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Abstract: In this work, we have studied the (N2, Hz, Oz, NO, NO,, CO, CO,, SO, H-S, H;0, and
NHs) gases adsorption properties on the O-vacancy-containing Sc,CO, monolayer by first-
principles calculations. We have determined the preferred adsorption positions and the structural
features of the O-vacancy-containing Sc,CO, monolayer after adsorption of different gas
molecules. The adsorption energy and charge transfer from the monolayer to the gas molecules have
been calculated. The calculated results show that Ha, N2, NHs, H2S and H,O molecules are physisorbed,
while CO,, CO, NO,, NO, O, and SO, molecules are chemisorbed in the neighboring area of the O-
vacancy of the Sc,CO, monolayer. The existence of the O-vacancy significantly enhances the CO and
CO; adsorption intensity of the defect Sc,CO, monolayer compared to the original Sc,CO, monolayer.
Our results show that the O-vacancy-containing Sc;CO, monolayer can be used for detecting NO gas
as a resistive sensor.

Keywords: gas adsorption, Sc,CO, monolayer, vacancy defect, first-principles calculations.

1. Introduction

Gas sensors and gas capture devices are widely applied in human life, medical, military, and
industry to detect and capture various gases [1]. The selectivity, response time, reusability of gas
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sensors and gas storage capacity of capture devices can be improved by applying two-dimensional
materials with superior surface area to volume ratios than bulk materials [2-4].

The MXenes-type two-dimensional (2D) material was discovered in 2011 [5] with a structure of
the form of Mn:+1X,, where “M” is a transition metal (Sc, Ti, Zr, Hf, V, Nb, Ta, Cr or Mo), “X” is
carbon or nitro and n = 1, 2 or 3. Recently, several other MXenes materials have been discovered
including M2B, M,B; and M3B., where 'M" is Ti, Zr or Hf element; B is Boron element [6, 7]. 2D
MXenes are reported as potential materials in the field of gas sensing and gas capture due to their high
surface-to-volume ratio and excellent electronic properties [5, 8-11]. The gas adsorption properties on
the surface are the basis for determining the applications of the materials in the aforementioned fields.
In recent years, the gas adsorption properties on 2D Mxenes materials have attracted great research.
The MXenes TiCO, monolayer selectively adsorbs NH3; molecules over Hz, CO;, Oz, N2, NO2, CH,
and CO gas molecules and has a large sensitivity to NH3; compared to MoS; and phosphorene [12],
which gives potential application of 2D Ti.CO, materials in gas sensors or NHs gas storage devices
with large selectivity and sensitivity. In addition, TisC, MXenes can be used to CO; capture and
conversion in low pressure with high capacities up to ~12 mol/kg because of its high adsorption
efficiency, selectivity of CO, adsorption compared to N, and its chemical and thermal stability [13,
14]. In addition, Ti3C2 Mxenes can be applied for sensing ethanol, methanol, acetone and ammonia
gases at room temperature. Junkaew et al. [15] demonstrated that surface termination with oxygen
atoms of MXenes of the form M.C (M = Ti, V, Nb or Mo) reduces the adsorption capacity, but
improves the adsorption selectivity. Accordingly, Mo.CO. and V.CO. have good selectivity for NO
molecules, while Nb,CO; and Ti.CO; reveal large selectivity for NHz adsorption.

The Sc,C monolayer possesses the highest surface area per weight compared to other materials of
the MXenes family [16]. It is known that the 2D Sc,CO; has the highest hydrogen storage capacity
due to the Kubas-type effect [17, 18]. The applicability of the Sc.CO, monolayer gas sensors has been
considered by studying adsorption intensity, selectivity and conductivity change effect when adsorbing
gas such as NO gas sensor [19] or SO2 gas sensor [20]. The CO adsorption on the Sc,CO, monolayer
is significantly improved by Mn atomic doping [19]. Recently, Pham et al. [21] reported that NO, O,
SO, and NO. gases were chemisorbed on the original Sc,CO, monolayer, where the adsorption
selectivity for oxygen molecule limits its applicability in gas sensor or gas capture. This leads to the
need to consider tuning the gas adsorption properties of the Sc,CO, monolayer by vacancies, which
can be generated by the electron beam [22] and significantly alter the electronic and transport
properties of 2D structures [22-24].

Therefore, we have studied the gas adsorption properties, including harmful gases (NO, NO,, CO,
SO, H,S and NHs) and components in clean air (N2, Hz, O, CO, and H,O) on the O-vacancy-
containing Sc,CO. monolayer. The preferred adsorption sites, the structural features, adsorption
distance, adsorption energy, charge transfer have been determined. In this work we have also
elucidated the selectivity of the gas adsorption on the O-vacancy-containing Sc:CO, monolayer.

2. Computational Details

In this work, all of the first-principles calculations were performed using Quantum Espresso
software package [25] within Perdew—Burke—Ernzerhof generalized gradient approximation (PBE-
GGA) [26, 27]. We use Grimme's semiempirical DFT-D2 method to account for Van der Waals
(vdW) interactions between atoms in the structural model [28]. The Sc,CO, supercell which used in
the calculations was constructed by stacking 3x3x1 unit cell (Figure 1b). The thickness of the vacuum
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layer was set to 15 A to avoid interactions between the monolayers. Optimization calculations for the
Sc,CO, monolayer structure were performed to determine its optimized cell parameters.

The grid of k-points is set to 6x6x1 according to the Monkhorst-Pack scheme. Kinetic energy
cutoff for wavefunctions and for charge density were set as 30 Ry and 300 Ry, respectively.
Optimized calculations are performed until the total forces in the supercell are less than 0.01 eV/A.
The convergence threshold for selfconsistency is set to 10 Ry. We investigated the interaction of gas
molecules with the O-vacancy-containing Sc.CO, monolayer from three possible initial adsorption
sites: “A” site denotes the upper position of the O-vacancy, “B” and “C” sites denote the upper
position of Sc atom at the second and fourth atomic layers, respectively (Figure 1 (d)). At the initial
position, the N2, Hz, Oz, NO, NO2, CO, CO,, SO,, H>S, H20 and NH3 gas molecules were located to be
parallel to the Sc,CO, monolayer and at a distance of 3.0 A.

To understand the nature of the interaction between gas molecules and the O-vacancy containing
Sc,CO, monolayer, the density of state (DOS) of the system after gas adsorption was calculated and
analyzed. The adsorption energy of gas molecules on the O-vacancy-containing Sc,CO, monolayer is
determined by formula [29]:

E.=E OV+EgaS—E

s Sc,CO, gas+5¢,C0,%

where E o and E are the total energy of the O-vacancy-containing Sc.CO, monolayer
Sc,CO, gas+5¢,C0,%

before and after gas molecule adsorption, respectively; E o is the total energy of the free gas
molecules. All the aforementioned total energies are calculated with the same size of the supercells.

The charge transfers from the Sc,CO, monolayer to the gas molecules are calculated by the change
of the total charge of the gas molecules before and after being adsorbed on the monolayer.
To calculate the total charge of each atom in the studied models, we used Bader population analysis
[30, 31].

3. Results and Discussion

3.1. Geometric Structure of the O-vacancy-containing Sc.CO, Monolayer

o O
. O-vacancy

Figure 1. Side view and top view of the optimized structure of the ideal Sc.CO, monolayer (a, c) and the
O-vacancy-containing Sc,CO, monolayer (b, d).
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The optimized structure of the O-vacancy-containing Sc,CO, monolayer is shown in Figure 1(b).
When an oxygen vacancy occurs on the Sc,CO2 monolayer, the Sc atoms neighboring the oxygen
vacancy move slightly away from the vacancy (Figure 1(a, b)). The distance between two adjacent Sc
atoms on the ideal Sc.CO, monolayer is 3.440 A, while this value near the vacancy increases by 3.446 A.

3.2. Physical Adsorption of Hz, N2, NHs;, H>S and H.O Molecules on the O-vacancy-containing
Sc,CO, Monolayer

By optimization calculations, we have determined the adsorption energy, adsorption distance, and
the change of bond length in gas molecules after being adsorbed on the Sc2CO2 monolayer (Table 1).
The most preferred adsorption site of each gas molecule is the position where the system's total energy
reaches the smallest value, which also means that the adsorption energy is maximum [21, 29].
Accordingly, the most preferred adsorption sites of H.O, N2, and NHs molecules are all located at
position B (at the top of the Sc atom in the 2nd atomic layer) and close to the vacancy (Figure 2 (a, c,
e)). Meanwhile, the most preferred adsorption site of H, and H,S molecules is the C site (Figure 2 (b,
d)). It is noteworthy that in our optimization calculations, the H,O molecule always tends to shift to
the B site from all the adsorption sites around the vacancy.

© Scatom

© (Catom
o (O atom

O Satom
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Figure 2. Side view and top view of the most favorable configurations of the O-vacancy-containing Sc,CO,
monolayer after adsorption of N (a), Hz (b), CO2 (c), H2S (d), NHs (e) molecules.

The H, molecule interacts very weakly with the O-vacancy-containing Sc,CO, monolayer at all
adsorption sites, with very small adsorption energy (0.03 eV), significant adsorption distance (3.250
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A) and negligible charge transfer between the monolayers layer and the H, molecule (0.013 e at the A site).
In addition, the bond length between two H atoms is almost unchanged before and after adsorption.

At the most preferred adsorption site, N> molecule is inclined to the surface of the monolayer with
an adsorption distance of 2.367 A (Figure 2a). At this position, the charge transfers from the
monolayer to N2 molecule is up to 0.163 e. The bond length between two N atoms in the N2 molecule
increases by 0.8%. On the PDOS of atoms neighboring the vacancy, we can observe the hybridization
between the N-2p orbital of the N, molecule with the C-2p orbital on the Sc,CO., monolayer at an
energy level of 0.4 eV (Fig. 3c).

Table 1. Hz, N2, NHs, H2S and H,O gas adsorption properties on the O-vacancy-containing Sc,CO, monolayer:
Eads adsorption energy, da.gs adsorption distance, charge transfer from the Sc,CO, monolayer to molecules, bond
length in gas molecules before (lp) and after being adsorbed (1). The adsorption energy values corresponding to
the most preferred adsorption site of each gas are bolded.

. . Eads dads AQ IO I
Configurations
g (ev) A) (&) A) A)

Ha- Sc,CO.°Y - A site 0.03 3.802 (dsc-) 0.013 0.761 0.762
H»- Sc,CO,° - B site 0.03 3.250 (dsc-H) 0.004 0.761 0.762
H>- Sc,C0O,° - C site 0.03 3.807 (dsc-r) 0.006 0.761 0.762
N2- Sc.CO.°Y - A site 0.08 3.786 (dn-sc) 0.017 1.109 1.109
N2- Sc,CO,° - B site 0.01 3.325 (dn-sc) 0.031 1.109 1.110
N2- Sc,CO,°% - C site 0.34 2.367 (dn-sc) 0.163 1.109 1.118
1.127 1.027
NHs- Sc,CO,°Y - A site 0.31 3.076 (dh-sc) 0.003 1.127 1.027
1.127 1.027
1.127 1.025
NHs- Sc,CO,°Y - B site 0.55 2.594 (du-sc) 0.022 1.127 1.026
1.127 1.031
1.127 1.025
NHs- Sc,CO,%Y - C site 0.40 2.936 (dn-sc) 0.067 1.127 1.027
1.127 1.027
i oV A i 1.336 1.360
H,S- Sc,COL%Y - A site 0.76 2.961 (ds-sc) 0.004 1336 1357
) o R 1.336 1.359
H,S - Sc,CO,°Y - B site 0.80 2.842 (ds-sc) 0.006 1336 1368
] o i 1.336 1.361
H.S - Sc,CO,°%Y - C site 0.74 2.814 (du-sc) 0.005 1336 1363
. 0.979 0.983

- ov _
H,0- Sc,COL%Y - A site 0.63 2.401 (do-sc) 0.004 0.979 0.984
] o R 0.979 0.983
H,0 - Sc,CO,%Y - B site 0.63 2.401 (do-sc) 0.004 0.979 0.984
. 0.979 0.983

- ov_
H,0 - Sc,CO,%V - C site 0.63 2.401 (do-sc) 0.004 0.979 0.984
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At the preferred adsorption position (B site), NH; molecule is inclined to the surface of the
monolayer with an adsorption distance is 2.594 A. The adsorption energy is up to 0.55 eV; however,
the charge transfer is minimal (0.022 e). The bond length between N atom and H atoms in NH3
molecule is reduced. Analysis from PDOS of atoms neighboring the vacancy area shows a
hybridization between the N-2p atomic orbitals with the Sc-3d orbitals on the Sc,CO, monolayer at the
energy level of -3.7 eV (Figure 3d).

The preferred H2S molecule adsorbed on the Sc2CO. monolayer is at site B with an adsorption
energy of 0.80 eV. The adsorption distance is quite large at 2.842 A, and there is almost no charge
transfer between them (Table 1). The H-S bond length in H,S molecule increases to approximately
2%. On the PDOS of atoms in the adsorption area, hybridization of H1s-Sc3d atomic orbitals and
S2p-Sc3d-C2p orbitals of the gas molecule and the monolayer occurs at energy levels of -1.4 eV and
1.3eV.

At the preferred adsorption site (site B), the H,O molecule is inclined to the surface of the Sc.CO-
monolayer with an adsorption distance is 2.401 A. The charge transfer is not significant. However, the
adsorption energy is large (0.63 eV), and the hybridization occurs between the H1s-Sc3d atomic
orbitals at energy levels of 1.8 eV and 3.0 eV (Figure 3a).
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Figure 3. TDOS and DOS of the Sc,CO,° monolayer after adsorption of H,O (a), H2S (b), N2 (c), va NH3 (d)
molecules. Hybridizations of states are shown by red dashed lines.

In general, the adsorption distances of N2, Hz, CO,, H,S, and NH3 molecules are large (from 2.367
to 3.807 A) compared to the chemical bond length (Table 1). This is also consistent with their small
adsorption energies on the Sc,CO, monolayer. The gas molecules Ny, H,, CO», H,S, and NHjs act as
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acceptors, gaining electrons from the Sc,CO, monolayer. However, in all adsorption of N2, Ha, CO-,
H.S, and NHs molecules, the charge transfers between the monolayer and the gas molecules are very
small. The bonds between the monolayer and the N2, Hz, CO», H>S, and NHs gas molecules are mainly
van der Wall bonds or weak covalent bonds.

3.3. Chemical Adsorption of COz, CO, NO2, NO, O, and SO, Molecules at the Neighboring Area of the
Oxygen Vacancy on the Sc,CO, Monolayer

The calculated adsorption energy, adsorption distance, and charge transfer between CO;, CO, NO,,
NO, Oz, and SO, gas molecules and Sc,CO. monolayer show that their adsorption intensity is higher
than that of the gas molecules described in Section 3.2.

CO, molecule is located perpendicular to the monolayer at the most stable adsorption position. It
forms up to three O-Sc bonds and three C-Sc bonds with Sc atoms near the vacancy (Figure 4a). The
O, adsorption energy at this position is up to 1.38 eV. CO, molecule acts as an acceptor with a charge
transfer of the Sc,CO, monolayer to the CO, molecule of 1.273 e. The chemical interaction between
them is manifested in the hybridization of PDOS at various energy levels in the valence band and
conduction band (Figure 5a). The strong interaction between the Sc,CO, monolayer and the CO;
molecule significantly increased the bond lengths in the CO, molecule (up to 14%) (Table 2).

© Scatom e Oatom ® Natom

© Catom S atom H atom

Figure 4. Side view and top view of the most favorable configurations of the O-vacancy-containing Sc,CO,
monolayer after adsorption of CO; (a), CO (b), NO2 (c), NO (d), Oz (e) and SO, (f) ) molecules.

At the preferred adsorption site, CO molecule is inclined to the surface of the Sc,CO, monolayer,
C atom is located at the oxygen vacancy position and forms bonds with the neighboring Sc atoms and
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with the C atom at the bottom with a bond distance of 1.478 A. The charge transfer from monolayer to
CO molecule is 0.989 e. On the PDOS of atoms near the vacancy area, hybridization of the C2p orbital
with Sc3d, C-2p orbitals on the monolayer is observed (Figure 5b), which exhibits a strong chemical
bond between the CO molecule and the Sc.CO. monolayer.
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Figure 5. TDOS and DOS of Sc,CO,°¥ monolayer when adsorbing CO; (a), CO (b), NO2(c), NO (d), Oz (e),
and SO (f) gas molecules. Hybridizations of states are shown by red dashed lines.

The most preferred adsorption site of the NO, molecule adsorbed on the O-vacancy-containing
Sc,CO;, monolayer is at the vacancy site (Figure 4c) with an adsorption energy of 2.72 eV. Each atom
in the NO, molecule forms a bond with a Sc atom located around the oxygen vacancy. The chemical
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bond between NO, molecule and the Sc.CO, monolayer is evident in the hybridization of the Sc3d,
N-2p and O-2p states at the energies of -2.3 eV, -1.8 eV, -0.7 eV and 1.3 eV. The NO, molecule acts
as an acceptor with a charge transfer equal to 1.058 e.

Table 2. O2, NO and SO, gas adsorption characteristics on Sc,CO, monolayer: Eags adsorption energy, dad
adsorption distance, charge transfer from the Sc.CO, monolayer to molecules Q, ., bond length in gas

molecules before (lo) and after (I) adsorption

- - Eads Q IO |
Configuration d tran
J (eV) “ e | A A
. 1.172 1.336
. ov_
CO,-Sc,COL%V - Assite 1.38 2.089 (do-sc) 1.273 1172 1289
. 1.172 1.178
. ov._
CO;,- Sc,COL0Y - B site 0.26 2.666 (do-sc) 0.021 1172 1166
. 1.172 1.178
. ov._
CO;- ScoCOLY - Csite 0.28 2.979 (do-sc) 0.039 1172 1167
CO- Sc,CO%Y - Assite 1.07 1.478 (dcc) 0.989 1.142 1.299
CO- Sc,CO.°Y - B site 0.78 1.707 (dcc) 0.972 1.142 1.289
CO- Sc,COL°V - C site 0.73 2.260 (dscc) 0.499 1.142 1.188
NO- Sc,CO°Y - A site 3.19 1.439 (dn-c) 2.051 1.159 1.466
NO- Sc,CO,°" - B site 3.19 1.439 (dn) 2.051 1.159 1.466
NO- Sc,CO,°" - C site 3.19 1.439 (dn-c) 2.051 1.159 1.466
. 1.453 1.532
. ov_
SO,- ScoCOL°Y - A site 1.93 1.874 (dsc) 0.827 1453 1532
. 1.453 1.525
. ov_
SO;- Sc,COL%Y - B site 0.89 2.227 (do-sc) 0.469 1453 1478
. 1.453 1.522
_ Ov _ -
SO»- Sc,COx™Y - C site 1.48 2.187 (dO-Sc) 0.692 1453 1599
. 1.210 1.297
. ov_
NO2- Sc,CO,%Y - Asite 2.72 2.193 (do-sc) 1.058 1210 1205
. 1.210 1.354
. ov_
NO2- Sc,CO,%Y - B site 2.47 2.394 (do-sc) 0.871 1210 1217
. 1.210 1.233
. ov_
NO2- Sc,CO,%Y - C site 2.32 2.317 (do-sc) 0.835 1210 1347
0,- Sc,CO°Y - A site 3.64 2.111 (do-o) 1.342 | 1.229 | 1.491
0;- Sc,COL0%Y - B site 3.64 2.111 (do-o0) 1.339 1.229 1.491
O,- Sc,CO,% - C site 2.61 2.086 (do-o0) 1.261 1.229 1.460

NO molecule is chemisorbed at the O-vacancy on the Sc:CO. monolayer area (Figure 4d). Here is
the most preferred adsorption site of NO molecules on the Sc.CO, monolayer with an adsorption
energy of 3.19 eV. N atom is adsorbed at the oxygen vacancy position and creates bonds to three Sc
atoms and C atoms with lengths of 2.187 A, 2.187 A, 2.011 A, and 1.439 A, respectively. O atom is
further bonded to two Sc atoms with a distance of 2.12 A. The bond length in the NO molecule
increased from 1.159 A to 1.385 A after being adsorbed at the vacancy position. On the PDOS of
atoms neighboring the vacancy, hybridization between the N-2p orbitals with Sc-3d and C-2p can be
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observed at the energies of -2.5 eV, 0 eV, and 2.6 eV (Figure 5d). The NO molecule acts as an
acceptor with a charge transfer from the monolayer equal to 2.051 e.

O, and SO, molecules were also chemisorbed on the ScCO, monolayer containing an oxygen
vacancy with significant adsorption energy and a small adsorption distance (Table 2). O, molecule is
horizontal above the vacancy site and forms four O-Sc bonds with the monolayer. In general, the
formation of chemical bonding is demonstrated by the strong hybridization of the atomic orbitals of
the gas molecules and the Sc,CO, monolayer. In addition, the significant adsorption energy, the
significant charge transfer, and the small adsorption distance (about 1.5+2.1 A) show that CO,, CO,
NO;, NO, O, and SO, are chemisorbed on the O-vacancy-containing Sc,CO, monolayer.

The adsorption energy for O, molecule is the largest compared to the other molecules (Table 2).
This shows that the selectivity in gas adsorption on the Sc.CO, monolayer belongs to O, gas. Note that
the selectivity of the original Sc,CO, monolayer also belongs to oxygen molecules [21]. Thus, the
existence of O-vacancy does not change the oxygen adsorption selectivity of the Sc,CO, monolayer.
However, compared with the gas adsorption properties of the ideal Sc,CO, monolayer [21], the
calculated results in this study showed that the oxygen vacancy on the Sc,CO, monolayer enhances the
CO and CO; adsorption intensities compared with the original Sc,CO, monolayer. The original
Sc,CO2 monolayer physically adsorbs CO and CO, gas molecules with adsorption energies of 0.03 eV
and 0.04 eV, respectively. Meanwhile, the optimization calculations show that the CO and CO gas
molecules are chemisorbed to the O vacancy position with adsorption energies up to 1.38 eV and 1.07
eV, respectively. Thus, the existence of the O-vacancy changes the gas adsorption intensity on the
Sc.CO2 monolayer, which is consistent with the similar results reported in Refs [32, 33].

From the calculated data in Table 1 and Table 2, we found no proportional relationship between
the adsorption energy and the charge transfer for different gas molecules. For example, the adsorption
energy of CO molecules is slightly greater than that of CO (1.07 eV and 0.80 eV, respectively). Still,
the charge transfer from the monolayer to the CO molecule is far superior to that of H.S
(0.989 e and 0.006 e, respectively). This shows the different bonding nature between the gas
molecules and the Sc,CO, monolayer. The significant charge transfer to CO molecule corresponds to
its ionic bond with the Sc,CO, monolayer, while the small charge transfer to H,S molecule
corresponds to the van der Wall interactions.

All studied gas molecules act as acceptors upon physical adsorption or chemisorption into the O-
vacancy area on the Sc,CO, monolayer. Among them, the charge transfer from the O-vacancy-
containing Sc,CO, monolayer to NO molecule (2.051 e) is much larger than that of other molecules.
Because of its electron donor properties when adsorbing NO gas with the significant charge transfer,
the O-vacancy-containing Sc,CO, monolayer can be applied to resistive sensors to detect NO gas.

4. Conclusion

In this work, we have systematically studied (N2, Hz, Oz, NO, NO;, CO, COz, SO, H.S, H:0, and
NHs) gases adsorption properties on the O-vacancy-containing Sc,CO, monolayer based on
calculations from density functional theory. The preferred adsorption sites for each gas were
determined based on optimization calculations by the least principle of total energy. The calculated
results showed that Ha, N2, NH3, H2S, and H,O molecules are physisorbed, while CO2, CO, NO,, NO,
0., and SO, molecules are chemisorbed in the neighboring area of the oxygen vacancy on the Sc.CO;
monolayer. The oxygen vacancies on the Sc.CO. monolayer significantly enhanced the CO and CO>
adsorption intensity compared to the pristine Sc;CO, monolayer. Our research results show that the O-
vacancy-containing Sc,CO, monolayer can be used for the fabrication of NO gas resistive sensors.
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