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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 ZnS, ZnTiS or ZnCrS heterocluster. The weak signal
strength observed near the parallel edge of the nanocluster sample could be because of the non-spherical
arrangement of the ZnS, ZnTiS or ZnCrS heterocluster caused by H/ OH binding. This hypothesis about
energy absorption was supported by analyzing the density distributions of "TDOS, PDOS, OPDOS,
ESP" for both the bare and water-coated ZnS, ZnTiS and ZnCrS heteroclusters. An isosurface map
showed a larger area involved in H>O adsorption on the ZnS, ZnTiS or ZnCrS surface, leading to the
formation of a hydrated ZnS (H*OH), ZnTiS(H*OH-) and ZnCrS (H*OH-)complexes, with specific
atoms labeled as "O1, Zn15/Ti15/Cr15, 027, H29, and H30". Based on this, it could be said that the
Zn/Ti/Cr in the cubic ZnS, ZnTiS or ZnCrS, respectively has a greater ability to accept electrons during
H>O adsorption. It's also important to note that when all the surface elements of ZnS, ZnTiS or ZnCrS
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 ZnS, ZnTiS or
ZnCrS surface. This study aims to explore methods for treating water and enhancing the effectiveness
of titanium zinc sulfide and chromium zinc sulfide alloy photocatalysts in removing pollutants. The
findings can potentially lead to the development of more efficient water purification processes through
further research on photocatalysts.
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1. Introduction

Zinc sulfide in its cubic form, known as ZnS, is the standard example of II-VI semiconductors. It has
the smallest lattice constant (ao), which is about 5.4102 angstroms at 300 K. This material is mostly used
in devices that emit ultraviolet light because it has a wide "band-gap energy" at room temperature
(Wang et al., 2015).

Many research teams have tried adding ions into the structure of zinc oxide or zinc sulfide, which
helps in developing diverse complex applications because this changes their electronic properties and
characteristics a lot. The improved catalytic abilities show how zinc oxide or zinc sulfide nanoparticles
work together, which makes the "electron-hole" pairs more effective, leading to better catalytic
performance when light is in the visible range. Importantly, the zinc oxide-based zinc sulfide
nanocomposite was made using a wet chemical method without needing any templates. The sample
approach is not very sensitive to the states used, is simple to do, and allows control over the structure,
shape, and size of the nanomaterials through the template. In general, the excellent photocatalytic
performance of wurtzite zinc oxide and zinc sulfide semiconductors, as well as their composites, under
visible light is because they work well together when combined with other metal oxide semiconductors.
This investigation is part of our ongoing work to explore directions related to solar energy conversion
and harvesting. We have reported a simple way to make zinc sulfide and zinc oxide nanostructures and
their nanocomposites using the wet chemical approach (Khan et al., 2022; Zagorac et al., 2022; De
Moraes et al., 2021; Bolatov et al., 2024; Dong et al., 2018).
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Additionally, "molecular dynamics simulations" of HO-adsorption on three and five nanometer
sphalerite nanostructures helped explain how water attaches to these particles and how it interacts at
the atomic level. The simulations also show that as the particle size gets smaller, the energy needed to
bind water increases. This is because the water molecules on very small, curved surfaces are farther
apart and interact less strongly with each other (Zhang et al., 2007).

The researchers did the detailed computer simulations to study how about 30 small molecules,
which are parts of biomolecules, attach to zinc sulfide surfaces in water. They discovered that only a
few negatively charged molecules, like the side chains of aspartic and glutamic acids, and the negative
form of cysteine, stick strongly to the clean zinc sulfide surface. Most other molecules don't bind well
or not at all. When zinc sulfide is in the form of round nanoparticles, these molecules bind more strongly
because they attach at the edges where different parts of the surface meet. However, when the zinc
sulfide is covered with PMMA, the way these molecules attach changes a lot (Rahmani and Lyubartsev,
2023).

A recent study looked into how well indium-doped ZnS nanopowders can produce hydrogen
through photocatalytic reactions. These nanopowders were made using a method called microwave-
assisted heating, which is fast and efficient. The nanopowders can directly use stream water for the
water-splitting process. The study found that using more ZnS material leads to larger particles, but
adding indium makes the particles smaller, increases the surface area, and greatly improves the rate at
which hydrogen is produced (Chang et al., 2025).

ZnS nanoparticles have a high surface area compared to their size, resulting in a larger band gap.
This characteristic makes them more suitable for emitting light through photoluminescence (Bhargava
etal., 1994).

Doping can be used to create ZnS nanoparticles with different chemical and physical characteristics.
This is crucial for producing semiconductor nanocrystals that are utilized in the production and
commercialization of nanoscale devices. Dopants introduce impurity centers that interact with electrons
and holes. As a result, numerous researchers have endeavored to create semiconductor nanostructures
doped with transition metals (Choi et al., 2005; Radovanovic et al., 2005; Yatsunenko et al., 2008).

ZnS has a large band gap of 3.6 eV, which indicates that it can only absorb light in the ultraviolet
range. However, it is easy to modify the amount of light it absorbs by introducing specific metal ions,
such as Mn, Ni, Cu, or Pb (Kudo and Sekizawa, 2000).

Recently, researchers have investigated the use of ZnS nanostructure layers for photocatalytic water
splitting, incorporating specific transition metal dopants and graphene as a decorator to enhance the
efficiency of the water splitting process (Kiptarus et al., 2024).

Additionally, the density functional theory (DFT) approach included in the Quantum ESPRESSO
software should be used to study the structural, electronic, and optical characteristics, as well as the
chemical stability, of certain transition metal-doped ZnS nanosheet layers (Chaurasiya and Dixit, 2019).
Chen et al. observed ferromagnetism in TM-doped ZnS by density functional theory (DFT)
studies. They demonstrated that the Fe and Ni endohedral bi-doped (ZnS):» clusters favor the
ferromagnetic state, which has potential applications in nanoscale quantum devices (Chen et al., 2011).

The researchers reported a theoretical study on the structural and electronic properties of the anatase
phase of titanium dioxide (TiO,) within the framework of density functional theory. Their results
revealed that, after the zinc doping, the structure didn't change but there was a little expansion in the
volume of the pure material. It was found that the doped structure's stability increases as the
concentration of the dopant increases, but all the doped structures are stable (Alhassan et al., 2024).

In another research, the surface, size and ion doping effects on the magnetic, phonon and optical
properties of ZnS nanoparticles are studied based on the s-d model including spin-phonon and
Coulomb interaction and using a Green'’s function theory. The changes of the properties are explained
on a microscopic level, due to the different radii between the doping and host ions, which cause
different strains-compressive or tensile, and change the exchange interaction constants in our model.
Band gap changes in doped semiconductors could be due because of exchange, s-d, Coulomb and
electron-phonon interactions (Apostolova et al., 2023).

In this study, we looked at how H>O adsorption affects the properties of a ZnS, ZnTiS or ZnCrS
nanocluster. We used DFT calculations to examine the density of states, charge distribution, bond
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orders, and HOMO-LUMO orbitals. The optimized structure of ZnS, ZnTiS or ZnCrS is shown in Fig.
1, and the zinc/titanium/chromium, oxygen and hydrogen atoms are labeled to help explain the
reaction pathway.

In this study, the ZnS (H*OH:), ZnTiS (H*OH.), or ZnCrS (H*OH:) sensor was successfully used to
detect relative humidity through nearest neighbor analysis. The way water molecules attach to the
surfaces of ZnS, ZnTiS, or ZnCrS was also studied using density functional theory.

ZnS(HOH)

ZnS

Hydration

ZnTiS(H*OH") ZnCrS(H'OH))

Fig. 1. Functionalization of pristine ZnS, alloys of ZnTiS, ZnCrS and hydrated complexes of ZnS (H*OH:),
ZnTiS(H*OH-) and ZnCrS (H*OH-) complexes using a labeled ring showing H, O, Zn, Ti, Cr atoms involved in
H,0O adsorption

2. Compounds, theory and methods

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 (Khon and Sham, 1965):

Hs = _Zfdi viz + Z%VIVS @) = Ziv‘ﬁs @

hy = _§ viz + Vs (Fl) (2)

By representing the single particle orbitals 1; all electronic densities physically acceptable for the
system of "non-interacting" electrons are written in the equation (3):
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Finally, the total energy could be measured by the KS method due to the equation (4):
Elp] = Tslpl + [ dr vexe (r)p(r) + Eulp] + Exclp] 4)

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. This research has employed the penetration of the hybrid functional of three-
parameter basis set of B3LYP (Becke, Lee, Yang, Parr)" within the conception of DFT upon theoretical
computations (Becke, 1993). The popular B3LYP (Becke, three-parameter, Lee-Yang-Parr) and
exchange-correlation functional becomes based on equation (5) (Lee et al., 1988):

ES3WYP = (1— )ELSPA + aENF + bAER + (1 — ¢)ELSPA + cELYP ()

Calculations with spin polarization were performed within the "density functional theory (DFT)".

The hydration of bare ZnS, ZnTiS or ZnCrS heterocluster and the formation of the hydrated " ZnS
(H*OH)), ZnTiS (H*OH-) or ZnCrS (H*OH-)" heterocluster were studied using quantum mechanics
computations based on "density functional theory (DFT)" (Fig. 1) (Mollaamin and Monajjemi, 2023a;
Mollaamin and Monajjemi, 2023b). A "rigid potential energy surface" was calculated using "DFT"
(Mollaamin, 2014) with the "Gaussian 16 revision C.01 program package" (Frisch et al., 2016) and
"GaussView 6.1" (Dennington et al., 2016). The calculations used the "6-311+G(d,p)" basis set for energy
storage applications in solar cells.

The structural settings of the ZnS, ZnTiS or ZnCrS heterocluster and the hydrated nanocluster of
ZnS (H*OH), ZnTiS (H*OH) or ZnCrS (H*OH)), respectively, were adjusted to achieve the highest
possible "short-circuit" current density. Fig. 1 shows how water molecules attach to the ZnS, ZnTiS or
ZnCrS surface, and this process is modified to improve light absorption in the active area. This tool is
applied to calculate the position and perimeter of a ring, as ring area is often considered in
"wavefunction analysis". To use this function, you must enter the indices of the elements that form the
ring in a clockwise order. This helps determine the total position and perimeter of a specific ring, which
are 9.4242 A and 12.2796 A? for ZnS, respectively (Fig. 1).

3. Results and Discussion

In this article, the data assesses how effective ZnS, ZnTiS or ZnCrS 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 ZnS (H*OH-), ZnTiS
(H*OH), ZnCrS or ZnCrS (H*OH-) system found in the "dataset". The force-field approach was used to
examine how water molecules attach to the surface of ZnS, ZnTiS or ZnCrS at a single layer coverage.

3.1. Charge density distribution

Additionally, the atomic charge was examined during the adsorption of HO on ZnS, ZnTiS or ZnCrS
nanocluster, which contributed to the formation of ZnS (H*OH-), ZnTiS (H*OH-), ZnCrS or ZnCrS
(H*OH-) complex (Table 1).

The atomic charges of "zinc, titanium, chromium, oxygen, and hydrogen or hydroxyl groups"
attached to ZnS, ZnTiS or ZnCrS have been measured. These measurements show that when water is
added, the negative charge on oxygen atoms in the "O16 to 028" region of "hydrated ZnS, ZnTiS or
ZnCrS " changes due to the coating of " ZnS, ZnTiS or ZnCrS with H or OH" groups. In fact, hydrated
ZnS, ZnTiS or ZnCrS is more effective than pure ZnS, ZnTiS or ZnCrS at accepting electrons from the
electron donor between O16 and O28 (Table 1 and Fig. 2). Water mainly attaches to the surface of ZnS,
ZnTiS or ZnCrS nanoparticles by forming Zn-O, Ti-O, Cr-O bond. Compared to bulk ZnS crystals, ZnTiS
or ZnCrS nanoparticles can hold more water molecules per unit surface area because their curved
structure increases the distance between neighboring water molecules.

The analysis of charge density changes during the adsorption process shows that bare zinc sulfide and
hydrated zinc sulfide nanoclusters have a "Bader charge" of "-1.747 and -1.900 " coulombs, respectively.
The difference in charge density between these nanostructures is measured as AQuds, zns = -0.153 coulombs.
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Moreover, ZnTiS / ZnTiS (H*OH-) and ZnCrS / ZnCrS (H*OH-) have shown the "Bader charge" of
-1.856/-1.951 coulombs and -1.750/-1.931 coulombs for bare and hydrated complexes, respectively.
Therefore, the difference in charge density between these nanostructures will be  AQugs, zntis = -0.095
coulombs and AQads, zncrs = -0.181 coulombs. The results indicated that chromium ions can successfully
replace zinc ions causing strong ferromagnetic behavior.

Table 1. The "atomic charge (Q/coulomb)" for "heteroclusters of bare ZnS, ZnS (H*OH-), ZnTiS, ZnTiS
(H*OH), ZnCrS and ZnCrS (H*OH:) (A - Atom, Ch - Charge)
ZnS ZnS (H*OH)) ZnTiS ZnTiS (H*OH)) ZnCrS ZnCrS (H*OH-)
A Ch A Ch A Ch A Ch A Ch A Ch
Znl | -05916 | O1 | -0.6526 | Znl  -0.492 | O1 & -01809 | Znl -0.3426 O1 -0.2816
Zn2 | -05915 | Zn2 | -05742 | Zn2 -0.3587 | Zn2 | -0.5507 @ Zn2  -0.3882 Zn2 @ -0.4052
Zn3 | -05915 | Zn3 | -0.5431 | Zn3 -04919 Zn3 @ -0.1248 Zn3  -0.3425 Zn3 & -0.2492
Zn4 | -05914 | Zn4 | -05535 | Zn4 -0.3586 | Zn4 @ -0.558 | Zn4 @ -0.388 @ Zn4 | -0.3843
Zn5 | -05914 | Zn5 | -0.4722 | Zn5 -04916| Zn5 @ -0.033 | Zn5  -0.3423 @ Zn5 | -0.0665
Zn6 | -05913 | Zn6 | -0.5761 | Zn6 -0.3585 Zn6 @ -0.5502 & Zn6 | -0.3878 @ Zn6 | -0.4049
Zn7 -0.5913 | Zn7 @ -05656 | Zn7 | -04916 Zn7 | -0.1165 | Zn7 | -0.3421 @ Zn7 -0.2633
Zn8 | -05912 | Zn8 | -0.5528 | Zn8 -0.3584 Zn8 & -0.5605 & Zn8 | -0.3877 | Zn8  -0.3891
Zn9 | -04176 | Zn9 | -0.4722 | Zn9 -0.7058 | Zn9 | -0.0439 @ Zn9  -0.2611 Zn9 -0.076
Zn10 | -04179  Zn10 | -0.4578 |Zn10 -0.7062  Znl0 | -0.7348 | Zn10 | -0.2617  Znl1l0  -0.3914
Znl1l @ -04175 ' Znll -04581 |Znll -0.254 | Znll  -0.7358 ' Znll -0.2608 | Znll  -0.3768
Zn12 | -04176 ' Znl12 -0.4646 |Znl12 -0.2542 Znl2 | -04694 'Zn12 -0261 @Znl2| -0.4141
Zn13 | -04175 Zn13 | -05131 |Zn13  -0.645 Znl13 | -04638 ' Znl13 -0.483 | Znl3  -0.5622
Zn14 @ -04176 ' Znl4 -0.3469 | Til4 @ -1.471 Znl4 | 0.0618  Crl4 -1.7726  Znl4  -0.0458
S15 0.6704 | Zn15| -2.667 | S15 | 0.7036 Til5 -3.4773 | S15 @ 0.601 | Crl5 | -3.2443
S16 05475 | Sl6 = 0.7342 | Sl16  0.6886 @ Sl6 & 1.043 | Sl6 @ 05785 @ S16 0.613
S17 05473 | S17 | 0.6123 | S17 03793 | S17 = 0.6833 | S17 @ 03087 @ S17 0.5992
S18 05473 | S18 |« 0.7932 | S18 @ 0.6885  S18 & 0.5213 | S18 | 0.5783 | S18 0.3666
519 05475 | S19 = 0.8517 | S19  0.6819 H S19 @ 0.8101 | S19 | 05785 @ S19 0.79
520 05473 | S20 = 05726 | S20 05478 | S20 = 0.6836 | S20 | 0.3086 & S20 0.5733
521 05471 | S21 | 11263 | S21 | 0.6813  S21 | 04874 | S21 | 05779 | S21 0.5908
522 05469 | S22 | 05741 | S22 | 0.5481 S22 = 0.6814 & S22 | 03081 | S22 0.5734
523 05475 | S23 |« 11166 | S23 05351 @ S23 = 04893 | S23 | 05186 & S23 0.5904
524 05473 | S24 | 05695 | S24 | 05349  S24 = 0524 | S24 | 05184 @ S24 0.5144
525 05471 | S25 @ 0.6185 | S25 05346 @ S25 & 0.5499 | S25 | 05181 | S25 0.5448
526 05471 | S26 = 05693 | S26 03792 | S26 = 0.5242 | S26 | 03085 & S26 0.5126
527 05469 | S27 | 02986 | S27 | 05345 S27 | 02303 @ S27 | 05179 | S27 -0.064
- - 528 | 0.6184 | --- - 528 | 05451 | -- --- 528 0.5429
- - H29 = 04588 & --- - H29 01083 & -- --- H29 | 0.4509
- - H30 = 03556 | --- --- | H30 | 02947 @ --- --- H30 | 0.3568
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Fig. 2. The change in "atomic charge (Q/coulomb)" for a) ZnS/ZnS (H*OH-), b) ZnTiS/ZnTiS(H*OH-), and c)
ZnCrS/ZnCrS (H*OH-)"

3.2. Total density of states

To better understand the different adsorption behaviors of bare heteroclusters of " ZnS, ZnTiS,
ZnCrS " and hydrated complexes of " ZnS (H*OH:), ZnTiS (H*OH") and ZnCrS (H*OH:)", "total density
of states (TDOS)" (Xu et al., 2024) was calculated using the Multiwfn program (Lu and Chen, 2012; Lu,
2024).

This parameter helps identify "significant chemical interactions", often occurring on the "convex side"
(Fig. 3a, a', b, b, ¢, ¢'). Therefore, the original total "DOS (TDOS)" of the "isolated system" can be

expressed as (Xu et al., 2024):

TDOS (E) = Y;6 (E —€;) (6)
x2
G(x) = C\/%e_m where ¢ = EY/V% (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) = X Eis 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,5 (E) = X Xyp F (E — €;) ©)
where "Xﬁll 5" describes "the total cross term between 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
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of the "HOMO". The curve shows the "TDOS" 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 a.u. shows a
significantly higher state density compared to other regions for bare heteroclusters of " ZnS, ZnTiS,
ZnCrS " and hydrated complexes of " ZnS (H*OH), ZnTiS (H*OH-) and ZnCrS (H*OH-)" (Fig. 3a, a', b,
b, c ).

'
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Fig. 3. The "TDOS/PDOS/OPDOS" graphs for heteroclusters of (a) bare ZnS, (a') ZnS (H*OH:), (b) ZnTiS, (b")
ZnTiS (H*OH), (c) ZnCrS and (¢') ZnCrS (H*OH-).

Fragment 1 includes Zn1 (Fig. 3a), O1 (Fig. 3a'), and Zn2, Zn4, Zn6, Zn8, Zn10, O16, 019, 022, 024
(Fig. 3a, a') along with H30 (Fig. 3a'). Fragment 2 shows the movement of Zn11, Zn12, Zn13, Zn14, O17,
025, 026, O27 for both bare and hydrated ZnS, ZnTiS or ZnCrS heterocluster (Fig. 3b, b') and H29
specifically for hydrated ZnS, ZnTiS or ZnCrS heterocluster (Fig. 3b'). Fragment 3 includes the
movement of O15 (Fig. 3c), Zn15/Til5/Cr15 (Fig. 3c'), and "Zn3, Zn5, Zn7, Zn9, 018, 020, 021, 023"
for both bare and hydrated ZnS, ZnTiS or ZnCrS heterocluster (Fig. 3¢, c'). To show how each electron
orbital contributes to the energy band, we have displayed the pure ZnO density of states (DOS) along
with the partial density of states (PDOS) for both zinc and oxygen in panel c of Fig. 3. The DOS and
PDOS graphs cover an energy range from -0.8 a.u. to 0.2 a.u., with the Fermi level set at 0 a.u.. The
calculated band gap value of 3.401 eV is shown in the DOS plot. The two regions of the valence band,
from -0.8 a.u. to -0.7 a.u. and from -0.7 a.u. to -0.6 a.u., are mainly contributed by the O(p) state and
Zn(d) state, respectively. The energy band at the bottom of the conduction band is mainly made up of
the Zn(4p) state, with a significant transition between the Zn(4p) and O(2p) states.
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3.3. Molecular electrostatic potential (ESP) analysis

The molecular electrostatic potential (ESP) has been widely used for predicting the locations of
nucleophilic and electrophilic reactions for a long time. It is also helpful in studying hydrogen bonds,
halogen bonds, molecular recognition, and the interactions of aromatic molecules with each other
(Murray et al., 2024). This function measures the electrostatic interaction between a single point charge
placed at a position r and the molecule under study. A positive value indicates that the area is mainly
influenced by nuclear charges, while a negative value indicates that it is more affected by electronic
charges.

Za (") !
i ) dr (10)

Vtot (T‘)= Vnuc (‘I")+ Vele (‘I") =ZA |r— |r—71]

Z stands for the nuclear charge. If you are using a pseudopotential, then Z4 represents the number
of electrons that are explicitly included. It is important to note that calculating the electrostatic potential
(ESP) takes much more time compared to calculating other types of functions. Additionally, in
Multiwfn, ESP is calculated exactly using nuclear attractive integrals, not through approximate methods
like multipole expansion or solving the numerical Poisson equation. Due to this, the ESP results from
Multiwfn may differ from those produced by other quantum chemistry software. To speed up the ESP
calculation, Multiwfn skips some integrals that have minimal impact on the final result. The cutoff value
for which integrals are skipped is set in the "espprecutoff" parameter in settings.ini. Increasing this value
enhances the accuracy of the ESP but also increases the computational cost. In most scenarios, the ESP
calculated with the default settings is accurate enough.

The heteroclusters made of bare and hydrated ZnS, ZnTiS or ZnCrS heteroclusters can be identified
using ESP graphs, as they help in understanding the delocalization and localization of "electrons and
chemical bonds" (Fig. 4 a, a', b, b', ¢, ¢').
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Fig. 4. Counter map graphs of the molecular electrostatic potential (ESP) for heteroclusters of (a) bare ZnS, (a') ZnS
(H*OH)), (b) ZnTiS, (b') ZnTiS (H*OH), (¢) ZnCrS and () ZnCrS (H*OH.,), plotted against length unit in Bohr.

"Covalent zones" have a "high ESP 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" (Fig. 4a, a', b, b', ¢,
c'). The shaded map of ESP for bare and hydrated ZnS, ZnTiS or ZnCrS heteroclusters (Fig. 4a, a', b, b/,
¢, ') shows how the "localized orbital locator" changes with "H/OH adsorption". The hydrated
heterocluster of ZnS (H*OH:), ZnTiS (H*OH-) or ZnCrS (H*OH-)" has a larger "isosurface map" of the
"localized orbital locator" because it labels specific atoms like "O1, Zn15/Til5/Cr15, 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 ESP for hydrated heterocluster of ZnS (H*OH-
), ZnTiS (H*OH) or ZnCrS (H*OH)" shows that ZnS, ZnTiS or ZnCrS heterocluster 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 ZnS, ZnTiS or ZnCrS 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).

Table 2. Stability energy (kcal/mol), dipole moment (debye), LUMO (eV), HOMO (eV), and energy gap (AE)
(eV) for heteroclusters of bare ZnS, ZnS (H*OH-), ZnTiS, ZnTiS (H*OH-), ZnCrS and ZnCrS (H*OH-)

Compounds Eads x 103 D Enomo ErLumo Ejf/[; _
(kcal/mol) (debye) (eV) (eV)
Enowmo (eV)
ZnS -640.0751 0.0002 -2.7413 -1.1723 1.5690
ZnS (H*OH-) -687.0415 0.5938 -2.7459 -1.1762 1.5697
ZnTiS -635.4318 1.9668 -2.2415 -1.6605 0.5810
ZnTiS -682.4344 6.2397 -3.1906 -1.7641 1.4265
(H*OH:)
ZnCrS -653.4013 3.6606 -2.6340 -1.6236 1.0104
ZnCrS -700.4265 3.9229 -2.7738 -1.7509 1.0229
(H*OH))

Doping of transition metal ions in ZnO crystal lattice is a good technique to improve its activity as
the dopant metals create new energy levels in the band gap which primarily improve the charge
separation efficiency of e~/h* by forming electron traps. As Ti and Cr doped on the ZnS surface, their
shape and electric charge arrangement undergo a significant change. This phenomenon is enhanced by
the presence of a metal atom such as Ti or Cr on the ZnS surface, which increases the polarity of the
hybrid complexes (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 ZnS surface, which increases the polarity of water molecules. Consequently, the
electric charge arrangement of water molecules at the surface is more pronounced compared to when
they are isolated (Fig. 5).

Comparing the undoped ZnS nanoparticles and the Cr-doped ZnS nanoparticles in Fig. 5 showed
that Cr ions replaced Zn ions effectively.

The "Mayer bond" order (Mayer, 2012) is usually close to 1.0 for a single bond, based on empirical
bond order. The "Mulliken bond" (Singh and Yadav, 1987) order only slightly matches the empirical
bond order and isn't a good way to measure bonding strength, as Mayer bond order is better for that.
However, "Mulliken bond" order is still useful as a qualitative tool to show whether bonding or
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antibonding is present, with positive values showing bonding and negative values showing
antibonding (Table 3).

As shown in Table 3, "Laplacian bond order" (Lu and Chen, 2013) shows a direct relationship with
"bond polarity", "bond dissociation energy", and "bond vibrational frequency". The low value of
"Laplacian bond order" suggests that it is not very sensitive to the level of calculation used to generate
electron density. Generally, the value of "Fuzzy bond order" is close to "Mayer bond order", especially
for less polar bonds, but it is more consistent when there are changes in the basis set. Calculating "Fuzzy
bond order" requires running "Becke's DFT numerical integration", which leads to a higher value
compared to "Mayer bond order" and provides a more accurate assessment (Visavakitcharoen et al.,
2023; Wang et al., 2024).

Compounds
ZnTiS ZnCrS
ZnS (H+OH-)  ZaTiS (H+OH-) ZnCrS (H+OH-)
-600
-640
-660
-680
-700
E4ox 1073
720 © (kcal/mol)

Fig. 5. Stability energy (kcal/mol) for heteroclusters of bare ZnS, ZnS (H*OH-), ZnTiS, ZnTiS (H*OH-), ZnCrS and
ZnCrS (H*OH:)

Table 3. The bond order of "Mayer", "Wiberg", "Mulliken", "Laplacian" and "Fuzzy" from "mixed alpha and
beta density matrix" for ZnS, ZnTiS or ZnCrS heterocluster through "H/OH adsorption" and formation of
hydrated ZnS (H*OH:), ZnTiS (H*OH-) or ZnCrS (H*OH-) heterocluster

Ef;ei Hydrated ZnS Hydrated ZnTiS Hydrated ZnCrS
01-Zn15 | O1-H29 | S27-H30 | O1-Til5 | O1-H29 | S27-H30 | O1-Crl5 | O1-H29 | S27-H30
Mayer 1.2782 0.6905 0.8056 2.1637 0.3121 0.5799 1.7305 0.4968 0.7456
Wiberg 1.0554 0.6397 0.6436 1.9586 0.4188 0.5812 1.5234 0.5232 0.6172
Mulliken 1.8753 0.1573 0.1864 1.9951 0.1702 0.183 1.8319 0.1719 0.1401
Laplacian | 1.7453 0.2014 0.2491 | 2142378 | 0.156486 | 0.190334 | 1.6548 0.2092 0.1891
Fuzzy 1.5246 0.6273 0.6852 2.1745 0.4786 0.6571 1.8433 0.5626 0.6781

4. Conclusions

A lot of focus has been placed recently on bare ZnS, ZnTiS or ZnCrS as a material with many useful
functions and a variety of technology uses. It's important to understand how water interacts with bare
ZnS, ZnTiS or ZnCrS because this knowledge is crucial for using the material in areas like gas sensing,
catalysis, and biomedical uses. In short, we looked into how HO binds to bare ZnS, ZnTiS or ZnCrS
using first-principles calculations. We started by creating a bare ZnS, ZnTiS or ZnCrS heterocluster and
then studied the geometric features of H and OH adsorption on the ZnS, ZnTiS or ZnCrS surface by
looking at how the atoms absorb and how electron density changes. The hydrated ZnS (H*OH-), ZnTiS
(H*OH) or ZnCrS (H*OH:) heterocluster shows a bigger electron delocalization area because of the
labeled atoms "O1, Zn15/Ti15/Cr15, 027, H29, and H30". As H*OH-ions 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 ZnS surface, which increases the
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polarity of the H*OH-ions. Consequently, the electric charge arrangement of H*OH-ions at the surface
is more pronounced compared to when they are isolated.
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