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Abstract—The electronic, magnetic and thermodynamic properties of adsorption of toxic gases including NO
molecules by using transition metals of X (X = Sc, V, Cr, Co, Cu, Zn)-doped boron nitride nanocage
(B5N10_NC) have been investigated using density functional theory. The results denote that NO@X–
B4N10_NC are stable compounds, with the most stable adsorption site being the center of the cage ring. The
partial density of states (PDOS) can evaluate a determined charge assembly between gas molecules and X–
B4N10_NC which indicates the competition among dominant complexes of Sc, V, Cr, Co, Cu, Zn. Based on
NQR analysis, X-doped on B5N10_NC has shown the lowest f luctuation in electric potential and the highest
negative atomic charge including 0.3710 C (copper), 0.5970 C (chromium), 0.7392 C (vanadium), 0.7768 C
(zinc) and 0.8259 C (scandium), respectively, have presented the most tendency for being the electron accep-
tors. Furthermore, the reported results of NMR spectroscopy have exhibited that the yield of electron accept-
ing for doping atoms on the X–B4N10_NC through gas molecules adsorption can be ordered as: Co ≈ Cr >
Cu > Zn > V ≈ SC that exhibits the strength of covalent bond between scandium, vanadium, chromium,
cobalt, copper, zinc and NO towards toxic gas removal from air. In fact, the adsorption of NO gas molecules
can introduce spin polarization on the X–B4N10_NC which specifies that these surfaces may be employed as
magnetic scavenging surface as a gas detector. Regarding IR spectroscopy, doped nanocages of Sc–
B4N10_NC, V–B4N10_NC, Cr–B4N10_NC, Co–B4N10_NC, Cu–B4N10_NC and Zn–B4N10_NC, respec-
tively, have the most f luctuations and the highest adsorption tendency for gas molecules which can address
specific questions on the individual effect of charge carriers (gas molecule-nanocage), as well as doping atoms

on the overall structure. Based on the results of  amounts in this research, the maximum efficiency of Sc,
V, Cr, Co, Cu, Zn atoms doping of B5N10_NC for gas molecules adsorption depends on the covalent bond
between NO molecules and X–B4N10_NC as a potent sensor for air pollution removal. Finally, high selectiv-
ity of atom-doped on boron nitride nanocage (gas sensor) for gas molecules adsorption has been resulted as:
Cu  Co > Cr > V > Zn > Sc.
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1. INTRODUCTION

Boron nitride nanomaterials have been used owing
to their unparalleled specifications of eco-friendly
attributes for pollutant adsorption and semiconduct-
ing property [1–4].

Boron nitride nanometerials usually exhibits semi-
leading behavior, which is considered a proper alter-
native to carbon nanotubes. The properties of boron
and nitrogen atoms which are the first neighbors of
carbon in the periodic table, make boron nitride as an
interesting subject of numerous studies [5–7].

In recent years, different investigations on the
adsorption of chemical contaminants and applying

various boron nitride nanostructures as adsorbents for
water purification have been studied [8–10].

Various physical shapes of boron nitride (BN)-
based nano adsorbents such as nanoparticles,
fullerenes, nanotubes, nanofibers, nanoribbons,
nanosheets, nanomeshes, nanoflowers, and hollow
spheres have been broadly considered possible adsor-
bents owing to their exceptional characteristics such as
large surface area, structural variability, great chemi-
cal/mechanical strength, abundant structural defects,
high reactive sites, and functional groups [11, 12].

Adsorption involving charged adsorbates causes a
change in the double layer and the potential at the
outer Helmholtz plane, influencing the adsorption
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INVESTIGATING THE TREATMENT OF TRANSITION METALS 1051
rates of both anodic and cathodic reactions. The first
three modes are intimately with adsorption and the
double layer involves interaction of the adsorbates and
the intermediate products. These compounds have
been formed during the partial electrochemical reac-
tions and interaction of the adsorbed intermediates
with organic molecules which can either inhibit or
enhance electrode reaction rate.

Particularly, this research work aims to assess the
influences of doping atoms of Sc, V, Cr, Co, Cu, Zn
on the B5N10_NC for increasing gas detection through
measurement of some parameters containing charge
transfer, electric potential, electromagnetic and ther-
modynamic properties, surface area, functional group
and examine the removal of selected toxic gas mole-
cules including nitrogen monoxide during adsorption
process.

2. THEORETICAL INSIGHTS, APPLIED 
MATERIAL AND METHOD

2.1. NO Molecules Adsorption on X–B4N10_NC
The aim of this study is to remove toxic gas mole-

cules including NO from air through an eco-friendly
approach by using (Sc, V, Cr, Co, Cu, Zn)-doped
B5N10_NC (Fig. 1).

Boron nitride nanocage was modeled in the pres-
ence of doping atoms of scandium, vanadium, chro-
mium, cobalt, copper and zinc which can increase the
gas sensing potential of BN-nanocage. In our
research, sample characterization was performed by
CAM–B3LYP–D3/EPR-3, LANL2DZ level of theory.

Figure 1 has shown the process of NO adsorption
on the X–B4N10_NC surface which towards formation
of complexes containing NO@Sc–B4N10_NC,
NO@V–B4N10_NC, NO@Cr–B4N10_NC, NO@Co–
B4N10_NC, NO@Cu–B4N10_NC, NO@Zn–
B4N10_NC by molecular modeling computations.

The charge distribution of mentioned complexes is
calculated due to the Bader charge analysis [13].

The trapping of NO molecules by X–B4N10_NC
(X = Sc, V, Cr, Co, Cu, Zn) were successfully incorpo-
rated due to binding formation consisting of N → Sc,
N → V, N → Cr, N → Co, N → Cu, N → Zn (Fig.1).

2.2. Application of Density Functional Theory Approach
Hohenberg–Kohn (HK) functions have rigidly

made the electronic density permissible as fundamen-
tal variable to electronic and structure computations.
In other words, development of the applied density
functional theory (DFT) methodology only became
notable after W. Kohn and L. J. Sham released their
reputable series of equations which are introduced as
Kohn–Sham (KS) equations [14–19].

Considering the electronic density within the KS
image directs us to a remarkable reduction of quantum
PROTECTION OF METALS AND PHYSICAL CHEMISTR
computing. Thus, the KS methodology lightens the
route for pursuing systems that cannot be discussed by
conventional ab-initio methodologies. Kohn and
Sham introduces the solution which brings up the
mono-electronic orbitals to account the kinetic energy
in a simple and relatively exact, by finding a residual
modification that might be computed apart. So, one
starts with a reference model of M with non-interact-
ing electrons related to the external potential  and
with Hamiltonian [18, 19]:

(1)

By representing the single particle orbitals  all
electronic densities physically acceptable for the sys-
tem of “non-interacting” electrons are written in the
Eq. (2):

(2)

Finally, the total energy could be measured by the
KS method due to the Eq. (3):

(3)

Therefore, the precise exchange energy functional
is described by the Kohn–Sham orbitals in lieu of the
density which is cited as the indirect density func-
tional. This research has employed the penetration of
the hybrid functional of three-parameter basis set of
B3LYP (Becke, Lee, Yang, Parr) within the concep-
tion of DFT upon theoretical computations [20, 21].
The popular B3LYP (Becke, three-parameter, Lee–
Yang–Parr) and exchange-correlation functional
becomes based on Eq. (4) [22–24]:

(4)

 shows a generalized gra-
dient approximation: the Becke ex-change functional
[25] and the correlation functional of Lee, Yang and
Parr [26] for B3LYP and  is the VWN local spin
density approximation to the correlation functional [27].

In this article, the rigid PES using DFT calcula-
tions have been computed applying Gaussian 16 revi-
sion C.01 software [28]. The input Z-matrix for
adsorption of NO molecules in air by the X–
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Fig. 1. Application of X–B4N10_NC towards adsorption of gas molecules of NO and formation of complexes: NO@Sc–
B4N10_NC, NO@V–B4N10_NC, NO@Cr–B4N10_NC, NO@Co–B4N10_NC, NO@Cu–B4N10_NC, NO@Zn–B4N10_NC
complexes using CAM–B3LYP-D3/6–311+G(d,p), LANL2DZ calculation. The sign of adsorption is shown with @.
B4N10_NC has been designed with GaussView 6.1 [29]
using 6-311+G(d,p), EPR-3, LANL2DZ basis set. In
this study, the interaction between gas molecules and
X–B4N10_NC was modeled and analyzed. As revealed
by DFT-based analysis, the potency of X–B4N10_NC
for grabbing NO molecules was determined mainly by
the electronegativity of the functional groups, as well
as the interaction between the X–B4N10_NC and the
NO molecules.
PROTECTION OF METALS AND PHYSICAL
3. RESULTS AND DISCUSSION

One of the most dominant gas pollutants in the air
is nitrogen monoxide. The data has evaluated the effi-
ciency of boron nitride nanocage doped with Sc, V,
Cr, Co, Cu, Zn for gas detection. In fact, it can be
remarked the chemisorptive nature of the bond among
the gas molecules with boron and nitrogen elements
through the equilibrium distribution of doping atoms,
B5N10_NC, and a monolayer attribute.
 CHEMISTRY OF SURFACES  Vol. 60  No. 6  2024



INVESTIGATING THE TREATMENT OF TRANSITION METALS 1053
3.1. PDOS & Electronic Evaluating
The electronic structures of NO adsorption using X

(X = Sc, V, Cr, Co, Cu, Zn)-doped B5N10_NC as the
selective sensor for detecting and grabbing gas mole-
cules in the air have been illustrated using CAM–
B3LYP–D3/6-311+G(d,p), LANL2DZ level of
theory.

Figures 2a–2f shows the projected density of state
(PDOS) of NO@X–B4N10_NC through gas mole-
cules adsorption. The appearance of the energy states
(p-orbital) of N, O and (d-orbital) of Sc, V, Cr, Co,
Cu, Zn within the gap of X–B4N10_NC induces the
reactivity of the system. It is clear from the figure that
after trapping with gas molecules, there is a significant
contribution of d-orbital in the unoccupied level.
Therefore, the curve of partial PDOS has described
that the p states of N atoms in gas molecules and
d-orbital in Sc, V, Cr, Co, Cu, Zn transition metals in
X–B4N10_NC overcome due to the conduction band
(Figs. 2a–2f). A distinguished adsorption trait might
be seen in NO@X–B4N10_NC because of the potent
interaction between the p states of nitrogen atom in gas
molecules with d states of Sc, V, Cr, Co, Cu, Zn in X–
B4N10_NC complexes.

Figures 2a–2f shows that NO@Sc–B4N10_NC,
NO@V–B4N10_NC, NO@Cr–B4N10_NC, NO@
Co–B4N10_NC, NO@Cu–B4N10_NC, and
NO@Zn–B4N10_NC complexes through gas mole-
cules adsorption, respectively, have the most contribu-
tion at the middle of the conduction band between –5
to –15 eV, while contribution of boron and nitrogen
states are enlarged and similar together, and adsorbing
of NO depicts interfacial electronic of the B4N10_NC
for selection of this gas. NO@Sc–B4N10_NC has indi-
cated one sharp peak around –12.5 eV for Sc in
Fig. 2a, while NO@V–B4N10_NC (Fig. 2b) and
NO@Cr–B4N10_NC complexes (Fig. 2c) have exhib-
ited two sharp peaks around –10 and –14.5 eV for V
and Cr atoms, respectively. Furthermore, NO@Co–
B4N10_NC (Fig. 2d) has exhibited four strong peaks
around –8, –10, –11.5 and –14.5 eV through the
graphs for Co atom. Furthermore, the Cu graph with
two sharp close peaks around –14 and –14.5 eV in
NO@Cu–B4N10_NC (Fig. 2e) has been shown. How-
ever, Zn graph in NO@Zn–B4N10_NC (Fig. 2f) with
a sharp peak around –19.5 eV attracts our attention.
Therefore, the order potency of gas adsorption by dop-
ing atoms of Sc, V, Cr, Co, Cu, Zn on X–B4N10_NC
based on the PDOS might be shifted as: Cu–
B4N10_NC  Co–B4N10_NC > Cr–B4N10_NC > V–
B4N10_NC > Zn–B4N10_NC > Sc–B4N10_NC.

3.2. Insight to Nuclear Quadrupole Resonance
As the electric field gradient (EFG) at the citation

of the nucleus in NO is allocated by the valence elec-
trons twisted in the attachment with close nuclei of X–

@

PROTECTION OF METALS AND PHYSICAL CHEMISTR
B4N10_NC through trapping of gas molecules, the
nuclear quadrupole resonance (NQR) frequency at
which transitions occur is particular for NO@X–
B4N10_NC complexes (Table1). The NQR method is
related to the multipole expansion in Cartesian coor-
dinates as the Eq. (5) [30, 31]:

(5)

After that, a simplification on the Eq. (5), there are
only the second derivatives related to the identical
variable for the potential energy [30, 31]:

(6)

There are two parameters which must be gotten
from NQR experiments: the quadrupole coupling
constant, , and asymmetry parameter of the EFG
tensor :

(7)

(8)

where  are ingredients of the EFG tensor at the
quadrupole nucleus determined in the EFG principal
axes system,  is the nuclear quadrupole moment,  is
the proton charge and  is the Planck’s constant [32, 33].

In this research work, the electric potential as the
quantity of work energy through carrying over the
electric charge from one position to another position
in the essence of electric field has been evaluated for
NO@Sc–B4N10_NC, NO@V–B4N10_NC, NO@Cr–
B4N10_NC, NO@Co–B4N10_NC, NO@Cu–
B4N10_NC, and NO@Zn–B4N10_NC complexes
(Table 1).

In Table 1, the Bader charge and electronic poten-
tial properties of Sc, V, Cr, Co, Cu, Zn and B, N in X–
B4N10_NC and N, O of NO molecules trapped on
doped-boron nitride nanocages have been investi-
gated. The amounts indicate that with increasing the
negative charge of different atoms, the electric poten-
tial resulted from NQR calculations increase. More-
over, the doping atoms of Sc (15), V(15), Cr(15),
Co(15), Cu(15), Zn(15) on the B5N10_NC have shown
the most potential for accepting the electron from
electron donor of N(1) and O (2) in NO adsorbed on
the X–B4N10_NC (Table 1).
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Fig. 2. PDOS of gas molecules of NO adsorbed on X–B4N10_NC including (a) NO@Sc–B4N10_NC, (b) NO@V–B4N10_NC,
(c) NO@Cr–B4N10_NC, (d) NO@Co–B4N10_NC, (e) NO@ Cu–B4N10_NC, and (f) NO@Zn–B4N10_NC complexes by
CAM–B3LYP–D3/6-311+G(d,p), LANL2DZ.
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Furthermore, in Figs. 3a–3f, it has been sketched
the electric potential of nuclear quadrupole resonance
for some atoms of Sc, V, Cr, Co, Cu, Zn/B, N in X–
PROTECTION OF METALS AND PHYSICAL
B4N10_NC and N, O of gas molecules trapped on
doped-boron nitride nanocages which has been calcu-
lated by CAM–B3LYP–D3/EPR-3, LANL2DZ.
 CHEMISTRY OF SURFACES  Vol. 60  No. 6  2024
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Table 1. The electric potential (arb. units) and Bader charge (e) through NQR calculation for NO@Sc–B4N10_NC,
NO@V–B4N10_NC, NO@Cr–B4N10_NC, NO@Co–B4N10_NC, NO@Cu–B4N10_NC, and NO@Zn–B4N10_NC com-
plexes using CAM–B3LYP–D3/EPR-3, LANL2DZ calculation

Sc–B4N10_NC V–B4N10_NC Cr–B4N10_NC

Atom Q Ep Atom Q Ep Atom Q Ep

N1 –0.0623 –18.2437 N1 –0.0365 –18.2092 N1 –0.1006 –18.2437

O2 –0.1170 –22.1969 O2 –0.1158 –22.195 O2 –0.0957 –22.2099

B3 0.0990 –11.2667 B3 0.1395 –11.2682 B3 0.1151 –11.2746

N4 0.0053 –18.2607 N4 –0.0462 –18.2769 N4 –0.0326 –18.2739

N5 –0.0532 –18.2476 N5 –0.0743 –18.2656 N5 –0.0825 –18.2753

B6 0.1582 –11.2709 B6 0.1565 –11.2691 B6 0.1111 –11.2739

B7 0.0999 –11.2692 B7 0.1318 –11.2666 B7 0.1199 –11.2748

B8 0.1432 –11.2719 B8 0.1556 –11.2696 B8 0.1163 –11.2758

N9 –0.0445 –18.2559 N9 –0.0484 –18.2585 N9 –0.0326 –18.2658

N10 –0.0468 –18.2475 N10 –0.0737 –18.2644 N10 –0.0994 –18.2819

N11 –0.2326 –18.2756 N11 –0.2011 –18.2673 N11 –0.1406 –18.2638

N12 –0.2691 –18.2969 N12 –0.2187 –18.2679 N12 –0.1407 –18.2624

N13 –0.2051 –18.2834 N13 –0.1890 –18.2653 N13 –0.1347 –18.2608

N14 –0.2688 –18.2974 N14 –0.2199 –18.2674 N14 –0.1442 –18.2639

Sc15 0.8259 –9.3807 V15 0.7392 –12.4983 Cr15 0.5970 –14.3934

N16 –0.0267 –18.2483 N16 –0.0555 –18.2612 N16 –0.0291 –18.2635

N17 –0.0053 –18.2639 N17 –0.0432 –18.2744 N17 –0.0265 –18.2683

Co–B4N10_NC Cu–B4N10_NC Zn–B4N10_NC

Atom Q Ep Atom Q Ep Atom Q Ep

O2 –0.1111 –22.1930 O2 –0.0847 –22.1827 O2 –0.0987 –22.1976

B3 0.1511 –11.2799 B3 0.1439 –11.2831 B3 0.1150 –11.2782

N4 –0.0547 –18.2763 N4 –0.0320 –18.2747 N4 –0.0185 –18.2727

N5 –0.0626 –18.2520 N5 –0.0657 –18.2511 N5 –0.0436 –18.2528

B6 0.1449 –11.2800 B6 0.1362 –11.2829 B6 0.1141 –11.2787

B7 0.1460 –11.2798 B7 0.1301 –11.2822 B7 0.1127 –11.2786

B8 0.1462 –11.2809 B8 0.1247 –11.2809 B8 0.1128 –11.2786

N9 –0.0739 –18.2786 N9 –0.0631 –18.273 N9 –0.0645 –18.2693

N10 –0.0678 –18.2558 N10 –0.0536 –18.2432 N10 –0.0414 –18.25

N11 –0.1124 –18.2576 N11 –0.1440 –18.2666 N11 –0.2080 –18.2814

N12 –0.125 –18.2642 N12 –0.1344 –18.2611 N12 –0.2116 –18.2823

N13 –0.1081 –18.257 N13 –0.1352 –18.2648 N13 –0.2026 –18.2819

N14 –0.1174 –18.2619 N14 –0.1410 –18.2634 N14 –0.2102 –18.2826

Co15 0.2962 –21.0329 Cu15 0.3710 –26.0693 Zn15 0.7768 –16.175

N16 –0.0817 –18.2785 N16 –0.0604 –18.273 N16 –0.0642 –18.2689

N17 –0.0510 –18.2718 N17 –0.0294 –18.2757 N17 –0.0174 –18.2724

N1 0.0813 –18.1696 N1 0.0377 –18.1784 N1 –0.0503 –18.2247
In Figs. 3a and 3b, it was observed the behavior of

NO adsorption on the Sc–B4N10_NC and NO@V–

B4N10_NC, respectively, with the analogous high sen-

sitivity based on relation coefficient of R2 = 0.9314 and
PROTECTION OF METALS AND PHYSICAL CHEMISTR
R2 = 0.9591. Adsorption of NO on the Cr–B4N10_NC

and Co–B4N10_NC in Figs. 3c and 3d, respectively,

has illustrated the highest sensing of R2 = 0.9332 and

R2 = 0.9218. In addition, Figs. 3e and 3f has resulted
Y OF SURFACES  Vol. 60  No. 6  2024



1056 FATEMEH MOLLAAMIN

Fig. 3. Electric potential (arb. units) versus Bader charge (C) through NQR calculation for (a) NO@Sc–B4N10_NC, (b) NO@V–
B4N10_NC, (c) NO@Cr–B4N10_NC, (d) NO@Co–B4N10_NC, (e) NO@Cu–B4N10_NC, and (f) NO@Zn–B4N10_NC com-
plexes by CAM–B3LYP–D3/EPR-3, LANL2DZ.
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that NO@Cu–B4N10_NC, and NO@Zn–B4N10_NC,

respectively, has a good detecting for NO removal

from air through relation coefficient of R2 = 0.9477

and R2 = 0.9533.

It’s vivid that the curve of X–B4N10_NC is waved

by NO molecules. The f luctuated peaks for electric

potential have been shown around NO trapping on the

X–B4N10_NC which demonstrate the electron accept-

ing specifications of nitrogen and oxygen versus the

scandium, vanadium, chromium, cobalt, copper and

zinc doped on the B4N10_NC (Figs. 3a–3f). Besides,

it can be considered that transitions metals as ferro-

magnetic semiconductors in the functionalized

B4N10_NC might have more impressive sensitivity for

accepting the electrons from NO by Sc, V, Cr, Co, Cu,

Zn in the process of adsorption mechanism.
PROTECTION OF METALS AND PHYSICAL
Table 1 has shown that cobalt-doped on B5N10_NC

has the lowest f luctuation between Bader charge ver-

sus electric potential extract from NQR parameters

and the highest negative atomic charge including

0.2962 C in NO@Co–B4N10_NC which can be an

appropriate option with the highest tendency for elec-

tron accepting in the adsorption current (Table 1). In

addition, the adsorbents of copper with 0.3710 C,

chromium with 0.5970 C, vanadium with 0.7392 C,

zinc with 0.7768 C and scandium with 0.8259 C,

respectively, have presented the most tendency for

being the electron acceptors. In fact, the uptake of gas

molecules has been known to be associated with X–

B4N10_NC, indicating that the adsorbed NO mole-

cules in the X-doped nanocage can be internalized

through a different pathway from pristine nanocage.
 CHEMISTRY OF SURFACES  Vol. 60  No. 6  2024
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3.3. Analysis of Nuclear Magnetic Resonance Spectra
Based on resulted amounts, nuclear magnetic res-

onance (NMR) spectra of X–B4N10_NC (X = Sc, V,

Cr, Co, Cu, Zn) as the potent sensor for adsorbing
toxic gas molecules of NO can unravel the efficiency
of X–B4N10_NC for detecting and removing of these

hazardous gases in air as an ecofriendly approach.

From the DFT calculations, it has been attained
the chemical shielding (CS) tensors in the principal axes
system to estimate the isotropic chemical-shielding
(CSI) and anisotropic chemical-shielding (CSA) [34]:

(9)

(10)

The NMR data of isotropic (σiso) and anisotropic

shielding tensors (σaniso) of gas molecules trapped in

the X–B4N10_NC towards formation of NO@Sc–

B4N10_NC, NO@V–B4N10_NC, NO@Cr–B4N10_NC,

NO@Co–B4N10_NC, NO@Cu–B4N10_NC, and

NO@Zn–B4N10_NC complexes have been computed

by Gaussian 16 revision C.01 program package [28]
and been shown in Table 2.

In Table 2, NMR data has reported the notable
amounts for NO which were adsorbed on the X–
B4N10_NC as the selective sensor for detecting gas

molecules in air. The observed increase in the chemi-
cal shift anisotropy spans for N (1) and O (2) atoms of
NO adsorption on the X–B4N10_NC. The observed

weak signal intensity near the parallel edge of the
nanocage pattern may be due to boron binding
induced non-spherical distribution of these com-
plexes.

It is remarkable that doping of Sc, V, Cr, Co, Cu,
Zn on B4N10_NC might promote the stability of nano-

cage that results in enhanced magnetic alignment of
complexes. Interestingly, the reported results show
that Sc, V, Cr, Co, Cu, Zn elements can be optimized
to achieve optimal alignment of nanocage in the pres-
ence of an applied magnetic field.

In fact, the adsorption of NO can introduce spin
polarization on the X–B4N10_NC which indicates that

these surfaces might be applied as magnetic scaveng-
ing surface as a gas detector. Isotropic and anisotropic
shielding f luctuate with the occupancy in the electron
accepting gas molecules trapped in the atom-doped on
the boron nitride nanocage.

Figures 4a–4f exhibited the same tendency of
shielding for boron and nitrogen; however, a consider-
able deviation exists from doping atoms of Sc (15), V
(15), Cr (15), Co (15), Cu (15), Zn(15) through inter-
action with N (1) and O (2) of NO during adsorbing
on the B5N10_NC.

In Figs. 4a–4f, gas molecules of NO in the com-
plexes of NO@Sc–B4N10_NC (Fig. 4a), NO@V–

B4N10_NC (Fig. 4b), NO@Cr–B4N10_NC (Fig. 4c),

NO@Co–B4N10_NC (Fig. 4d), NO@Cu–B4N10_NC

( )σ = σ + σ + σiso 11 22 33            3,

( )σ = σ − σ + σaniso 33 22 11            2. 
PROTECTION OF METALS AND PHYSICAL CHEMISTR
(Fig. 4e), and NO@Zn–B4N10_NC (Fig. 4f) denote

the f luctuation in the chemical shielding during ion
trapping.

Figures 4a–4f shows the gap chemical shielding
between scandium, vanadium, chromium, cobalt,
copper and zinc doping of X–B4N10_NC nanocage

and NO gas molecules. The yield of electron accepting
for doping atoms on the X–B4N10_NC through gas

molecules adsorption can be ordered as: Co ≈ Cr >
Cu > Zn > V ≈ SC that approves the possibility of
covalent bond between scandium, vanadium, chro-
mium, cobalt, copper, zinc and nitrogen monoxide
towards removing it from the air.

In the NMR spectroscopy, it has been observed the
remarkable peaks around interaction of NO molecules
through adsorbing on the X–B4N10_NC during toxic

gas detection and its scavenging from the air; however,
there are some fluctuations in the chemical shielding
behaviors of isotropic and anisotropy attributes.

Therefore, the authors believe that the extracted
results would be useful in the design of X–B4N10_NC

complexes based doped nanomaterials for increasing
the adsorption of NO gas molecules in addition to the
structural studies using solid-state and solution NMR
techniques.

3.4. IR Spectroscopy and Thermodynamic Factors

The IR calculations have been accomplished for
adsorption of NO molecules by X–B4N10_NC during

toxic gas sensing in air. Therefore, it has been simu-
lated the several clusters containing NO@Sc–
B4N10_NC (Fig. 5a), NO@V–B4N10_NC (Fig. 5b),

NO@ Cr–B4N10_NC (Fig. 5c), NO@Co–B4N10_NC

(Fig. 5d), NO@Cu–B4N10_NC (Fig. 5e) and

NO@Zn–B4N10_NC (Fig. 5f) complexes using

CAM–B3LYP–D3/6-311+G(d,p), LANL2DZ.

The graph of Fig. 5a has been observed in the fre-

quency range between 200–1200 cm–1 for NO@Sc–

B4N10_NC with a sharp peak around 517.89 cm–1. Fig-

ure 5b has shown the frequency range between 200–

1100 cm–1 for NO@V–B4N10_NC with sharp peaks

around 576.51, 585.20, and 666.98 cm–1. Figure 5c has
indicated the f luctuation of frequency between 100–

1400 cm–1 for NO@Cr–B4N10_NC with several sharp

peaks around 537.56, 547.52 and 1314.38 cm–1. Figure 5d
has shown the f luctuation of frequency between 100–

1200 cm–1 for NO@Co–B4N10_NC with two sharp

peaks around 485.02 and 508.81 cm–1. Moreover, it
has been observed that the frequency between 200–
1100 for NO@Cu–B4N10_NC with sharp peaks

around 429.12 cm–1 (Fig. 5e). Besides, Fig. 5f has
exhibited the frequency between 200–1100 for
NO@Zn–B4N10_NC with two sharp peaks around

448.61 and 688.63 cm–1.
Y OF SURFACES  Vol. 60  No. 6  2024



1058

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES  Vol. 60  No. 6  2024

FATEMEH MOLLAAMIN

Table2. Data of NMR shielding tensors for selected atoms of NO@Sc–B4N10_NC, NO@V–B4N10_NC, NO@Cr–
B4N10_NC, NO@Co–B4N10_NC, NO@Cu–B4N10_NC, and NO@Zn–B4N10_NC complexes using CAM–B3LYP–
D3/6-311+G(d,p), LANL2DZ calculation.

Sc–B4N10_NC V–B4N10_NC Cr–B4N10_NC

atom σiso σaniso atom σiso σaniso atom σiso σaniso

N1 3288.96 12004.50 N1 8364.44 27502.90 N1 657.46 449.15

O2 3784.83 14745.07 O2 18183.11 59763.77 O2 638.05 829.81

B3 45.32 102.76 B3 117.84 562.2156 B3 73.15 59.20

N4 718.03 9476.56 N4 4204.74 19733.21 N4 864.67 935.73

N5 2082.33 7477.11 N5 6249.23 18732.22 N5 663.8211 1162.01

B6 78.50 120.66 B6 178.28 349.74 B6 73.63 64.90

B7 71.78 105.56 B7 160.30 571.58 B7 70.66 58.23

B8 87.30 63.44 B8 139.22 323.74 B8 67.77 55.83

N9 247.05 1130.01 N9 4148.15 10938.01 N9 194.59 867.75

N10 777.90 7170.48 N10 3592.00 14968.85 N10 637.10 1350.34

N11 1036.46 2615.44 N11 5847.52 9357.01 N11 739.01 891.46

N12 722.49 2826.85 N12 1166.50 8750.80 N12 648.83 703.63

N13 1101.54 1740.61 N13 4231.35 9407.75 N13 686.99 715.76

N14 645.32 2891.22 N14 263.18 9470.19 N14 708.80 622.45

Sc15 603.72 722.60 V15 6179.22 3771.37 Cr15 7806.68 2373.72

N16 645.24 4055.32 N16 1944.78 10094.87 N16 309.99 704.31

N17 207.26 6677.00 N17 10575.45 13849.00 N17 1013.79 1526.37

Co–B4N10_NC Cu–B4N10_NC Zn–B4N10_NC

atom σiso σaniso atom σiso σaniso atom σiso σaniso

N1 6235.13 21991.86 N1 63293.00 94223.48 N1 1551.16 1716.94

O2 13191.61 46595.00 O2 88823.60 132087.84 O2 1866.55 1659.43

B3 315.80 857.56 B3 31.0022 237.228 B3 59.21 86.06

N4 11531.79 25317.62 N4 3081.29 26445.87 N4 867.69 1132.70

N5 18262.38 59345.21 N5 2474.98 20423.95 N5 80.45 310.76

B6 371.00 784.1426 B6 39.79 210.98 B6 59.63 89.72

B7 322.72 820.1116 B7 66.86 321.73 B7 58.66 84.79

B8 351.29 762.9027 B8 1.84 182.22 B8 58.32 90.12

N9 2775.17 43699.70 N9 1189.16 18670.09 N9 270.49 738.94

N10 16350.09 52405.72 N10 2089.78 23940.52 N10 113.63 385.12

N11 2593.17 5918.10 N11 1208.41 5659.78 N11 913.16 606.23

N12 3290.23 6195.62 N12 4479.93 27757.65 N12 967.93 781.41

N13 653.93 6410.61 N13 2635.56 6052.16 N13 871.75 595.94

N14 1621.05 5288.46 N14 6411.38 25786.03 N14 916.85 656.01

Co15 49289.45 84963.85 Cu15 16157.16 44143.15 Zn15 5.2 431.41

N16 6136.67 43276.78 N16 3203.10 17623.09 N16 273.41 716.23

N17 14002.19 27833.11 N17 8941.76 21869.78 N17 877.54 1156.93

N1 6235.13 21991.86 N1 63293.00 94223.48 N1 1551.16 1716.94
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Fig. 4. The NMR spectra for (a) NO@ Sc–B4N10_NC, (b) NO@V–B4N10_NC, (c) NO@Cr–B4N10_NC, (d) NO@Co–

B4N10_NC, (e) NO@Cu–B4N10_NC, and (f) NO@Zn–B4N10_NC complexes using CAM–B3LYP–D3/6-311+G(d,p),

LANL2DZ.
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The IR spectra of NO adsorption on the X–

B4N10_NC has demonstrated that the structure of the

dominant complex correlates with the electron

potency of doped X (X = Sc, V, Cr, Co, Cu, Zn) on the

B5N10_NC. As it has been seen the doped nanocages

of Sc–B4N10_NC, V–B4N10_NC, Cr–B4N10_NC,

Co–B4N10_NC, Cu–B4N10_NC, and Zn–B4N10_NC

complexes have the most f luctuations and the highest

tendency for adsorption of NO around 450 cm–1.

Therefore, it can be found that IR spectroscopy of
PROTECTION OF METALS AND PHYSICAL CHEMISTR
NO-adsorbed X–B4N10_NC is now well-placed to

address specific questions on the individual effect of

charge carriers (gas molecule-nanocage), as well as

doping atoms on the overall structure (Figs. 5a–5f).

Table 3 through the thermodynamic specifications

concluded that X–B4N10_NC due to adsorption of

NO might be more efficient sensors for detecting and

removing the gas molecules from the polluted air.

Thermodynamic parameters of NO gas molecules

adsorption on the X–B4N10_NC have been deter-
Y OF SURFACES  Vol. 60  No. 6  2024
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Fig. 5. The Frequency (cm–1) changes through the IR spectra for (a) NO@Sc–B4N10_NC, (b) NO@V–B4N10_NC, (c)

NO@Cr–B4N10_NC, (d) NO@Co–B4N10_NC, (e) NO@Cu–B4N10_NC, and (f) NO@Zn–B4N10_NC complexes using

CAM–B3LYP–D3/6-311+G(d,p), LANL2DZ.
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mined using DFT theoretical technique. It has been

shown that for a given number of nitrogen donor sites

in NO, the stabilities of complexes owing to doping

atoms of Sc, V, Cr, Co, Cu, Zn can be considered as:

NO@Cu–B4N10_NC  NO@Co–B4N10_NC >

NO@Cr–B4N10_NC > NO@V–B4N10_NC >

NO@Zn–B4N10_NC > NO@Sc–B4N10_NC (Table 3).

The thermodynamic data in Fig. 6 could detect the
maximum efficiency of Sc, V, Cr, Co, Cu, Zn atoms
doping of B5N10_NC for gas molecules adsorption

through  which depends on the covalent bond
between NO gas molecules and X–B4N10_NC as a

potent sensor for air pollution removal.

The adsorption process of NO gas molecules on the

X–B4N10_NC is affirmed by the  quantities:

@

°Δ RG

°Δ adsG
PROTECTION OF METALS AND PHYSICAL
(11)

Figure 6 has shown that the key role of doped atoms

of Sc, V, Cr, Co, Cu, Zn during interaction between

the adsorbates of NO gas molecules as the electron

donors and the adsorbent of Sc–B4N10_NC, V–

B4N10_NC, Cr–B4N10_NC, Co–B4N10_NC, Cu–

B4N10_NC, and Zn–B4N10_NC as electron acceptors.

Therefore, the selectivity of atom-doped on boron

nitride nanocage (gas sensor) for gas molecules

adsorption can be resulted as: Cu  Co > Cr > V >

Zn > Sc (Table 3 and Fig. 6).

( )
° °Δ = Δ

° °− Δ +Δ

ads NO @ –B4N10 _ NC

NO  –B4N10 _ NC

 

   ;

Sc,V,Cr,Co, Cu, Zn.

X

X

G G

G G

@
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Table 3. The thermodynamic characters of NO@Sc–B4N10_NC, NO@V–B4N10_NC, NO@Cr–B4N10_NC, NO@Co–
B4N10_NC, NO@Cu–B4N10_NC, and NO@Zn–B4N10_NC complexes using CAM–B3LYP–D3/6-311+G(d,p),
LANL2DZ calculation

Compound
∆E°×10–3, 

kcal/mol

∆Ho × 10–3, 

kcal/mol

∆Go × 10–3, 

kcal/mol
So, cal/K mol

Dipole moment, 

D

NO@Sc–B4N10_NC –515.659 –515.659 –515.688 100.315 0.9301

NO@V–B4N10_NC –531.306 –531.306 –531.337 105.216 0.3502

NO@Cr–B4N10_NC –540.960 –540.959 –540.993 111.987 0.7802

NO@Co–B4N10_NC –577.471 –577.471 –577.503 109.405 0.5716

NO@Cu–B4N10_NC –609.782 –609.781 –609.813 106.275 0.4199

NO@Zn–B4N10_NC –527.877 –527.876 –527.907 103.769 0.5630

Fig. 6. Gibbs free energy (  ) versus dipole moment (D) for NO@Sc–B4N10_NC, NO@V–B4N10_NC, NO@Cr–
B4N10_NC, NO@Co–B4N10_NC, NO@Cu–B4N10_NC, and NO@Zn–B4N10_NC complexes using CAM–B3LYP–D3/6-
311+G(d,p), LANL2DZ calculation.
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4. CONCLUSIONS

This research has investigated doping of Sc, V, Cr,
Co, Cu, Zn transition metals on the boron nitride
nanocage (X–B4N10_NC) for enhancing toxic gas

sensing of these nanomaterials for air pollution
removal. Therefore, NO gas molecules separation
involving the X–B4N10_NC has been experimented

based on electrostatic interactions between the gas
molecules and X–B4N10_NC.

The electromagnetic and thermodynamic proper-
ties of X–B4N10_NC complexes were computed using

density functional theory. The results have illustrated
that chosen gas molecules adsorbed on the X–
B4N10_NC are rather stable with the most stable

adsorption site being in the center of X–B4N10_NC

system. The selectivity of atom-doped on boron
nitride nanocage (gas sensor) for gas molecules
adsorption can be resulted as: NO@Cu–B4N10_NC 

NO@Co–B4N10_NC > NO@Cr–B4N10_NC >

@

PROTECTION OF METALS AND PHYSICAL CHEMISTR
NO@V–B4N10_NC > NO@Zn–B4N10_NC >

NO@Sc–B4N10_NC, respectively.

This work proposes that transition metals as ferro-
magnetic semiconductors can be examined through
doping on the nanomaterials for enhancing the
adsorption potency towards designing the pollution
removal sensors.
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