; Tang, X. Synthesis and Unique Photoluminescence Properties of Nitrogen-Rich Quantum Dots
and Their Applications. Angew. Chem. Int. Ed. 2014, 53, 12542–12547. [CrossRef]

17. Kaur, M.; Kaur, M.; Sharma, V.K. Nitrogen-doped graphene and graphene quantum dots: A review onsynthesis and applications
in energy, sensors and environment. Adv. Colloid Interface Sci. 2018, 259, 44–64. [CrossRef] [PubMed]

18. Wimalananda, M.D.S.L.; Kim, J.K.; Cho, S.W.; Lee, J.M. Highly efficient two-step nitrogen doping of graphene oxide-based
materials in oxygen presence atmosphere for high-performance transistors and electrochemical applications. J. Sci. Adv. Mater.
Devices 2022, 7, 100481. [CrossRef]

19. Gui, R.; Jin, H.; Wang, Z.; Li, J. Black phosphorus quantum dots: Synthesis, properties, functionalized modification and
applications. Chem. Soc. Rev. 2018, 47, 6795–6823. [CrossRef]

20. Yuan, H.; Zhao, Y.; Wang, Y.; Duan, J.; He, B.; Tang, Q. Sonochemistry-assisted black/red phosphorus hybrid quantum dots for
dye-sensitized solar cells. J. Power Sources 2019, 410, 53–58. [CrossRef]

21. Singh, R.; Gautam, A.; Rai, V. Engineering the Electronic Structure in Titanium Dioxide via Scandium Doping Based on Density
Functional Theory Approach for the Photocatalysis and Photovoltaic Applications. Iran. J. Chem. Chem. Eng. (IJCCE) 2022,
731–739. [CrossRef]

22. Dong, X.; Wang, Y.; Li, X.; Li, Y. Investigating an intermediate-band photovoltaic material based on scandium-hyperdoped silicon
through first-principles calculations. Opt. Express 2017, 25, A602–A611. [CrossRef] [PubMed]

23. Saha, B.; Shakouri, A.; Sands, T.D. Rocksalt nitride metal/semiconductor superlattices: A new class of artificially structured
materials. Appl. Phys. Rev. 2018, 5, 021101. [CrossRef]

24. Mu, S.; Rowberg, A.J.; Leveillee, J.; Giustino, F.; Van de Walle, C.G. First-principles study of electron transport in ScN. Phys. Rev. B
2021, 104, 075118. [CrossRef]

25. Azouaoui, A.; Benzakour, N.; Hourmatallah, A.; Bouslykhane, K. Theoretical study of structural, electronic, optical and
thermoelectric properties of XN (X = Sc, Y). Mater. Sci. Semicond. Process. 2021, 135, 106090. [CrossRef]

26. Peccerillo, E.; Durose, K. Copper—Antimony and copper—Bismuth chalcogenides—Research opportunities and review for solar
photovoltaics. MRS Energy Sustain. 2019, 5, 9. [CrossRef]

27. Shuklov, I.A.; Razumov, V.F. Lead chalcogenide quantum dots for photoelectric devices. Russ. Chem. Rev. 2020, 89, 379–391.
[CrossRef]

28. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865–3868.
[CrossRef]

29. Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn:
Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297–3305. [CrossRef]

30. Goings, J.; Caricato, M.; Frisch, M.J.; Li, X. Assessment of low-scaling approximations to the equation of motion coupled-cluster
singles and doubles equations. J. Chem. Phys 2014, 141, 164116. [CrossRef]

https://doi.org/10.1038/s41558-021-01026-5
https://doi.org/10.1038/s41598-021-04241-4
https://www.ncbi.nlm.nih.gov/pubmed/35013448
https://doi.org/10.1016/j.eneco.2021.105704
https://doi.org/10.1016/j.enpol.2022.113216
https://doi.org/10.1016/j.renene.2022.08.067
https://doi.org/10.1016/j.rser.2022.112817
https://doi.org/10.1016/j.envres.2022.113283
https://doi.org/10.1016/j.talanta.2018.12.042
https://doi.org/10.1021/acsami.9b15032
https://www.ncbi.nlm.nih.gov/pubmed/31633330
https://doi.org/10.1002/aenm.202100354
https://doi.org/10.1002/aenm.202003457
https://doi.org/10.3390/nano11102732
https://doi.org/10.1002/anie.201408422
https://doi.org/10.1016/j.cis.2018.07.001
https://www.ncbi.nlm.nih.gov/pubmed/30032930
https://doi.org/10.1016/j.jsamd.2022.100481
https://doi.org/10.1039/C8CS00387D
https://doi.org/10.1016/j.jpowsour.2018.11.011
https://doi.org/10.30492/ijcce.2022.548905.5185
https://doi.org/10.1364/OE.25.00A602
https://www.ncbi.nlm.nih.gov/pubmed/28788927
https://doi.org/10.1063/1.5011972
https://doi.org/10.1103/PhysRevB.104.075118
https://doi.org/10.1016/j.mssp.2021.106090
https://doi.org/10.1557/mre.2018.10
https://doi.org/10.1070/RCR4917
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1039/b508541a
https://doi.org/10.1063/1.4898709


Nanomaterials 2023, 13, 2589 18 of 18

31. Zhao, Y.; Truhlar, D.G. The M06 suite of density functionals for main group thermochemistry, thermochemical kinetics, noncova-
lent interactions, excited states, and transition elements: Two new functionals and systematic testing of four M06-class functionals
and 12 other functionals. Theor. Chem. Acc. 2008, 120, 215. [CrossRef]

32. Yanai, T.; Tew, D.; Handy, N. A new hybrid exchange-correlation functional using the Coulomb-attenuating method (CAM-B3LYP).
Chem. Phys. Lett. 2004, 393, 51–57. [CrossRef]

33. TURBOMOLE, TURBOMOLE GmbH: Karlsruhe, Germany, 1989−2007. Available online: https://www.turbomole.org/ (accessed
on 9 August 2023).

34. Wang, D.; Tan, D.; Liu, L. Particle swarm optimization algorithm: An overview. Soft Comput. 2018, 22, 387. [CrossRef]
35. Haq, B.U.; Afaq, A.; Abdellatif, G.; Ahmed, R.; Naseem, S.; Khenata, R. First principles study of scandium nitride and yttrium

nitride alloy system: Prospective material for optoelectronics. Superlattices Microstruct. 2015, 85, 24–33. [CrossRef]
36. Gregoire, J.M.; Kirby, S.D.; Turk, M.E.; van Dover, R.B. Structural, electronic and optical properties of (Sc,Y)N solid solutions. Thin

Solid Films 2009, 517, 1607–1609. [CrossRef]
37. Zhao, Y.G.; Zhou, M. Formation and characterization of the tetranuclear scandium nitride: Sc4N4. J. Phys. Chem. A 2007, 111,

6204–6207. [CrossRef]
38. Xu, M.; Zhang, Y.; Zhang, J.; Qian, B.; Lu, J.; Zhang, Y.; Wang, L.; Chen, X. Structures and properties evolution with size of ScN

nanocrystals: A first-principles study. Chem. Phys. Lett. 2012, 551, 126–129. [CrossRef]
39. Li, C.G.; Zhou, J.C.; Hu, Y.F.; Ren, B.Z.; Bai, J.T.; Hu, X.K.; Yang, W. Computational Studies on the ScnNm (n + m = 10) Clusters:

Structure, Electronic and Vibrational Properties. J. Clust. Sci. 2018, 29, 459–468. [CrossRef]
40. Liu, J.; Li, X.B.; Zhang, H.; Yin, W.J.; Zhang, H.B.; Peng, P.; Liu, L.M. Electronic structures and optical properties of two-dimensional

ScN and YN nanosheets. J. Appl. Phys. 2014, 115, 093504. [CrossRef]
41. Aravantinos-Zafiris, N.; Chronis, A.G.; Sigalas, M.M. Structural and optical properties of exotic magnesium monochalcogenide

nanoparticles. Mater. Today Commun. 2021, 28, 102622. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1016/j.cplett.2004.06.011
https://www.turbomole.org/
https://doi.org/10.1007/s00500-016-2474-6
https://doi.org/10.1016/j.spmi.2015.04.018
https://doi.org/10.1016/j.tsf.2008.09.076
https://doi.org/10.1021/jp070816n
https://doi.org/10.1016/j.cplett.2012.09.029
https://doi.org/10.1007/s10876-018-1352-z
https://doi.org/10.1063/1.4867515
https://doi.org/10.1016/j.mtcomm.2021.102622

	Introduction 
	Materials and Methods 
	Results 
	ScxYx NPs 
	Elongated ScxYx NPs along One Direction 
	Elongated NPs along Two Perpendicular Directions 

	ScxYx Exotic NPs 

	Conclusions 
	References

