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Abstract: A detailed study was performed using "DFT" calculations at the
"CAM-B3LYP-D3/6-311+G (d,p)" level to investigate how H>O is captured
by a ZnO, ZnTiO, ZnCrO, ZnMnO or ZnNiO heterocluster. The weak signal
strength observed near the parallel edge of the nanocluster sample could be
because of the non-spherical arrangement of these heteroclusters caused by
H/OH binding. This hypothesis about energy absorption was supported by
analyzing the density distributions of "TDOS, PDOS, OPDOS, LOL" for
water-coated ZnO, ZnTiO, ZnCrO, ZnMnO and ZnNiO heteroclusters. An
isosurface map showed a larger area involved in H>O adsorption on the
surface, leading to the formation of hydrated complexes of ZnO-(H*OH"),
ZnTiO-(H*OH-), ZnCrO-(H*OH-), ZnMnO-(H*OH") and ZnNiO-(H*OH")
with specific atoms labeled as "O1, Zn/Ti/Cr/Mn/Ni, 027, H29, and H30".
Based on this, it could be said that the Zn/Ti/Cr/Mn/Ni in the cubic
heteroclusters, respectively has a greater ability to accept electrons during
H,0 adsorption. It's also important to note that when all the surface elements
of these heteroclusters are covered by "OH~/H*" ions, the semiconducting
treatment is restored. These findings suggest that the electronic properties can
be adjusted by controlling the adsorption position on the surface. The findings
can potentially lead to the development of more efficient water purification
processes through further research on photocatalysts.

Keywords: ZnTiO, ZnCrO, ZnMnO, ZnNiO, semiconducting heterocluster,
H,0-adsorption, first-principles study

Introduction

ZnO is a great semiconductor material that can
be wused in many different areas like
optoelectronics and biomedicine. This is
because it has a wide direct band gap, a high
exciton binding energy, good electron mobility,
and high quantum efficiency. To enhance the
performance of ZnO devices, plasma treatment
is often used to modify the surface [1-4]. This
treatment  changes  the  luminescence
characteristics of ZnO, affecting ultraviolet
(UV) luminescence, visible light emission, and
the recombination process [5-11]. Using H
plasma greatly improves optical properties
without changing the thickness much. Even
though no chemical reactions happen, Ar
plasma boosts emission intensity by removing
areas where light is lost through non-radiative
recombination. Both H and Ar plasma also
cause strong exciton localization, which results
in a much broader UV spectrum [12-15].

However, it is often difficult to replicate
or apply the reported improvements in plasma
treatments for ZnO. This challenge comes from
several reasons. First, ZnO samples can have
different properties such as thin films, single
crystals, or nanostructures made using various
methods. Also, the specific effects of plasma
treatments with different gases are not well
understood, since each gas plasma behaves
differently. Because of this, it is important to
carefully compare how different plasma gases
affect the optical and electrical properties of
ZnO and to clearly identify which specific
defects are involved [16-21]. Transparent and
highly water-attracting materials are very
important because of their ability to clean
themselves, which has become a widely studied
area, especially in solar panel technology. Some
research has shown that by changing the shape
of zinc oxide, both hydrophilic and
superhydrophilic forms can be created, making
them useful as self-cleaning coatings for solar
panels [22].
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The researchers wused molecular
dynamics simulations with a reactive force-field
to study the ZnO-H;O system under normal
conditions. The force-field parameters were
adjusted based on data from density functional
theory calculations, which included energy
levels, molecular shapes, and charge
distributions. The model they developed
matched well with the quantum mechanics data
from the dataset. They used this model to
examine how water molecules attach to ZnO
surfaces, either as whole molecules or broken
apart, at different temperatures. The surfaces
studied included both flat and stepped
structures. The findings indicate that structures
that support hydrogen bonding are more
favorable, and the presence of steps leads to a
higher degree of hydroxylation in the water
layers [23].

In recent years, semimagnetic
semiconductors have gained a lot of attention
due to their wide range of useful properties in
spintronics applications. These materials are
usually created by adding a small amount of
transition metals, such as Fe, Co, Ni, Ti, Cr, and
others, into semiconductor materials [24].
Recently, scientists managed to create Ti-doped
ZnO nanoparticles using the co-precipitation
method. A vibrating sample magnetometer
showed that pure ZnO and Ti-doped ZnO both
showed ferromagnetic properties at room
temperature [25]. Among transition metals,
titanium can be easily replaced by host ions
because its d subshells are only partially filled
[26]. In addition, the effect of doping Cr ions on
the structure, optical, and magnetic properties
of ZnO was studied. Photoluminescence and
electron paramagnetic resonance showed the
presence of negatively charged zinc vacancies
and singly ionized oxygen vacancies in ZnO.
The long-range ferromagnetic  ordering
observed was explained using the bound
magnetic polaron mechanism [27].

Recently, pure and manganese doped
zinc  oxide nanoparticles have  been
successfully synthesized by a solution growth
process. The effect of Mn doping on the
structure, morphology and optical properties
was investigated by several techniques. The
optical band gap of the ZnO nanoparticles
decreased linearly with increasing Mn percent
doping, suggesting the possibility of tuning the
band gap of ZnO by doping with Mn [28].
Furthermore, Ni-doped ZnO nanoparticles
were synthesized through a simple chemical
growth route wusing hydroxyoxalate type

materials. The excitonic peaks observed from
absorption  spectra of the  prepared
nanoparticles exhibit blue shift for nickel
doping [29].

In this study, we looked at how H>O
adsorption affects the properties of a ZnO,
ZnTiO, ZnCrO, ZnMnO or ZnNiO nanocluster.
It was used DFT calculations to examine the
density of states, charge distribution, bond
orders, and HOMO-LUMO orbitals. The
optimized structures of ZnTiO-(H*OH)),
ZnCrO-(H*OH"), ZnMnO-(H*OH") and ZnNiO-
(H*OH) have been shown in Figure 1, and the
zinc/titanium/chromium/manganese/nickel,
oxygen and hydrogen atoms are labeled to help
explain the reaction pathway.

In this study, ZnO-(H*OH), ZnTiO-(H*OH)),
ZnCrO-(H*OH'), ZnMnO-(H*OH") or ZnNiO-
(H*OH)) sensor was successfully used to detect
relative humidity through nearest neighbor
analysis. The way water molecules attach to the
surface of ZnO, ZnTiO, ZnCrO, ZnMnO or
ZnNiO was also studied wusing density
functional theory.

Method

Improvement of the applied Density Functional
Theory (DFT) methodology only became
notable after W. Kohn and L. J. Sham released
their reputable series of equations which are
introduced as Kohn-Sham (KS) equations
[30,31]:

Ho= =M V2+ Slv () = TR ®
hy = =2 V2 +v,(7) @)
By representing the single particle orbitals v; all
electronic densities physically acceptable for the
system of "non-interacting" electrons are
written in the equation (3):

p () = El'lY: (DI? 3)

Finally, the total energy could be measured by
the KS method due to the equation (4):

Elp] = Tslp] + [ dr vexe (p(r) + Enlp] + Exc[p] C))

where kinetic energy functional, v, declares
external potential, Ey is the "Hartree or
Coulomb" energy and E,. indicates exchange-
correlation functional. Therefore, the precise
exchange energy functional is described by the
Kohn-Sham orbitals in lieu of the density
which is cited as the indirect density functional.
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This research has employed the penetration of
the hybrid functional of three-parameter basis
set of BBLYP (Becke, Lee, Yang, Parr)" within
the conception of DFT wupon theoretical
computations [31]. The popular B3LYP (Becke,
three-parameter, Lee-Yang-Parr) and
exchange-correlation functional becomes based
on equation (5) [32]:

ERYP = (1 - )EgPA + aB{™ + bAEZ + (1 — c)EZSPA +
cE:Y? ®

Calculations with spin polarization
were performed within the "density functional
theory (DFT)". The exchange correlation
potentials were treated using the "Perdew-
Burke-Ernzerhof  (PBE)"  parameterization

within the "general gradient approximation
(GGA)" [33].

The hydration of bare ZnO, ZnTiO,
ZnCrO, ZnMnO or ZnNiO heterocluster and

ZnO-(H'OH")

the formation of the hydrated" ZnO-(H*OH),
ZnTiO-(H*OH"), ZnCrO-(H*OH'), ZnMnO-
(H*OH) or ZnNiO-(H*OH)" heterocluster were
studied using quantum mechanics
computations based on "density functional
theory (DFT)" (Figure 1) [34,35]. A ‘rigid
potential energy surface" was calculated using
"DFT" [36,37] with the "Gaussian 16 revision
C.01 program package" [38] and "GaussView
6.1" [39]. The calculations wused the "6-
311+G(d,p)" basis set for energy storage
applications in solar cells.

The structural settings of the ZnO,
ZnTiO, ZnCrO, ZnMnO or ZnNiO heterocluster
and the hydrated nanocluster of ZnO-(H*OH>),
ZnTiO-(H*OH"), ZnCrO-(H*OH?), ZnMnO-
(H*OH") or ZnNiO-(H*OH"), respectively, were
adjusted to achieve the highest possible "short-
circuit" current density (Figure 1).

ZaTiO-(H"OH") ZnCrO-(H OHY)

ZnNiO-(H'OH)

ZnMnO-(H"OH")

Figure 1. Functionalization of bare ZnO and ZnO (H*OH-) through formation of transition metal doped
complexes of ZnTiO-(H*OH-), ZnCrO-(H*OH-), ZnMnO-(H*OH-) and ZnNiO-(H*OH-) using a labeled ring in a
clockwise direction, showing H, O, Zn, Ti, Cr, Mn, Ni atoms involved in H>O adsorption.

Result and Discussion

In this article, the data assesses how
effective ZnO, ZnTiO, ZnCrO, ZnMnO or
ZnNiO heterocluster is in water using
information about energy, shape, and charge
obtained from "density functional theory"
computations. The sample used matches well
with quantum mechanics data for the hydrated
ZnO-(H*OH), ZnTiO-(H*OH), ZnCrO-(H*OH-
), ZnMnO-(H*OH-) or ZnNiO-(H*OH-) system
found in the "dataset". Additionally, the atomic
charge was examined during the adsorption of
H,O on ZnO, ZnTiO, ZnCrO, ZnMnO or
ZnNiO nanocluster, which contributed to the
formation of ZnO-(H*OHY), ZnTiO-(H*OH)),

ZnCrO-(H*OH"), ZnMnO-(H*OH") or ZnNiO-
(H*OH") complex (Table 1).

The atomic charges of "zinc,
titanium, chromium, manganese, nickel,
oxygen, and hydrogen or hydroxyl groups"
attached to ZnO, ZnTiO, ZnCrO, ZnMnO
or ZnNiO have been measured. These
measurements show that when water is
added, the negative charge on oxygen
atoms in the "O16 to O28" region of
"hydrated complexes "changes due to the
coating of them with H or OH" groups
(Table 1 and Figure 2).
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ZnCrO-(H*OH), ZnMnO-(H*OH>), and ZnNiO-(H*OH-)".

ZnO- ZnTiO- ZnCrO- ZnMnO- ZnNiO-
(H*OH)) (HOH)) (H*OH)) (H*OH) (H*OH))
A Q A Q A Q A Q A Q
01 -0.59 Znl 021  Znl 014  Znl -0.02  Znl -0.41
Zn2 0.69 Zn2 0.74 Zn2 0.71 Zn2 0.67 Zn2 0.69
Zn3 0.73 Zn3 0.64 Zn3 0.61 Zn3 0.61 Zn3 0.69
Zn4 072 Zn4 073 Znd 072  Zn4 070 Zn4  0.72
Zn5 0.59 Zn5 0.54 Zn5 0.60 Zn5 0.53 Zn5 0.65
Zn6 0.69 Zn6 0.74 Zn6 0.71 Zn6 0.67 Zn6 0.69
Zn7 0.71 Zn7 0.63 Zn7 0.60 Zn7 0.60 Zn7 0.67
Zn8 072 Zn8 073 Zn8 072  Zn8 070 Zn8 071
Zn9 060 Zn9 054 Zn9 060  Zn9 052 Zn9  0.65
Znl0 1.72 Zn10 1.63 Zn10  1.68 Zn10 1.80 Zn10  1.81
Znll 173 Znll 1.63 Znll 1.69 Znll 1.80 Znll 181
Zn12 188  Znl2 195 Znl2 193  Znl2 191  Znl2 194
Zn13 190 Znl3 194 Zn13 182  Znl3 188  Znl3 204
Znl4 170 Znl4 184 Znl4 183  Znl4 180 Znl4 174
Znl5 148 Til5 0.31 Crl5 0.00 Mn15 -0.05 Nil5 -0.06
016 -154 016 -144 016 -144 O16 -145 016  -1.46
o017 -12 017 -122 017 -122 017 122 017  -1.22
018 -1.21  0O18 -1.01 018 -093 018 -091 018 -0.99
019 -1.22 019 -1.22 0O19 -1.22 0O19 -1.22 O19 -1.22
020 -1.22 020 -1.22 020 -1.22 020 -1.22 020 -1.22
021 -1.14 021 -1.05 021 -093 021 -0.87 021 -0.96
02 -122 02 -122 02 -122 02 122 02 122
023 -1.13 023 -1.05 023 -092 023 -0.87 023 -0.96
024 -1.21 024 -1.22 024 -1.22 024 -1.22 024 -1.22
025 -122 025 -1.22 025 -122 025 -123 025 -1.22
02 -121 02 -122 026 -122 026 122 026  -1.22
027 -1.18 027 -097 027 -093 027 -0.89 027 -1.00
028 -1.22 028 -1.22 028 -1.22 028 -1.23 028 -1.22
H29 0.29 H29 0.19 H29 0.23 H29 0.28 H29 0.39
H30 0.37 H30 0.28 H30 0.31 H30 0.37 H30 0.37
Atomic charge
2.5 -
—@— ZnO-(H+OH-)
2 A —8— ZnTiO-(H+OH-)
15 A ZnCrO-(H+OH-)
—@— ZnMnO-(H+OH-)
1 - —&— ZnNiO-(H+OH-)
05 A F
0 _ 1 -
05 1 >
-1 A
-1.5 A
2 Atom

Figure 2. "Atomic charge (Q/coulomb)" for atoms in "ZnO-(H*OH-), ZnTiO-(H*OH-), ZnCrO-(H*OH-), ZnMnO-
(H*OH)), and ZnNiO-(H*OH)". (Note: X= Zn, Ti, Cr, Mn or Ni)

Water mainly attaches to the surface of ZnO,
ZnTiO, ZnCrO, ZnMnO or ZnNiO
nanoparticles by forming Zn-O, Ti-O, Cr-O,
Mn-O, or Ni-O bond. Compared to bulk ZnO
crystals, ZnTiO, ZnCrO, ZnMnO or ZnNiO

nanoparticle can hold more water molecules
per unit surface area because their curved
structure increases the distance between
neighboring water molecules (Figure 2).
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Figure 3. The "TDOS/PDOS/OPDOS" graphs for heteroclusters of (a) ZnO-(H*OH-), (b) ZnTiO-(H*OH), (c)
ZnCrO-(H*OH>), (d) ZnMnO-(H*OH>), and (e) ZnNiO-(H*OH:).

To better understand the different
adsorption behaviors of bare heteroclusters of
"ZnO, ZnTiO, ZnCrO, ZnMnO or ZnNiO " and
hydrated complexes of " ZnO-(H*OH:), ZnTiO-
(H*OH), ZnCrO-(H*OH-), ZnMnO-(H*OH)
and ZnNiO-(H*OH-)", "total density of states
(TDOS)" [40] was calculated using the Multiwfn
program [41,42]. This parameter helps identify
"significant chemical interactions", often
occurring on the "convex side" (Figure 3a-e).
Therefore, the original total "DOS (TDOS)" of
the "isolated system" can be expressed as [40]:

TDOS (E) = %;6 (E—¢€;)

x2

1 L

G(X) = Ee 2c2
where ¢ = ;/W% (7)

In addition, the curve map of "broadened
partial DOS (PDOS)" and overlap "DOS
(OPDOS)" is useful for visualizing the "orbital
composition" analysis, and the "PDOS function
of fragment" "A" is defined as:

PDOS, (E) = XiEiu F (E —€;) ®)
where "E; 4" is the "composition of fragment"
"A" in orbital "i". The OPDOS between fragment

"A" and "B" is defined as:
OPDOS,p (E) = X X4p F (E — €) ©)

Where "X} 5" describes "the total cross
term Wétween fragments" "A" and "B" in orbital
i ". In the "TDOS map", "each vertical line"
declares a "molecular orbital (MO) ", and the
"dashed line" shows the position of the
"HOMO". The curve shows the "TDOS"
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computed based on the energy distribution of
the molecular orbitals. Our findings suggest
that electronic properties can be tailored by
adjusting the "surface adsorption sites". In the
positive energy range, the area between 0.1 to
0.2 au. shows a significantly higher state
density compared to other regions for bare
heteroclusters of "ZnO, ZnTiO, ZnCrO,
ZnMnO or ZnNiO" and hydrated complexes of
" ZnO-(H*OH-), ZnTiO-(H*OH:), ZnCrO-
(HOH), ZnMnO-(HOH) and ZnNiO-
(H*OH)" (Figure 3a-e).

Fragment 1 includes O1, Zn2, Zn4, Zn6,
Zn8, Zn10, O16, O19, 022, 024 along with H30
(Figure 3a). Fragment 2 shows the movement of
Znll, Znl12, Zn13, Zn14, 017, O25, 026, 027
and H29 for ZnO-(H*OH’), ZnTiO-(H*OH)),
ZnCrO-(H*OH'), ZnMnO-(H*OH-) or ZnNiO-
(H*OH") complex (Figure 3b-e). Fragment 3
includes the movement of "Zn3, Zn5, Zn7, Zn9,
018, 020, 021, 023" for hydrated complexes
(Figure 3b-e).
The "Localized Orbital Locator (LOL) " has a
similar expression to the "Electron Localization
Function (ELF) " [43].

_ _ Do (1)
LOL(r) = 1+7(r) () = = ZimilVe; (1))? (10)

Do(r) = (6123 [p, (N3 + pp D3] (11)

"Multiwfn" [41,42] also supports a version of
"LOL" developed by "Tsirelson and Stash" [44].
In this version, the kinetic energy part of "LOL"
is replaced with a "second-order gradient"
expansion, similar to how "ELF" works. This
method can handle a wide variety of bonding
situations. To use this version of LOL, you need
to set "ELFLOL_type" to 1 in the settings. For
specific reasons, if you change "ELFLOL_type"
from 0 to 2 in settings.ini, a different approach
will be applied.

1

LOL(r) = —1+ [1/_[(],)]2

(12)

If the "ELFLOL_cut" parameter in "settings.ini"
is set to a certain value "x", then "LOL" will be
"zero" for any case where "LOL" is less than x.
The hydrated ZnO, ZnTiO, ZnCrO, ZnMnO or
ZnNiO heterocluster can be identified using
LOL graphs, as they help in understanding the
delocalization and localization of "electrons and
chemical bonds" (Figure 4 a-e).

"Covalent zones" have a "high LOL value", and
the areas where electrons are missing between
the "valence shell' and the inner shell are
shown by the "blue circles around the nuclei"
(Figure 4a-e). The shaded map of LOL for bare
and hydrated ZnO, ZnTiO, ZnCrO, ZnMnO or
ZnNiO heterocluster (Figure 4a-e) shows how
the '"localized orbital locator" changes with
"H/OH adsorption". The hydrated
heterocluster of "ZnO-(H*OH"), ZnTiO-(H*OH),
ZnCrO-(H*OH), ZnMnO-(H*OH) and ZnNiO-
(H*OH) " has a larger "isosurface map" of the
"localized orbital locator" because it labels
specific atoms like "01,
Zn15/Til5/Cr15/Mn15/ Nil5, O27, H29, and
H30". A narrower connected area in the
"isosurface map" suggests that the "localized
orbital locator" is harder to achieve. However,
the bigger "counter map" of LOL for hydrated
heterocluster of " ZnO-(H*OH-), ZnTiO-(H*OH-
), ZnCrO-(H*OH"), ZnMnO-(H*OH") or ZnNiO-
(H*OH") " shows that these heteroclusters could
be a great semiconductor material for many
uses.

In addition, the overlap between
molecular orbitals plays a key role in
understanding how charge moves between
molecules. This includes calculating the overlap
between the "highest occupied molecular
orbitals (HOMO)" and the "lowest unoccupied
molecular orbitals (LUMO)" in the H/OH
group and the ZnO, ZnTiO, ZnCrO, ZnMnO or
ZnNiO heterocluster. The calculation uses the
"CAM-B3LYP-D3/6-311+G (d,p)" wavefunction
level, which is used to determine the HOMO
and LUMO values, respectively (see Table 2).

As water molecules approach the
surface, their shape and electric charge
arrangement undergo a significant change. This
phenomenon is enhanced by the presence of a
metal atom such as titanium or chromium on
the ZnO surface, which increases the polarity of
the water molecules. Consequently, the electric
charge arrangement of water molecules at the
surface is more pronounced compared to when
they are isolated (Table 2). Comparing the
undoped ZnO nanoparticles and the Ni-doped
ZnO nanoparticle showed that Ni ions replaced
Zn ions effectively.
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LoL (a) LOL (b)

Figure 4. Counter map graphs of the localized orbital locator (LOL) for ﬁeteroclusters of (a) ZnO-(H*OH)), (b)
ZnTiO-(H*OH)), (c) ZnCrO-(H*OH"), (d) ZnMnO-(H*OH-), and (e) ZnNiO-(H*OH?"), plotted against length unit
in Bohr.
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Table 2. Stability energy (Es, kcal/mol), dipole moment (D, debye), LUMO (eV), HOMO(eV), and energy gap
(AE, eV) for heteroclusters of bare ZnO and hydrated ones of ZnO-(H*OH-), ZnTiO-(H*OH-), ZnCrO-(H*OH)),

ZnMnO-(H*OH) or ZnNiO-(H*OH).

AE=
Esx 10 D
Heteroclusters (keal/mol) (debye) Enomo (eV) Evumo (eV) Evrumo -
Y Enowmo (eV)

ZnO -1.18 0.00 -2.43 -1.30 1.12

ZnO(H*OH") -1.23 3.95 -2.61 -1.60 1.00

ZnTiO-(H*OH") -1.22 5.14 -2.81 -1.69 1.12

ZnCrO-(H*OH) -1.24 4.35 -2.67 -1.60 1.06

ZnMnO-(H*OH) -1.25 4.80 -2.97 -1.91 1.05

ZnNiO-(H*OH>) -1.29 3.97 -2.51 -1.63 0.87
Toshkodirova, N. Abdullaeva, M. Rifky,
Conclusion J.M. Harris, A. Kambarov. The technology
It's important to understand how water of obtaining powders used in the

interacts with ZnO, ZnTiO, ZnCrO, ZnMnO or
ZnNiO heterocluster because this knowledge is
crucial for using the material in areas like gas
sensing, catalysis, and biomedical uses. The
hydrated  ZnO-(H*OH-), ZnTiO-(H*OH)),
ZnCrO-(H*OH"), ZnMnO-(H*OH") or ZnNiO-
(H*OH) heterocluster shows a bigger electron
delocalization area because of the labeled atoms
"0O1, Zn15/ Til5/Cr15/Mn15/ Nil5, 027, H29,
and H30". A smaller connected area in the
"isosurface map" suggests that ‘electron
delocalization" is harder to achieve. However,
the larger LOL map for hydrated ZnO-(H*OH>),
ZnTiO-(H*OH’), ZnCrO-(H*OH’), ZnMnO-
(H'OH) or ZnNiO-(H*OH-) heterocluster
shows that these heteroclusters could be the
great semiconductor materials for many
different uses.
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