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Article info: Abstract: We employ first-principles calculations to investigate the
structural stability and electronic properties of zinc oxide (ZnO)
nanocluster adsorbed with H,O molecule. A comprehensive
investigation on H,O grabbing by ZnO nanocluster was carried out using
DFT computations at the CAM-B3LYP-D3/6-311+G (d, p) level of
theory. The hypothesis of the energy adsorption phenomenon was
confirmed by density distributions of CDD, TDOS/PDOS/OPDOS, and
Available online 30/05/2025 ELF for ZnO and ZnO-H,0. A vaster jointed area engaged by an
isosurface map for H/OH adsorption on ZnO surface towards formation
of ZnO-H,0O complex due to labeling atoms of O1, Zn15, 027, H29,
H30. Therefore, it can be considered that zinc in the functionalized ZnO
might have more impressive sensitivity for accepting the electrons in the
process of H/OH adsorption. It is considerable that when all surface
atoms of ZnO are coated by OH and H groups, the semiconducting
behavior is recovered. Our results open up the possibility of tailoring the
electronic properties by controlling the surface adsorption sites. The
nanoclusters of bare ZnO and ZnO-H,O can be defined by ELF graphs
owing to exploring their delocalization/localization characterizations of
electrons and chemical bonds. The results indicate that the stability and
the optical gap are related to the sizes and symmetries of the clusters.
Further, it is shown that the structures have much greater impact on the
optical gap, there is the dipole-forbidden transition in the optical gap for
high symmetric structures.
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INTRODUCTION

ZnO is a promising semiconductor material for
various applications ranging from
optoelectronics to biomedicine, attributed to its
wide direct band gap, high exciton binding
energy, high mobility, and high quantum
efficiency. To further improve the performance
of ZnO devices, plasma treatment is a
common method for surface modification [1-
4]. The luminescence properties of ZnO after
plasma treatment are significantly changed,
including ultraviolet (UV) luminescence, visible

luminescence, and recombination mechanism
[5-11].

Optical properties are improved significantly by
H plasma, with negligible alteration in
thickness. Although no chemical reaction is
introduced, emission intensity is enhanced by
Ar plasma by eliminating the non-radiative
recombination centers. Furthermore, H and Ar
plasma also induce strong exciton localization,
leading to significant broadening of the UV
spectrum [12-15].
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However, replicating or applying the reported
improvement in plasma treatments for ZnO
often proves challenging. This difficulty arises
from several factors, including the diverse
properties of ZnO samples, which encompass
thin films, single crystals and nanostructures
grown through various methods. Moreover, the
specific effects of plasma treatments using
different gases remain unclear, as each type of
gas plasma exhibits unique interactions.
Consequently, it is crucial to conduct a
systematic comparison of the influence of
various plasma gases on the optical and
electrical properties and to accurately identify
the specific defects affected [16-21].

Transparent, superhydrophilic materials are
indispensable for their self-cleaning function,
which has become an increasingly popular
research topic, particularly in photovoltaic (PV)
applications. It was reported hydrophilic and
superhydrophilic  ZnO by varying the
morphology for use as a self-cleaning coating
for PV applications [22].

The researchers have applied molecular
dynamics simulations through a reactive force-

field for ZnO-H,O ambient. The force-field
parameters were fitted to a dataset of
energies, geometries and charges derived
from density functional theory calculations.
The applied model has provided a good fit to
the quantum mechanics reference data for the
ZnO-H,O system that was present in the
dataset. The force-field has been used to
study how H,O is adsorbed, molecularly or
dissociatively, at monolayer coverage on flat
and stepped ZnO surfaces, at different
temperatures. The results show that structures
that promote hydrogen bonding are favored
and that the presence of steps promotes an
increased level of hydroxylation in the water
monolayers [23].

In this work, we analyzed the effect of H,O
adsorption on the properties of ZnO
nanocluster via the density of state, charge
distribution, bond orders and HOMO-LUMO
orbitals using DFT studies. The optimized
ZnO is shown in Figure 1, and the Zn and O
atoms are also numbered to characterize the
reaction pathway.

Figure 1. Characterization of bare ZnO and ZnO-H,O nanoclusters through a labeled ring in clockwise manner

including H, O, Zn towards H,O -adsorption.

In this work, the ZnO-H,O sensor was
successfully labeled for the detection

of relative humidity by employing nearest
neighbor analysis. The adsorbing mechanisms
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of water molecules on the ZnO surface were
also investigated by using the density
functional theory.

THEORY, MATERIALS AND COMPUTATION

The hydration of ZnO with 27 atoms and
formation of ZnO-H,O complex with 30 atoms
were calculated within the framework of first-
principles calculation based on density
functional theory (DFT) (Figurel) through
multiplicity=1 and convergence= 0.6367D-08.
The rigid potential energy surface using
density functional theory [24-37] was
performed due to Gaussian 16 revision C.01
program package [38] and GaussView 6.1
[39]. The coordination input for energy storage
on the solar cells has applied 6-311+G (d,p)
and EPR-3 basis sets.

First, we optimized the structural parameters
of the nanocluster of bare ZnO and hydrated
nanocluster of ZnO-H,O for obtaining the
highest short-circuit current density. Figure 1
shows the process of H,O-adsorption on
nanocluster of bare ZnO which is varied to
maximize the absorption in the active region.
This is a utility used to calculate ring area and
perimeter, since ring area is sometimes
involved in wavefunction analysis. In this
function, it is needed to input the index of the
atoms in the ring in clockwise manner which
can conclude the total ring area and total ring
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perimeter for a tailored ring as 9.4242 A and
12.2796 A respectively (Figurel).

RESULTS AND DISCUSSION

In this article, the data has evaluated the
efficiency of ZnO in H,O medium through
energies, geometries and charges derived
from density functional theory calculations.
The applied model has provided a good fit to
the quantum mechanics reference data for the
ZnO-H,O system that was present in the
dataset. The force-field has been used to
study how water is adsorbed, molecularly at
monolayer coverage on ZnO surface.

The amounts of charge density differences
"CDD" is measured by considering isolated
atoms or noninteracting ones. The mentioned
approximation can be the lightest to use
because the superposition value may be
received from the primary status of the self-
consistency cycle in the code that carries out
the density functional theory (Figure2a, b) [40].
Figure2a indicates all Zn or O atoms of ZnO
fluctuating around —9 to —1 Bohr. In Figure 2b,
the atom of Zn15, 027 from ZnO-H,0O and O1,
H29, H30 from H,O molecule accompanying
other Zn or O atoms from ZnO-H,O have
shown the fluctuation around -1 to +1 Bohr
and -9 to +1 Bohr, respectively. Furthermore,
atomic charge was discussed during H,O
adsorption by ZnO towards formation of ZnO-
H,O (Tablel).
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Figure2. CDD graphs for nanoclusters of (a) bare ZnO, and (b) ZnO—H,0.

s //fo/,,-) 6.0 7—9.0

Table 1. The atomic charge (Q/coulomb) for bare ZnO Bare ZnO Zn0-H,O
and ZnO-H,0 nanoclusters. Zn5 0.7141 Zn5 0.5927
Bare ZnO Zn0O-H,0 Zn6 0.7135 Zn6 0.6958
Atom Charge Atom Charge Zn7 0.7140 Zn7 0.7113
Znl 0.7141 o1 -0.5958 Zn8 0.7140 Zn8 0.7264
Zn2 0.7139 zZn2 0.6972 Zn9 1.7451 Zn9 0.5981
Zn3 0.7135 Zn3 0.7278 Zn10 1.7450 Zn10 1.7256
Zn4 0.7141 Zn4 0.7273 Znll 1.7471 Znll 1.7376
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Bare ZnO Zn0O-H,0
Znl2 1.7471 Znl2 1.8835
Znl3 1.7461 Znl3 1.9004
Znl4 1.7460 Znl4 1.6986
015 -1.5357 Znil5 1.4867
016 -1.2210 016 -1.5460
o017 -1.2210 o017 -1.2236
018 -1.2210 018 -1.2143
019 -1.2209 019 -1.2232
020 -1.2209 020 -1.2259
021 -1.2209 021 -1.1381
022 -1.2209 022 -1.2260
023 -1.2210 023 -1.1370
024 -1.2210 024 -1.2155
025 -1.2210 025 -1.2183
026 -1.2210 026 -1.2157
027 -1.2210 027 -1.1850
028 -1.2183
H29 0.2973
H30 0.3764

The atomic charge of zZn, O, and H/OH
adsorbed on ZnO have been measured. The
values detect that with adding H,O, the
negative atomic charge of oxygen atoms of
016, O 17, 018, 019, 020, 021, 022, 023,
024, 025, 026, 027, 028 in ZnO-H,O has
changed through coating of ZnO with H/OH
adsorption. In fact, ZnO-H,0O has shown more
efficiency than bare ZnO for admitting the
electron from electron donor of O16 to 028
(Table 1 and Figure 3).

55 ,Atomic charge

L5 ——Zn0-H20

1 —e—7n0O

Figure3. The fluctuation of atomic charge (Q/coulomb)
for ZnO and ZnO-H,0 nanoclusters.

The changes of charge density analysis in the
adsorption process have illustrated that ZnO
and ZnO-H,O nanoclusters have shown the
"Bader charge" of —1.747 and —1.900 coulomb,
respectively. The differences of charge density
for these structures are measured as: AQ .45 =
— 0.153 coulomb.

The dependence of electron-transfer rate
constants on the driving force for interfacial
charge transfer has been investigated using n-
type ZnO electrodes in aqueous solutions.
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Differential capacitance versus potential and
current density versus potential measurements
were used to determine the energetics and
kinetics, respectively, of the interfacial
electron-transfer processes. All rate processes
were observed to be kinetically first order in
the concentration of surface electrons and
first-order in the concentration of dissolved
redox acceptors. The agreement between the
reorganization energy of the ions in solution
and the reorganization energy for the
interfacial electron-transfer processes
indicated that the reorganization energy was
dominated by the redox species in the
electrolyte, as expected from an application of
Marcus theory to semiconductor electrodes.

To better understand the different adsorption
characteristics of ZnO and ZnO-H,O
nanoclusters, total density of states (TDOS)
using Multiwfn program [41,42] has been
measured.

This parameter can indicate the existence of
important chemical interactions often on the
convex side (Figure 4a, b). In isolated system
(such as molecule), the energy levels are
discrete, the concept of density of state (DOS)
is supposed completely valueless in this
situation. Therefore, the original total DOS
(TDOS) of isolated system can be written as
[43]:

TDOS (E) = X6 (E —¢€;) (1)
G(x) = C\/lz_ne_%

where

c== )

Moreover, the curve map of broadened partial
DOS (PDOS) and overlap DOS (OPDOS) are
valuable for visualizing orbital composition
analysis, PDOS function of fragment A is
defined as:

ZPDOS, (E) = X Eia F (E —€;) 3)
where E; , is the composition of fragment A in

orbital i. The OPDOS between fragment A and
B is defined as:

OPDOS, g (E) = ZiX,l;l,B F(E—-¢€) 4)

where X} is the composition of total cross
term between fragment A and B in orbital i.

In the TDOS map, each discrete vertical line
corresponds to a molecular orbital (MO), the
dashed line highlights the position of HOMO.
The curve is the TDOS simulated based on the
distribution of MO energy levels. In the
negative part, the region around —0.60 to —
0.80 a.u. has obviously larger state density
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than other regions for ZnO and ZnO-H,O
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nanoclusters (Figure 4a, b).
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Figure 4. TDOS/PDOS/OPDOS graphs of nanoclusters of (a) bare ZnO, and (b) ZnO-H,0.

However, it has bee has shown a larger state
density through pointed peaks for ZnO-H,O
(Figure 4b) than ZnO (Figureda) around —-0.20
to —0.40 a.u. It is remarkable that when all
surface atoms of ZnO are coated by OH and H
groups, the semiconducting behavior is
recovered. Our results open up the possibility
of tailoring the electronic properties by
controlling the surface adsorption sites.

Fragment 1 has been defined for Znl
(Figureda), O1 (Figure 4b) and Zn2, Zn4, Zn6,
Zn8, Zn10, 016, 019, 022, 024 (Figure 4a, b)
and H30 (Figure 4b). Moreover, Fragment 2
has indicated the fluctuation of Znl11, Zn12,
Zn13, Zn14, 017, 025, 026, O27 for ZnO and
ZnO-H,0 nanoclusters (Figure 4a, b) and H29
for ZnO-H,O (Figure 4b). Finally, it was
considered the fluctuation of O15 (Figureda),
Znl15 (Figure 4b) and Zn3, Zn5, Zn7, Zn9,
018, 020, 021, 023 for both ZnO and ZnO-

H,O nanoclusters (Figure 4a, b) through

Fragment 3.

Furthermore, a type of scalar fields called
electron localization function (ELF) may
demonstrate a broad span of bonding
samples.  Nevertheless, the distinction
between deduced/raised electron
delocalization/localization into  cyclic  T1-

conjugated sets stays encouraging for ELF
[44]. The grosser the electron localization is in
an area, the more likely the electron
movement is restricted within it. Therefore,
they might be discerned from the ones away if
electrons are totally centralized. As Bader
investigated, the zones with large electron
localization possess extensive magnitudes of
Fermi hole integration. But, with having a six-
dimension function for the Fermi hole, it seems
hard to be studied directly. Then, Becke and
Edgecombe remarked that spherically
averaged like spin conditional pair probability
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possesses a direct correlation with the Fermi
hole and proposed the parameter of electron
localization function (ELF) in Multiwfn program
[41,42] and popularized for spin-polarized
procedure [45]:

1

ELF() = Siommem ©
where
1 1||Vpq C )|2

0= Bon O - [t
[vep

o (6)
and Dy (r) = 15 (6n7)*3[pe (%% + pg (%]

(7)

For close-shell system, since p,=pg=
(1/2)p, D and D,y terms can be simplified as:

Length unit: Bohr (a)

11.24

2 |@) @

©
|©

0.00 +

Length unit: Bohr

Length unit: Bohr

000 169 338 507 677 846 1015 1184 0.00 255

D) =3 Zemi Vg, @F - 3 2O5 (g)
and
Do (r) = (3/10)(3m%)?/3 p (r)5/3 )

Regarding kinetic energy, ELF was rechecked
to be more punctual for both Kohn-Sham DFT
and post-HF wavefunctions [46]. In fact, the
excess kinetic energy density caused by Pauli
repulsion was unfolded by D(r) and Dy(r) may
be inspected as Thomas-Fermi kinetic energy
density. Because Dy(r) is brough forward the
ELF as origin, what the ELF shows is an
affiliate localization. The nanoclusters of bare
ZnO and ZnO-H,O can be defined by ELF
graphs owing to exploring their
delocalization/localization characterizations of
electrons and chemical bonds (Figure 5a, b).

(b)
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7.82
Length unit: Bohr

Figure 5. The counter map graphs of ELF for of nanoclusters of (a) bare ZnO, and (b) ZnO—H,0.

The counter map of ELF for bare ZnO (Figure
5a) and ZnO-H,O (Figure 5b) has shown the
electron delocalization through H/OH
adsorption (Figureba, b). Zn0-H,0
nanocluster indicates a larger isosurface map
of electron delocalization due to labeling atoms
of O1, Znl5, 027, H29, H30. A narrower
connected area occupied by an isosurface
map means that electron delocalization is
relatively difficult. However, the large counter
map of ELF for ZnO-H,O can confirm that
ZnO can be a promising semiconductor
material for various applications.

Moreover, intermolecular orbital overlap
integral is important in discussions of
intermolecular charge transfer which can
calculate HOMO-HOMO and LUMO-LUMO
overlap integrals between the H/OH and
nanocluster of ZnO. The applied wavefunction
level is CAM—B3LYP-D3/6-311+G (d, p) that
correspond to HOMO and LUMO, respectively
(Table2).

Table2. LUMO, HOMO, and energy gap (AE) for bare
ZnO and ZnO-H,0 nanoclusters.

Nanoclusters bare Zn0O-H,0
ZnO

Erowmo (V) —-2.4280 —-2.6110

ELumo (eV) -1.3056 -1.6053

AE=Eiymo  —Ewomo 1.1223  1.0056
(eV)

The differences between the HOMO-LUMO
gap (delta(h-1)) and the optical gap (delta(opt))
are dramatic for small clusters (2 <or=n<or
= 5). As the increasing of the cluster size, the
differences become small. The results indicate
that the stability and the optical gap are related
to the sizes and symmetries of the clusters.
Further, it is shown that the structures have
much greater impact on the optical gap, there
is the dipole-forbidden transition in the optical
gap for high symmetric structures.

The amount of "Mayer bond order" [47] is
generally according to empirical bond order for
the single bond is nearly 1.0. "Mulliken bond
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order" [48] with a small accord with empirical
bond order is not appropriate for quantifying
bonding strength, for which Mayer bond order
always performs better. However, "Mulliken

bond order" is a good qualitative indicator for
"positive amount" of bonding and "negative
amount" of antibonding which are evacuated
and localized, respectively (Table 3).

Table 3. The bond order of Mayer, Wiberg, Mulliken, Laplacian and Fuzzy from mixed alpha and beta density matrix for
ZnO through H/OH adsorption and formation of ZnO—H,O nanocluster.

Bond order Mayer Wiberg Mulliken Laplacian Fuzzy
01-Zn15 1.1308 1.7176 1.9120 1.6451 1.6561
0O1-H29 0.6507 0.6631 0.1727 0.2169 0.6878
027-H30 0.4783 0.4490 0.0573 0.1505 0.4321

As it is seen in Table 3, “Laplacian bond order”
[49] has a straight cohesion with bond polarity,
bond dissociation energy and bond vibrational
frequency. The low value of Laplacian bond
order might demonstrate that it is insensitive to
the calculation degree applied for producing
electron density. Generally, the value of
“Fuzzy bond order” is near Mayer bond order,
especially for low-polar bonds, but much more
stable with respect to the change in basis-set.
Computation of “Fuzzy bond order” demands
running “Becke's DFT” numerical integration,
owing to which the calculation value is larger
than assessment of “Mayer bond order” and it
can concede more precisely [50]. Contrary to
“‘Mayer bond order”, Mulliken's overlap
population assigns a part of the electronic
charge directly to the pair of atoms considered.
It characterizes the accumulation of the
electrons in the region between the chemically
bonded atoms and is a very useful quantity
often characterizing well the bond strength.
However, it cannot be called bond order,
because it does not represent numbers that
are close to one, two, and three for systems
with single,

double, and triple bonds respectively. An
important property of Mulliken's overlap
population is that it possesses the correct
rotational-hybridizational invariance that one
should require for any quantity assigned a
physical significance.

The researchers have compared the XPS and
IR spectra for the most common synthetic
corrosion  products of zinc in NaCl
environment. They found that the surface
composition of the investigated synthetic
oxidation products: Zn0, Zn(OH),,
Zns(OH)gCl, H,0, ZnCOQOg, and
Zns(CO3),(OH)g, corresponds well with their
stoichiometry despite the presence of surface
contamination. Another important result was
also that obtaining the standard spectra of
pure (Zn(OH), free) zinc oxide and other (ZnO-
free) zinc hydroxyl compounds is in practice

extremely difficult, even though the XRD
phase analysis indicates the phase purity of
these substances.

It has been shown that despite the complexity
of the recorded photoelectron spectra, after
the adoption of certain assumptions, one can
estimate the corrosion products of zinc
coatings [51].

Besides, there has been renewed interest in
the wide-bandgap II-VI semiconductor ZnO,
triggered by promising prospects for spintronic
applications. Ferromagnetism was predicted
for dilute magnetic doping. In a comprehensive
investigation of ZnO thin films based on the
combined measurement of macroscopic and
microscopic properties, we find no evidence
for carrier-mediated itinerant ferromagnetism.
Superparamagnetism arises when phase
separation or defect formation occurs, due to
nanometer-sized metallic precipitates.

CONCLUSION

Considerable attention has recently been
given to ZnO as a promising multifunctional
material with  wide-ranging technological
applications. Understanding the interaction of
water with ZnO is important for this material to
be used in gas sensing, catalysis and
biomedical applications. In summary, H,O
grabbing on the ZnO was investigated by first-
principles calculations. We have provided ZnO
nanocluster, then the geometrical parameters
of H/OH adsorption on the surface of ZnO
through the absorption status and current
charge density were studied. ZnO-H,0O
nanocluster indicates a larger isosurface map
of electron delocalization due to labeling atoms
of O1, znl5, 027, H29, H30. A narrower
connected area occupied by an isosurface
map means that electron delocalization is
relatively difficult. However, the large counter
map of ELF for ZnO-H,O can confirm that
ZnO can be a promising semiconductor
material for various applications.
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