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Abstract—We employ first-principles calculations to investigate the structural stability and electronic prop-
erties of cubic zinc oxide (ZnO) and Zinc sulfide (ZnS) heteroclusters adsorbed with H,O molecule. A com-
prehensive investigation on H,O grabbing by ZnO/ZnS heteroclusters was carried out using DFT computa-
tions at the CAM—B3LYP—-D3/6—311+G (d, p) level of theory. The notable fragile signal intensity close to
the parallel edge of the nanocluster sample might be owing to H/OH binding induced non-spherical distri-
bution of ZnO or ZnS heterocluster. The hypothesis of the energy adsorption phenomenon was confirmed by
density distributions of CDD, TDOS and ESP for ZnO/ZnO—H,0 or ZnS/ZnS—H,0. A vaster jointed area
engaged by an isosurface map for H/OH adsorption on ZnO or ZnS surface towards formation of ZnO—H,0
or ZnS—H,0 complex due to labeling atoms of O1, Zn15, O27 or S27, H29, H30. Therefore, it can be con-
sidered that zinc in the functionalized ZnO or ZnS 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 or ZnS
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.
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1. INTRODUCTION

Transparent, superhydrophilic materials are indis-
pensable for their self-cleaning function, which has
become an increasingly popular research topic, partic-
ularly in photovoltaic (PV) applications. It was
reported hydrophilic and superhydrophilic ZnO by
varying the morphology for use as a self-cleaning coat-
ing for PV applications [1—4].

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
[5—11]. The applied model has provided a good fit to
the quantum mechanics reference data for the ZnO—
H,0 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 tem-
peratures. The results show that structures that pro-
mote hydrogen bonding are favored, and that the pres-
ence of steps promotes an increased level of hydroxyl-
ation in the water monolayers [12—15].
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The cubic form of zinc sulfide (ZnS) is the proto-
type 1I—VI semiconductor with smallest lattice con-
stant of @, = 5.4102 A at 300 K and the primarily can-
didate for UV-light emitting devices because of its
large band-gap energy around ~3.7 eV at room tem-
perature [16—21].

Many research groups have attempted to dope
anions and cations into the ZnO or ZnS lattice, which
helps to reach various complex applications since its
electronic structure and characteristics may be signifi-
cantly adjusted [22—25]. The enhanced catalytic prop-
erties reveal the synergy between ZnO and ZnS func-
tional nanomaterials, which upgrade the electron-
hole pair, resulting in an enhanced catalytic perfor-
mance under the visible region [26—29].

In this work, we analyzed the effect of H,O adsorp-
tion on the properties of ZnO or ZnS heterocluster via
the density of state, charge distribution, bond orders
and HOMO—-LUMO orbitals using DFT studies. The
optimized ZnO or ZnS is shown in Figs. 1a and 1b,
and the Zn and O or S atoms are also numbered to
characterize the reaction pathway.
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Fig. 1. Characterization of (a) ZnO/ZnO—H,O and (b) ZnS/ZnS—H,0 heteroclusters through a labeled ring in clockwise man-

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

2. THEORY, MATERIALS
AND COMPUTATION

The hydration of ZnO or ZnS and formation of
ZnO—H,0 or ZnS—H,0 heterocluster [30—34] was
calculated within the framework of first-principles
calculation based on density functional theory (DFT)
(Fig. 1). The rigid potential energy surface using den-
sity functional theory [35—48] was performed due to
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Gaussian 16 revision C.01 program package [49] and
GaussView 6.1 [50]. The coordination input for energy
storage on the solar cells has applied 6—311+G(d,p)
and EPR-3 basis sets [51, 52].

First, we optimized the structural parameters of
the nanocluster of ZnO or ZnS and hydrated nano-
cluster of ZnO—H,0 or ZnS—H,O0 for obtaining the
highest short-circuit current density. Figure 1 shows
the process of H,O-adsorption on nanocluster of ZnO
2025

Vol. 66 No. 1



TAILORING OF SMART NANOCOMPOSITES OF ZnO—ZnS 37

Fig. 2. CDD graphs for heteroclusters of (a) ZnO, (a') ZnO—H,O, (b) ZnS, and (b') ZnS—H,0.

or ZnS 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 perimeter for a tailored ring as
9.4242 and 12.2796 A? for ZnO (Fig. 1a) and 9.4240
and 12.2794 A2 for ZnS, respectively (Fig. 1b).

3. RESULTS AND DISCUSSION

The applied model has provided a good fit to the
quantum mechanics reference data for the ZnO—H,0O
or ZnS—H,O0 systems that was present in the dataset.
The force-field has been used to study how water is
adsorbed, molecularly at monolayer coverage on ZnO
or ZnS surfaces. The amounts of charge density differ-
ences “CDD” [53] is measured by considering iso-
lated atoms or non-interacting 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 car-
ries out the density functional theory (Figs. 2a, 2a’, 2b,
2b"). Figure 2a and 2b indicates all Zn, O or S atoms of
ZnO or ZnS fluctuating around —9 to —1 Bohr. In
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Figs. 2a', 2b', the atom of Znl5, O27 or S27 from
ZnO—H,0 or ZnS—H,0 and O1, H29, H30 from H,O
molecule accompanying other Zn, O or S atoms from
ZnO—H,0 or ZnS—H,0 have shown the fluctuation
around —1 to +1 Bohr and —9 to +1 Bohr, respectively.

Furthermore, atomic charge was discussed during
H,O0 adsorption by ZnO or ZnS towards formation of
Zn0O—H,0 or ZnS—H,0. The atomic charge of Zn, O
or S, and H/OH adsorbed on ZnO or ZnS have been
measured. The values detect that with adding H,O, the
negative atomic charge of oxygen atoms of 016, O17,
018, 019, 020, 021, 022, 023, 024, 025, 026, 027,
028 in ZnO—H,0 has changed through coating of
ZnO with H/OH. In fact, ZnO—H,0 has shown more
efficiency than ZnO for admitting the electron from
electron donor of 016 to 028 (Fig. 3a). However, the
negative atomic charge of zinc atoms and loss of neg-
ative atomic charge of sulfur in ZnS/ZnS—H,0 have
been observed through Fig. 3b. The changes of charge
density analysis in the adsorption process have illus-
trated that ZnO and ZnO—H,0O nanoclusters have
shown the “Bader charge” of —1.747 and —1.900 cou-
lomb, respectively. The differences of charge density
for these structures are measured as: AQ,q4s zn0-1,0 =
—0.153 coulomb. The changes of charge density anal-

No.1 2025
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Fig. 3. The fluctuation of atomic charge (Q/coulomb) for (a) ZnO/ZnO—H,O and (b) ZnS/ ZnS—H,O0.

ysis in the adsorption process have illustrated that ZnS
and ZnS—H,0 nanoclusters have shown the “Bader
charge” [54] of —0.670 and —2.667 coulomb, respec-
tively. The differences of charge density for these struc-

tures are measured as: AQ,qq zus-1,0 = —1.997 coulomb.

To better understand the different adsorption char-
acteristics of ZnO/ZnO—H,0 and ZnS/ZnS—H,0
heteroclusters, total density of states (TDOS) using
Multiwfn program [55, 56] has been measured. This
parameter can indicate the existence of important
chemical interactions often on the convex side
(Figs. 4a, 4a’, 4b, 4b"). In an isolated system (such as
molecule), the energy levels are discrete, the concept
of density of state (DOS) is supposed to be com-
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pletely valueless in this situation. Therefore, the orig-
inal total DOS (TDOS) of the isolated system can be
written as [57]:

TDOS(E) = Y 3(E —¢,), (1)

where ¢; is eigenvalue set of single-particle Hamilton,
4 is Dirac delta function. If § is replaced by broadening
function F(x), such as Gaussian, Lorentzian and
pseudo-Voigt function, we get broadened TDOS. The
normalized Gaussian function is described as:

2
X

G (x) :ﬁe_?, where ¢ :%, )
Vol. 66 No. 1 2025
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FWHM is acronmy of “full width at half maximum”,
it is an acceptable factor in Multiwfn. Moreover, the
curve map of broadened partial DOS (PDOS) and
overlap DOS (OPDOS) are valuable for visualizing
orbital composition analysis, PDOS function of frag-

ment A is defined as:
)= ZE,-,AHE — &),

PDOS,(E
where Z, , is the composition of fragment A4 in orbital .
The OPDOS between fragment A and B is defined as:

E)=) X sF(E ~¢),

3)

OPDOS,, 4( 4)

where X;,B is the composition of total cross term
between fragment 4 and B in orbital i.

In the TDOS map, each discrete vertical line cor-
responds 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
than other regions for ZnO and ZnO—H,0 nanoclus-
ters (Figs. 4a, 4a"). However, it has been shown a larger
state density through pointed peaks for ZnO—H,O
(Fig. 4a") than ZnO (Fig. 4a) 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 semicon-
ducting behavior is recovered. Our results open up the
possibility of tailoring the electronic properties by
controlling the surface adsorption sites. In the positive
part, the region around 0.1 to 0.2 a.u. has obviously
larger state density than other regions for ZnS and
ZnS—H,0 nanoclusters (Figs. 4b, 4b").

This function measures the electrostatic interac-
tion between a unit point charge placed at r and the
system of interest. A positive (negative) value implies
that the current position is dominated by nuclear
(electronic) charges. Molecular electrostatic potential
(ESP) has been widely used for prediction of nucleop-
hilic and electrophilic sites for a long time. It is also
valuable in studying hydrogen bonds, halogen bonds,
molecular recognitions and the intermolecular inter-
action of aromatics [58—60]. Notice that evaluating
ESP is much more time-consuming than evaluating
other functions. Also note that ESP in Multiwfn is
evaluated exactly by nuclear attractive integrals rather
than using approximate methods (such as multipole
expansion, numerical Poisson equation), hence you
may find the results generated by Multiwfn are some-
what different from those outputted by other quantum
chemistry codes. In order to speed up ESP evaluation,
Multiwfn ignores some integrals that have little contri-
butions. The threshold for ignoring is controlled by
“espprecutoff” in settings.ini, enlarging this parameter
results in more accurate ESP value, but also brings
more computational cost. The ESP evaluated under
default value is accurate enough in general cases.
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Table 1. LUMO, HOMO, and energy gap (AE) for ZnO and ZnS through H/OH adsorption and formation of ZnO—H,O

and ZnS—H,0 heteroclusters

Heteroclusters Eyxomos €V Eiumos eV AE = E;ymo — Enomos €V
ZnO —2.4280 —1.3056 1.1223
ZnO—H,0 —2.6110 —1.6053 1.0056
ZnS —2.7413 —1.1723 1.5690
ZnS—H,0 —2.7459 —1.1762 1.6696

Table 2. The bond order of Mayer, Wiberg, Mulliken, Laplacian and Fuzzy from mixed alpha and beta density matrix for
ZnO and ZnS through H/OH adsorption and formation of ZnO—H,0 and ZnS—H,0 heteroclusters

ZnO—H,0 ZnS—H,0
Bond order
O1—Znl5 O1-H29 027—H30 O1-Znl5 O1-H29 S27—H30
Mayer 1.1308 0.6507 0.4783 1.2782 0.6905 0.8056
Wiberg 1.7176 0.6631 0.4490 1.0554 0.6397 0.6436
Mulliken 1.9120 0.1727 0.0573 1.8753 0.1573 0.1864
Laplacian 1.6451 0.2169 0.1505 1.7453 0.2014 0.2491
Fuzzy 1.6561 0.6878 0.4321 1.5246 0.6273 0.6852
The heteroclusters of ZnO/ZnO—H,0 and Mulliken bond order with a small accord with

ZnS/ZnS—H,0 can be defined by ESP graphs owing
to exploring their delocalization/localization charac-
terizations of electrons and chemical bonds (Figs. 5a,
5a’, 5b, 5b"). Covalent zones have high ESP value, the
electron depletion zones between valence shell and
inner shell are indicated by the blue circles around
nuclei (Figs. 5a, 5a', 5b, 5b'). The counter map of ESP
for ZnO/ZnO—H,0 (Figs. 5a, 5a") and ZnS/ZnS—
H,O (Figs. 5b, 5b") has shown the localized orbital
locator through H/OH adsorption. ZnO—H,0 or
ZnS—H,0 heterocluster indicates a larger isosurface
map of the localized orbital locator due to labeling
atoms of O1, Zn15, 027 or S27, H29, H30. A narrower
connected area occupied by an isosurface map means
that localized orbital locator is relatively difficult.
However, the large counter map of ESP for ZnO—H,O
or ZnS—H,O0 can confirm that ZnO or ZnS can be a
promising semiconductor material for various appli-
cations.

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 heterocluster of ZnO or ZnS. The applied wave-
function level is CAM—B3LYP—-D3/6—311+G(d,p)
that correspond to HOMO and LUMO, respectively
(Table 1).

RUSSIAN JOURNAL OF NON-FERROUS METALS

empirical bond order is not appropriate for quantify-
ing bonding strength, for which Mayer bond order
always performs better [61, 62] (Table 2). The results
have indicated Laplacian bond order [63] by a perpen-
dicular cohesion with bond polarity, bond dissociation
energy and bond vibrational frequency. Besides, mea-
surement of “Fuzzy bond order” requests running
Becke’s density functional theory [64—70] of numeri-
cal integration [71].

4. CONCLUSIONS

Remarkable attention has recently been given to
ZnO or ZnS as a promising multifunctional material
with wide-ranging technological applications. Under-
standing the interaction of water with ZnO or ZnS is
important for this material to be used in gas sensing,
catalysis and biomedical applications. In summary,
H,O grabbing on the ZnO or ZnS was investigated by
first-principles calculations. We have provided ZnO or
ZnS heterocluster, then the geometrical parameters of
H/OH adsorption on the surface of ZnO or ZnS
through the absorption status and current charge den-
sity were studied. ZnO—H,0O or ZnS—H,0 hetero-
cluster indicates a larger isosurface map of electron
delocalization due to labeling atoms of O1, Zn15, 027
or S27, H29, H30. A narrower connected area occu-
pied by an isosurface map means that electron delo-
calization is relatively difficult. However, the large
Vol. 66
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counter map of ESP for ZnO—H,0 or ZnS—H,0 can
confirm that ZnO or ZnS can be a promising semi-
conductor material for various applications.
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