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Abstract

The emission of nitrous oxide (N20) represents a serious environmental challenge due to its
contribution to ozone layer depletion. In this work, density functional theory calculations with
dispersion correction (DFT-D3), employing the B3LYP functional and the LanL2DZ basis set, were
carried out to investigate the adsorption of N2O on pristine and yttrium-modified B12N12 nanocages.
Geometric, electronic, and energetic parameters were analyzed, as well as the electronic sensitivity
of the systems toward gas adsorption. The Y@bes nanocage exhibited the largest variation in the
energy gap (AEgap = 38.7%), indicating high sensitivity to N2O. Energetic results reveal that N2O is
physically adsorbed on pristine B12N12 (Eass = -0.16 eV), whereas it interacts moderately with the
Y@bes nanocage (Eass = -1.07 V), showing an appropriate recovery time (1 = 120.54 s). In addition,
the Y@bes system demonstrated good selectivity toward N20 in the presence of interfering gases
(H2, CH4, and CO). These findings indicate that the Y@bess nanocage is a promising material for
application as a selective N20 gas sensor.

Keywords: B12N12 nanocage, adsorption, N20, sensor.

Resumo

A emisséo de oxido nitroso (N20) representa um sério desafio ambiental devido a sua contribuigdo
para a destruigdo da camada de ozénio. Neste trabalho, calculos baseados na Teoria do Funcional
da Densidade com corregéo de dispersdo (DFT-D3), utilizando o funcional B3LYP e o conjunto de
base LanL2DZ, foram realizados para investigar a adsorcdo de N2O em nanogaiolas de B12N12
puras e modificadas com itrio (Y). Foram analisados os parametros geométricos, eletrénicos e
energéticos, bem como a sensibilidade eletrbnica dos sistemas a adsor¢do do gas. A nanogaiola
Y@bes apresentou a maior variagdo do gap de energia (AEgap = 38,7%), indicando elevada
sensibilidade ao N20. Os resultados energéticos revelam que o N20 se adsorve fisicamente na
B12N12 pura (Eads = -0,16 eV), enquanto interage de forma moderada com a nanogaiola Y@bes (Eads
= -1,07 eV), exibindo um tempo de recuperagédo adequado (T = 120,54 s). Além disso, o sistema
Y@bes demonstrou boa seletividade em relagdo a gases interferentes (H2, CHs e CO). Esses
resultados indicam que a nanogaiola Y@bes € um material promissor para aplicagdo como sensor
seletivo de N20.

Palavras-chave: Nanogaiola B12N12, adsor¢do, N20, sensor.

1. Introduction

The mission of scientists to find materials capable of detecting or
eliminating harmful gases present in the atmosphere has not been an easy task. In
recent decades, studies have intensified for the development of chemical sensors
capable of rapid and efficient detection of these gases [1,2]. Nanometric materials
have been investigated as an alternative for application as sensors, due to their
small size, good precision and excellent reactivity properties. Among these

materials, we have boron nitride (BN)n nanocages, which have gained prominence
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due to their excellent properties, such as oxidation resistance, high sensitivity and
low recovery time [3].

Even with their excellent properties, some gases, such as COCl2, H2S, NO
tend not to be spontaneously adsorbed on the surface of the B12N12 nanocage [4].
In this context, recent studies have investigated the structural modification of this
nanomaterial using transition metals; in order to overcome this limitation, as well as
improve their adsorption properties [5, 6]. Among the second-row transition metals,
yttrium (Y) has gained prominence in studies as a modifier of nanomaterials for
application as a sensor of atmospheric gases [7, 8]. Agwamba et al. [9] investigated
the adsorption of metal-doped silicon nanocages (SisoX; X = Nb, Mo, Y, Zr) as N-
Nitrosodimethylamine (NDMA) gas nanosensors using correlation-exchange
functional (PBE) and Lanl2DZ basis set. The results reported that doping with
transition metals (Nb, Mo, Y, Zr) in the Sieso fullerene nanostructure significantly
improved the interaction with NDMA. Other molecular descriptors also indicated
positive results, confirming the suitability of the surfaces for NDMA detection.

The objective of this study was to explore, using DFT calculations, the
adsorption behavior of N20O gas on Y-modified B12N12 nanocages, along with the
interfering gases Hz, CH4, and CO, to assess the potential of this material as an

environmental sensor for toxic gases.

2. Computational Methodology

DFT calculations were performed using the ORCA 5.0 program [10]. The
pure and Y-modified B12N12 nanocages were optimized using the B3LYP-D3 [11]
functional and the Lanl2DZ basis set. The B3LYP functional-Grimme D3 dispersion
correction/LANL2DZ basis set level of theory was adopted in this study due to its
suitable balance between computational cost and reliability for investigating
geometric parameters, adsorption energies, and electronic properties of B-N-based
nanocage systems. The B3LYP functional has been widely applied in similar
adsorption studies, while the D3 dispersion correction improves the description of
long-range van der Waals interactions that are relevant in adsorption processes. For

the yttrium atom, the LANL2DZ basis set was selected because it incorporates
3
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effective core potentials (ECPs), enabling an efficient treatment of heavier atoms
while maintaining methodological consistency across all investigated systems. This
computational approach has also been frequently reported in previous studies
involving transition-metal-modified nanomaterials. Frequency analysis was
performed to confirm the global minima of the optimized structures. The modification
of B12N12 with Y resulted in five optimized structures [12]: doped (YB11N12 and
B12N11Y, with substitution of a boron atom and a nitrogen atom for a Y atom in the
nanocage, respectively); decorated (Y@bes and Y@bes, with a Y atom positioned
above the atomic bond between the tetragonal and hexagonal rings and above the
atomic bond between two hexagonal rings, respectively) and the encapsulated
structure (Y@B12N12, in which a Y atom is positioned inside the B12N12 nanocage).
In the present work, the isolated nanocages (pristine and Y-modified) and the
closed-shell gas molecules (N20, H2, CH4, and CO) were treated in their singlet
ground states, which is the expected configuration for these species. For the
adsorbed systems, the calculations were also predominantly performed assuming a
singlet state. Additionally, spin-polarized calculations were considered for the
Y@bes system, as indicated by the reference to the a-spin state in the manuscript,
using an unrestricted formalism to allow for possible spin-density redistributions
induced by adsorption. The obtained results did not reveal significant electronic
changes that would justify the need for a systematic exploration of other spin
multiplicities. Therefore, the adopted methodological strategy represents an
appropriate balance between theoretical rigor and computational feasibility and is
sufficient to consistently describe the adsorption phenomena discussed in this
study.

The structures were calculated as neutral, and their stability was
investigated through the cohesive energy (Econ), Which was calculated according to

the following equation [13]:
1
Econ = E(Enanocage —XEg — yEx — 2E1m), (1)

where Enanocage is the total energy of the nanocage (either pure or yttrium-

modified); Es, En and Ey are the energies of the B, N, and Y atoms, respectively; X,

4
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y, and z represent the quantities of each atom (B, N, and Y, respectively) in the
structure; and N is the total number of atoms in the nanocage.

Given the energy gap (Egap), defined as the difference between the LUMO
(ELumo) and HOMO (Enomo) energies, we determine the value of electronic
sensitivity (AEgap) for the interaction between the N2O molecule and the pure or Y-

modified B12N12 nanocages according to equation 2, below:

{Egap('nanocage—Nzoj_Egapc'nanocagej]‘ X 1{:'0%’ (2)

Egapc'nanocagej

AEgap =

where Egap(nanocage-N20) is the energy gap for the interaction of N2O with pure and
modified B12N12 nanocages, and Egapnanocage) is the energy gap for pure or Y-
modified B12N12.

The Eads value for the interaction between N20 and B12N12 or Y-B12N12 was
calculated according to equation 3:

Eads= E(nanocage-N20)—(E (nanocage)+E(N20))+EBsse (3)

where E(nanocage-N20) is the energy of the B12N12 or Y-B12N12 nanocage bound to N20,
E(nanocage) is the energy of the pure B12N12 or Y-modified B12N12 nanocages, Enzo) is
the energy of the N20 molecule, and Essse is the basis set superposition error
(BSSE) [13].

The recovery time (1), which is exponentially related to the system Eads, can

be calculated by equation 4 [14]:

where vo is the attempt frequency (10'2 vo s™), ks is the Boltzmann constant (8.62 x
1075 eV K™"), and T is the thermodynamic temperature (K).

The yttrium-modified nanocage that showed the best result for N20
detection was subjected to interaction with other gases considered interferents (Ho,
CH4 and CO) to investigate its selectivity for N2O adsorption in comparison with
these gases. The selectivity was evaluated by calculating the sensor response (S)
and the selectivity coefficient (k) using the following equations 5 and 6 [15]:
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where Ogas represents the conductivity of the gas adsorbed on the surface of the
nanocage, Opure iS the conductance of the isolated nanocage (equation 5). In
equation 6, Sy,, and S;,,; indicate sensitivity to N2O gas and to interferents gases,
respectively, and ky,o_i: represents the sensitivity ratio to N20O against an

interfering gas.

3. Results and Discussion

The optimized structures of B12N12 and Y-modified nanocages are shown in
Fig. 1 a), and their electronic properties are presented in Table 1. The interaction of
N20 gas is presented in Fig. 1 b). The results show that for B12N12 nanocages, the
B-N bond lengths of 1.485 and 1.437 A are in agreement with previous studies [16,
17].

As seen in Fig. 1 a), the modification with Y atom causes a local
deformation in the nanocages and this may be due to their large atomic radius. After
the optimization of the geometry of the modified cages, it is observed that there was
an increase in the bond length; in the case of the encapsulated structure, the metal
projected to the center of the nanocage. Fig. 1 b) shows that N2O presents a
nonlinear geometry when interacting with Y in the decorated nanocages, binding

through the N atom and not through O as occurs in other analyzed systems.
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Figure 1. Optimized structures of pristine and Y-modified B12N12 nanocages (a), and adsorption

configurations of the N2O molecule on isolated and Y-modified B12N12 nanocages (b).

Table 1 shows the cohesion energy (Ecoh,), dipole moment (DM) and charge
transfer (Q) for the pure and Y-modified B12N12 structures. The B12N12 nanocage
showed a dipole moment equal to zero [18]. The highest dipole moment value was
for B11N12Y DM = 10.18 Debye, while the lowest was for Y@B12N12 DM = 1.63
Debye, indicating a lower charge partition in the encapsulated cage (-0.37 |e|). The
largest charge shift from Y to the cage is seen in the Y@bes system (+0.45 |e|),
where the metal replaces a B atom in B12N12. The Econ analysis provides information
about the affinity of the nanocage with the metal, exploring in detail the stability of
the cage/metal systems. The results show that the lower Econ values (less negative)
for the modified nanocages prove that all structures are less stable than pure B12N12
[12]. In addition, YB11N12 stands out as the most unstable among the studied
nanocages, with Econ = -6.81 eV.

The parameters of the isolated and modified systems for N20 gas
adsorption: HOMO energy (En / eV), LUMO energy (EL / eV), HOMO-LUMO gap

(Egap / €V), sensitivity (AEgap / %) are shown in Table 2. It is noted that the energies
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of the HOMO and LUMO orbitals of B12N12 underwent changes after the interaction

with N20, this change directly reflected in the variation of Egap.

Table 1 - Calculated cohesive energy (Econ), dipole moment (DM), and yttrium atomic charges (Q) for

the isolated systems.

System Econ/ €V~ DM/ Debye Q/ e

BN -6.82 0.00 -
YBuN2 - 6.81 10.18 +0.63
BiaNuY - 6.49 9.71 +0.05

Y(@bes - 6.64 6.93 +0.45

Y(@bss - 6.63 721 +0.33

Y (@B12N12 -6.27 1.63 -0.37

The bandgap of B12N12 decreased from 5.93 eV to 5.18 eV after adsorption,
indicating weak interaction with N2O gas. The sensitivity of a system is determined
by the change in the bandgap before and after gas adsorption (see Equation 2) [19,
20]. In this context, modifying the nanocage with yttrium increases its sensitivity to
the gas [21]. For the pure B12N12 system, the sensitivity to N2O adsorption was
(AEgap = 12.54 %). These data are confirmed by the low adsorption energy obtained
for the system (Eads = -0.16 eV), characterizing a physisorption (Eads > -0.3 eV) [22]
with Van der Waals-type interaction. Among the metal-modified cages, B12N11Y
showed the lowest sensitivity (AEgap = 7.42%) with adsorption energy (Eads = -0.55
eV). In the case of the Y@bess (a - spin up) system, the energy was (Eads = -1.07

eV), a value considered moderate for a chemisorption process.
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Table 2 — Calculated parameters for the isolated nanocages and their interaction with N20, including
HOMO energy (Ex), LUMO energy (EL), energy gap (Egap), electronic sensitivity (AEgsp), and

adsorption energy (Eads).

Isolated With N20 adsorbed
System S gy Er Egap Ex EL  Egp AEgp  Eads
(eV) (eV) (eV) (eV) (eV) (eV) (%) (eV)
BN =777 -1.84 593 -7.61 -2.43 5.18 12.54 -0.16
YBuNi2 o -6.71 -2.78 3.93 -6.60 -3.33 3.27 16.87 -0.46
BeeNuY o -548 -2.79 2.69 -5.65 -3.16 249 7.42 -0.55
Y(@bes o -4.53 -2.19 2.34 -5.99 -2.91 3.08 31.44 -0.63
f -570 -2.63 3.07 -5.99 -3.35 2.64 14.12
Y (@bes o -4.57 -2.20 2.37 -6.16 -2.87  3.29 38.70 -1.07
B -533 -2.72 2.61 -6.47 -3.32 3.15 20.53
Y@B12N12 o -4.88 -2.89 1.99 -4.87 -3.33 1.54 22.21 -0.49
B -5.00 -2.85 2.15 -5.19 -3.34 1.85 14.19

o — spin up — (alpha): f — spm down — (beta)

Furthermore, it showed good sensitivity (AEgap = 38.70%) with satisfactory
recovery time at a temperature of 298 K (1 = 120.54 s), making it suitable as a
material for application as a sensor. To assess the selectivity of the Y@bes
nanocage for N2O gas detection, the adsorption of other gases, including Hz, CHa,
and CO, was examined using the same calculation methods. The optimized

structures are presented in Fig. 2.

% &" ”

¢ceH®@c@® YEOBON 00



https://doi.org/10.66104/zrwxm372

Received: 13/03/2026 - Accepted: 10/05/2026
Vol: 13.09
DOI: 10.66104/zrwxm372

ISSN 2178-6925 Pages: 1-17

Figure 2. Optimized adsorption configurations of interfering gases (H2, CH4, and CO) on the Y@bses

nanocage.

Table 3 presents the results for HOMO-LUMO (Egap), distance (d),
adsorption energy (Eads) and sensitivity (AEgap) for the adsorption of Hz, CH4 and
CO gases (considered interfering gases) on the surface of the Y@bss nanocage.
The selection of interfering gases (Hz2, CH4, and CO) was based on their practical
relevance and frequent presence in environments where N20 detection may occur.
These gases commonly coexist with N20 in industrial, environmental, and
atmospheric contexts and may interfere with its detection. Additionally, their distinct
physicochemical properties, such as polarity, molecular size, and reactivity, allow for
a broader evaluation of the sensor’s selectivity under realistic conditions.

The FMO data show that the nanocage is more sensitive to nitrous oxide
compared to the other gases studied (AEgap = 38.70%), indicating that N20 is
preferentially detected by the Y@bes system. Regarding the adsorption distances of
the interfering gases on the nanocage, it is noted that CH4 has the largest
interaction distance (d = 3.44 A), while the smallest was observed for N2O gas (d =
2.16 A). The adsorption energies indicate that Hz, CH4 and CO gases undergo
physical adsorption on the surface of the Y@bss cage [23]. For nitrous oxide gas
adsorption, the resulting adsorption energy (Eass = -1.07 eV) characterizes a
chemisorption process. Regarding the recovery time of the interfering gases, the
values obtained were high, making them unfavorable for adsorption on the Y@bss
surface. In contrast, the recovery time for the interaction between the nanocage and
N20 gas (1 = 120.54 s) is considered satisfactory at room temperature (however,
this result should be considered only as a preliminary theoretical estimate, and
experimental validation is required to confirm the practical recovery performance of
the proposed material). The preference of the Y@bes nanocage for N20 results from
a combination of electronic and structural factors. The yttrium atom creates a highly
polarized electrophilic site, favoring interaction with N20, which exhibits an
asymmetric electronic distribution. Adsorption occurs mainly through o-donation
from N20 to the metal center, with possible t-back-donation, enhancing charge

transfer and characterizing a moderate chemisorption process.

10
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To analyze the interaction of Y@bes with N20O and interfering gases, the
sensitivity (S) and selectivity (k) were calculated using the same methodology as in
previous studies.

Table 3 — Values of gap HOMO-LUMO (Egap), cage/gas distance (d), adsorption energy (Eads),

electronic sensitivity (AEgap), recovery time (1), and also the sensitivity (S) and selectivity coefficient
(k) calculated for the interaction of Hz, CH4 and CO gases with the Y@bes cage.

Egap d E ads AEgap

System - ; . ; T S K

Y V) A (V) (%)

Y(@bss — N0 3.29 216 -1.07 38.70 120.54 s 5.93x 107 -
Y(@bss — Ha 2.30 301 -0.19 3.04 1.13x 107 s 2.90 2.05x 107
Y@bss—CHs 238 344  -004 034 1.24x10¥ s 0.22 2.69x10°
Y (@bss — CO 1.79 209 -060 2454 515x10°s  7.95x10* 7.46x 10

These parameters assess the system’s effectiveness in gas detection and
its ability to distinguish a specific gas in the atmosphere. Overall, the results indicate
that the Y@bess nanocage exhibits higher sensitivity to N2O compared to other gases
and can effectively differentiate it from interfering gases, showing the highest
selectivity coefficient for the N2O/CH4 pair. These findings suggest that the Y@bes
nanocage holds potential as a sensor with strong sensitivity and selectivity for N2O
detection.

Table 4 presents the performance of different materials for N20O gas
adsorption, based on previously reported studies in the literature [24—27], along with
the results obtained for the Y@bes nanocage. It is observed that Y@bss exhibits
higher sensitivity toward N20O (AEgap = 38.70%) compared to the other analyzed
systems.

The results obtained for the B12N12 nanocage indicate an adsorption energy
typical of a physisorption process (Eadss = -0.22 eV), evidencing a weak interaction
between the cage surface and the N2O molecule, which suggests limited efficiency
for sensing applications. In contrast, structural modification with the yttrium metal
promotes significant changes in the electronic and reactive properties of the system,

favoring a stronger interaction with the gas.

11
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In fact, the Y@bes nanocage exhibits a pronounced sensitivity (AEgap =
38.70%), along with a more negative adsorption energy (Eaiss = -1.07 eV),
characteristic of a chemisorption process. This behavior indicates the formation of
stronger chemical interactions, resulting in greater charge transfer and,

consequently, a more significant electronic response of the material.

Table 4 - Comparison of the detection performance between Y@bes and previously reported

materials in the literature.

Sensor Functional Eags/ eV AEgap/ (%) References
BNz B3LYP -0.22 34.95 [24]
Bss B3LYP -0.13 0.20 [25]
Be 2012 B3LYP-D3 -0.42 20.99 [26]
Mg2012 B3LYP-D3 -0.53 1.44 [26]
Al-doped graphene B3LYP -0.23 15.91 [27]
Zn12012 B3LYP -0.70 19.80 [28]
B-SnS; PBE -2.20 26.32 [29]
Mo-WSe» PBE -2.85 16.37 [30]

Y @bes B3LYP-D3 -1.07 38.70 This work

Furthermore, the larger variation in the energy gap suggests superior
performance in sensing applications, since small structural changes induced by gas
adsorption generate detectable responses. Therefore, it can be concluded that the
Y@bes nanocage stands out as a promising material for the development of highly
sensitive and selective sensors, with strong potential for the rapid and efficient

detection of N2O gas.

4. Conclusions

12
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In summary, Y-modified nanocages exhibited improved theoretical
performance compared to pristine B12N12 for N20 adsorption. Among the
investigated systems, the Y@bes nanocage presented the most favorable
adsorption energy, electronic sensitivity, and selectivity toward N20O molecules
among the analyzed structures. These computational findings suggest that Y@bses
may represent a promising theoretical candidate for future studies involving
selective N20 sensing applications. Nevertheless, the present results are based
exclusively on theoretical calculations, and further experimental investigations are
still required to evaluate synthesis feasibility, long-term stability, environmental
effects, and practical sensor performance under real operating conditions before

any definitive technological application can be established.
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