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Abstract—The adsorption of four CO, CO2, NO, NO2 gas molecules in the atmosphere on titanium
(Ti)-doped monolayer SiC surface was investigated using the density functional theory (DFT) with equilib-
rium geometries optimized at the CAM-B3LYP/6-311+G(d, p) level of theory. The thermochemical, electric
and magnetic properties data recommend that the adsorption of these gas molecules on Ti-embedded SiC
sheet (SiC_sh) monolayer is more energetically desired than that on the pristine ones. Gas molecules of CO,
CO2, NO, NO2 have been adsorbed on the Ti site of doped SiC monolayer through the formation of covalent
bonds. Moreover, after the adsorption, the orientations of the gas molecules exhibited a tendency to orient in
the inclined and parallel forms to monolayer SiC_sh. The DFT analysis explored that the monolayer SiC_sh
with C and Ti-doped atoms possessing one satisfied valency increased the Van der Waal interactions between
the gas molecules and the monolayer SiC_sh. Furthermore, the assumption of chemical adsorptions has been
approved by the projected density of states (PDOS) and charge density difference plots. Charge density dif-
ference calculations also indicate that the electronic densities were mainly accumulated on the adsorbate of
CO, CO2, NO, NO2 gas molecules. The results in this investigation can indicate the competence of transition
metal doped silicon carbide nanosheet in sensor devices. The overall analysis showed that the adsorption
strength of monolayer SiC_sh towards the chosen gas molecules follows the order: NO2 > CO2 > NO > CO.
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INTRODUCTION
Graphene with two-dimensional (2D) layered

physical structure and the unique electronic properties
has simulated a broad range of research enthusiasm on
2D materials which can be applied for the electronic,
optoelectronic, and spintronic devices [1–11].

But, the practical application of 2D material like
graphene might be confined with small band gap.
Thus, new 2D materials with perfect mechanical,
thermoelectric, optical and electronic properties are
the clue to the recent scientific investigations [12–15].

In transition metal (TM) decorated carbon nano-
structure, the TM-carbon binding takes place through
a charge-transfer mechanism and the TM remains in
the cationic state. Therefore, the gas molecule can get
absorbed on the cationic transition metal element giv-
ing some electronic charge [16–19].

The Silicon Carbide (SiC) monolayer as a new
graphene-like semiconductor is a direct band gap
material, while silicon being in the same group with

the carbon represents attributes entirely analogous to
that of carbon and makes it possible to generate pow-
erful applications in optoelectronic and electronic
instruments [20–25]. As the polarizability of Si is
more than C, so it is expected that, due to stronger van
der Waal’s interaction, SiC/Si nanosurface can bind
compounds more strongly compared to the pure car-
bon nanostructures. It is known that for optimum
adsorption of gas molecules, the ideal form of binding
between the host material (SiC nanosheet) and
adsorbed gas molecules should be intermediate
between physisorption and chemisorption energy [26].

In addition, transition metal (TM) atoms are con-
sidered to be the source of magnetism; in the results of
TM-doped SiC monolayer, it can be found that the
system can be a magnetic semiconductor by Co, Cu,
Fe, Mn, and Ni doping [27]. The TM dopants can
cause a total Hamiltonian perturbation, eventually
leading to changes in electronic structures, which
makes it a substantial application in magnetic elec-
tronic devices [28–34].
49
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Fig. 1. Langmuir adsorption of CO, CO2, NO, and NO2 onto Ti-doped SiC nanosheet.
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In this work, we shall present the theoretical esti-
mates for the charge transfer and the energy of binding
with the SiC surface for adsorption of molecules.
Then, it has been investigated the magnetic and elec-
tronic structures of Ti-doped graphene-like SiC sheet
through adsorption of CO, CO2, NO, NO2 gas mole-
cules (GM@Ti–SiC_sh) by using first-principle cal-
culations based on the density functional theory
(DFT) [35]. The calculation is realized by generalized
gradient approximation (GGA) potential and Per-
dew–Burke–Ernzerhof (PBE) functional [36, 37].

MATERIALS AND METHOD

In this article, the SiC graphene-like sheet has been
modeled It was prepared by chirality (n = 10, m = 0),
surface length (25 Å), bond length (1.421 Å), and
MWNT (1, 2, 0), and then minimized by alternatively
arranged 15 C and 15 Si atoms. In a previous theoreti-
cal calculation it is reported that the most stable struc-
ture of planar SiC forms graphene-like structure with
alternative SiC bond and the bonding in such struc-
ture is of sp2 type (Fig. 1) [38]. In our calculation we
have considered similar structure and optimized with-
out any symmetry constraint.

The adsorbing of CO, CO2, NO, NO2 gas mole-
cules on the surface of Ti–SiC_sh was defined by the
theory Langmuir isotherm [39, 40], which indicates
RUSSIAN JOURNAL O
the chemisorption between gas molecules and Ti–
SiC_sh. The adsorbates of CO, CO2, NO, NO2 gas
molecules are maintained on surface of Ti–SiC_sh
with “Langmuir” chemisorption (Fig. 1).

In this research, the simulated calculations have
been directed in the GaussView 6.06.16 [41] and cal-
culated by Gaussian 16, Revision C.01 [42] using the
DFT method. The Perdew–Burke–Ernzerhof (PBE)
functional with high-precision generalized gradient
approximation (GGA) has been employed to achieve
more authentic results [36].

The electronic, magnetic, and optical behaviors of
adsorption of gas molecules on the Ti-doped SiC_sh
have been measures. The binding energy is calculated
as: Eb = (Et –15ESi –15EC)/30, where Et is the total
energy after optimization, ESi and EC are the correc-
tion factors for Si and C atoms, respectively. The bind-
ing energy results show that all the gas molecules
(GM)-adsorbed SiC systems are stable.

From the charge density distribution of the SiC
sheet, it is seen that a considerable amount of elec-
tronic charge is transferred from Si to C site. The pres-
ence of these point charges on the SiC sheet influ-
ences the gas adsorption property.

After organizing the structure and energetics of SiC
sheet, we have tried to decorate the sheet by titanium
atom. A full geometry optimization has been done and
the data has explored that the most stable location of
F PHYSICAL CHEMISTRY B  Vol. 18  No. 1  2024
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Fig. 2. The ONIOM method through adsorption of CO, CO2, NO, and NO2 gas molecules onto Ti-doped SiC nanosheet based
on optimized coordination due to three-layered of high, medium and low levels of ONIOM method.
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titanium is on the top of Si atom by pushing it down
the surface.

Figure 2 has shown that the SiC sheet is distorted
from planarity after adding the titanium in such a way
that the doped titanium can bind with Si atom along
with three neighboring carbon atoms, therefore devel-
oping the stability of the system. When the titanium
atom is on the silicon atom, the Ti–Si bond distance
is 2.56 Å while Ti–C bond distance is 1.98 Å. After
doping of titanium on the silicon atom, the planarity
of the system is perturbed because silicon atom goes
toward the sp3 hybridization. Although silicon and car-
bon atoms are iso-valent, the most stable state of car-
bon is sp2 and silicon is sp3. Then, we have tailored the
spin-polarized DFT calculation with Our own N-lay-
ered Integrated molecular Orbital and Molecular
mechanics (ONIOM) model [43, 44] accompanying
the same force and energy convergence accuracy to
the adsorption systems, with CAM-B3LYP functional
and with 6-311+G (d, p) [45] basis set for carbon,
nitrogen, oxygen, silicon and LANL2DZ for titanium
in the adsorption sites for the first layer (high level).
Second layer (medium level) has been considered on
some titanium atoms, carbon, and silicon atoms of
SiC_sh, respectively, in the adsorption site due to
semi-empirical methods. The third layer (low level)
has been saved on the remained carbon and silicon
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
atoms of SiC_sh with molecular mechanic force fields
(Fig. 2) [44] as formula:

(1)
It has been studied the interaction of CO, CO2,

NO, and NO2 gas molecules with the Ti decorated SiC
sheet. The optimized geometries of the GM@Ti deco-
rated SiC sheet are shown in Fig. 2.

The charge transfer between adsorbates of CO,
CO2, NO, NO2 and adsorbent of Ti–SiC_sh is calcu-
lated due to the Bader charge analysis [46]. This method
can measure charge accumulation from the charge of
each atom in the complex model. Finally, the total
adsorption charge transfer can be obtained as formula:

where Q2 and Q1 remark the charge of CO, CO2, NO,
NO2 after and before adoption, respectively. In fact,
negative ∆Qt indicates that electrons are transferred
from gas molecules of CO, CO2, NO, NO2 to the sur-
face of Ti–SiC_sh, and the adsorbent acts as an elec-
tron acceptor [47, 48].

The changes of charge density analysis in the
adsorption process has illustrated that Ti–SiC_sh
shows the Bader charge of –1.307e, before adsorption
of CO,CO2, NO, NO2, and –1.309e, –1.301e,
‒1.330e, –1.348e after adsorption of CO,CO2, NO,
NO2, respectively. Therefore, the changes of charge
density for Langmuir adsorption of CO, CO2, NO,

ONION 1st 2nd 3rd.E E E E= + +

t 2 1,Q Q QΔ = −
l. 18  No. 1  2024
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NO2 on Ti–SiC_sh surface alternatively are
 = +0.006e > ∆QCO→Ti–SiC = +0.002e >

∆QNO→Ti–SiC = –0.023e >  = –0.041e.
The values of changes of charge density have shown a
more important charge transfer for Ti–SiC_sh which
acts as the electron acceptor while gas molecules of
NO2 and NO act as the stronger electron donors
through adsorption on the Ti–SiC_sh surface.

To determine the most sensitive structure of Ti–
SiC_sh as the selective sensor for detecting gas mole-
cules of CO, CO2, NO, and NO2, the binding energy
of each system has been calculated. Therefore, we have
found that the priority for selecting the surface binding
of N-atom of NO, and O-atom of NO2, CO, CO2, in
adsorption site can be impacted by the existence of
close atoms in the Ti–SiC_sh surface. The simulated
distribution functions of NO → Ti–SiC_sh, NO2 →
Ti–SiC_sh, CO → Ti–SiC_sh, and CO2 → Ti–
SiC_sh have illustrated that the created clusters lead to
the bond lengths of N →Ti in NO → Ti–SiC_sh (2.07 Å),
O →Ti in NO2 → Ti–SiC_sh (2.06 Å), O → Ti in
CO → Ti–SiC_sh (2.05 Å) and O → Ti in CO2 → Ti–
SiC_sh (2.05 Å) (Figs. 1, 2).

Furthermore, the nuclear quadrupole resonance
(NQR) procedure has been carried out for the com-
plexes of gas molecules of CO, CO2, NO and NO2
adsorbing on Ti–SiC_sh. NQR is related to the multi-
pole enlargement in cartesian harmonies as follows
[49, 50]:

(2)

(3)

There are two factors which should be gotten from
nuclear quadrupole resonance experiments; the quad-
rupole coupling constant, χ, and asymmetry factor of
the electric field gradient tensor η:

(4)

(5)

while qii are ingredients of the electric field gradient
tensor at the quadrupole nucleus assigned in the elec-
tric field gradient principal axes system, e—the proton
charge and h is the Planck’s constant and Q the
nuclear quadrupole moment [51, 52].
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RESULTS AND DISCUSSION

In this verdict, titanium (Ti) metal-doped
graphene-like silicon carbide (SiC) monolayer sheet
has been investigated as the efficient surface because
of their structural selectivity for adsorption of carbon
monoxide (CO), carbon dioxide (CO2), nitric oxide
(NO), and nitrogen dioxide (NO2). These experiments
have been accomplished using spectroscopy analysis
through some physical and chemical properties.

The electronic structures of gas molecules (GM) of
CO, CO2, NO and NO2 adsorbed on the Ti-doped SiC
nanosheet (GM@Ti–SiC_sh) have been analyzed to
simplify subsequent discussion for interfacial elec-
tronic properties. Figure 3 shows the projected density
of state (PDOS) of the Ti decorated SiC sheet. The
appearance of the energy states (d-orbital) of Ti within
the gap of SiC sheet induces the reactivity of the sys-
tem. It is clear from the figure that after doping with Ti
atom and there is a significant contribution of Ti
d-orbital in the unoccupied level. Based on the popu-
lation analysis and DOS it can be concluded that Ti
remains in the cationic state and it can accept more
electrons from other atoms. Therefore, the graph of
partial DOS (PDOS) has illustrated that the p states of
the adsorption of N- and O- on the Ti–SiC_sh are
dominant through the conduction band (Fig. 3). A
distinct metallic feature can be observed in SiC_sh
because of the strong interaction between the p states of
C, N, O, Si and the d state of Ti near the Fermi energy.
Moreover, the existence of covalent features for these
complexes has exhibited the identical energy amount
and figure of the PDOS for the p orbitals of C, N, O,
Si and d orbitals of Ti (Figs. 3a–3d and 3a'–3d').

Figures 3a, 3a' and 3b, 3b' shows that the CO and
CO2 states, respectively, onto SiC_sh and Ti–SiC_sh,
respectively, have more contribution at the middle of the
conduction band between –5 to –10 eV, while contribu-
tion of carbon and silicon sates are expanded and close
together, but titanium states have minor contributions
and silicon have major contributions in SiC_sh.

Figures 3c, 3c' and 3d, 3d' shows that the NO and
NO2 states, respectively, onto SiC_sh and Ti–SiC_sh,
respectively, have more contribution at the middle of
the conduction band between –5 to –10 eV, while
contribution of carbon and silicon sates are expanded
and close together, but titanium states have major con-
tributions in Ti–SiC_sh and silicon have major con-
tributions in SiC_sh.

The results also approved by the partial electron
density (PDOS) which have showed a certain charge
association between Ti–SiC_sh and gas molecules of
CO, CO2, NO and NO2.

Therefore, the above results exhibit that the cluster
dominant of non-metallic and metallic features and a
certain degree of covalent features can illustrate the
increasing of the semiconducting direct band gap of
F PHYSICAL CHEMISTRY B  Vol. 18  No. 1  2024
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Fig. 3. PDOS adsorption of (a) CO@SiC_sh, (a') CO@Ti–SiC_sh, (b) CO2@SiC, (b') CO2@Ti–SiC, (c) NO@SiC,
(c') NO@Ti–SiC, (d) NO2@SiC, and (d') NO2@Ti–SiC.
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gas molecules of CO, CO2, NO and NO2 adsorbing on
Ti–SiC_sh.

Since the electric field gradient at the situation of
NO and NO2 adsorbed on the Ti–SiC_sh surface as
the gas detector is approved by the valence electrons
distorted in the special connection with close nuclei of
Ti-doped SiC nanosheet, the nuclear quadrupole res-
onance (NQR) at which transitions occur is special for
CO@Ti–SiC_sh, CO2@Ti–SiC_sh, NO@Ti–SiC_sh
and NO2@Ti–SiC_sh (Table 1).

Furthermore, in Figs. 4a–4d, it has been drawn the
electric potential of nuclear quadrupole resonance
method versus Bader charge for elements of carbon,
RUSSIAN JOURNAL O
nitrogen, oxygen, silicon and titanium in the adsorp-
tion process of CO, CO2, NO and NO2 on the Ti-
doped SiC nanosheet by CAM-B3LYP/EPR-III,
6-311+G(d, p), LANL2DZ theoretical level.

In Figs. 4a–4d, it has been remarked the changes of
electric potential for carbon, nitrogen, oxygen, silicon
and titanium in the active site of Langmuir adsorption.
In fact, it has been observed the effect of the binding
between C, N and O atoms of gas molecules with tita-
nium doping in the SiC nanosheet during adsorbing
CO, CO2, NO and NO2 through resulted electric
potential using NQR analysis (Figs. 4a–4d). It’s obvi-
ous that the capability of SiC nanosheet for detecting
Fig. 4. The electric potential versus Bader charge through NQR calculation for adsorption clusters of (a) CO@Ti–SiC_sh,
(b) CO2@Ti–SiC_sh, (c) NO@Ti–SiC_sh and (d) NO2@Ti–SiC_sh by using CAM-B3LYP/EPR-III, LANL2DZ,6-31+G(d, p).
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Fig. 4. (Contd.)
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of CO, CO2, NO and NO2 is f luctuated by their selec-
tivity and sensitivity which can represent the efficiency
of these surfaces as the promising sensors.

Isotropic (σiso/ppm) and anisotropy (σaniso/ppm)
shielding tensors of NMR spectroscopy [53] for cer-
tain atoms in the active site of CO, CO2, NO and NO2
adsorbed on the Ti-doped SiC nanosheet (GM@Ti–
SiC_sh) (Figs. 4a–4d) through the formation of the
binding between gas molecules and solid surfaces have
been calculated using Gaussian 16, Revision C.01 and
reported in Table 2 [42].

It was observed the chemical shielding (ppm) of
“NMR” curves versus atom type through adsorption
of CO, CO2, NO and NO2 adsorbed on the Ti–SiC
nanosheet (Figs. 5a–5d).
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
The resulted graphs of NMR data in Figs. 5a–5d
have shown approximately the identical chemical
shielding behavior of isotropic and anisotropy factors
of GM @Ti–SiC_sh with several sharp peaks related
to carbon, nitrogen, oxygen, silicon and titanium of
gas molecules (adsorbate) and TM-doped SiC
nanosheet (adsorbent) in the active site situations
(Figs. 5a–5d. CO@Ti–SiC_sh with several sharp
peaks related to the adsorption site for atoms including
C1, C7, C11, C19, C28, Si4, Si21, Si29, Si30, Ti17
(Fig. 5a); CO2@Ti–SiC_sh with several sharp peaks
for atoms of C7, C11, C19, C28, Si13, Si21, Si29,
Si30,Ti17 (Fig. 5b); NO@Ti–SiC_sh with several
sharp peaks for atoms of O1, N2, Ti17 and several less
sharped peaks for atoms of C5, C8, C28, Si13, Si26
l. 18  No. 1  2024
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(Fig. 5c); and NO2@Ti–SiC_sh with several sharp
peaks for atoms of O3, Si14, Si22, Si27, Si30, Si31, and
several less sharper peaks of N1, C6, Ti18 (Fig. 5d),
respectively, have been indicated.

Although, in the NMR spectroscopy, it has been
observed the remarkable peaks around silicon and
titanium atoms in the SiC nanosheets through the
adsorption procedure of gas molecules, there are some
RUSSIAN JOURNAL O
f luctuations in the chemical shielding behaviors of
isotropic and anisotropy attributes.

In this section, the stability of complexes including
gas adsorption on titanium (Ti) metal-doped
graphene-like silicon carbide (SiC) monolayer sheet
has been investigated through thermodynamic proper-
ties which define the reactions that CO, CO2, NO, and
NO2 endure in the Ti–SiC_sh coordination sphere.
Fig. 5. NMR adsorbing of CO, CO2, NO and NO2 adsorbed on the Ti–SiC nanosheet through production of clusters of
(a) CO@Ti–SiC_sh, (b) CO2@Ti–SiC_sh, (c) NO@Ti–SiC_sh, and (d) NO2@Ti–SiC_sh.
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Fig. 5. (Contd.)

0

200

400

600

800

1000

1200

1400

1600

N
1

O
2

O
3

C
4

Si
5

Si
10

Si
14

Si
15

C
16

C
17

T
i1

8
T

i1
9

Si
22

Si
23

Si
26

Si
27

Si
30

Si
31

C
32

Si
33

C
28

C
29

C
24

C
25

C
20

C
21

Si
11

C
12

C
13Si
7

C
8

C
9

C
6

Chemical shielding, ppm

� aniso
� iso

Atom

0

500

1000

1500

2000

2500

3000

3500

O
1

C
3

C
5

C
7

C
8

C
11

C
12N
2

Si
4

Si
6

Si
9

Si
10

Si
13

C
15

T
i1

7
C

16

Si
14

Si
18

Si
21

Si
22

Si
25

Si
26

Si
29

Si
30

Si
32

C
31

C
27

C
28

C
19

C
20

C
23

C
24

Chemical shielding, ppm

� aniso
� iso

Atom

(с)

(d)

12
17

16
18

2726
24

25
2322

3130
28

29 20

21 12

13
5

6
7

9 3
4

1110

19

8
15

32

14

1

17

16
18

27

26
24

25

23

22

31

30

2829

20
21

1213

5
6

7

9
3

4

11

10

19

8

15

32

14

2

Concerning adsorption process, the thermodynamic
characters were evaluated for CO, CO2, NO, and NO2

on the surface of Ti–SiC_sh as the gas detectors which
can be applicable as the selective sensors for these
gases (Table 3).
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
Based on Table 3, the orientations of the adsorbed
gas molecules on the SiC surface exhibited a tendency to
orient in the inclined and parallel forms to monolayer
SiC_sh. The DFT analysis proposed that the monolayer
SiC_sh with C and Ti-doped atoms having one satisfied
l. 18  No. 1  2024



60 MOLLAAMIN, MONAJJEMI

Table 3. The thermodynamic character of CO, CO2, NO, and NO2 adsorbed on the Ti–SiC_sh as the selective gas sensors

Compound ∆E° × 10–4, 
kcal/mol

∆H° × 10–4, 
kcal/mol

∆G° × 10–4, 
kcal/mol

S°, cal/K mol Dipole moment, 
Db

CO –6.9784 –6.9784 –6.9798 47.100 0.2373
CO2 –11.6121 –11.6121 –11.6136 51.378 0.0000
NO –8.0017 –8.0016 –8.0031 48.968 0.2376
NO2 –12.6298 –12.6298 –12.6315 57.792 0.2323
SiC_sh –304.3389 –304.3389 –304.3417 93.684 9.6011
Ti–SiC_sh –339.1002 –339.1001 –339.1029 93.419 10.1407
CO@Ti–SiC_sh –346.1065 –346.1064 –346.1093 97.616 10.3155
CO2@Ti–SiC_sh –350.7642 –350.7642 –350.7671 100.038 10.0483
NO@Ti–SiC_sh –347.1429 –347.1428 –347.1458 100.033 16.4330
NO2@Ti–SiC_sh –351.8006 –351.8006 –351.8036 102.455 16.1658
valency increased the Van der Waal interactions between
the gas molecules and the monolayer SiC_sh. The overall
analysis indicated that the adsorption strength of mono-
layer SiC_sh towards the chosen gas molecules follows
the order: NO2 > CO2 > NO > CO.

Furthermore, the IR spectrums for adsorption of
CO, CO2, NO, and NO2 on the surfaces of Ti–SiC_sh
have been reported in Figs. 6a–6c. The graph of
Fig. 6a has been observed in the frequency range
between 500–2500 cm–1 for the complex of CO@Ti–
SiC_sh with a sharp peak around 550 cm–1.

Figure 6b has shown the several strongest IR peaks
of CO2@Ti–SiC_sh approximately between 1000–
3000 cm–1 with a sharp peak of around 3000 cm–1. Fig-
ure 6c has shown the several less stronger IR peaks of
NO@Ti–SiC_sh approximately between 1500–
2500 cm–1 with a sharp peak of around 1750 cm–1.
Moreover, Fig. 6d has denoted the several IR peaks of
NO2@Ti–SiC_sh approximately between 1000–
2500 cm–1 with two sharp peaks around 1823.63 and
2039.31 cm–1.

The adsorptive capacity of CO, CO2, NO, and NO2

on the surface of Ti–SiC_sh is approved by the 
amounts as formula:

(6)

Table 3 has shown that all the measured relative

adsorption energies ( ) of CO, CO2, NO, and
NO2 on the surface of Ti–SiC_sh are almost identical,
and exhibit the accord of the estimated data by all
methods and the accuracy of the calculations. In fact,
Ti–SiC_sh has higher interaction energy from Van der
Waals’ forces with gas molecules including CO, CO2,
NO, and NO2 that can make them highly stable.

adsE°Δ

( )ads X Ti SiC _ sh X Ti SiC _ sh

2 2

,
(X = CO, CO , NO, NO ).

E E E E→ − −
° ° ° °Δ = Δ − Δ + Δ

adsE°Δ
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Furthermore, the difference of ∆HR among
adsorption of CO, CO2, NO, and NO2 on the surface
of Ti-doped SiC_sh has been unraveled due to non-
covalent binding resulted from interatomic interac-
tions between gas molecules and surface (GM@Ti–
SiC) and covalent binding resulted from intra-atomic
interactions between transition metal of titanium and
silicon carbide nanosheet (Ti–SiC_sh) (Fig. 7).

Figure 7 has indicated the heat of formation
( ) between initial compounds of CO, CO2, NO,
NO2, surface of SiC_sh, Ti-doped SiC_sh nanosheet
and product compounds of CO@Ti–SiC_sh, CO2@Ti–
SiC_sh, NO@Ti–SiC_sh and NO2@Ti–Si_sh with the
polynomial curve of order = 3 and R2 = 0.8864.

The amounts of  versus dipole moment for
CO, CO2, NO, NO2, Ti-doped SiC_sh surface, and
complexes of CO@Ti-SiC_sh, CO2@Ti-SiC_sh,
NO@Ti-SiC_sh and NO2@Ti-SiC_sh have been plot-
ted in Fig. 8.

For the adsorption mechanism,  is calculated
as follows:

(7)

As shown in Table 3, all the computed 
amounts are close, which exhibits the accord of the
evaluated data by all methods and the validity of the
computations. However, Ti–SiC_sh surface seems
possess enough efficiency for adsorption of gas mole-
cules containing CO, CO2, NO, and NO2 through
charge transfer from nitrogen and oxygen to the tita-
nium element doping of silicon carbide due to intra-
atomic and interatomic interactions.

In the case of adsorption, the area of the adsorbent
becomes an additional thermodynamic variable. A
similar situation arises for the equilibria of gas phase,

adsH °Δ

adsG°Δ

adsG°Δ

( )ads X Ti SiC _ sh X Ti SiC _ sh

2 2

,
(X = CO, CO , NO, NO ).

G G G G→ − −
° ° ° °Δ = Δ − Δ + Δ

adsG°Δ
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Fig. 6. The Frequency (cm–1) changes through the “IR” spectrums for (a) CO@Ti–SiC_sh, (b) CO2@Ti–SiC_sh, (c) NO@Ti–
SiC_sh and (d) NO2@Ti–SiC_sh as the selective gas detectors.
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where a specification of gas molecule (CO, CO2, NO,
NO2) is necessary to define the thermodynamic sys-
tem. The pertinent additional intensive variable for the
equilibria of gas molecule of CO, CO2, NO, and NO2
is surface tension; similarly, the spreading pressure
becomes an additional intensive variable for adsorp-
tion equilibria (Table 3 and Figs. 7, 8).

From Fig. 8,  may depend on the interactions
between the gas molecules of CO, CO2, NO, NO2 and
the Ti–SiC surface. In fact, comparison to , it is
allocated a good accord (R2 = 0.9912) among calcu-
lated results, and validity of the picked isotherm for
the adsorption which produce the CO → Ti–SiC,
CO2 → Ti–SiC, NO → Ti–SiC and NO2 → Ti–Si
complexes.

In fact, SiC and Ti–SiC surfaces seem possess
enough efficiency for adsorption toxic gases of CO,
CO2, NO, NO2 through charge transfer from nitrogen

adsG°Δ

adsG°Δ
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
and oxygen to silicon and the titanium atoms due to
intra-atomic and interatomic interactions.

In other words, the adsorbent is assumed to be
thermodynamically inert; that is the change in a ther-
modynamic property of the adsorbent, such as internal
energy, during an adsorption process at constant tem-
perature is assumed to be negligible compared with the
change in the same property for the adsorbing gas.

Based on frontier molecular orbital (FMO) theory,
the LUMO and HOMO and the energy between them
is the band gap of the adsorption system were com-
puted. In fact, broad band gap diagram indicates that
there is less conductivity [54–56]. The LUMO,
HOMO, band energy gap (∆E) and other quantities
distributions of CO, CO2, NO, and NO2 on the sur-
faces of Ti–SiC_sh as the gas detector systems denote
that the gas adsorption procedure scatters the elec-
trons of the system (Table 4) [55, 56].

The energy gap between HOMO and LUMO has
represented the transporting of molecular electrical
l. 18  No. 1  2024
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characters [57, 58]. On the other hand, the difference
between HOMO and LUMO has exhibited that the
effect of the adsorption process on the electronic
behavior of CO, CO2, NO, and NO2 on the surfaces of
Ti–SiC_sh nanosheet. Other quantities (eV) consist-
ing of Chemical potential, electronegativity, hardness,
Softness, and electrophilicity index show an agreeable
RUSSIAN JOURNAL O

Table 4. LUMO (eV), HOMO (eV), band energy gap (∆E, eV
NO2 on the surfaces of Ti–SiC_sh

Band energy gap: ∆E = ELUMO – EHOMO (eV); chemical potential:
ELUMO)/2 (eV); Hardness: η = (ELUMO – EHOMO)/2 (eV); softnes

Gas → Ti–SiC_sh HOMO LUMO ∆E

CO@Ti–SiC_sh –0.2710 0.6038 0.8748
CO2@Ti–SiC_sh –0.0114 0.8560 0.8674
NO@Ti–SiC_sh –1.1907 0.6011 1.7918
NO2@Ti–SiC_sh –1.4947 0.4933 1.988
yield for capturing CO, CO2, NO, and NO2 by Ti–
SiC_sh nanosheet (Table 4).

The illustration of donor–acceptor molecules
depends on the relative frontier molecular levels. The
HOMO–LUMO gap defines the charge transfer in gas
molecules adsorbed on the Ti–SiC_sh nanosheet
through simplified molecular-level diagram. In fact,
Fig. 6. (Contd.)
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) and other quantities (eV) distributions of CO, CO2, NO, and

 μ = (EHOMO + ELUMO)/2 (eV); electronegativity: χ = –(EHOMO +
s: ζ = 1/(2η) (eV); electrophilicity index: ψ = μ2/(2η) (eV).

μ χ η ζ ψ

0.1664 –0.1664 0.4374 1.1431 0.0316
0.4223 –0.4223 0.4337 1.1528 0.2056

–0.2948 0.2948 0.8959 0.5581 0.0485
–0.5007 0.5007 0.994 0.5030 0.1261
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Fig. 7. The alterations of relative adsorption energy ( /kcal mol–1) for the reaction of CO, CO2, NO, and NO2 adsorbed on
the surface of Ti–SiC_sh.
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the amount of transferred charges might be consider-
ably small, as in the case of parallel and perpendicular
coordination, which indicate electronic couplings
smaller than in co-facial coordination [59–65]. The
results in Table 4 have indicated the energy level shifts of
gas molecule → surface-HOMO and gas molecule →
surface-LUMO of nanoclusters as a function of their dis-
tance d orbitals from the high symmetry points of each
gas molecule on the Ti–SiC_sh nanosheet. Therefore,
the HOMO level of molecule is being lowered as it
loses its electron, whereas the LUMO level of surface
is being raised as it gains partial charge.

CONCLUSIONS

In summary, the nonmetal element-doped SiC
nanosheet has been studied by first-principle calcula-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
tions. Different dopants of gas molecules and doping
sites are considered.

The current research wanted to remark the illustra-
tion of gas adsorption on Ti–SiC_sh nanosheet. Par-
ticularly, the structural, energetic, and infrared adsorp-
tion properties of linearly “atop” for CO, CO2, NO, and
NO2 gas molecules adsorbing on Ti–SiC_sh nanosheet
has been explored by using DFT calculations.

The values of changes of charge density have shown
a more important charge transfer for Ti–SiC_sh
nanosheet which acts as the electron acceptor while
gas molecules act as the stronger electron donners
through adsorption on the Ti–SiC_sh nanosheet sur-
face. It has been assumed that the priority for selecting
the surface binding of N-atom of NO, and O-atom of
NO2, CO and CO2 in adsorption site can be impacted by
the existence of close atoms in the Ti–SiC_sh surface.
l. 18  No. 1  2024
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In fact, Ti site in SiC_sh nanosheet has higher
interaction energy from Van der Waals’ forces with gas
molecules including CO, CO2, NO, and NO2 that can
make them highly stable. Finally, our molecular simu-
lation consequences have exhibited the existence of
orbital hybridization between titanium site and gas
molecules of CO, CO2, NO, and NO2 that also
approves the recovery of adsorption susceptibility of
graphene sheet. In fact, Ti–SiC_sh surface can prom-
ise an applicable outlook in the field of CO, CO2, NO,
and NO2 gas sensor.

Moreover, a thermodynamic formalism describing
adsorption processes of gas molecules of CO, CO2,
NO, and NO2 on the solid adsorbent of SiC and Ti–
SiC surfaces has been developed. Besides, this process
being treated as internal process of the adsorbent–
adsorbate system. Thermodynamic parameters have
constructed a detailed molecular model for atom–
atom interactions and a distribution of point charges is
used to reproduce the polarity of the solid material and
the adsorbing molecules [66–69].
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