Al-Nahrain Journal of Science
ANJS, Vol. 28(3), September, 2025, pp. 105 — 110

Investigation of the Interaction between Indium Oxide Cluster and a Water
Molecule via Density Functional Theory

Nisreen A. Fejer!:2 ", Mohammed T. Hussein34, Asmaa H. Mohammed?

1 Department of Physics, College of Science for Women, Baghdad University, Baghdad, Iraq.
2 College of Science, Al-Nahrain University, Jadiriya, Baghdad, Iraq
3 College of Science, Baghdad University, Baghdad, Iraq

4 AINukhba University College, Baghdad, Iraq

Article’s Information

Abstract

Received: 10.03.2025
Accepted: 22.06.2025
Published: 15.09.2025

Keywords:

Indium oxide nanocluster,
Water molecule,

Density functional theory,
Density of state (DOS).

Density Functional Theory (DFT), with a hybrid function B3LYP, has
continued to be considered an adequate computational methodology for
evaluating the interaction between indium oxide (Ini0015) pyramid
nanoclusters and water. This computation evaluated the light atoms (O and
H) with the 6-311G ** basis set, while the heavier indium atoms were treated
with the Stuttgart/Dresden (SDD) basis set. HOMO, LUMO molecular orbital
electronic structure, and energy gap, as well as geometrical structure, were
computed in Gaussian 09W and GaussView 05, respectively. It was found that
the energy gap of In10015 increases in the presence of water, which means
water uptake would reduce the electrical conductivity of the indium oxide
nanocluster. While the Gibbs free energy was found to be a positive value, AG
~ 2.9 eV, which means the reaction is endergonic. This transformation is
associated with an energetically favorable electron transition, which may

involve photocatalytic activity.
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1. Introduction
Due to its remarkable physical and chemical
properties, including high optical transparency and
electrical conductivity, indium oxide (In20s) is an
important oxide in  various technological
applications, such as solar cells, optoelectronics, and
gas sensors. Recent studies have shown that reducing
the crystal size of such materials to the nanoscale is
accompanied by significant changes in their surface
and electronic properties, thereby opening new
avenues for their use in highly sensitive and precise
devices. At the nanoscale, the surface-to-volume ratio
increases significantly, underscoring the vital need to
investigate surface interactions with ambient
molecules, including water molecules. [1-13].
Powerful approaches have been created with the
development of quantum computing techniques and
solid-state theories called first-principles methods,
primarily among Density Functional Theory (DFT).
One of the most important techniques for studying
the electrical structures and chemical interactions of
solids and molecules has been DFT. This theory has

allowed for an exact description of the electron
density distribution, enabling better knowledge of
electronic transitions, adsorption processes, and
chemical reactions on nanoscale surfaces. Moreover,
reaction rates and related energy barriers are
computed using supplementary methods such as
Transition State Theory (TST). [14-17]. These ideas
have been widely used in recent years to investigate
the interaction of nanomaterials with basic
molecules, particularly water molecules, thereby
creating very sensitive humidity sensors. However,
results from experiments in this area have often been
conflicting or inconsistent. This scenario emphasizes
the importance of the current work, which seeks to
explore the interaction between a nanocluster of
indium oxide and a water molecule using the Density
Functional Theory (DFT) technique. Apart from
estimating the transition rate using the Transition
State approach, the study is focused on examining
variations in the electronic structure and adsorption
energy levels to evaluate the efficacy of this system
as a humidity sensor. [18-25].
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2. Methodology
Density Functional Theory (DFT) has been widely
recognized as one of the most effective computational

approaches for investigating nanostructured
materials’ structural and electronic properties. Its
ability to closely approximate experimental

observations has made it particularly advantageous
for theoretical studies. The hybrid functional BSLYP
(Becke level-3 parameters, Lee-Yang-Parr), which
combines Hartree-Fock exchange with exchange-
correlation functional derived from various sources,
has been employed in the present work. Due to its
balanced accuracy and computational efficiency, the
hybrid functional has remained one of the most
frequently used functionals in quantum chemical
simulations. For the basis sets, the 6-311G ** basis
has been utilized for light atoms such as hydrogen (H)
and oxygen (0). At the same time, the
Stuttgart/Dresden (SDD) effective core potential has
been adopted for the heavier indium (In) atoms.
Geometric optimizations and electronic structure
calculations were carried out using the Gaussian
09W software package [26]. Two molecular systems
were considered: the isolated indium oxide
nanocluster (In10015) and its complex with a water
molecule (In10015 + H20). The optimized geometries
for both systems are illustrated in Figure 1. These
geometries were obtained through full geometry
optimization using Gaussian View 05 [27-31].
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Figure 1. Geometrical optimization of (a) In10015
(b) In10015 with water.

To elucidate the interaction between the In;¢Ois
nanocluster and the water molecule, a set of reaction
pathways was proposed and examined, as described
by the following equations:

[In10015 H20]A— [In10015.H2011t (AG=0.29 eV) (1)
[In10015 H20]2— In10016 +Hz (AG=2.9eV) (2)
H:0 — OH + H* (AG=18.03 eV) (3)
H20 — Ha + 12 O2 (AG=2.83eV) (1)

Equations 1 and 2 have been shown to indicate that
the interaction between Ini0015 and H20 is
characterized as a dipole-dipole adsorption
interaction, followed by the formation of the
transition state. The dipole-dipole interaction was
attributed to the negative and positive charges of
H20 and indium oxide atoms. This transformation
has been associated with a positive Gibbs free energy
change (AG = 2.9 eV), which is considered consistent
with an energetically favorable electron transition,
typically associated with photocatalytic activity.
Equations 3 and 4 were used to provide the
probability of water analysis, and Equation 4 was
shown to be more stable thermodynamically.

3. Result and Discussion
3.1. Electronic Properties of Indium oxide and
Indium Dioxide with water

3.1.1. Energy Gap

A fundamental electronic property of materials is the
energy gap, defined as the variation in energy
between the HOMO “higher occupied molecular
orbital” and the LUMO “lower unoccupied molecular
orbital” as shown in equation (5) . The band gap is
essential in defining the electrical and optical
characteristics of semiconductors and insulators. In
nanoscale systems, surface effects can significantly
influence the LUMO levels more than the HOMO
levels, which in turn affects the overall band gap [32,
331.

Eg =/ First(LUMO) — Last(HOMO) / (5)

3.1.2. Density of State (DOS) of Indium Dioxide

The density of states (DOS) is referred to as the
quantity of states inside a system, specifically the
number of electron states per unit volume per energy.
Figure 2 illustrates the density of states for water
(H20) and indium oxide (In10015) as an indicator of
energy levels subsequent to geometric optimization.
The energy gap between the HOMO and LUMO, i.e.,
the valence band and conduction band, has been
calculated. The energy gap of In10015 was found to be
2.99 eV, which i1s considered to be in excellent
agreement with the literature [1], and with the
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presence of water, it was increased to 3.11 eV. The
increase in the energy gap has resulted in a rise in
resistivity and a decrease in conductivity [34].
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Figure 2. Density of the state of (a) In10015, (b) H20, and (¢)In10015 with water.
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3.2. Thermal Properties
3.2.1. Transition State
The chemical reaction’s transition state is considered
a special arrangement concerning the reaction path.
It is defined as the stage with the highest potential
energy. The total Gibbs free energy of activation

within the reaction path is located at the activated
state; see Figure 3. The energy level of the final
state’s product was greater than that of the reactants
of the initial state of the reactions in Equation 1.
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Figure 3. Gibbs free energy transition state process of the Ini0015 cluster with the water molecule.

Figure 3 illustrates the Gibbs free energy profile for
the water activation and splitting reaction on the
In10015 cluster. A significant increase in Gibbs free
energy was observed at the transition state,
indicating the presence of a substantial energy
barrier that must be overcome for the reaction to
proceed. This energy peak was reflected as the
unstable, high-energy configuration of the system
during the transformation [35, 36]. The final state,
corresponding to the formation of In10016 and He
molecules, displays a higher Gibbs energy than the
initial state, suggesting that the overall process is
considered endergonic, as shown in Equation 6.

AG = AH-TAS (6)
This thermodynamic behavior suggests that the
process 1is non-spontaneous under ordinary
circumstances and needs outside energy input,
including thermal or photonic activation. [37].
Including an extra oxygen atom into the indium
oxide lattice and releasing hydrogen gas, both of
which are shown to change the system’s entropy
and enthalpy components, are mainly responsible
for the rise in Gibbs energy [30]. Such knowledge is
essential for grasping indium oxide-based
materials’ surface reactivity and catalytic capability
in gas-sensing or water-splitting applications. The
higher energy barrier is especially underlined, as it

underlines the need to maximize the catalyst
surface or add dopants to lower the activation
energy, thereby improving the efficiency of the
material in practical uses.

Table 1. Gibbs free energies for reactions and
activations for both room temperature and
atmospheric pressure, as well as their components

(enthalpy and entropy)
Reaction AG(eV)|AH(eV)|TAS(eV)

[In10015...HzO]AT[In10015HZO]1‘ 0.29 0.21 -0.08

A
[In10015..H2(¥_]I2 — In10016 + 2.9 4.35 1.45

H20—1/202+H2 2.83 | 2.94 0.10

=]

—

]

[°

4. Conclusions

Density Functional Theory and transition state
method calculations were employed to examine the
theoretical values of the interaction between
indium oxide and water molecules. A clear increase
in the energy gap value of Indium Oxide is observed
when interacting with water; as a result, the
resistance is found to increase, and the conductivity
is found to decrease. However, the increased oxygen
atoms within increased Gibbs free energy are
suggested to indicate that the reaction is considered
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to be endergonic. The reaction product is Ini001s,
and the release of hydrogen gas was found to occur
through a photocatalysis process.
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