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Abstract: The electronic, optical, and anticorrosion properties of planer ZnO crystal and quantum
dots are explored using density functional theory calculations. The calculations for the finite ZnO
quantum dots were performed in Gaussian 16 using the B3LYP/6-31g level of theory. The periodic
calculations were carried out using VASP with the plane wave basis set and the PBE functional. The
subsequent band structure calculations were performed using the hybrid B3LYP functional that shows
accurate results and is also consistent with the finite calculations. The considered ZnO nanodots have
planer hexagonal shapes with zigzag and armchair terminations. The binding energy calculations
show that both structures are stable with negligible deformation at the edges. The ZnO nanodots
are semiconductors with a moderate energy gap that decreases when increasing the size, making
them potential materials for anticorrosion applications. The values of the electronic energy gaps of
ZnO nanodots are confirmed by their UV-Vis spectra, with a wide optical energy gap for the small
structures. Additionally, the calculated positive fraction of transferred electrons implies that electron
transfer occurs from the inhibitor (ZnO) to the metal surface to passivate their vacant d-orbitals, and
eventually prevent corrosion. The best anti-corrosion performance was observed in the periodic ZnO
crystal with a suitable energy gap, electronegativity, and fraction of electron transfer. The effects of
size and periodicity on the electronic and anticorrosion properties are also here investigated. The
findings show that the anticorrosion properties were significantly enhanced by increasing the size
of the quantum dot. Periodic ZnO crystals with an appropriate energy gap, electronegativity, and
fraction of electron transfer exhibited the optimum anticorrosion performance. Thus, the preferable
energy gap in addition to the most promising anticorrosion parameters imply that the monolayer
Zn0O is a potential candidate for coating and corrosion inhibitors.

Keywords: two dimensional ZnO; quantum dots; periodic lattice; DFT; electronic and optical properties;
anticorrosion properties; coating

1. Introduction

Traditional bulk inorganic semiconductors composed of elements from groups IIl to V,
such as Si or Ge, started to take over as the dominating materials in electronics in the middle
of the 20th century [1]. A new electronic revolution is under way, as we study a new class
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of materials commonly referred to as organic semiconductors (OSCs) [2]. As yet, organic
semiconductors show promise due to their low cost, flexibility, and ease of manufacturing
over a broad area. It is still important to make more advancements in the performance of
both materials and devices, as well as the changeable optoelectronic qualities that can be
altered via chemical structure [3]. Research on 2D materials can be used in a variety of
ways to generate future solutions to overcome the difficulties with OSCs [3]. One of the key
aspects that affect a material’s qualities is its dimension. According to dimensions, materials
are classified into: (1) zero-dimensional (0D), for example, fullerene, nanoclusters, and
quantum dots; (2) one-dimensional ones, for example, nanowires, nanofibers, or nanorods
(carbon nanotubes); (3) two-dimensional ones, for example, nanosheets or thin films, such
as graphene and silicene; and (4) three-dimensional (3D) complex forms, for example,
graphite or diamond [4,5].

Two-dimensional materials (2D) are crystalline solids made up of one or more atomic
layers [6,7]. For instance, graphene is an atomically thick layer of carbon atoms tightly
bound in a hexagonal honeycomb lattice. In particular, 2D materials are perfect for im-
proving physicochemical characteristics and developing functions at the atomic scale
by chemical modification, element doping, thickness regulation, and heterostructure for-
mation, all of which is challenging to accomplish with bulk materials [8,9]. Due to the
exceptional features of 2D materials, they are used in various applications, such as elec-
tronics/optoelectronics [10], energy storage [11], sensors [8], and catalysis [9]. As a result,
a variety of 2D materials, including graphene, graphitic carbon nitride (g-C3Ny4) [12],
hexagonal boron nitride (hBN) [13], black phosphorous (BP) [14], metal nitrides/carbides
(Mxenes) [15], transition metal dichalcogenides (TMDs) [16], layered double hydroxide
(LDH) [17], and Mxenes [18], have been extensively investigated. Additionally, 2D materi-
als based on group III elements, such as indium oxide (InO) and aluminum nitride (AIN),
have been studied [19,20]. Santos et al. explored 2D InO with different stoichiometry [19].
They discovered that 2D InO with an InSe-type structure and its distinctive In-In distances
closely match available experimental findings. Filho et al. also investigated the formation,
stability, and electronic properties of Self-Induced Core—Shell InAIN Nanorods [20]. Be-
cause of the challenging issues with these 2D materials, for example, the low absorptivity
and zero bandgap in graphene, researchers are focusing on structural modification as a
way to resolve these drawbacks [21]. These drawbacks can be solved by converting these
2D semiconductor materials to 0D or quantum dots to produce new, inexpensive, and
effective materials with novel features as a result of quantum confinement and substantial
edge effects [12]. Via quantum confinement, a finite energy gap can be opened in graphene
by converting it to a graphene quantum dot. The value of this energy gap is inversely
proportional to the size of the quantum dot. The edge type also has a significant effect
on the electronic and magnetic properties of graphene quantum dots, as reported in trian-
gulene [22]. Additional control over the electronic, optical, and magnetic characteristics
of 2D quantum dots (2D-QDs) can be achieved by chemical functionalization, doping,
layer stacking, and electric field [23-25]. Many 2D-QDs, including graphene, silicene,
phosphorene, MoS,, and hBN-QDs, have been shown to exhibit broadly adjustable photo-
luminescence due to their size-dependent electronic and optical properties. 2D-QDs show
quantum confinement in all three dimensions [26-28]. As a result, QDs are promising for a
variety of applications such as electronics [29], optical [30], spintronics [31], bioimaging [32],
sensors [33], photovoltaics [34], and energy storage [35].

In the present work, we study the structural stability of planer zinc oxide (ZnO) quan-
tum dots using density functional theory (DFT) calculations. Moreover, the electronic,
optical, and anticorrosion properties are investigated. To generalize the current work,
we extend the calculations to include quantum dots of different sizes and periodic ZnO
crystals. It is worth noting that ZnO nanomaterials have drawn significant interest as
potential anticorrosive agents compared to conventional anticorrosion substances such as
calcium nitrite and organic inhibitors, due to their remarkable proprieties [36-39]. They
offer excellent resistance to corrosion, high thermal stability, a tunable band structure,
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optical transparency, hydrophobic characteristics, and safety [40]. For instance, calcium
nitrite exhibits good corrosion inhibition of steel in concrete; however, it is toxic and very
costly [37]. Additionally, organic coatings suffer from hydrophilicity and other drawbacks
related to the organic matrix structure [41]. However, as a result of global efforts to produce
environmentally acceptable and nontoxic coatings for the prevention of corrosion, research
is being conducted to overcome these drawbacks. One of the more promising methods
is to combine organic and inorganic functionalities in one coating system. This approach
not only ensures better anticorrosion performance, but also addresses the shortcomings
of the organic matrix [42,43]. Moreover, ZnO nanoparticles are excellent candidates for
antimicrobial coatings due to their low toxicity, excellent biocompatibility to human tissues,
high abundance, cost-effectiveness, and high photocatalytic efficiency in killing different
infectious organisms [44]. Further, the flexible tunability of the electronic properties of ZnO,
such as conductivity control by introducing defects in the ZnO structure, is favorable for
coatings. For instance, Sakellis determined the activation volumes in ZnO using a thermo-
dynamic model and different experimental data. The calculated activation volumes match
the values found in the experiments [45]. The ZnO quantum dots considered in this work
have two forms: hexagonal shape with zigzag edges (ZHEX) and armchair edges (AHEX).
The results show that two-dimensional ZnO quantum dots and their periodic lattice are
promising candidates for use in coating applications due to their attractive anticorrosion
properties. The paper is organized as follows: Section 2 introduces the computational
model, Section 3 provides the results and discussion, and Section 4 concludes.

2. Computational Model

The electronic, optical, and anticorrosion properties of 2D-ZnO quantum dots are in-
vestigated using density functional theory (DFT) calculations, as implemented in Gaussian
16 software [46]. The computations are performed using the 6-31 g basis set [47], which
provides an accurate prediction of the molecular properties of the different nanosystems
and has minimal computational complexity [48]. The hybrid functional (B3LYP) is em-
ployed in this work [49], which facilitates a good description of the electronic properties
of various different systems [50,51]. The optical properties of 2D-ZnO quantum dots are
investigated using time-dependent DFT (TD-DFT) calculations for the first twenty excited
states. From the TD-DFT calculations, the UV-Vis can be simulated and the dominant
optical transition can be identified. The quantum dots under consideration have been
thoroughly optimized by minimizing energy and using a self-consistent field (SCF) conver-
sion threshold of 10~8. This means that for the SCF to converge, the density matrix must
change by less than 10° at its maximum and less than 108 at its root-mean-square (RMS).
The periodic DFT calculations were carried out using Vienna ab initio simulation software
(VASP) [52,53]. In the Perdew—Burke-Ernzerhof (PBE) functional, generalized gradient
approximation (GGA) is used to explain the correlation and electron exchange [54]. For
band structure calculations, we used the hybrid B3LYP functional so as to be consistent
with the calculations considered for the finite quantum dots. This also shows a better repre-
sentation of the electronic structure of the 2D ZnO lattice compared to other functionals,
such as HSE06. The cutoff energy of the plane wave was chosen to be 520 eV. The energy
and forces acting on individual atoms were converged according to the following criteria:
1075 eV and —0.01 eV /A, respectively. For the optimization and PDOS computations,
a 10 x 10 x 1 gamma-centered K-point mesh was considered.

3. Results and Discussions
3.1. Structure Stability

The considered 2D ZnO quantum dots have two morphologies: hexagonal with zigzag
edges (ZHEX) and hexagonal with armchair edges (AHEX). All edge atoms are passi-
vated with H-atoms, as shown in Figure 1, to decrease possible deformations at the edges.
Table 1 lists the optimal bond lengths and binding energies (Eg) for each structure. Accord-
ing to Table 1, the H-O, H-Zn, and Zn-O bond lengths of AHEX-ZnO are 0.97-0.97 A,
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1.62-1.64 A, and 1.90-1.98A, respectively, whereas those of ZHEX-ZnO are 0.96-0.97 A,
1.62-1.63 A and 1.88-2.06 A. The lower bond lengths in Zn-O bonds come from surface
atoms, while the higher bond lengths are observed at the edges. This is mainly a result
of higher deformations at the edges after optimization. It is observed that ZHEX-ZnO
quantum dots have slightly higher Zn—O bond lengths at the edges compared to those of
AHEX-ZnO, which implies higher structural changes in the former.
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Figure 1. The optimized structures: (a) armchair-hexagonal ZnO (AHEX-ZnO) and (b) zigzag-

hexagonal ZnO (ZHEX-ZnO). Red spherical atoms represent O atoms and Zn atoms are represented
by bluish-white spheres.

Table 1. The optimized bond lengths and the binding energies (Eg) of AHEX-ZnO and ZHEX-ZnO-H.

Bond Lengths (A)

Structure Binding Energy (Ep)
H-O H-Zn Zn-0 (eV)

AHEX-ZnO 0.971-0.974 1.615-1.640 1.897-1.977 —0.16

ZHEX-ZnO 0.969-0.970 1.622-1.631 1.877-2.056 —0.15

Negative values of the binding energy (Ep) provide evidence for the energetic stability
of the 2D-ZnO QDS, which is computed as:

Ec.—(n,,Ezn + ngEy + noEop)

Eg = N 1)

where Ec is the ground state energy of the compound, and Ez,, Eg and Eyj are the ground
state energies of Zn, O, and H, respectively. N is the total number of atoms and n is the
number of individual atoms (Zn, O, or H). The values of the binding energy in Table 1 are
negative with moderate values equal to —0.16 eV for AHEX-ZnO and —0.16 eV for ZHEX-
ZnO. These negative values ensure that the considered ZnO quantum dots, namely, ZHEX
and AHEX, are energetically stable with respect to their constituting atoms. Table 1 shows
that AHEX-ZnO has more negative binding energy compared to ZHEX-ZnO. Therefore,
AHEX-ZnO is slightly more stable than ZHEX-ZnO, which could be a result of the lower
structural changes at the edges in AHEX-ZnO, as discussed before.

3.2. Electronic Properties

The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), which are crucial for defining the electronic properties of the systems
under consideration, are also important when studying anticorrosion properties [55-57].
The HOMO energy (Eqomo) is correlated with a molecule’s ability to donate electrons to
the empty molecular orbitals, while E{ypmo is associated with a molecule’s capability to
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accept electrons. The electronic energy gap (Eg) is given by the difference between Eyomo
and Ep ypmo, which determines the system’s optical and transport properties. As shown in
Figure 2, the HOMO distributions of the AHEX-ZnO and ZHEX-ZnO are localized on Zn
and O atoms. The localized distributions indicate that the electrons that form these orbitals
are interactive and originate from single atoms. On the other hand, the LUMO of the
AHEX-ZnO and ZHEX-ZnO are delocalized and distributed on both Zn and O atoms. The
energy gap of AHEX-ZnO (Eg = 4.28 V) is higher than that of ZHEX-ZnO (Eg = 3.77 eV).
These energy gaps make the ZnO quantum dots a wide band gap semiconductor. With this
energy gap and the interactive low energy states, it is expected that ZnO nanodots will
show attractive anti-corrosion features.
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Figure 2. The distributions of the highest occupied/lowest unoccupied molecular orbitals
(HOMO/LUMO) of the selected AHEX and ZHEX ZnO quantum dots. The electronic energy
gaps and the energies of the HOMO and LUMO are also indicated.

3.3. Anticorrosion Performance

The energies of the LUMO (Eymo) and the HOMO (Egomo) are used to calculate
important quantum stability chemical (QSC) parameters of the selected quantum dots,
such as the electronic energy gap (AE), global hardness (1), global softness (o0 = 1/7),
and electronegativity (x) [58]. The equations used to obtain these QSC parameters are
given below:

AE = Erumo — Enomo (2)

AE
== ©)
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The higher Egomo value of hydrogenated ZHEX-ZnO indicates that it has a greater
ability to donate electrons to the metal surface. On the other hand, the more negative
value of E;ymo for AHEX-ZnO signifies a greater ability to accept electrons from the
metal surface, as presented in Table 2. The energy gap (AE = ELymo — Enomo) is a
crucial parameter for studying the inhibitor molecule’s reactivity towards adsorption on
the metallic surface [57]. The energy gap of AHEX-ZnO is relatively high (4.53 eV), but
ZHEX-ZnO has a moderate energy gap equal to 3.77 eV that facilitates interactions with
the metal. Additionally, the electron-donating capability of the inhibitor is determined by
electronegativity (x), which can be obtained from Equation (5). An effective restricting
capability is provided by the inhibitor with a lower x (a higher tendency to donate elec-
trons). Then, x of ZHEX-ZnO is suitable for corrosion inhibition because it exhibits higher
electron donation. Moreover, other crucial variables that assess the stability and reactivity
of the selected compounds are the global hardness (1) and global softness (o). The hard-
ness (1) /softness (o) of the AHEX-ZnO compound is slightly higher/lower than that of
ZHEX-ZnO. Also, the fraction of transferred electrons between the inhibitor and metal
surface (AN) is a good indicator of the strength of interaction between inhibitor and metals.
AN can be calculated according to the following equation [59],

XFe — Xinh
AN = —XFe — Xinh__ ©)
2(nFe +T1inh)

where Xr, and X;,, are the electronegativity values of iron and the inhibitor, respectively.
Nr. and n;,;, are the hardness of the Fe (nr, = 0 because E;ymo = Enomo for bulk metal)
and the inhibitor, respectively. In this investigation, the theoretical value of xg, (7 eV/mol)
is obtained from DFT calculations for the Fe (110) surface [60]. The positive values of AN
imply that the electrons transfer from the ZnO nanodots (inhibitors) to the metal surface.
Accordingly, the ZnO nanodots will donate electrons to the vacant d-orbital of the metal,
which finally passivate these orbitals and prevent corrosion. As listed in Table 2, the
positive values of AN of both AHEX-ZnO and ZHEX-ZnO indicate that they can donate
electrons to the vacant d-orbital of the metal, facilitating the formation of adsorptive bonds
that finally passivate these orbitals and prevent corrosion.

Table 2. The quantum chemical parameters set for the selected molecular structures AHEX-ZnO and
ZHEX-ZnO-H. Namely, the LUMO energy (Eruymo), the HOMO energy (Egomo), global hardness
(), global softness (o = 1/1), electronegativity (x), and fraction of electron transfer.

Structure Erumo (eV) Exomo (eV) AE (eV) n (eV) o (eV-1) x (eV) AN
AHEX-ZnO —2.17 —6.70 4.53 2.27 0.44 444 0.56
ZHEX-ZnO —2.39 —6.17 3.77 1.89 0.53 4.28 0.72
4ZHEX-ZnO —2.71 —5.83 3.12 1.56 0.64 427 0.88
5ZHEX-ZnO —3.06 —5.38 2.32 1.16 0.86 4.22 1.19
ZnO-Crystal 0.78 —2.65 3.43 1.72 0.58 0.94 1.76

To study the important effects of size and periodicity on the electronic and anti-
corrosion properties, we performed additional calculations on ZHEX-ZnO with a higher
number of atoms—specifically, 4ZHEX-ZnO with four-edge hexagons and 5>ZHEX-ZnO
with five-edge hexagons, as seen in Figure S1. The periodic calculations on the ZnO crystal
are also considered, and the discussion of its electronic properties is presented in the
Supplementary Materials and Figure S2. It is observed that the values of the energy gaps
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are decreased from 3.77 eV by increasing the size, which is mainly a result of the quantum
confinement and the edges. The energy gaps of the four and five ZHEX are even lower
than the energy gap (3.34 eV) of the periodic ZnO crystal, which contradicts the quantum
confinement effect but can be explained by the edge effect. The distributions of the HOMO
and LUMO of 4ZHEX-ZnO and 5ZHEX-ZnO on the edges indicate their origin from the
interactive electrons at the edge atoms that decrease the energy gap.

The effect of size and periodicity on the Egomo shows a steady shift toward higher
values when increasing the size, which is preferable for inhibitor materials because it
ensures an improved ability to donate electrons to the metals. Moreover, the electronega-
tivity decreases, reaching its minimum value in the ZnO crystal, confirming the elevated
electron donation tendency in the periodic ZnO. The last indicator, showing the enhanced
anticorrosion properties of the ZnO crystal compared to finite ZnO quantum dots, is the
highest value of electron transfer, namely, AN = 1.76.

3.4. Molecular Electrostatic Potentials (MEP)

Molecular Electrostatic Potential (MEP) shapes or surfaces have been widely used to
analyze and predict molecular behavior, which helps in identifying reaction sites. MESP
is effective because it can relate to how the total charge distribution influences the struc-
ture’s electronegativity, dipole moment, partial charges, and chemical reactivity. MEPs can
be categorized as being reactive with either electrophiles or nucleophiles. In contrast to
negatively charged electrophiles, which have high potentials and no electrons, positively
charged nucleophiles have low potentials and abundant electrons. A color map represent-
ing various MESP values appears on the surface of the molecule, with the colors arranged
in ascending order: red > orange > yellow > green > blue. At MESP interfaces, the richest
charge zone (negatively) is indicated by the color red, whereas the poorest charge region
(positively) is indicated by the color blue, and the absence of electrostatic potential (neutral)
is represented by the color green. In the 2D ZnO quantum dots that have been selected,
the negative area (red color) is concentrated around O atoms, demonstrating that these are
electrophilic locations. The positive (blue-colored) zones for AHEX-ZnO and AHEX-ZnO
include all of the Zn and H atoms, proving that these locations are sensitive to nucleophilic
activation, as shown in Figure 3. Therefore, the 2D ZnO quantum dots have abundant
active sites on both their surfaces and edges that make them promising applicants for
different applications, including gas sensors, catalysts, and coatings.

Figure 3. Electrostatic potential maps for the selected ZnO quantum dots with armchair (left side)
and zigzag (right side) edge terminations.
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3.5. UV-Vis Absorption Spectra

We examine the UV-Vis absorption spectra of AHEX-ZnO and ZHEX-ZnO in this
section. The optical spectra are presented in Figure 4, and the related absorption parameters,
such as excited state (ES), transition energy (AE), and oscillator strength (f), are given in
Table 3. According to Figure 4, the dominant absorption peaks for ZHEX-ZnO and AHEX-
ZnO nanodots are located at 326 nm and 316 nm, respectively. This indicates that both
ZHEX-ZnO and AHEX-ZnO are semiconductors, with wide optical band gaps of 3.80 and
3.93 eV, respectively.

1 .

316 nm 326 nm

o
o0

o
»

—AHEX-ZnO-H
—ZHEX-ZnO-H

©
N

Absorption (arb. unit)
=
N

00 200 300 400 500 600
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Figure 4. The computed absorption spectra of AHEX-ZnO and ZHEX-ZnO quantum dots. The
wavelength of the main absorption peak is added to the plot.

Table 3. Useful absorption parameters, including the excited state (ES), transition wavelength (A),
electronic transitions (ET), and transition energy (AE) oscillator strength (f).

Absorption Parameters

ES ET AE (eV) A (nm) f ES ET AE (eV) A (nm) f
AHEX-ZnO ZHEX-ZnO-H

H-11 — L
H-7—L

1 H—L 3.93 316 0.46 8 H-4—L 3.80 326 0.34
H-2—+L
H-10 = L
H-6 —+ L

2 H-2—L 3.93 315 0.46 9 H-5—=L 3.80 326 0.34
H-2—L

H-4 —L
4 H-3 =L 4.28 290 0.002 1 H—L 3.38 367 0.23

The main transitions for AHEX-ZnO are from the ground state (Sp) to the first excited
state and the second excited state at A = 316 nm (3.39 eV) and A = 315 nm, respectively.
Both are composed of one main transition of H — L, as given in Table 3. In the case of
ZHEX-ZnO-H, the main excitations are from the ground state to the eighth and ninth
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References

excited states at A = 326 nm (3.80 eV), and these are associated with four transitions, as
detailed in Table 3. Also, the first excited states with H — L transition make a considerable
contribution to oscillator strength, f = 0.23.

4. Conclusions

In this work, the structural stability, electronic, optical, and anticorrosion properties
of planer ZnO quantum dots and their periodic lattice are explored using DFT calcula-
tions. The considered quantum dots have hexagonal shapes with zigzag and armchair
terminations. The computed binding energies with moderate negative values indicate that
the considered structures are energetically stable with respect to the constituting atoms.
The electronic properties show also that these structures are semiconductors with a wide
energy gap equal to ~4 eV, which makes them promising candidates for use as corrosion
inhibitors. The positive value of the fraction of transferred electrons (AN) implies that
electrons will be transferred from the inhibitor to the metal surface to passivate their vacant
orbitals and eventually prevent corrosion. This is confirmed by the electrostatic potential
mapping, where we found that the Zn sites at the edges are active regions that can do-
nate electrons. The UV-Vis spectra show that the ZnO quantum dot has a wide optical
energy gap of ~4 eV. The effects of size and periodicity on the electronic and anticorrosion
properties are also investigated. The findings show that the anticorrosion properties are
enhanced by increasing the size of the quantum dots. Periodic ZnO crystals with an appro-
priate energy gap, electronegativity, and fraction of electron transfer exhibit the optimal
anti-corrosion performance. Therefore, the 2D ZnO nanomaterials with their wide energy
gap and suitable anticorrosion parameters are a potential material for use in coatings and
corrosion inhibition.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/ cryst14020179/s1, Figure S1: The optimized structures of ZnO nanodots
with four (4ZHEX-ZnO) and five (6ZHEXZnO) edge hexagons, see (a) and (d), respectively. The
related HOMO and LUMO distributions of 4ZHEX-ZnO are shown in (b,c) and those for 5ZHEX-ZnO
are shown in (e, f); Figure S2: (a) top view of the two-dimensional ZnO lattice with the unit cell
indicated by the box. (b) the total and partial density of states. (c,d) The highest occupied /lowest
unoccupied crystal. References [61,62] are cited in the Supplementary Materials.
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