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Investigating the adsorption performance of CO,,
SO,, NH3 and CH,4; molecules on Sbz(TM)Og

(TM = Sc, Ti, V, Cr, Mn, Fe, Ni, and Co) clusters for
gas-sensing applications

Nimra Zaib Raza,? Abdul Majid, & *? Sajjad Haider® and Kamran Alam®

Inorganic molecular clusters (IMCs) belong to a trending class of materials with unique structures and
properties. Due to having a gap among the cages, they attract the attention of many researchers. This
study is carried out in order to investigate the mechanism of adsorption of CO,, SO,, NHz and CHy
gases on Sbz(TM)Og (where TM is Sc, Ti, V, Cr, Mn, Fe, Ni, and Co) molecular clusters for gas-sensing
applications. The structural and electronic properties, along with chemical stability, are determined
through density functional theory (DFT) and molecular dynamics (MD) simulations. The adsorption
energy of Sbz(TM)Og for the CO,, SO,, NHz and CH,4 gases is calculated. The properties and charge
analysis of fully loaded clusters are studied through quantum topology of atoms in molecule (QTAIM)

rsc.li/rsc-advances and charge-transfer integrals.

1. Introduction

The increasing amount of atmospheric pollutants is posing
huge threats to human health, industrial safety and environ-
mental sustainability. The detection and monitoring of harmful
gases, like carbon dioxide (CO,), nitrogen dioxide (NO,),
methane (CH,), and ammonia (NHj3), are very important for
industrial safety, protection and health.' Inorganic molecular
clusters (IMCs) belong to a unique category of materials and are
distinct from traditional materials. These IMCs are a source of
interest for many researchers as they have structural gaps in
between them. The detailed structure-property relationship of
these IMCs has been reported on the basis of QTAIM (quantum
topology of atoms in molecule), NBO (natural bond orbitals)
and ETS-NOCV (extended transition state along with natural
orbitals chemical valence).>® Their electronic and transport
properties have also been investigated in detail.* The rapidly
growing population demands more energy sources to meet the
energy requirements of daily life.>” Although fossil fuels play
a vital role in the energy industry, their combustion contributes
a lot to air pollution by varying the air composition and emitting
harmful gases.®® Internal combustion engine vehicles (ICEVs),
as a significant extension of automobiles and industrialization,
pose severe threats to human health and the environment by
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polluting the atmosphere.’*** With the rapid economic devel-
opment and the limitless advancements in modern industry,
the world is facing a serious environmental crisis. Humans and
the environment are exposed to the severe hazards of toxic and
flammable gases.'***

According to the World Health Organization, a new epidemic
may erupt due to fluctuations in relative humidity (RH) and
temperature.'® Due to harsh atmospheric conditions, the world
is facing a surge in severe respiratory ailments, and the ampli-
fication of air pollution, driven by climate change, is respon-
sible for 11.8% (6.7 million) of all global casualties."”*®* One of
the basic causes of these environmental crises and health issues
is the emission of toxic gases, including greenhouse gases,
methane (CH,), ammonia (NHj;), carbon dioxide (CO,) and
sulfur dioxide (SO,). Due to these emissions, the world is
experiencing limited access to clean air. During the past few
years, the concentration of these gases in the atmosphere has
increased tremendously.” Thus, for public health safety and
industry applications, effective gas sensing, particularly for
toxic gases, is crucial. Sensing technology has become the most
important supporting column of information technology (IT),
which presents lots of opportunities for scientists. It has
become the center of focus in the research field as the world is
moving forward in the era of Artificial Intelligence (AI) and
Internet of Things (IOT). Gas-sensing devices are receiving great
attention due to their beneficial applications, and they also
deliver tremendous results. The development of novel materials
to upgrade the current gas-sensing technologies is at the heart
of current research efforts.>*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Adsorption energies of different reported molecular clusters

Sr. no Clusters Gases Adsorption energy (eV) Reference
1 Pb,Au, co —1.062 47
2 PbeAug —1.439 a7
3 PbgAug —~1.325 47
4 N/B, NO, —11.64 46
5 N/Bgy CcO —12.08 46
6 N/Bo NH, —7.22 46
7 N/Bg CO, —16.57 46
8 MgONTSs H,O0 —0.967 48
9 MgONTSs NH; —0.932 48
10 MgONTSs co —0.35 to —0.16 eV 48
11 MgONTSs NO —0.28 to —0.13 eV 48

It has become the need of the time to establish reliable gas-
detecting devices. Gas-sensing devices also have potential
applications in the field of medicine for identifying several
diseases, producing wearable electronics and ensuring food
safety.””** The value of the global gas-sensor market has grown
from US$3.4 billion to US$5.6 billion over the last decade, which
highlights the surge in research on gas-sensing technologies.>
On the nanoscale, the development of new materials provides
the foundation for the advancement of gas-sensing technolo-
gies.”*”” On the basis of increased requirements of improve-
ment in synthesis strategies of high-quality materials, this field
has earned significant research attention in the recent past.?*>*

Nanostructured materials, on account of their selectivity,
sensitivity, quick responses, power and energy efficiency, have
been considered suitable for use in next-generation gas
sensors.*** Gas sensors hold a significant place among newly
developed advanced devices as they promise environmental
safety by providing real-time information about the concentra-
tion of toxic gases in the atmosphere and detecting natural gas
emissions.>®* These circumstances motivate scientists to
advance the field of gas sensing, prioritizing the downscaling of
materials to 0D structures.’**® The interactions between mate-
rials and adsorbate molecules are of great significance for
examining their gas-sensing abilities.

Recently, both academia and industry have been paying
increasing attention to gas sensing due to its waste-treatment
and other applications in intelligence systems. These applica-
tions include the detection of methane in mines, medical
applications, environmental research, vehicle-pollutant detec-
tion, and indoor pollutant monitoring. Gas sensing using 0D
materials, ie., nanoparticles, atomic clusters, quantum dots
and bulk-like materials, exhibits exceptional advantages. These
materials offer quantum confinement effects, changing
morphological characteristics and offering high surface-to-
volume ratios, making them suitable for developing gas-
sensing technology with enhanced sensitivity, response, time
stability and selectivity.** Recently, the adsorption properties of
Pb,Au,, nano-clusters have been examined for the removal of
toxic gases, such as CO and NO. The calculated adsorption
energies using GGA-PW91 ranged from —1.152 eV to —0.995 eV
for Pb,Au,-NO and —1.062 to —1.443 eV for Pb,Au,—CO. The
clusters with n values of 2, 4, and 6 are considered more
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effective due to their pronounced response and chemical
stability during gas interactions.””** The adsorption study of
gases on the N/By-QD structure revealed that the adsorption
energy of N/Bo-QDs is much higher than that of simple-
structure Bo-QDs. The findings revealed relatively high adsorp-
tion energy values of —16.57, —12.08, —11.64 and —7.22 eV for
CO,, CO, NO,, and NHj, respectively.*

A comprehensive literature review of 0D clusters with their
adsorption energies is given in Table 1. The current study
reports a comprehensive analysis of the Sb,O¢ cluster, which is
nearly inert on account of its bonding characteristics. In order
to tailor its properties for sensing different gases, its structure is
modified through the substitution of Sb atoms with transition-
metal atoms. This study systematically investigates eight
modified Sb;(TM)Os structures (where TM is Sc, Ti, V, Cr, Mn,
Fe, Ni, Co) by calculating their structural and electronic prop-
erties, along with their thermal stability. The adsorption
mechanisms of CO,, SO,, NH;, and CH, gas molecules on the
clusters are studied. Charge analysis is performed by the
charge-transfer integral analysis, and the stability of the fully
loaded structure is determined by molecular dynamics
experiments.

2. Computational details

The entire work is carried out using the Amsterdam Density
Functional (ADF)-BAND package, which employs the linear
combination of atomic orbitals approach.* The PBE functional
with a TZP basis set and the ZORA scalar relativistic treatment,
which is widely used for transition-metal-oxide clusters, was
used for all computations. We employed the hybrid functional
for comparison with sample adsorption implementations in
order to verify the validity of this level of theory. PBE/TZP/ZORA
was found to offer a reliable and suitable framework for this
investigation based on this validation and the substantially
lower computational cost required to produce the entire data-
set. The convergence of the force and energy gradient criteria
was set below 0.027 eV A~" and 0.00027 eV, respectively, during
the SCF cycles. The computations were conducted to determine
the adsorption energy of the Sb;(TM)O¢ (where TM is Sc, Ti, V,
Cr, Mn, Fe, Ni, Co) molecular clusters. The electronic properties
of the Sb3(TM)O¢ (Where TM is Sc, Ti, V, Cr, Mn, Fe, Ni, Co)
molecular clusters for the frontier molecular orbital, DOS, and
PDOS were determined. The chemical potential (u) of the
clusters was determined using eqn (1).%°

P (Enomo -2|— Erumo) (1)

The energies of the higher occupied molecular orbital
(HOMO) and lower unoccupied molecular orbital (LUMO)
orbitals were computed. The energy gap between the HOMO
and LUMO, denoted as AE = Eyomo — Erumo, is useful for
defining the electrical conductivity.> The values of the electrical
conductivity AE, chemical hardness () and softness (S), and
electrophilicity (w) are derived using eqn (2)-(4).***
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( —Euomo + ELumo)

n= 5 (2)
=5 ®)

2
W= b (4)

The adsorption energy is calculated using eqn (5).

Euas = E(molecu1e+Sb3TM06) — Emolecule — ESb3TM06 (5)

E(molecule+sb,rMo,) 18 the total energy of the cluster and adsorbed
gas molecule structures and Egmolecule) and Esp tmo, are the
energies of the individual structures. The recovery time 7 of
a gas sensor is determined from the adsorption energy using

eqn (6):

T=v" exp (i:‘;) (6)

where 7 is the recovery time (s), i.e., the time necessary for the
gas molecule to desorb from the sensor surface, and » is the
typical vibration frequency of the adsorbed molecule on the
surface.

Quantum topology of atoms in molecule (QTAIM) is used for
the bonding analysis. Some main points were utilized in order
to calculate the charge-transfer integral (CTI). The first step was
to make fragments of the regions in which charge transfer was
calculated, after which electronic coupling was computed for
both the electrons and holes.

3. Results and discussions

The findings obtained after examining the structural, electronic
and transport properties of Sb;(TM)O¢ (wWhere TM = Sc, Ti, V,
Cr, Mn, Fe, Ni, and Co) as well as the adsorptions of the CO,,
SO,, NH; and CH, molecules for gas sensing, are discussed.
DFT calculations were carried out in order to investigate the

2.02

(e)
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Sb3(TM)Os cage material for the potential gas-sensing
application.
3.1. Suitable doping sites

Sb,O¢ is an inorganic molecular cage structure existing as an
isolated molecular cage rather than as conventional molecular
clusters. Considering its unique 0D structure, the bonding and
structure-property relationship is investigated in detail.> The
results revealed that Sb,O completely satisfies its bonding
requirements and does not require further bonding with any
other atoms, due to which they are known as nearly inert cage
materials. Sb,O¢ consists of four atoms of antimony and six
atoms of oxygen. Each Sb atom is surrounded by three atoms of
oxygen.

For the application of such a cage material, each antimony
atom was doped using a transition metal (TM) to yield eight new
modified materials: SbzSCOg, Sb3TiOg, SbzVOgs, SbzCrOg,
Sb;MnOg, Sb;FeOg, Sb;Co0g and Sb;NiOg. To find the most
stable doping site, each TM was placed in four distinct sites, A,
B, C and D, and the doping site with minimum energy was
identified. Sb(5) atom is named as site A, Sb(6) is named as B
site, Sb(8) is marked as site C and Sb(10) is marked as site D, as
shown in Fig. 1. Firstly, scandium (Sc) is placed in four available
doping sites. The bonding energies for A, B, C and D are —2.721,
—2.720, —2.719 and —2.716 eV, respectively. This revealed that
for site A, Sb(6) has the minimum calculated energy. Similarly,
the best doping sites for Ti, V, Cr, Mn, Fe, Ni and Co were
determined to be B, D, B, A, B, A and C, respectively. The energy
of each site is given in Table S1.

3.2. Structural properties

The optimized structure of Sb;ScOg is represented in Fig. 2(a)
which shows that the calculated Sb-O bond length is 1.99 A, the
0O-Sc bond length is 1.90 A and the Sc-O bond length is 1.91 A.
The dihedral bond angle of Sb-Sc-0O is 123°, O-Sc-O is 104° and
O-Sb-O is 96°. The calculated bonding energy is —74.42 eV.
According to the Hirshfeld charge analysis, the total atomic
charge on O is —2.627e and the charges on Sb and Sc are

® i) @

Fig. 1 Representation of the (i) doping sites and (ii) optimized structure of Sbz(TM)Og (a), SbzScOg (b), SbsTiOg (c), SbzVOg (d), SbzCrOg (e),

Sb3MnOG (f), Sb3C006 (g), Sb3F€OG and (h) Sb3N|05
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Fig. 2 Snapshots of Sbz(TM)Og after AIMD simulation at 1000 K, along with graphs showing the change in energy and temperature over time for
(@) Sb3ScOeg, (b) Sb3TiOg, (c) SbzVOg, (d) SbzCrOg, (€) SbzMnOg, (f) SbzFeOg, (g) SbzNiOg, and (h) SbzCoOs.

—0.619¢ and 0.7695¢, respectively. The computed values of the
dipole moment in the XYZ plane are 2.70, 1.89 and 1.09 debye
respectively. The calculated values of the quadrupole moment
are —1.85 (quad-xx), 3.05 (quad-xy), 8.22 (quad-xz), —0.60 (quad-
), 6.45 (quad-yz) and 2.45 (quad-zz), respectively. The opti-
mized structure of Sb;TiO¢ is represented in Fig. 2(b). The
calculated bond length for O-Ti is 182 A, O-Sb is 200 A and Ti-O
is 182 A. The computed dihedral angle of O-Ti-O is 109°, O-Sb-
O is 98° and Sb-O-Sb is 130°. The calculated bonding energy is
—75.37 eV, and the net atomic charge on O is —2.45e, whereas
the total charges on Sb and Ti are 1.95e and 0.50e, respectively.
The calculated dipole moments in the XYZ plane are —1.08,
—0.81 and —0.45 debye. On the other hand, the quadrupole
moments are 1.09 (quad-xx), —052 (quad-xy), —2.96 (quad-xz),
0.26 (quad-yy), —2.44 (quad-yz) and —1.36 (quad-zz). The opti-
mized structure of Sb;VOg is illustrated in Fig. 2(c), which

© 2026 The Author(s). Published by the Royal Society of Chemistry

reveals that the bond length of O-V is 2.01 A, V-O is 2.0 A and
Sb-0 is 1.99 A, while the bond angles of O-V-0 is 113°, O-Sb-O
is 97° and Sb-O-Sb is 130°, respectively. The net atomic charge
on O is 01.95e, and the total charges on Sb and V are 1.97e and
0.38e, whereas the bonding energy is —76.80 eV. The calculated
dipole moments in the XYZ plane are 1.21, —1.25 and 1.65 debye
while the quadrupole moments are —4.72 (quad-xx), 4.06 (quad-
xy), —3.87 (quad-xz), 0.81 (quad-yy), 0.10 (quad-yz) and 3.90
(quad-zz).

The optimized structure of Sb;CrOg is shown in Fig. 2(d),
which reveals that the bond length of O-Sb is 1.99 A, O-Cr is
1.75 A and Cr-O is 1.75 A, while the bond angle of O-Sb-O is
96°, O-Cr-0 is 113° and Sb-O-Sb is 130°. The net atomic charge
on O is 1.60e, while the total charges on Sb and Cr are 1.97¢ and
0.38e, respectively. The calculated bonding energy is —76.80 eV
while the dipole moments in the XYZ plane are 1.21, —1.25, and

RSC Adv, 2026, 16, 6164-6188 | 6167
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1.65 debye. The quadrupole moments are —4.72 (quad-xx), 4.06
(quad-xy), —3.87 (quad-xz), 0.81 (quad-yy), 0.10 (quad-yz) and
3.90 (quad-zz), respectively. The optimized structure of
Sbs;MnOg is represented in Fig. 2(e). The results reveal that the
bond length of O-Sb is 2.02 A, Mn-0 is 1.75 A and Sb-0O is 2 A,
while the bond angle of O-Mn-O is 110°, O-Sb-O is 96°, and
Sb-O-Sb is 130°. The net atomic charge on O is —2.26¢, while
the total charges on Sb and Mn are 1.95¢ and 0.31e, respectively,
whereas the bonding energy is —76.10 eV. The calculated dipole
moments in the XYZ plane are 1.33, 0.95, and 1.73 debye, while
the calculated quadrupole moments are —0.30 (quad-xx), —3.74
(quad-xy), 1.20 (quad-xz), 5.95 (quad-yy), 4.73 (quad-yz), and
—5.64 (quad-zz). The optimized structure of Sb;FeOs is repre-
sented in Fig. 2(f). The calculated bond length of O-Sb is 1.99 A,
Sb-0 is 2 A and Fe-O is 1.73 A, while the dihedral angle of O-
Sb-0 is 97, Sb-0-Sb is 130 and O-Fe-0 is 114. The net atomic
charge on O is —2.25¢, while the total charges on Sb and Fe are
1.93e and 0.31e, respectively. The calculated bonding energy is
—74.93 eV, while the dipole moments in the XYZ plane are
—1.26, —1.08 and —0.68 debye. The quadrupole moments are
1.10 (quad-xx), —0.84 (quad-xy), —3.50 (quad-xz), 0.75 (quad-yy),
—3.21 (quad-yz) and —1.85 (quad-zz).

The optimized structure of Sb3;CoOg is shown in Fig. 2(g).
The results reveal that the bond length of O-Sb is 199 A, Ni-O
is 1.77 A, and Sb-0 is 1.99 A, while the bond angle of O-Co-O
is 111°, O-Sb-0 is 96° and Sb—-O-Sb is 129°, respectively. The
net atomic charge on O is —2.25e, while the total charges on Sb
and Fe are 1.93¢ and 0.31e, respectively. The bonding energy is
—74.65 eV. The net atomic charge on O is —2.86¢, while the
total charges on Sb and Co are 1.73e and 0.38e, respectively.
The calculated dipole moments in the XYZ plane are 1.12,
—0.83 and —0.44 debye while the calculated quadrupole
moments are 0.87 (quad-xx), —0.91 (quad-xy), —3.30 (quad-xz),
0.25 (quad-yy), 2.66 (quad-yz) and —1.12 (quad-zz). The opti-
mized structure of Sb3zNiOg is illustrated in Fig. 2(h), which
reveals that the bond length of O-Ni is 1.77 A, Ni-O is 1.73 A
and Sb-0 is 1.99 A, while the bond angle of O-Ni-O is 108°, O-
Sb-0 is 97° and Sb-O-Sb is 130°, respectively. The net atomic
charge on O is —2.38e, while the total charges on Sb and Ni are
1.90e and 0.49e, respectively. The results reveal that the
bonding energy is —68.63 eV. The calculated dipole moments
in the XYZ plane are —0.65, 1.82 and 0.77 debye, whereas the
quadrupole moments are 2.69 (quad-xx), 0.06 (quad-xy), —2.04
(quad-xz), —6.50 (quad-yy), 0.16 (quad-yz) and 3.81 (quad-zz).
The detailed structural properties of all modified clusters are
mentioned in Table S2 of the SI file.

3.3. Stability of the doped Sb; (TM)O, material through
AIMD simulation

The Sb;TMOs cluster configurations are evaluated for stability.
The adsorption energy is taken as the energy difference between
a system of an atom or molecule deposited on a structure and
the overall energy of the adsorbent and the adsorbate. Ab initio
molecular dynamics (AIMD) simulations were carried out at
a high temperature of 1000 K for 25 ps, with the plots of
temperature and energy against time illustrated in Fig. 2.
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The AIMD simulation of Sb;ScOg was performed using a cell
containing 3 antimony (Sb), 1 scandium (Sc) and 6 oxygen (O)
atoms, while the Sb;TiOg cell contained 3 antimony (Sb), 1
titanium (Ti) and 6 oxygen (O) atoms and the structure after the
simulation is shown in Fig. 2(a) and (b). Similarly, the Sb;VOs,
Sb;CrOg, SbsMnOg, Sb;FeOq, Sb;NiOg and Sb;CoOg structures
after simulation are represented in Fig. 2(c), (d), (e), (f), (g) and
(h), respectively. The energy of all the systems remained rather
constant throughout the simulations, and structural analysis
showed that there is no bond breakage which indicates the
stability of the materials.

3.4. Electronic properties

The frontier molecular orbitals (FMOs) of the molecule consist
of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO). FMOs are crucial
for determining the interactions that occur between the mole-
cules via the analysis of the relevant electronic spectra.”* A
molecule’s chemical reactivity, kinetic stability and chemical
hardness/softness are determined by the energy gap between its
HOMO and LUMO. Another effective gauge for chemical
stability is chemical hardness. Large-energy-gap molecules are
typically referred to as hard molecules, while those with insig-
nificant energy gaps are referred to as soft molecules. Because
they require lower energy for excitation than hard molecules,
soft molecules are more polarizable than hard ones.>* The
calculated HOMO and LUMO energies for Sb;ScOg are —7.17
and —4.9 eV, respectively, as shown in Fig. 3(a). The orbital
contributions to the HOMO from Sb, Sc, and O are 35.56, 51.56,
and 15.94%. LUMO contains 50.96% contribution from Sc,
19.61% from Sb and 6.34% from oxygen. The computed
chemical hardness (n), chemical softness (S), chemical poten-
tial (u), conductivity (AE) and electrophilicity (w) of Sb3ScOg are
2.47 eV, 0.40 eV, —4.69 €V, 4.95 eV, and 4.45 eV respectively.
The hardness value is greater than 2 eV, which concludes that
Sb;ScOsg is a hard material class. In the case of partial contri-
bution of s, p and d orbitals of each constituent atom, the p
orbital has the highest DOS contribution near the Fermi level
and is responsible for the chemical properties. For Sb;TiOg, the
computed HOMO and LUMO energies are —7.79 and —3.44 eV,
respectively, as shown in Fig. 3(b). The contributions of Sb, Ti,
and O to the HOMO are 46.22%, 1.30%, and 47.05% respec-
tively. The composition of the LUMO is 21.39% Ti, 72.37% Sb
and 7.24% O. The p orbital contributes the highest to the DOS
in the case of Sb and O, and for O, the d orbital does not exist,
but in the case of Ti, the d orbital contributes significantly to the
DOS because of its electronic presence and reasonable energy
values. The calculated values for the Sb;TiOg are 2.17 €V, 0.46
eV ™', —5.61 eV, 4.35 eV and 7.25 eV for 9, S, u, conductivity (AE)
and w, respectively. Since the hardness value is larger than 2 eV,
Sb;TiOg has been identified as a hard material. The calculated
HOMO and LUMO energies for Sb;VOg are —4.52 and —2.01 eV,
respectively, as shown in Fig. 3(c). The HOMO contributions
from V, Sb and O are 35.56%, 89.98% and 4.89%, respectively.
The LUMO contains 48.28% contribution from V, 41.58% from
Sb and 3.96% from oxygen. Sb;VOg exhibited 7, S, u, AE and @

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Calculated electronic properties of (a) Sb3ScOeg, (b) SbsTiOg, (c) SbzVOe, (d) Sb3CrOg, (e) SbzsMnOg, (f) SbzFeOg, (g) SbsNiOg, and (h)
SbsCOOE;.

values of 1.25 eV, 0.79 eV ', —3.26 eV, 2.51 €V, and 4.25 eV, HOMO and LUMO energies are —5.62 and —3.67 eV, respec-
respectively. The hardness value is less than 2 eV, which indi- tively, as shown in Fig. 3(d). The calculated HOMO-LUMO gap
cates that Sb3VOg is a soft material. For Sb;CrOg, the computed is 1.94 eV. The contributions of Cr and O to the HOMO are
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87.76% and 5.17%, respectively. The LUMO is composed of
76.6% Cr, 9.4% Sb and 8.68% O. The calculated 7, S, u, AE and w
values for Sb;TiOg are 0.47 eV, 2.10 eV 1, —4.14 eV, 0.95 eV and
18.08 eV, respectively. Since the hardness value is less than 2 eV,
Sb;CrO¢ has been identified as a soft material.

The calculated HOMO and LUMO energy levels for SbsMnOg
are —5.88 and —3.54 eV, respectively as shown in Fig. 3(e). The
contributions to the HOMO from Mn, Sb and O are 71.58%,
2.28% and 18.27% respectively. The LUMO contains 80.02%
contribution from Mn, 7.24% from Sb and 7.36% from oxygen.
The computed 7, S, u, AE and w values for Sb;MnOg are1.17 eV,
0.85 eV'', —4.71 eV, 2.34 eV and 9.48 eV respectively. The
hardness value is less than 2 eV, which indicates that Sb;VOg is
a soft material.

For Sb;FeOg, the computed HOMO and LUMO energies are
—6.33 and —5.17 eV, respectively as shown in Fig. 3(f). The
contributions of Sb, Fe and O to the HOMO are 3.65%, 61.30%
and 23.83%, respectively. The LUMO is composed of 21.39% Ti,
72.37% Sb and 7.82% O. The calculated 7, S, u, AE and w values
for the Sb;FeOg are 0.58 eV, 1.72 eV ', —5.75 eV, 1.16 eV and
28.53 eV respectively. Since the hardness value is less than 2 eV
Sb;FeOg has been identified as a soft material.

The calculated HOMO and LUMO energy levels for Sb;NiOg
are —7.57 and —5.51 eV, respectively, as shown in Fig. 3(g). The
HOMO contributions from Ni, Sb, and O are 29.11%, 16.76%
and 47.65%, respectively. The LUMO contains 52.82% contri-
bution from Ni, 2.17% from Sb, and 36.39% from oxygen. The
computed 7, S, u, AE and w values for Sb;NiOg are 1.03 eV, 0.97
eV'', —6.54 eV, 2.06 eV, and 20.76 eV, respectively. The hard-
ness value is less than 2 eV, which indicates that Sb;VOg is a soft
material. For Sb;CoOg, the computed HOMO and LUMO ener-
gies are —7.04 and —3.11 €V, respectively, as shown in Fig. 3(h).
The contributions of Sb, Co and O to the HOMO are 1.29%,
62.59% and 43.6%, respectively. The LUMO is composed of
59.46% Co, 1.26% Sb and 28% O. The calculated 7, S, u, AE and
w values for the Sb,CoOg4 are 1.96 eV, 0.50 eV !, —5.07 eV,
3.93 eV and 6.55 eV, respectively. Since the hardness value is
less than 2 eV, Sb;CoO¢ has been identified as a soft material. By
analysing the partial density of states PDOS, it is revealed that
the p orbital of antimony Sb, the p orbital of oxygen O, have
major contributions while the p orbital of TM contributes
mainly. For all the Sb;(TM)Os cages, the contributions of Sb and
O remain the same, and partial DOS analysis reveals that the p
orbitals of both Sb and O show the highest-intensity peaks,
indicating that they are the valence orbitals contributing to
bonding. In the cases of Sb and O, the 5p and 2p orbitals,
respectively, have the energy closest to the Fermi level; thus,
they have the highest tendency to contribute to the bonding.
The replacement of different TM atoms leads to the partial
contribution of d-orbital is noted to be the highest in case of V,
Cr, Mn, Fe, Ni, and Co as electrons reside in d-orbitals of all
these atoms, and the 3d-orbital is much narrower than s and p
ones, which confines high density of states (DOS) and sharp
energy range of all these atoms.

The total and partial DOSs of the CO,-adsorbed Sb,0;
monolayers calculated using different dopants in order to better
comprehend the electronic component are shown in
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Fig. 3(a)-(e). The DOS curves reveal that with CO, adsorption,
transition-metal dopants with partially filled d-orbitals (V, Cr,
and Mn) cause significant changes close to the Fermi level,
which are evidenced by the noticeable hybridization peaks in
both the HOMO and LUMO regions. These characteristics
indicate a stronger electronic interaction between the dopant-
centered states and the CO, molecule orbitals, leading to
improved charge transfer and more stable adsorption. Sc- and
Ti-doped systems, on the other hand, show relatively slight DOS
variations with minimal orbital overlap and minimal modifi-
cation around the Fermi level, indicating weaker physisorption
interactions. The stronger chemisorption is further demon-
strated by the observed shifts of the HOMO towards the Fermi
level and the increasing size of the LUMO region in the Cr- and
Mn-doped systems. Overall, the DOS analysis verifies that the
degree of orbital hybridization and the degree of electronic
interaction between CO, and the dopant-modified Sb,0;
monolayers are responsible for the selective sensing capabil-
ities. TM-modified DOS hybridization improves CO, adsorption
by improving charge transfer and electronic coupling, accord-
ing to research findings on doped graphene, MgO, WS,, and
metal oxides. These findings are supported by similar obser-
vations on CeO, and SrTiO;, which demonstrate that such
electronic  disturbances are strong indications of
chemisorption.**** The calculated HOMO, LUMO and HOMO-
LUMO gap for the clusters are given in Fig. S1.

3.5. Structural properties of gas molecules

The CO,, SO,, NH; and CH, molecules are optimized with the
same parameters as those for the pure structure given in Fig. 4.
The CO, molecule consists of two atoms of oxygen and one
atom of carbon (C), which is named as carbon dioxide (CO,).
The bond length (C-0) of the CO, molecule is 1.16 A, which
agrees with reported results;* it has a linear geometry with
a bond angle of 180°. The bond lengths of SO, are 1.44 A and
1.70 A, and it exhibits a linear geometry.**

In the case of the NH; molecule, the bond length is 1.02 A,
and the respective bond angle is 106°. In the case of CH,, the
length of each C-H bond is 1.08 A, and the bond angle is 109°,
as shown in Fig. 4.

1.44A 119.5°

(a) (b)

(c) (d)

Fig. 4 Optimized structures showing the bond lengths and bond
angles of (a) CO,, (b) SO,, (c) NH3z and (d) CHa,.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.6. CO, gas adsorption on Sb;(TM)O,

In order to describe the gas-sensing behavior of Sb;(TM)Og, the
adsorption behavior of individual structures of the clusters
needs to be analyzed. To adsorb gas molecules on Sb;(TM)Og,
finding the most stable adsorption site is important. Consid-
ering the nearly inert nature of Sb;Os, the bonding sites of
antimony and oxygen do not allow any molecule to interact with
them.** However, the TM site allows interactions with the gas
molecules. On the other hand, the most favorable adsorption
sites are found by performing different single-point calculations
for different configurations of molecules, and the most favor-
able will be the one with the least energy of bonding. The
molecules for which the adsorption energy is less than <—0.5 eV
are regarded to have a weak interaction, whereas those with an
adsorption energy >—0.5 eV have a strong interaction.

The optimized structures of Sb;ScOg with CO, gas molecule
adsorption on the structure are shown in Fig. 5(a). CO, is a tri-
atomic molecule comprising one carbon and two oxygen atoms,
where each of the oxygen atoms is covalently double-bonded
with two valence electrons of the oxygen atom. The CO, mole-
cule has a linear geometry, and the bonding angle between the
oxygen atom from the CO, molecule and the C atom in the
Sb3ScOg structure is 180°, as shown in Fig. 5(a). The adsorption
energy is —0.81 eV, which shows the good interaction of the host
with the guest molecule. The optimized distance between Sc
and the O atom is 2.39 A. The structure of the gas molecule after
adsorption shows an increase in its bond length, and the bond
length after elongation is 1.17 A. The optimized structures of
Sb;TiOg with a CO, gas molecule adsorbed on the structure are
shown in Fig. 5(b). The adsorption energy is calculated using
eqn (6). The adsorbed energy has a low value in this case, which
is —0.06 eV, whereas the vertical distance is 4.13 A. The findings
exhibit a weak interaction between the host and CO molecule,
which points to physisorption and, hence, the absence of any
change in the structure of the host. The vanadium atom forms
a bond with carbon, and the distance between them is 1.81 A.
The optimized structures of Sb;VOs with a CO, gas molecule
adsorbed on the structure are shown in Fig. 5(c). The adsorption
energy is —0.19 eV, which shows the good interaction of the host

& e @

(c, Co: ) Co:

Cap e

Fig. 5 CO, gas adsorption on the cage molecular material: (a)
Sb3ScOg, (b) SbzTiOg, (c) SbzVOse, (d) SbzCrOg, (e) SbsMnOg, (f)
SbgFeO@ (g) Sb3Ni05, and (h) SbgCOOG.
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with the guest molecule. The optimized distance between the V
and O atoms is 2.0 A. The structure of the gas molecule after
adsorption shows the increase in its bond length, and the bond
length after elongation is 1.17 A, whereas the calculated bond
angle after adsorption is 142°. The sum of the radii of connected
atoms is less than their bonding distance, which points to
a weak type of interaction, such as physisorption.

The optimized structures of Sb;CrOs with a CO, gas mole-
cule adsorbed on the structure are shown in Fig. 5(d). The
adsorption energy is calculated as —0.09 eV, whereas the vertical
distance is 4.03 A. The findings indicate a very weak type of
interaction, i.e., physisorption, due to which no change in the
structure of the host takes place.

The optimized structures of Sb;MnOs with a CO, gas mole-
cule adsorbed on the structure are shown in Fig. 5(e). The
adsorption energy is —0.40 eV, which shows the good interac-
tion of the host with the guest molecule. The optimized distance
between Mn and the O atom is 2 A. The structure of the gas
molecule after adsorption shows an increase in its bond length,
and the bond length after elongation is 1.17 A. The sum of the
radii of connected atoms is less than their bonding distance;
thus, a weak type of interaction in the form of physisorption
takes place. The optimized structures of Sb;FeOg, Sb;NiOg and
Sb;Co0O¢ with CO, gas molecule adsorbed on the structure are
shown in Fig. 5(e)-(g). The adsorption energy appears low with
values of —0.06, —0.40 and 0.06 €V, and the vertical distances
are large, 3.85, 4.03 and 4.52 A. These findings show a very weak
interaction between the host and guest molecule in the form of
physisorption, and hence, no change in the structure of the host
takes place. The summarized results of the CO, gas adsorption
are mentioned in Table S3.

3.7. Electronic properties after the adsorption of CO,

The calculated HOMO and LUMO energies for the CO,-adsor-
bed Sb;ScOg cluster are —7.11 and —1.44 eV, respectively, as
shown in Fig. 6(a). The contributions to the HOMO from Sb, Sc
and O are 47.81%, 1.31% and 45.48%. The LUMO contains
84.10% contribution from Sc, 4.74% from Sb, 0.56 from C and
1.22% from O. The Sb;ScOg¢ cluster exhibited w values of
2.83 eV, 0.35 €V, 0.35 eV, —4.27 eV, and 3.22 eV, respectively.
The hardness value is greater than 2 eV, indicating that the CO,-
adsorbed Sb3ScOg is a hard material. For Sb;TiOs—CO,, the
computed HOMO and LUMO energies are —7.82 and —3.46 eV,
respectively, as shown in Fig. 6(b). The contributions of Sb, Ti,
and O to the HOMO are 49.32%, 0.22%, and 47.81%, respec-
tively. The LUMO is composed of 95.28% Ti. The calculated 7, S
u, AE, and w values for the Sb,TiO are 2.18 eV, 0.45 eV,
—5.64 eV, 0.45 eV and 7.30 eV, respectively. Since the hardness
value is larger than 2 eV, Sb;TiOs has been identified as a hard
material. The calculated HOMO and LUMO energies for
Sb;VO4-CO, are —5.15 and —2.10 eV, respectively, as shown in
Fig. 6(c). The HOMO has 66.07% and 24.04% contributions
from V and Sb, respectively. The LUMO has 68.07% contribu-
tion from V and 24.04% from Sb. The values of 1, S, u, AE, and w
for Sb;ScOs are 1.52 eV, 0.65 eV ', —3.62 €V, 0.65 eV, and
4.31 eV, respectively. The hardness value is less than 2 eV, which
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Fig. 6 Calculated electronic properties for the CO,-adsorbed Sbz(TM)Og (Where TM is Sc, Ti, V, Cr, Mn, Fe, Ni, and Co): (a) Sb3ScOg, (b) Sb3TiOg,
(C) SbgVO@ (d) Sb3CrOG, (e) Sb3MnOG, (f) SbgFQOe, (g) Sb3NiOG, and (h) SbgCOOG.

indicates that the CO,-adsorbed Sb;VOg is a soft material. For contributions of Ti and O to HOMO are 87.75% and 5.22%,
Sb;CrO-CO,, the computed HOMO and LUMO energies are respectively. The LUMO is composed of 9.24% antimony, 77.05%
—5.67 and —3.72 eV, respectively, as shown in Fig. 6(d). The chromium and oxygen 9.72%. The calculated values of 7, S, u, AE,
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Fig. 7 QTAIM analysis of the Sbz(TM)Og cages with (a’) CO,, (b') SO, (c/) NHz and (d') CH4 bonded. (i) Topology and (ii) ball and stick model.

and w for the Sb;CrOg are 0.97 €V, 1.02 eV}, —4.69 eV, 1.02 eV and
11.30 eV, respectively. Since the hardness value is less than 2 eV,
Sb;CrOg has been identified as a soft material.

The calculated HOMO and LUMO energies for Sb;MnOg—
CO, are —5.90 and —2.51 eV, respectively, as shown in Fig. 6(e).
The HOMO contributions from Sb, Mn and O are 2.49%,
64.01% and 23.05%, respectively. LUMO contains 83.92%
contribution of Mn, 81.56% contribution from the antimony Sb,
carbon C has 4.43 and oxygen has 5.42%.

The Sb;ScOg cluster exhibited 7, S, u, AE and w values of
1.63 eV, 0.59 eV ', 4.20 eV, 0.59 eV, and —5.22 eV, respectively.
The hardness value is less than 2 eV, which indicates that the
CO,-adsorbed Sb;MnOQg is a soft material. For the CO,-adsorbed
Sb;FeOg system, the computed HOMO and LUMO energies are
—6.42 and —5.24 eV, respectively, as shown in Fig. 6(f). The
contributions of Sb, Fe, and O to the HOMO are 3.65%, 61.2%
and 4.36%, respectively. The LUMO is composed of 66.14% Fe,
4.35% Sb and 21.47% oxygen. The calculated », S, 4, AE and
values for the Sb;FeOg are 0.59 eV, 1.69 eV ', —5.83 eV, 1.69 eV
and 28.81 eV, respectively. The large value of hardness in the
case of Sb;TiO¢ indicates that it is a hard material.

The calculated HOMO and LUMO energies for the CO,-
adsorbed Sb;NiO¢ are —7.63 and —5.56 eV, respectively, as
shown in Fig. 6(g). The HOMO contributions from Ni, Sb and O
are 29.63%, 11.71% and 48.36%, respectively. The LUMO
contains 52.82% contribution from Ni, 2.16% from Sb, and
36.47% from O. The Sb;NiOg cluster exhibited 7, S, u, AE and w
values of 1.03 eV, 0.96 eV ', —6.54 eV, 0.96 eV, and 21 eV,
respectively. The hardness value is less than 2 eV, which indi-
cates that the CO,-adsorbed Sb;VOg is a soft material. For
Sb;Co0g, the computed HOMO and LUMO energies are —7.11
and —3.19 eV, respectively, as shown in Fig. 6(h). The contri-
butions of Sb, Co and O to the HOMO are 7.7%, 43.3% and
47.98%, respectively. The LUMO is composed of 63.84% Co,
1.18% Sb and 29.7% O. The calculated 7, S, u, AE and w values
for Sb3CoO4 are 1.96 eV, 0.51 eV ', —5.15 eV, 3.91 eV and
6.77 eV, respectively. Since the hardness value is less than 2 eV,
Sb;Co0g has been identified as a soft material.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.8. Quantum topology of atoms in molecule (QTAIM)

The QTAIM calculation points to the splitting of the molecule
density in line with Bader theory-based zero-flux surfaces. It
sheds light on the binding path and topology of the entire
system rather than a simple bond path. Fig. 7(a’) provides the
topology of the entire system composed of CO, gas molecules
absorbed on the Sb;TMOg cages based on the QTAIM analysis.
In the present illustration, the ring critical point and cage
critical point are represented by green and light blue colors,
while the bond critical point (BCP) and atom critical point (ACP)
are represented by red and white colors, respectively. The
QTAIM diagram with its specific structure is displayed in
Fig. 7(b’), which provides the topology of the entire system
composed of SO, gas molecules absorbed on the Sb;TMOg
cages, where (i) shows the topology and (ii) shows the ball and
stick model in each case. In the same way, Fig. 7(c’) and (d’)
represent the QTAIM analysis of NH; and CH, absorbed on all
eight cages of Sb;TMOg, respectively.

The bonding inside the cage points to a strong interaction on
the basis of the small distance between the atom critical points.
Conversely, the bonding between the CO, molecule and the
host material has a large distance, which points to a weak
interaction.

3.9. Stability of the fully loaded structure of the CO,-
adsorbed host through AIMD simulations

The stability levels of the CO,-absorbed Sb;ScOg, Sb;VOg, and
SbsMnOg are demonstrated in Fig. 8(a)-(c), which shows
a snapshot after absorption and the change in energy and
temperature over the time interval. The AIMD simulations were
performed for 25 ps to know the stability of the CO,-adsorbed
Sb;TMOg structure, with temperature and energy plotted
against time, as illustrated in Fig. 8. The energy of all systems
remained unchanged with very low fluctuations over the
simulations, as shown in Fig. 8(a) and (b); in some cases, it
reduces to relax the structure after the absorption of CO,, as
shown in Fig. 8(c). The energy does not show a typical constant
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Fig. 9 Visual representation of charge transfer of SbsTMOg (i) fragments (i) HOMO-LUMO.

trend because, unlike the other two cases, here, CO, has not
formed a bond with Sb;MnOg at the equilibrium position. The
snapshots of the structures are displayed in Fig. 8, which indi-
cates the stability of the materials on the basis of the absence of
any bond breakage.

3.10. Charge transfer integral

In order to perform charge-transfer integral (CTI) calculations,
two fragments were considered, as shown in Fig. 9. The CO,
molecule is taken as region 1, while the Sb;TMO¢ cage material
is taken as region 2.

The calculations indicated that Sb;ScOg exhibits electron-
and hole-transfer energies of 0.22 eV and 0.05 eV, respectively,
and the recombination energy from fragment 1 to fragment 2
was 0.45 eV, while the recombination energy from fragment 2 to
1 was 0.42 eV. In the case of Sb;VOg, the electron- and hole-
transfer energies are 0.21 eV and 0.01 eV, respectively, and the
recombination energy from fragment 1 to fragment 2 is
0.009 eV, while the recombination energy from fragment 2 to 1
is 0.04 eV. For Sb;MnOs, the calculated electron- and hole-
transfer energies are 0.04 eV and 0.1 eV, respectively, and the
recombination energy from fragment 1 to fragment 2 is 0.04 eV,
while the recombination energy from fragment 2 to 1 is 0.01 eV.

3.11. Adsorption of SO,

The optimized structures of Sb;ScOg with the SO, gas molecule
adsorbed on the structure are shown in Fig. 10(a). The
adsorption energy is —5.49 eV, which shows the good
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interaction of the host with the guest molecule. The optimized
distance between Sc and the O atom is 2.33 A. The structure of
the gas molecule after adsorption shows an increase in its bond
length, and the bond length after elongation is 1.46 A. The sum
of the radii of connected atoms is less than their bonding
distance; thus, a weak type of interaction, i.e., physisorption,
takes place. The optimized structures of Sb;TiOg with the SO,
gas molecule adsorbed on the structure are shown in Fig. 10(b).
The adsorption energy is —6.32 eV, which shows the good
interaction of the host with the guest molecule. The optimized
distance between Ti and the O atom is 1.89 A. The structure of
the gas molecule after adsorption shows an increase in its bond
length, and the value of the bond length after elongation is 1.59

r

S0,
/ 2.
r

)

SO, .
1.89

17
1.77
so\ (@
(© O
SO, 2.04) S0,
A
2.16
(2 (h)

Fig. 10 Optimized structures of SO, gas-adsorbed (a) Sb3ScOs, (b)
Sb3TiOe, (€) SbsVOs, (d) SbsCrOs, (€) SbsMnOsg, (f) SbsFeOsg, (g) SbsNiOs
and (h) SbzCoQOe.

(e)
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A. The sum of the radii of connected atoms is less than their
bonding distance; thus, a weak type of interaction, i.e., phys-
isorption, takes place. The optimized structures of Sb;VOg with
the SO, gas molecule adsorbed on the structure are shown in
Fig. 10(c). The adsorption energy is —2.92 eV, which shows the
good interaction of the host with the guest molecule. The
optimized distance between the V and O atoms is 1.77 A. The
structure of the gas molecule after adsorption shows an
increase in its bond length, and the bond length after elonga-
tion is 1.56 A. The sum of the radii of connected atoms is greater
than their bonding distance; thus, a strong type of interaction,
i.e., chemisorption, takes place. The optimized structures of
Sb;CrO, with the SO, gas molecule adsorbed on the structure
are shown in Fig. 10(d). The adsorption energy is —5.03 eV,
which shows the good interaction of the host with the guest
molecule. The optimized distance between Cr and the S atom is
2.17 A. The structure of the gas molecule after adsorption shows
an increase in its bond length, and the value of the bond length
after elongation is 1.45 A. The sum of the radius of connected
atoms is more than their bonding distance; thus, a strong type
of interaction, i.e., chemisorption, takes place.

The optimized structures of Sb;MnO, with the SO, gas
molecule adsorbed on the structure are shown in Fig. 10(e). The
adsorption energy is —5.32 eV, which shows the good interac-
tion of the host with the guest molecule. The optimized distance
between Mn and the S atom is 2.61 A. The structure of the gas
molecule after adsorption shows an increase in its bond length,
and the bond length after elongation is 1.54 A. The sum of the
radii of connected atoms is less than their bonding distance;
thus, a weak type of interaction in the form of physisorption
takes place. The optimized structures of Sb;FeOq with the SO,
gas molecule adsorbed on the structure are shown in Fig. 10(f).
The value of adsorption energy is —5.09 eV, which shows the
good interaction of the host with the guest molecule. The
optimized distance between Fe and the O atom is 1.90 A. The
structure of the gas molecule after adsorption shows an
increase in its bond length, and the bond length after elonga-
tion is 1.53 A. The sum of the radii of connected atoms is greater
than their bonding distance; thus, a strong chemisorption type
of interaction takes place.

The optimized structures of Sb;NiOs with the SO, gas
molecule adsorbed on the structure are shown in Fig. 10(g). On
the basis of the calculated adsorption energy of —4.45 eV,
a strong interaction occurs. The optimized distance between the
Ni and O atoms is 2.16 A. The structure of the gas molecule after
adsorption shows an increase in its bond length, and the bond
length after elongation is 1.44 A. The sum of the radii of con-
nected atoms is less than their bonding distance; thus, a weak
interaction, i.e., physisorption, takes place. The optimized
structures of Sb;CoOg with the SO, gas molecule adsorbed on
the structure are shown in Fig. 10(h). The value of the adsorp-
tion energy is —4.64 eV, which shows the good interaction of the
host with the guest molecule. The optimized distance between
Co and the O atom is 2.04 A. The structure of the gas molecule
after adsorption shows the increase in its bond length, and the
bond length after elongation is 1.51 A. The sum of the radii of
connected atoms is less than their bonding distance; thus,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a weak physisorption interaction takes place. The summary of
the SO, gas adsorption is given in Table S4.

3.12. Electronic properties of the SO,-adsorbed clusters

The calculated HOMO and LUMO energy values for Sb;ScOg-SO,
are —6.86 and —5.55 €V, respectively, as shown in Fig. 11(a). The
HOMO contributions from Sb, O and Sc are 48.4%, 1.37% and
44.44%, respectively. The LUMO contain 58.26% contribution
from S and 1.22% from O. The Sb;ScOg cluster exhibited 7, S, u,
AE, and w values of 0.65 eV, 1.52 eV ', —6.20 eV, 1.52 eV, and
29.38 €V, respectively. The hardness value is less than 2 eV, which
indicates that the SO,-adsorbed Sb;ScOg is a soft material. For the
SO,-adsorbed Sb;TiOg case, the computed HOMO and LUMO
energies are —8.16 and —4.18 eV, respectively, as shown in
Fig. 11(b). The contributions of Sb and O to the HOMO are 45.51%
and 47.81%, respectively. The LUMO is composed of 36.22% Ti,
67.82% Sb and 3.33% O. The calculated 7, S, u, AE, and w values
for the Sb;TiOg are 1.99 €V, 0.50 eV !, —6.17 €V, 0.50 eV and
9.57 €V, respectively. Since the hardness value is less than 2 eV,
Sb;TiOe has been identified as a soft material after the adsorption
of SO,. The calculated HOMO and LUMO energies for the Sb;VO4-
SO, system are —5.34 and —3.15 €V, respectively, as shown in
Fig. 11(c). The HOMO has —5.75% and 22.95% contributions from
S and V, respectively. The LUMO has 59.12% contribution from V,
9.64% from Sb and 8.4% from O.

The Sb3;VOg cluster demonstrated calculated 7, S, u, AE, and
w values of 1.09 eV, 0.91 eV ', —4.24 eV, 0.91 eV, and 8.23 €V,
respectively. The hardness value is less than 2 eV, which indi-
cates that Sb;VOg adsorbed by the SO, gas molecule is a soft
material. For Sb;CrO¢-SO,, the computed HOMO and LUMO
energies are —6.33 and —5.12 eV, respectively, as shown in
Fig. 11(d). The contributions of Cr, S and O to the HOMO are
50.2%, 6.02% and 30.5%, respectively. The LUMO is composed
of 2.43% antimony, 66.73% chromium and 9.72% oxygen. The
calculated 7, S, u, AE, and w values for the SO,-adsorbed
Sb;CrOg are 0.60 €V, 1.65 eV ', —5.72 eV, 1.65 eV and 27.09 eV,
respectively. Since the hardness value is less than 2 eV, Sb;CrOq
has been identified as a soft material. The calculated HOMO
and LUMO energies for Sb;MnOs-CO, are —6.79 and —3.66 eV,
respectively, as shown in Fig. 11(e). The HOMO contributions
from Sb, Mn and O are 2.49%, 64.01% and 23.05%, respectively.
The LUMO contains 58.41% contribution from Mn, 1.35% from
Sb, and O from 29.23%. The Sb;ScOg cluster exhibited 7, S, u,
AE, and w values of 1.56 eV, 0.63 eV !, —5.22 eV, 0.63 eV, and
—8.73 eV, respectively. The hardness value is less than 2 eV,
which indicates that the CO,-adsorbed Sb;MnO¢ is a soft
material. For the Sb;FeOq-SO, case, the computed HOMO and
LUMO energies are —6.56 and —5.40 eV, respectively, as shown
in Fig. 11(f). The contributions of S and O to the HOMO are
3.6%, and 27.15%, respectively. The LUMO is composed of
52.51% S and 47.11% O. The calculated 7, S, u, AE, and w values
for the Sb;FeO, are 0.58 €V, 1.72 eV !, —5.98 eV, 1.72 eV and
30.86 eV, respectively. Since the hardness value is larger than
2 eV, the Sb;FeOq cluster is identified as a hard material.

The calculated HOMO and LUMO energies for the SO,-
adsorbed Sb;NiOg are —7.19 and —3.73 eV, respectively, as
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Fig. 11 Calculated electronic properties of SO,-adsorbed Sbz(TM)Og¢ (where TM is Sc, Ti, V, Cr, Mn, Fe, Ni, and Co): (a) SbzScOg, (b) SbsTiOg, (c)
Sb3VOs, (d) SbzCrOg, (€) SbzsMNnOe, (f) SbsFeOs. (g) SbsNiOg, and (h) SbzCoOs.

shown in Fig. 11(g). The HOMO contributions of Ni, Sb and O  Sb;NiO, exhibited 7, S, u, AE, and « values of 1.03 eV, 0.96 eV,
are 29.63%, 11.71% and 48.36%. The LUMO contain 10.26%
contribution from Ni, 47.57% from S and 36.86% from O. The
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—6.54 €V, 0.96 eV, and 21 eV, respectively. The hardness value is
less than 2 eV, which indicates that the SO,-adsorbed Sb;NiOg is
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a soft material. For Sb;CoOg, the computed HOMO and LUMO
energies are —7.19 and —3.73 eV, respectively, as shown in
Fig. 11(h). The contributions of Sb, Co, and O to the HOMO are
4.28%, 39.89% and 49.66%, respectively. The LUMO is
composed of 65.67% Co, 2.89% Sb and 23.29% O. The calcu-
lated values for the Sb;CoO are 1.73 eV, 0.58 eV ', —5.46 eV,
0.58 eV, and 8.62 eV for 7, S, u, AE, and w, respectively. Since the
hardness value is less than 2 eV, Sb;CoOg has been identified as
a soft material.

3.13. Charge transfer integral (CTI) of the SO, adsorbed
clusters

As discussed above, the charge transfer integral for Sb;ScOg is
calculated, which yields electron- and hole-transfer energies of
0.02 and 0.01 eV, respectively, as well as a recombination energy
of 0.62 eV from fragment 1 to fragment 2. Conversely, the
recombination energy from fragment 2 to 1 is 0.01 eV, as shown
in Fig. 12(a). For Sb;TiOg, the calculated electron- and hole-
transfer energies are 0.46 and 1.69 eV, respectively, and the
recombination energy from fragment 1 to fragment 2 is 0.34 eV,
while the recombination energy from fragment 2 to 1 is 0.08 €V,
as shown in Fig. 12(b). For Sb3VOg, the calculated electron- and
hole-transfer energies are 0.45 and 0.03 eV, respectively, and the
recombination energy from fragment 1 to fragment 2 is 0.72 eV,
while the recombination energy from fragment 2 to 1 is 0.12 eV,
as shown in Fig. 12(c). For Sb3CrOg, the calculated electron- and
hole-transfer energies are 0.57 and 1.57 eV, respectively, and the
recombination energy from fragment 1 to fragment 2 is 0.11 eV,
while the recombination energy from fragment 2 to 1 is 0.07 €V,
as shown in Fig. 12(d). For SbsMnOs, the calculated electron-
and hole-transfer energies are 0.64 and 0.19 eV, respectively,
and the recombination energy from fragment 1 to fragment 2 is
0.09 eV, while the recombination energy from fragment 2 to 1 is
0.23 eV, as shown in Fig. 12(e). For SbsFeOg, the calculated
electron- and hole-transfer energies are 0.44 and 0.36 eV,
respectively, and the recombination energy from fragment 1 to
fragment 2 is 0.30 eV, while the recombination energy from
fragment 2 to 1 is 0.10 eV. For Sb;CoOs, the calculated electron-
and hole-transfer energies are 0.20 and 0.06 eV, respectively,
and the recombination energy from fragment 1 to fragment is 2

f © @
(a) (b) !I V
© % ® g ()

Fig. 12 Charge transfer integral calculations for SbsTMOg as HOMO -
LUMO: (a) Sb3ScOs, (b) SbsTiOg, (c) SbsVOe, (d) SbzCrOg, () SbzMNnOg,
(f) SbzFeQg, (g) SbzNiOg and (h) SbzCoOs.
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0.05 eV, while the recombination energy from fragment 2 to 1 is
0.69 eV, as shown in Fig. 12(f). For Sb;NiOg, the calculated
electron- and hole-transfer energies are 0.45 and 0.03 eV,
respectively, and the recombination energy from fragment 1 to
fragment 2 is 0.72 eV, while the recombination energy from
fragment 2 to 1 is 0.12 eV, as shown in Fig. 12(g). For Sb;Co0,
the calculated electron- and hole-transfer energies are 0.04 and
0.53 eV, respectively, and the recombination energy from frag-
ment 1 to fragment 2 is 0.09 eV, while the recombination energy
from fragment 2 to 1 is 0.31 eV, as shown in Fig. 12(h).

3.14. Stability of the fully loaded structure of SO,

The stability levels of the SO,-absorbed Sb;ScOg, Sb;TiOg,
Sb;VOg, Sb;CrOg, Sb;MnOg, Sb;FeOg, Sb;NiOg and Sb;CoOg are
represented in Fig. 13, which shows a snapshot of cages after
absorption and the change in energy and temperature over the
time interval. AIMD simulations were carried out at a high
temperature of 600 K.

The AIMD simulation carried out in the case of the SO,-
adsorbed Sb;TMOg structure yields plots of temperature and
energy against time, as illustrated in Fig. 13. The energy of all
systems remained rather constant over the simulations or
moved towards final equilibrium positions, showing the
stability of the structure after the absorption of gas molecules.
The snapshots of the structures are also displayed in Fig. 13 to
showcase that there is no structural change after the absorp-
tion. The structural study shows that there is no bond breakage,
indicating the stability of the materials.

3.15. Adsorption of NH;

The optimized structures of Sb;ScOg with an NH; gas molecule
adsorbed on the structure are shown in Fig. 14(a). The
adsorption energy is —1.59 eV, which shows the good interac-
tion of the host with the guest molecule. The optimized distance
between Sc and the N atom is 2.36 A. The structure of the gas
molecule after adsorption shows a decrease in the bond length,
and the bond length after shortening is 1.01 A. The sum of the
radii of the connected atoms is less than their bonding
distance; thus, a weak type of interaction, i.e., physisorption,
takes place. The optimized structures of Sb;TiOg with the NH;
gas molecule adsorbed on its structure are shown in Fig. 14(b).
The adsorption energy is —0.70 eV, which shows the good
interaction of the host with the guest molecule. The optimized
distance between Ti and the N atom is 2.26 A. The structure of
the gas molecule after adsorption shows a decrease in its bond
length, and the bond length after shortening is 1.01 A. The sum
of the radii of connected atoms is less than their bonding
distance; thus, a weak type of interaction, i.e., physisorption,
takes place. The optimized structures of Sb;VOe with an NH;
gas molecule adsorbed on the structures are shown in Fig. 14(c),
which points to an adsorption energy of —0.02 eV and a large
vertical distance of 4.41 A. These results show a very weak
physisorption interaction between the host and CO. The opti-
mized structures of Sb;CrOg with an NH; gas molecule adsor-
bed on the structure are shown in Fig. 14(d). The adsorption
energy is —0.92 eV, which shows the good interaction of the host
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Fig. 14 Optimized structures of the SO,-gas-adsorbed clusters of (a)
SngCOG, (b) Sb3TiOG, (C) SbgVOs, (d) SbgCrOG, (e) Sb3Mn06, (f)
Sb3FeO6, (g) Sb3N|06 and (h) Sb3COOs.
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with the guest molecule. The optimized distance between Cr
and the N atom is 2.11 A. The structure of the gas molecule after
adsorption shows a decrease in its bond length, and the bond
length after shortening is 1.01 A. The sum of the radii of the
connected atoms is 1.95 A, which is less than their bonding
distance; thus, the weak physisorption interaction takes place.

The optimized structures of Sb;MnOg with an NH; gas
molecule adsorbed on the structure are shown in Fig. 14(e). The
value of the adsorption energy highlights the good interaction
of the host with the guest molecule. The optimized distance
between Mn and the N atom is 2.26 A. The structure of the gas
molecule after adsorption shows an increase in the bond
length, and the bond length after the elongation is 1.08 A. The
sum of the radius of the connected atom is 1.99 A, which is less
than their bonding distance; thus, a weak type of interaction,
i.e., physisorption, takes place. The optimized structures of
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Sb;FeO¢ with an NH; gas molecule adsorbed on the structure
are shown in Fig. 14(f). The value of adsorption energy is
—1.03 eV, which shows the good interaction of the host with the
guest molecule. The optimized distance between Fe and the N
atom is 2.36 A. The sum of the radius of the connected atom is
2.03 A, which is less than their bonding distance, pointing to
weak physisorption.

The optimized structures of SbzNiOg with an NH; gas
molecule adsorbed on the structure are shown in Fig. 14(g). The
adsorption energy is —0.55 eV, which shows the good interac-
tion of the host with the guest molecule. The optimized distance
between the Ni and N atom is 1.77 A. The structure of the gas
molecule after adsorption shows a decrease in its bond length,
and the value of the bond length after shortening is 1.01 A. The
sum of the radii of connected atoms is greater than their
bonding distance; thus, a strong type of interaction, which is
also known as chemisorption, takes place. The optimized
structures of Sb;ScOs with an NH; gas molecule adsorbed on
the structure are shown in Fig. 14(h). The value of adsorption
energy is —0.54 eV, which shows the good interaction of the host
with the guest molecule. The optimized distance between Co
and the N atom is 1.95 A. The structure of the gas molecule after
adsorption shows a decrease in its bond length, and the value of
the bond length after shortening is 1.01 A. The sum of the radii
of connected atoms is greater than their bonding distance; thus,
a strong chemisorption interaction takes place. The summary of
results on NH; gas adsorption is mentioned in Table S5.

3.16. Electronic properties of the NH;-adsorbed clusters

The calculated HOMO and LUMO energies for the Sb;ScOs-NH;
system are —6.80 and —1.44 eV, respectively, as shown in
Fig. 15(a). The HOMO contributions from Sb, Sc and O are
47.91%, 2.84% and 44.82%, respectively. The LUMO contains
91.25% H, 1.76% N and 8.76% Sc. The calculated values of 7, S,
u, AE, and w for the Sb;ScOg cluster are 2.68 eV, 0.37 eV,
04.12 eV, 0.37 eV, and 4.37 eV, respectively. The hardness value
is greater than 2 eV, which indicates that the NH;-adsorbed
Sb;ScOg is a soft material.

For the Sb;TiOs-NH; system, the computed HOMO and
LUMO energies are —7.25 and —2.41 eV, respectively, as shown
in Fig. 15(b). The contributions of Sb and O to the HOMO are
48.18 and 43.08%, respectively. The LUMO is composed of
19.7% Ti, 74.09% Sb and 0.46% O. The calculated 7, S, u, AE,
and w values for the Sb;TiOg are 2.42 €V, 0.41 eV, —4.83 €V,
0.41 eV and 4.82 eV, respectively. Since the hardness value is
greater than 2 eV, the NH;-adsorbed Sb;TiOg has been identi-
fied as a hard material. The calculated HOMO and LUMO
energies for the Sb;VOs-NH; system are —5.16 and —2.0 eV,
respectively, as shown in Fig. 15(c). The HOMO has 2.36% and
92.45% contributions from O and V, respectively. The LUMO
has 62.7% contribution from V, 27.15% from Sb and 1.45%
from O. The Sb;VOg cluster exhibits values of 1.58 €V, 0.63 eV *,
—3.58 eV, 0.63 eV, and 4.06 eV, respectively. The hardness value
is less than 2 eV, which indicates that the NH;-adsorbed Sb;VOg
is a soft material. For the Sb;CrOs-NH; system, the computed
HOMO and LUMO energies are —4.81 and -3.38 eV,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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respectively, as shown in Fig. 15(d). The contributions of Cr and
O to the HOMO are 80.59 and 11.29%, respectively. The LUMO
is composed of 89.47% Sb, 1.44% Cr and O 3.83%. The calcu-
lated 7, S, u, AE, and w values for the SO,-adsorbed Sb;CrOg are
0.71 eV, 1.40 eV !, —4.09 eV, 1.40 eV and 11.73 eV, respectively.
Since the hardness value is less than 2 eV, Sb;CrOg is identified
as a soft material.

The calculated HOMO and LUMO energies for Sb;MnOg-
NH; are —4.63 and —1.97 eV, respectively, as shown in
Fig. 15(e). The HOMO contributions from H, Mn and O are
13.06%, 88.47% and 1.74%, respectively. The LUMO contains
58.41% contribution from Mn, 82.34% from Sb and 9.23% from
0. The Sb;ScOg cluster exhibited 7, S, u, AE, and w values of
1.33 eV, 0.75 eV ', —3.30 €V, 0.75, 4.09 €V, respectively. The
hardness value is less than 2 eV, which indicates that the NH;-
adsorbed Sb;MnOg is a soft material. For Sb;FeO¢-SO,, the
computed HOMO and LUMO energies are —6.21 and —4.41 eV,
respectively, as shown in Fig. 15(f). The contributions of Sb, Fe,
and O to the HOMO are 1.44, 51.4, and 28.73%, respectively.
The LUMO is composed of 7.73% Sb and 41.11% oxygen. The
calculated 7, S, u, AE, and w values for the Sb;FeOg are 0.90 eV,
1.11 eV'', —5.31 eV, 1.11 eV, and 15.66 eV, respectively. Since
the hardness value is less than 2 eV, the NH;-adsorbed Sb;FeOq
cluster has been identified as a soft material. The calculated
HOMO and LUMO energies for the NH;-adsorbed Sb;NiOg are
—6.71 and —2.61 eV, respectively, as shown in Fig. 15(g). The
HOMO contributions from Ni, Sb, and O are 3.86, 10.68, and
72.89%, respectively. The LUMO contains 7.4% Ni, 61.4% Sb,
and 12.36% oxygen. The values of 7, S, u, AE, and w calculated
for Sb;NiOg are 2.05 eV, 0.49 eV ™!, —4.66 eV, 0.49 eV, and
5.30 eV, respectively. The hardness value is greater than 2 eV,
which indicates that the NHjz-adsorbed Sb;NiOg is a hard
material. For Sb;CoO¢-NH3, the computed HOMO and LUMO
energies are —6.39 and —2.84 eV, respectively, as shown in
Fig. 15(h). The contributions of Sb, Co, and O to the HOMO are
8.38,40.63 and 43.56%, respectively. The LUMO is composed of
66.05% Co, 3.35% Sb and 27.17% O. The calculated values of 7,
S, 1, AE, and o for the Sb;CoOg cluster are 1.77 eV, 0.56 eV ",
—4.61 €V, 0.56 eV and 6 eV, respectively. Since the hardness
value is less than 2 eV, the NH;-adsorbed Sb;CoOg cluster has
been identified as a soft material.

3.17. Charge transfer integral (CTI) of the NH;-adsorbed
clusters

As discussed above, for the Sb;ScOg, the CTI-calculated elec-
tron- and hole-transfer energies are 0.10 and 0.06 €V, respec-
tively, and the recombination energy from fragment 1 to
fragment 2 is 0.91 eV, while the recombination energy from
fragment 2 to 1 is 0.05 eV, as shown in Fig. 16(a). For Sb3TiO,
the calculated electron- and hole-transfer energies are 0.22 and
1.64 eV, respectively, and the recombination energy from frag-
ment 1 to fragment 2 is 0.78 eV, while the recombination energy
from fragment 2 to 1 is 0.22 eV, as represented in Fig. 16(b). For
Sb;CrOg, the calculated electron- and hole-transfer energies are
0.25 and 1.02 eV, respectively, and the recombination energy
from fragment 1 to fragment 2 is 0.25 eV, while the

RSC Adv, 2026, 16, 6164-6188 | 6179
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Fig. 15 Calculated electronic properties of the NHs-adsorbed Sbz(TM)Og (Wwhere TM is Sc, Ti, V, Cr, Mn, Fe, Ni, and Co): (a) Sb3ScOg, (b) Sb3TiOg,
(C) SbgVO@ (d) Sb3CrOG, (e) Sb3MnOG, (f) SbgFQOe, (g) Sb3NiOG, and (h) SbgCOOG.

recombination energy from fragment 2 to 1 is 0.08 eV, as shown
in Fig. 16(c). For Sb;MnOg, the calculated electron- and hole-
transfer energies are 1.13 and 0.33 eV, respectively, and the

6180 | RSC Adv, 2026, 16, 6164-6188

recombination energy from fragment 1 to fragment 2 is 2.45 eV,
while the recombination energy from fragment 2 to 1 is 1.15 eV,
as represented in Fig. 16(d). For SbsFeOg, the calculated

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(h)

Fig. 16 Charge transfer integral calculations for SbsTMOg as HOMO-LUMO: (a) Sb3ScOg, (b) SbsTiOg, (c) SbzVOs, (d) SbzCrOg, (e) SbsMnOsg, (f)

SbsFeOs, (g) SbsNiOg and (h) SbsCoOs.

electron- and hole-transfer energies are 0.44 and 0.17 eV,
respectively, and the recombination energy from fragment 1 to
fragment 2 is 0.42 eV, while the recombination energy from
fragment 2 to 1 is 0.07 eV, as shown in Fig. 16(e). For Sb3CoOg,
the calculated electron- and hole-transfer energies are 0.02 and
0.66 eV, respectively, and the recombination energy from frag-
ment 1 to fragment 2 is 0.05 eV, while the recombination energy
from fragment 2 to 1 is 0.12 eV, as shown in Fig. 16(f). For
Sb;NiOg, the calculated electron- and hole-transfer energies are
0.45 and 0.03 eV, respectively, and the recombination energy
from fragment 1 to fragment 2 is 0.72 eV, while the recombi-
nation energy from fragment 2 to 1 is 0.12 eV, as shown in
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Fig. 16(g). For Sb3CoOg, the calculated electron- and hole-
transfer energies are 1.16 and 1.34 eV, respectively, and the
recombination energy from fragment 1 to fragment 2 is 1.44 eV,
while the recombination energy from fragment 2 to 1 is 1.38 €V,
as represented in Fig. 16(h).

3.18. Stability of the loaded structure of NH;-adsorbed
Sb;TMO,

The stability of the NH3-absorbed Sb;ScOg, Sb;TiOg, Sb3CrOs,
Sb;MnOg, Sb;FeOg, and Sb;CoOg is represented in Fig. 17,
which also gives a snapshot after absorption and the change in
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Fig. 17 AIMD simulations of the fully loaded NHs-absorbed (a) SbzScOg, (b) SbzTiOg, (c) SbzCrOg, (d) SbzMnOeg, (e) SbsFeOg and (f) SbzCoOs.
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energy and temperature over the time interval. The energy of all
systems remained rather constant over the simulations, as
shown in Fig. 17(a), (b), (c), (d), (e) and (f), respectively. The
structural study shows that there is no bond breakage, indi-
cating the stability of the materials.

3.19. Adsorption of CH,

The optimized structures of Sb;ScOs with a CH, gas molecule
adsorbed on the structure are shown in Fig. 18(a). The
adsorption energy is —6.23 eV, which shows the good interac-
tion of the host with the guest molecule. The optimized distance
between Sc and the C atom is 2.48 A. The structure of the gas
molecule after adsorption shows an increase in its bond length,
and the value of the bond length after elongation is 1.46 A.

The sum of the radii of connected atoms is less than their
bonding distance; thus, a weak physisorption type of interac-
tion takes place. The optimized structures of Sb;TiOg and
Sb;VOg, with a CH, gas molecule adsorbed on the structures,
are shown in Fig. 18(b) and (c). The adsorbed energies are low in
this case, i.e., —1.04 and —1.096 eV, whereas large vertical
distances of 4.13 and 4.02 A are observed. The results show
a very weak physisorption interaction between the host and
guest molecule, indicating the absence of any change in the
structure of the host.

The optimized structures of Sb;CrOg¢ with a CH, gas mole-
cule adsorbed on the structure are shown in Fig. 18(d). The
value of the adsorption energy is —2.67 eV, which indicates the
good interaction of the host with the guest molecule. The
optimized distance between Cr and the C atom is 2.04 A. The
structure of the gas molecule after adsorption shows an
increase in its bond length, and the value of the bond length
after elongation is 1.45 A. The sum of the radius of the con-
nected atom is 2.03 A, which is less than their bonding distance,
pointing to physisorption. The optimized structures of
Sb;MnOg¢ with the CH, gas molecule adsorbed on the structure
are shown in Fig. 18(e). The adsorption energy is —5.88 eV,
which shows the good interaction of the host with the guest
molecule. The optimized distance between Mn and the C atom
is 2.40 A. The structure of the gas molecule after adsorption
shows an increase in its bond length, and the bond length after

CH, “_’;é\
3

ny

CH,

0] ® t( ()

Fig. 18 Optimized structures of the CH4-gas-adsorbed (a) SbzScOeg,
(b) SbsTiOg, (c) Sb3zVOe, (d) SbsCrOg, (e) SbzMnOg, (f) SbsFeOg, ()
SbsNiOg and (h) SbzCoOg.
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elongation is 1.54 A. The sum of the radii of the connected
atoms is 2.06 A, which is less than their bonding distance; thus,
a weak physisorption interaction takes place.

The optimized structures of Sb;FeOg, SbzNiOg, and Sb;CoOg¢
with the CH, gas molecule adsorbed on the structure are shown
in Fig. 18(f), () and (h), respectively. The adsorbed energies are
—1.97, —0.51 and —0.90 eV. The vertical distances are large,
with values of 4.38, 4.10 and 4.09 A, pointing to a very weak
interaction between the host and the guest molecule. The
adsorption in this case is physisorption, and it produces no
change in the structure of the host. The structural properties of
the CH,-absorbed Sb;TMOg are described in Table S6.

The computed adsorption energies demonstrate that the
Sb;(TM)O¢ clusters display significant TM-dependent modifi-
cations in gas interactions, providing good selectivity at room
temperature. CH, interacts poorly with all TM sites (E, =
—0.5 eV, physisorption), but gases such as SO, and NH; show
substantially greater adsorption (up to —6.32 eV for SO, on
Sb;TiOg). This considerable variation in binding strength
means that under ambient settings, the sensors preferentially
adsorb and respond to strongly interacting gases, while weakly
adsorbing molecules, such as CH,, generate minimal interfer-
ence, ensuring good discrimination at room temperature. As
compared to conventional TM-doped metal-oxide sensors,
Sb;(TM)O, cage materials have the potential to demonstrate
good sensing performance, with high sensitivity and selectivity.
The adsorption experiments demonstrate that gas-host inter-
actions are strongly dependent on the TM site, enabling selec-
tive detection. With the exception of Sb;ScO, (E, = —0.81 eV),
CO, interacts weakly with a majority of TM sites (E, < —0.5 eV),
SO, exhibits significant chemisorption on V and Cr sites, and
NH; adsorption varies from physisorption to chemisorption
depending on the TM. High adsorption energies (e.g., —5.49 eV
to —6.32 eV for SO,) demonstrate significant charge transfer,
which may enhance the sensor sensitivity, although even the
physisorption scenario creates noticeable structural distur-
bances. Similarly, NH; adsorption fluctuates from phys-
isorption to chemisorption depending on the TM, indicating
flexible modification of selectivity based on the TM choice. High
adsorption energies (e.g., —5.49 eV and —6.32 eV for some SO,
and Sb;(TM)O, interactions) indicate significant charge transfer
upon binding, which would probably result in significant
changes in the electronic characteristics and great sensitivity in
a practical sensor. Even physisorption with CO, or CH, causes
noticeable structural perturbations (bond elongation), showing
that even weakly interacting gases can stimulate a meaningful
sensor response.

In contrast, ordinary TM-doped metal-oxide sensors
frequently display low selectivity need high working tempera-
tures while suffering from environmental sensitivity. Reversible
physisorption and strong chemisorption are made possible by
the adjustable TM-dependent adsorption on Sb;(TM)O,. This
dual-mode mechanism offers excellent sensitivity, selectivity
and possibly lower power operation, which is a distinct benefit
over previously reported TM-doped sensors.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08222f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 02 February 2026. Downloaded on 4/7/2026 6:26:09 PM.

(cc)

Paper

View Article Online

RSC Advances

Sh,Sc0, CH,

DOS (States per eV) _

-12 -8 —4 0 4 8

DOS (States per eV)

|——5b,TiO,_CH,
f——5b

f—o0

—c

84 HOMO LUMO

()

-12 -8 —4 0 4 8
Energy (eV)

HOMO LUMO

Energy (eV) Energy (eV)
10 T T f——Sb;MnO,_CH,| 9
| 1 ——sb ——Sb,Fe0,_CH,|
1 1 [—Mn 8 —
~81 HOMO | | LUMO ¢
> 97
° o >
g | I = 6
2.6 g
§ | I 2 5
s [ 24
Z 44 (I )
1)
: .
B2 ol 22
l 1
0 + 0+
-12 -8 -4 0 4 -12 -8 —4 0 4 8
nergy (eV) Energy (eV)
L [——sb,NiO,_CH]| 10 T T ——Sh,Co0,_CH,
s+ N ——sb 1 | ——sb
o Nii —Co
I —o g4 HOMO | ILUMO —o
S HOMO 1iLumo — S Lo —c
261 . © o
g6 ] b -
= 26T h
F 1 ® | 3 L 0)
S4- h = Lol
2 1 @ 4 o
g r 2 o
=] o /
2, I = 1o
1 | |
| | 1
0 .
-12 -8 —4 0 4 8

nergy (eV)

Energy (eV)

Fig. 19 Calculated electronic properties of the CH4-adsorbed Sbs(TM)Og (where TMis Sc, Ti, V, Cr, Mn, Fe, Ni, and Co): (a) Sb3ScOg, (b) SbzTiOg,
(C) Sb3V06, (d) Sb3Cr06, (e) Sb3MﬂOG, (f) SbgFeO@ (g) Sb3NiOG, and (h) Sbg,COOG.

3.20. Electronic properties of the CH -adsorbed clusters

The calculated HOMO and LUMO energies for Sb;ScOs-CH, are
—7.04 and —1.11 eV, respectively, as shown in Fig. 19(a). The
HOMO contributions from Sb, Sc, and O are 45.5, 2.10, and

© 2026 The Author(s). Published by the Royal Society of Chemistry

40.03%, respectively. The LUMO contains 9.26% contribution
from Sc and 80.99% from Sb. The Sb;ScOg cluster exhibits 7, S,
u, AE, and w values of 2.96 eV, 0.33 eV~ %, 0.35 eV, —4.07 eV, and
2.80 eV, respectively. The hardness value is greater than 2 eV,
which indicates that the CH,-adsorbed Sb;ScO¢ is a hard

RSC Adv, 2026, 16, 6164-6188 | 6183
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Fig. 20 Charge transfer integral calculations on SbsTMOg as HOMO-LUMO: (a) SbzScOg, (b) SbsTiOg, (c) Sb3VOg, (d) SbzCrOg, (e) SbsMnOg, (f)

SbgFeO(;, (g) Sb3N|O5 and (h) Sb3COO6.

material. For Sb;TiO¢-NH;, the computed HOMO and LUMO
energies are —7.74 and —3.37 €V, respectively, as shown in
Fig. 19(b). The contributions of Sb, Ti, and O to the HOMO are
48.3, 1.30, and 46.01%, respectively. The LUMO is composed of
95.85% Ti. The calculated 7, S, u, AE, and w values for the
SbsTiOg are 2.18 eV, 0.45 eV}, —5.64 eV, 0.45 eV, and 7.30 eV,
respectively. Since the hardness value is larger than 2 eV, the
CHj-adsorbed Sb;TiO¢ cluster has been identified as a hard
material. The calculated HOMO and LUMO energies for
Sb;VOs-CH, are —5.13 and —1.99 eV, respectively, as shown in
Fig. 19(c). The HOMO has a 92.19% contribution from V and
6.45% from Sb. The LUMO has 10% contribution from V and
24.09% from Sb. The calculated 7, S, u, AE, and w values for the
Sb;VOs cluster are 1.57 €V, 0.63 eV ', —3.56 eV, 0.63 eV, and
4.04 eV, respectively. The hardness value is less than 2 eV, which
indicates that the NH;-adsorbed Sb;VOg cluster is a soft mate-
rial. For the Sb;CrOs-CH, system, the computed HOMO and
LUMO energies are —5.85 and —4.22 eV, respectively, as shown
in Fig. 19(d). The contributions of Cr and O to the HOMO are
82.57 and 4.20%, respectively. The LUMO is composed of 9.04%
Sb, 75.25% Cr, and O 9.22%. The calculated values of 7, S, u, AE,
and w for the Sb;CrOq cluster are 0.81 eV, 1.23 eV ', —5.03 eV,
1.23 eV, and 15.55 eV, respectively. Since the hardness value is
less than 2 eV, the CH -adsorbed Sb;CrO¢ has been identified as
a soft material. The calculated HOMO and LUMO energies for
Sb;MnO¢-NH; are —5.97 and —2.60 eV, respectively, as shown
in Fig. 19(e). The HOMO contributions from Sb, Mn, and O are
2.40, 65.10, and 20.50%, respectively. The LUMO contains
80.92% contribution from Mn, 18% from Sb and 5.32% from O.
The values of n, S, u, AE, and w calculated for the Sb;CrOg
cluster are 1.68 eV, 0.59 eV, —4.28 eV, 0.59 €V, and —5.22 eV,
respectively. The hardness value is less than 2 eV, which indi-
cates that the CH,-adsorbed Sb;MnOg cluster is a soft material.

For the Sb;FeOs-CH, system, the computed HOMO and
LUMO energies are —6.34 and —5.15 eV, respectively, as shown

6184 | RSC Adv, 2026, 16, 6164-6188

in Fig. 19(f). The contributions of Sb, Fe, and O to the HOMO are
1.40, 50.49, and 29.03%, respectively. The LUMO is composed of
7.07% Sb and 40.61% oxygen. The calculated values of 7, S, u,
AE, and o for the Sb;FeOq are 0.59 eV, 1.68 eV !, —5.74 €V,
1.68 eV, and 27.73 eV, respectively. Since the hardness value is
less than 2 eV, the CH -adsorbed Sb;FeOg has been identified as
a soft material. The calculated HOMO and LUMO energies for
the CH,-adsorbed Sb;NiOg are —6.71 and —2.61 eV, respectively,
as shown in Fig. 19(g). The HOMO contributions from Ni, Sb,
and O are 3.86, 10.68, and 72.89%, respectively. The LUMO
contains 7.4% contribution from Ni, 61.4% from Sb, and
12.36% from O. The Sb;NiOg exhibited 7, S, u, AE, and w values
of 2.05 eV, 0.49 eV %, —4.66 eV, 0.49 eV, and 5.30 eV, respec-
tively. The hardness value was greater than 2 eV, which indi-
cated that CHj,-adsorbed Sb;NiOg is a hard material. For
Sb;Co0s-NH3;, the computed HOMO and LUMO energies are
—7.05 and —3.13 eV, respectively, as shown in Fig. 19(h). The
contributions of Sb, Co, and O to the HOMO are 8.30, 41.60, and
43.40%, respectively. The LUMO is composed of 64.05% Co,
4.35% Sb and 20.17% O. The calculated 7, S, u, AE, and w values
for the Sb;CoO; are 1.96 €V, 0.51 eV ', —5.09 eV, 0.51 eV and
—5.09 eV, respectively. Since the hardness value is less than
2 eV, the NH;-adsorbed Sb;Co0O¢ has been identified as a soft
material.

3.21. Charge transfer integral (CTI) of the CH,-absorbed
clusters

As discussed above, for Sb;ScOg, the CTI-calculated electron-
and hole-transfer energies are 0.35 and 0.06 eV, respectively,
and the recombination energy from fragment 1 to fragment 2 is
0.49 eV, while the recombination energy from fragment 2 to 1 is
0.04 eV. For Sb;CrOg, the calculated electron- and hole-transfer
energies are 0.22 and 1.64 eV, respectively, and the recombi-
nation energy from fragment 1 to fragment 2 is 0.78 eV, while
the recombination energy from fragment 2 to 1 is 0.22 eV. For

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 AIMD simulations of the fully loaded NH3z-absorbed (a) SbzScOg, (b) SbzCrOg, and (c) SbzMnOg.

Sb;CrOg, the calculated electron- and hole-transfer energies are
0.28 and 0.32 eV, respectively, and the recombination energy
from fragment 1 to fragment 2 is 0.35 eV, while the recombi-
nation energy from fragment 2 to 1 is 0.61 eV. For Sb;MnOg, the
calculated electron- and hole-transfer energies are 0.05 and
0.08 eV, respectively, and the recombination energy from frag-
ment 1 to fragment 2 is 0.50 eV, while the recombination energy
from fragment 2 to 1 is 0.01 eV, as shown in Fig. 20(a)-(h).

3.22. Stability of the fully loaded structure of CH,-absorbed
Sb;TMO¢

The stability of the SO,-absorbed Sb;ScOs, Sb;CrOs, and
Sb;MnOg is represented in Fig. 21, which gives snapshots of
post-absorption cases and the change in energy and tempera-
ture over the time interval.

The AIMD snapshots of the structures and the plots of
temperature and energy against time are illustrated in Fig. 21.
The energy of all systems remained rather constant over the
simulations, as shown in Fig. 21(a), (b) and (c), respectively. The
analysis of the structures shows that there is no bond breakage,
which indicates the stability of the materials.

3.23. Recovery time (7)

A crucial factor for determining a gas-sensing material's prac-
tical applicability is its recovery time (t), which establishes the
rate at which the sensor is capable of returning to its initial
condition following gas desorption. The desorption kinetics of
various gases and TMs substituted in the clusters can poten-
tially be quantitatively compared using this method. The find-
ings show that gases with weak-to-moderate adsorption
energies, such as CO, and NH3;, have short-to-moderate recovery
durations, confirming a sensing mechanism dominated by
reversible physisorption. For real-time monitoring applications,
where rapid sensor replacement is essential, such behavior is
ideal.

The computed recovery times for Sb;(TM)O, interacting with
SO,, CO,, NH;, and CH, demonstrate an evident distinction
between major and minor desorption modes, which are mainly
controlled by the intensity of the gas-surface interactions.
Because of its strong chemisorption behavior and high
adsorption energies, SO, consistently shows the longest

© 2026 The Author(s). Published by the Royal Society of Chemistry

recovery times among all TM-doped systems. This indicates the
slow desorption kinetics and that external stimuli, including
mild heating or UV irradiation, may be necessary for complete
sensor regeneration. CO,, NH3, and CH,4, on the other hand,
show noticeably shorter recovery durations, which are in line
with the weak-to-moderate physisorption and enable quick and
reversible sensing, making them appropriate for real-time
monitoring applications. Although delayed SO, desorption
indicates strong binding and provides application-dependent
selectivity, the overall recovery time trends indicate that
Sb3(TM)O, is highly generalizable and effective for CO,, NH;
and CH, detection. A summary of the recovery times for all the
gases is represented in Tables S3-S6.

4. Summary

The inorganic molecular clusters belong to a unique class of
material employed for diverse applications. This investigation
explores the structural and electronic properties of Sb;(TM)Og
(where TM is Sc, Ti, V, Cr, Mn, Fe, Ni, and Co) using first
principles calculations. The TM-dependent adsorption behav-
iors of CO,, SO,, NH;, and CH, indicate whether the TM sites
favor stronger or weaker interactions with certain gas mole-
cules. In particular, sensors that incorporate these particular
TM sites are predicted to show improved selectivity and sensi-
tivity towards SO, under controlled settings due to the signifi-
cant adsorption energies anticipated for SO, on Sb;TiO, and
Sb;VO,, compared to the weaker interactions for CO, or CH, on
the same clusters. By generating TM-substituted molecular
clusters or thin films and monitoring variations in their resis-
tance, current or capacitance in the presence of various gas
molecules, this prediction may be verified experimentally. A
dual-mode adsorption process is identified by the investigation,
with chemisorption taking place for strongly interacting gases
and physisorption dominating for weakly interacting gases. In
order to verify the anticipated sensing mechanisms, dynamic
gas exposure tests were conducted to evaluate visible variations
in response time, recovery time, and reversibility.

The thermal stability of all eight pure materials was
computed at a temperature of 1000 K. The adsorption energies
of the CO,, SO,, NH;, and CH, toxic gas molecules on the host
zero-dimensional molecular clusters (Sb;ScOg, Sb;TiOg,

RSC Adv, 2026, 16, 6164-6188 | 6185
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Sb3VOg, Sb3CrOg, SbsMnOg, SbsFeOg, SbzNiOg, and Sb;CoOs)
were computed. The electronic properties of all loaded struc-
tures were calculated. The stability of the fully loaded configu-
ration for all molecular clusters was computed by AIMD
simulations at a temperature of 600 K. QTAIM revealed that the
clusters contain strong covalent interactions, while the inter-
action between the gas molecule and the molecular material is
weak. Charge analysis was performed using the charge-transfer
integral, which revealed the electronic coupling for both elec-
trons and holes. The anticipated charge transfer and electronic
coupling demonstrated different tendencies for electron and
hole transport during gas adsorption. In order to validate the
recommendations for the Sb;(TM)Os sensor materials, these
results collectively offer a coherent set of experimentally test-
able parameters, such as TM-dependent selectivity, adsorption-
mode-specific reversibility, structural and electronic perturba-
tions and charge-transport behavior.
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