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A density functional theory study was conducted to analyze CO; adsorption on defective and non-defective MoSy
surfaces with or without nitrogen doping. The MoS;_1Vgs and MoS;_1Vy;,_3Ns were found exhibiting outstanding
adsorption activity and stability, which is linked to an enhanced electron charge on the surface in the presence of
vacancies and N species that alters strength and type of interactions with CO2 molecules. Results showed the
dissociative chemisorption of CO, on the MoSz_1V; and a significantly enhanced physisorption of CO3 on the
MoS3_1Vy_3Ng, which displays an adsorption energy of —1.818 eV compared with —0.139 eV of the pristine
MoS, surface. Meanwhile, the MoS,_1Vs exhibits an excellent selective adsorption of CO3 over N, and H20, with
the highest adsorption ratio of 5.1 and 3.5, respectively. Partial dissociation of CO5 to CO over the MoS,_1Vs is
also observed and attributed to increased covalent attractions at the vacant site, while the improved CO,
physisorption over the MoS,_1Vy,_3NGg is attributed to the enhanced electrostatic interactions at the vacancy site
due to N doping. These findings are confirmed by the computed vibrational frequencies of CO; bound on these
surfaces. The N-doping enabled defect engineering of MoS; is proved effective and enhanced selective adsorption
of COz.

1. Introduction

CO4, capture is essential to mitigate global climate change caused by
anthropogenic CO, emission [1]. Existing CO, capture technologies
exhibit a high range of cost estimates, which depends on process type,
separation technology, CO5 transport technique and storage site [2].
Hence, research is needed to develop highly effective capture materials
that can overcome the cost implications of existing technologies.

Monolayer molybdenum disulphide (MoSy) is one of the two-
dimensional (2D) transition-metal dichalcogenides (TMD) that have
been the focus of considerable interest over the past two decades [3] due
to much success in applications in electronics, energy storage, sensing,
and photoluminescence [4]. As in the well-studied cases of graphene and
graphene oxide (GO) [5-9], the high surface to volume ratio of mono

and few layers TMD can be exploited for gas sensing applications.
Detection of CO using highly reduced GO flakes has been shown to be
effective as the low adsorption strength of CO on GO flakes surface
results in easy desorption of gas molecules without light assistance [10].
Unlike graphene which has a zero band gap, MoS; is a semiconductor
with a band gap ranging from 1.2 eV (indirect) in bulk [11] to 1.9 eV
(direct) in monolayer [12]. This change in band gap gives rise to the
novel photoluminescence and electronic properties of the MoS, mono-
layer and might unlock the potential of this material as gas sensor and as
an alternative material for COy capture.

Calculations based on density functional theory (DFT), show that
pollutant gases such as NO,, NO and SO, can strongly interact with
MoS; surfaces owing to the charge transfer mechanism between gas
molecules and MoS,, which explains its gas sensing properties [13,14].
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DFT calculations also show that MoS, adsorbs Hy molecules, which
prefer to bind with the S atoms of the monolayer thus enhancing its
conductivity [15]. For non-polar gas molecules, like CO5 and CHy, the
perfect MoS; surface cannot offer strong adsorbing sites, and the pres-
ence of defects, especially S vacancies, is essential to result in the pos-
sibility for these molecules to adsorb on MoS; [16]. Another important
feature is the large surface area created when the bulk is thinned into
layers, with the surface area of exfoliated MoS; flakes having a high
density of edges which are potential active sites for electrochemical
applications in sensing and energy storage, in particular for CO storage
[3,4]. As the edge sites of MoS, flakes are more reactive than the surface,
orientation of the flakes can be used to tune their response to target
specific gases.

To date, numerous strategies have been employed for the fine-tuning
of the physical and chemical properties of MoS; and other TMD mate-
rials [11,17-19]. Both experimental and theoretical studies have been
used to investigate point defects in the MoS; monolayer [20,21]. These
studies have revealed that point defects are usually more reactive than
the sites present on a perfect surface. The single sulfur vacancy (S-va-
cancy) point defect is more easily formed than anti-site defects [20] and
the edge is usually less stable and more prone to doping [22]. The results
showed that the defective MoS; surface improved the adsorption

(e) MoS,_ 1Ny,

(i) MoS,_ 1V, 3N () MoS,_1Vy,_1Vs
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strength and catalytic activity of the MoS; layer [21,22].

An alternative way to improve CO9 uptake capacity is to create basic
or redox-active surface sites by incorporating nitrogen into the surface
framework, which manipulates its conductivity and charge density
[11,23,24]. This promotes the transfer of electrons between the surface
and CO,, therefore enhancing the energy storage activities [25]. A
recent DFT study proposed that nitrogen doping in monolayer MoS;
leads to a high electronic state density around the N and Mo atoms and
therefore enhancing its electronic conductivity [11]. The synergistic
effect of molecular doping and vacancy defects may further enhance the
CO adsorption activity of MoS,. However, despite the numerous in-
vestigations on molecules interacting with pristine [26,27] and defec-
tive [21,22] monolayer MoS,, there has not been an extensive study on
CO; adsorption on N atom doped MoS5, which has the potential to pave
the way towards developing an engineered MoS, nanosheets with suf-
ficient active sites for enhanced CO; adsorption capacity.

In this study, we present a fundamental understanding of exploiting
nitrogen doping (N-doping) for the preparation of defect-rich MoS; with
enhanced CO, adsorption capacity is. The first-principles DFT study was
carried out to investigate CO; adsorption on defect-free monolayer MoSs
as well as MoS; surface with different types of vacancies (single and
double vacancies) with and without N-doping. The influence of different

(g) MoS,_1Vy (h) MoS,_1Vs_1Ng

Fig. 1. Relaxed local geometric configurations of MoS, (a) pristine (b) one S atom substituted with a N atom (c) two S atoms substituted with two N atoms (d) three S
atoms substituted with three N atoms (e) one Mo atom substituted with one N atom (f) Mo and S atoms substituted with two N atoms (g) MoS» with 1 S-vacancy (h)
one S atom substituted with one N atom in MoS, with 1 S-vacancy (i) three neighboring S atoms in a unit cell substituted with three N atoms in 1 Mo-vacancy defect
and (j) 1Mo and 1S vacancy-defected MoS.. Color code: Mo, blue, S, yellow, and N, green. The lines define the lengths given in A. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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types of vacancies and level of N-doping on the structural and electronic
properties of the MoSz monolayer was investigated. In addition, how N-
doping and various types of vacancies govern the electron transfer rate
as well as the efficacy for CO5 adsorption were explored. Infrared (IR)
spectroscopy was also performed to probe the structure of the surface
adsorbates. The adsorption of nitrogen and water molecules was
investigated to ascertain the selective adsorption of CO,.

2. Computational methods

A periodic (4 x 4 x 1) supercell of the MoS, monolayer (PMoS5)
containing 48 atoms (16 Mo atoms and 32 S atoms) is used as an initial
computational model. The lateral value of the box is 12.76 A x 12.76 A
[28]. A large vacuum layer of 15 A in the direction to the interface is
used as an isolated slab boundary condition to avoid interlayer in-
teractions. The positions of all the atoms in the supercell were fully
relaxed during structural optimization for all the supercells with or
without defects. In order to simulate the vacancy defect MoS; systems,
one or two adjacent Mo or S atoms were removed to create a stable
single or double vacancy-defected MoS, (Fig. 1) consistent with the
literature [29]. Also, Mo or S atoms were substituted with N atom (s) to
simulate N-doped MoS; defect complex systems as shown in Fig. 1.
Additional details can be found in the Supporting Information Section 1
and Section 2.

The simulations use spin-polarized DFT-D2 calculations using
Grimme’s [30] method, as implemented in Vienna ab initio simulation
package (VASP) [31,32]. This approach adds a semi-empirical pairwise
force field to the conventional first-principles plane-wave DFT calcula-
tions. This takes dispersion interactions into consideration, and it
accurately describes the interactions for adsorption systems [33]. The
exchange-correlation potential is treated with the generalized gradient
approximation (GGA) functional of Perdew, Burke and Ernzerhof (PBE)
[34]. A 500 eV cutoff energy was used for the plane-wave basis set. I'-
center meshes of 5x5x1 and 9x9x1 Monkhorst-Pack [35] k-point are
used for sampling the Brillouin zone during geometry optimization and
density of state calculations, respectively. The Gaussian smearing width
was set to 0.2 eV. For geometry relaxation, we used the method of
conjugate gradient energy minimization with convergence criterion for
the energy of 10~® eV between two consecutive steps, and the maximum
Hellmann-Feynman force exerting on each atom less than 0.01 eV/A
upon ionic relaxation. In order to test for cutoff energy and k-point grid
is required convergence, two denser Monkhorst-Pack grids (6x6x1 and
7x7x1) and a cutoff energy (600 and 700 eV) were tested for all the
simulated systems. The results were compared for several selected pa-
rameters. It was found that the results from 5x5x1 Monkhorst-Pack grids
were very similar to those for the 6x6x1 and 7x7x1 Monkhorst-Pack
grids. The total energy was converged to <10 meV. Hence, we believe
that 5x5x1 Monkhorst-Pack is dense enough for 4x4x1 MoS; monolayer
and that 500 eV cutoff energy is suitable for the plane-wave basis set.
Using Bader charge analysis, charge transfer between molecules and the
substrate is obtained [36]. All calculations are performed under the
same relaxation criteria.

The frequencies of the phonon modes for the physiosorbed and
dissociated state have been calculated through finite difference method
using a displacement of 0.015, and by fixing all of the atoms of the MoS,
monolayer. This approach has shown to introduce little or no error in the
computed frequencies and intensities of the adsorbed molecules and
results in significant reduction in computational cost [37]. The vibra-
tional modes of the molecules in gas phase were also computed to
compare with the different adsorption configurations.

The binding energy of the N atom(s) on MoS;, surface, Epy, iso-
surfaces of the spin charge density difference for the defective MoSy
monolayer, Ap,, adsorption energy (Eag), charge density difference of
the adsorption systems, Apys, were calculated using Equations (S1-S3),
(S4), (S5) and (S6), respectively, as described in Supporting Information

Applied Surface Science 542 (2021) 148556

(81.3).
3. Results and discussion

In total, 10 possible surface configurations consisting of non-
defective and defective periodic (4 x 4 x 1) supercell of the MoS;
monolayer were investigated (see Fig. 1). The corresponding stable
localized configurations for N doping and vacancies are shown in Fig. 1.
The formation of these configurations are detailed in the Supporting
Information (Section S1.2).

3.1. Properties of N-doped defective and non-defective MoS, monolayer

Prior to evaluating the adsorption of CO,, the relative properties
(atomic, electronic and magnetic) of the simulated surface configura-
tions are discussed. To reveal the effects of N atoms and vacancy defects
on the structural properties of the adsorbent, the results of the N sub-
stitutional and N-doped vacancy (Mo and S) defect systems are
compared with that of the optimized MoS, monolayer. The results of the
structural geometry of the optimized MoS, monolayer is presented in the
Supporting Information (Table S1), which agrees well with the experi-
mental data [38] and previous theoretical values [26,39]. The simula-
tion results of the single (MoS; 1Vs) and double vacancy
(MoS3_1Vyo_1Vs) defect systems are presented in the Supporting Infor-
mation (Table S2). The results agree well with previous studies [28,29].
The binding energy of N atom(s) on MoS; surface, Epy, was calculated
using Equations (S1-S3) as described in Supporting Information (S1.3).

Table 1 presents the binding energy and bond length of N-doped
monolayer MoS; at different sites using the DFT calculations illustrated
in Fig. 1. The binding energies of all N-doped MoS, surfaces are negative
(exothermic process), which suggests that it is viable for N atoms to be
filled into the MoS; surfaces. Among the N-doped MoS; monolayers, the
MoSy_1Nyo_1Ng displayed the highest binding energy of —11.49 eV
upon optimization. Similarly, the MoS;_1Ny, showed a relatively high
binding energy (—8.07 eV), but lower than that of MoS;_1Nyj,_1Ng due

Table 1
Summary of N-doped MoS; configurations.
Model Epn, €V EgY, O e My dvo.  dn. hn-
ev [0 s, A Mo'» s, A
A
MoS,_1Ng —0.88 1.71 —0.81 0.23 2.45 2.02 2.69
(0.83)
MoS;_2Ng -1.63 1.67 —1.56  0.00 ( 2.44 2.02 2.68
*NM)
MoS;_3Ng —2.47 1.62 -2.23  0.00 2.43 2.04 2.66
(NM)
MoS;_1Ny, —8.07 1.18 —-0.84 0.34 2.39 1.78 3.11
(0.82)
MoS3_1Ny6_1Ng -11.49  0.94 -1.72  0.00 2.35 1.92 2.74
(NM)
MoS,_1Vgs_1Ng —-1.92 0.90 —0.95 0.17 2.38 2.01 2.70
(0.61)
MoS;_1Vy_3Ng —8.05 0.91 —-2.21 0.20 2.43 1.93 2.63
(2.20)

 Eg is the calculated direct energy band gap

b Qy stands for total charge obtained by the N atoms. Negative charge means
charge was transferred from MoS, surface atoms to the N atom, and vice versa.

¢ My, is the net magnetic moment of the N dopant atoms. The values in
brackets are the net magnet moment of the entire structure.

d dpo-s, is the average distance between Mo and S atoms close to the defect
sites.

¢ dn-mo, is the average distance between the N atom and its neighboring Mo
atoms.

f hy.g, is the height of the N atom with respect to the S plane (that is, S atom of
the S-layer opposite to the layer doped with N atom).

“ NM, means nonmagnetic state, which shows that the investigated model
exhibits a nonmagnetic state (i.e. total magnetic moment, u = 0 pg).



F.M. Enujekwu et al.

to fewer N atoms. The reason is that the replacement of Mo and/or S
atoms in the MoS; sheet by N atoms (MoSz_1Ny,_1Ng and MoSz_1Ny,),
further creates a local reconstruction on the S layer in adjacent site
(Fig. 1) in an energetically favorable manner during optimization (see
$3.1 in the Supporting Information).

From Table 1, it can be observed that the average N—Mo bond length
shows a small increase with the number of N dopants for both vacant
and non-vacant systems. Specifically, the MoSy_1V;_1Ng system exhibi-
ted a N—Mo bond length of 2.01 A, which is similar to that of non-
defective configurations despite containing an S vacancy. This can be
related to the characteristic stretching of the Mo—Mo distance within
the vicinity of the S vacant site, which offers a cushioning effect on the
N—Mo bond by the vacancy site upon optimization. On the contrary, hy.
s (the height of the nitrogen atom with respect to the S atoms) decreases
with increasing numbers of N dopants for the systems. MoSy 1Ny, dis-
played the largest hy.s value of approx. 3.11 A, which is close to the
interlayer S-S distance of pristine MoS, (3.11 }o\). This can be associated
with the shortest dy.e for MoSz 1Ny, when compared to the other
structures. Overall, our results showed that the vacancy defects (single
or double) created in MoS, do not induce molecular structure recon-
struction as witnessed in the case of carbon vacancy in graphene [40].
The comprehensive details of the binding energy and bond lengths is
given in Supporting Information (Section S3.1).

The electron transfer between the dopant and the surface was also
investigated by examining the charge densities using Bader charge
analysis [36]. As can be seen from Table 1, the values of Qy are negative
for all the considered surfaces, which indicates that the transfer of
electrons occurred from the surficial atoms to the N atom. As discussed
in the Supporting Information (S3.2), this is in line with the electro-
negative nature of the N atom [41]. The Pauling electronegativity of
both Mo and S atoms of the surface are 2.16 and 2.58, respectively,
which are smaller than 3.04 for the N atom. Hence, charge transfers
from the Mo and S atoms to N dopant, which becomes more negatively
charged. The charge transfer from the surface to the N dopant increased
with the number of N atoms present in the structure and, there is charge
transfer from the 1 S-vacancy sites to the N dopant. In addition, the
results from Table 1 show that MoSs_1Ns, MoS;_1Vs_1Ng, MoSs 1Ny,

PRI

(a) MoS,_1Nj

(b) MoS, 2N

AR S e E
Y Yy 88
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and MoS5_1V),_3Ns exhibit a magnetic moment. This is because of the
fewer number of N atoms in MoS; 1Ns and the vacancy in
MoS,_1Vs_1Ng, MoSs_ 1Ny, and MoS;_1Vy,_3Ns. In contrast, MoSs_2Ns,
MoSy_3Ng and MoS;_1Nyj,_1Ng (with higher number of N atoms) exhibit
a nonmagnetic moment despite having double the amount of charge
transfer that could enable significant disturbance and spin polarization.
It is also observed that the excess charge transfer around the N dopants is
evenly distributed among the N atoms. This even distribution reduces
the effect of spin polarization on the surface, and thus, do not induce a
magnetic moment. The distribution of the magnetic moment can be
clearly seen from Fig. 2, which is the isosurfaces of the spin charge
density difference for the defective MoS; monolayer, Ap,, and was ob-
tained using Equation (S4) as explained in the Supporting Information
(S1.3). More details on charge transfer and magnetic properties are
discussed in the Supporting Information (Section S3.2).

Finally, to provide more insight into the electronic properties of
these sites, the total (TDOS) and partial (PDOS) density of state were
calculated. Fig. 3 presents the characteristic TDOS and PDOS of the N-
doped vacancy free and N-doped vacancy containing MoS; monolayers.
N is expected to act as a source of p-type doping for the monolayer MoS,
when it substitutes for S, due to that N have one p valence electron less
than S. This leads to the generation of a hole in the valence band as
shown in the DOS plots (Fig. 3). The calculated direct energy band gap
(Eg) for each structure is given in Table 1. From Table 1, the band gaps
become narrower as the number of N dopants increases for the N-doped
vacancy-free systems. The narrow state of the band gap compared with
the pristine structure (1.79 eV) indicates a shift in the Fermi level is
mainly due to the impurity state introduced by N atoms. The impurity
states mainly come from the hybridization between the 2p orbitals of N
and the 4d orbitals of its neighboring Mo. The electron transfer due to
the presence of nitrogen as a p-type dopant and the band bending
induced by the formation of Mo—N covalent bond at the top-most layer,
as well as the preferential sulfur removal, contribute to a band shift,
which is commonly found in N doped MoS; [11,42]. Furthermore, it is
observed that much narrower band gaps are obtained in N doped single
S or Mo vacancy defect complexes. This can be attributed to the com-
bined effects of the impurity state introduced by N atom as a p-type

(¢) MoS, 3Ny (d) MoS, 1Ny

'\vrvr;v )vﬁ/

ﬁ &v v
f)@@'éxi

(g) MoS,_1Vy;, 3Ng

Fig. 2. Top and side views of isosurfaces of spin density difference for the defect surfaces with isosurface taken as +0.005 e/Bohr®. The light blue and pink colors
represent areas with increase and decrease of electron density, respectively. The color codes for Mo, S and N atoms are the same as in Fig. 1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (a) The TDOS of the defect-free and N doped monolayer MoS,. (b) The PDOS projected on the 3p orbitals of N dopants and the 3p and 4d orbitals of their
neighboring S and Mo atoms, respectively. The positive and negative values of DOS illustrate the spin-up and spin-down states, respectively. Green, orange and blue
lines represent 4d, 2p and 3p orbitals, respectively. The Fermi level is represented by the vertical dashed line. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

dopant and the defect states as a result of unsaturated S or Mo atoms 3.2. CO2 adsorption on the considered MoS; surfaces

near the single S or Mo vacancy, respectively [29]. A detailed explana-

tion of the defect states in non-doped single S or Mo vacancy defect is To investigate the adsorption of COy on the pristine or defect (va-
provided in Section S2 of the Supporting Information. cancy or N-substitutional doping) monolayer MoS,, the adsorption en-

ergy (Eap) is calculated using Equation (S5) as described in the
Supporting Information (S1.3). The molecular height is defined as the
distance between the carbon atom of the CO5 molecule and a reference
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atom of the MoS; surface in the basal plane in the z-direction (i.e. N
atom for N doped MoS; surface and average z plane of S atoms, for non-
doped MoS; surface). It should be pointed out that top (Mo or S), hollow
or bridge sites of the MoS; monolayer were not emphasized in our cal-
culations. The reason for this is that a theoretical study has shown that
MoS; is a poor adsorbent for CO» irrespective of these sites, but defective
MoS; is a good adsorbent, hence, our focus is to further enhance the
adsorption by N doping [19]. In this regard, the COy molecule was
initially placed at a height of 2.5 A from S or Mo at the vacancy site and
doped N atom(s) for vacancy defect and N-doped monolayer MoS,,
respectively. Different orientations of the CO2 molecule and lateral po-
sitions with respect to XYZ axes of the MoS, supercell were also
considered in order to obtain the most stable CO; adsorption
configurations.

Based on the test calculations (Table S2), only the most stable relaxed
adsorption geometric structures and results are presented and discussed
here, while the others can be found in the Supporting Information
(Section S5). Fig. 4 presents the schematic structure of the most stable
CO,, adsorption configurations for the pristine or defect (vacancy or N-
substitutional doping) monolayer MoS,. Except for the MoS,_1Vs, all
other models exhibited a stable CO5 adsorption when the CO; molecule
is oriented in parallel with the surface of the model. It is worth
mentioning that MoS;_1Ny, is not a stable adsorption configuration for
CO2 molecule due to a high positive adsorption energy in all the
considered configurations (Table S3), therefore is not be discussed

- .
’-C ’-C‘J Q -

®»
o

(a) PMoS, (b) MoS, 1N

(f) MoS,_1V;

(g) MoS,_1Vg_1Ng

(c) MoS,_2Ng

(h) MoS,_1Vy;, 3Ng
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further.

Further elaboration of the adsorption properties at 2.5 A initial
molecular height is given in Table 2. Table 2 presents the equilibrium
molecular distance between the adsorbate and the substrate yielded by
optimization (hyel.surf), along with the corresponding adsorption energy
(Eag) and characteristic parameters for the considered models such as
the amount of charge transfer (from Bader charge analysis) between
MoS; and CO» molecule (Qco2), and MoS; and nitrogen atom of the
dopant (Qy), characteristic surficial bond lengths (dyo-s, dn-mo and hy.s,)
average bond lengths () and bond angles (0) of CO, after adsorption,
and change in CO5 bond angles (A0). A0 is the difference between the
bond angle experimental value (180°) [43] and the value obtained from
the structural optimization. For example, a stable CO, adsorption on the
MoS,_1Ng surface displayed an equilibrium height of 3.085 A with an
adsorption energy of —0.197 eV. All equilibrium heights obtained from
the models are lower than that obtained in PMoS, (3.456 A) with an
adsorption energy of 0.139 eV. As shown in Table 2, MoSy_1Vyj,_3Ng
(3.313 A) gives highest adsorption energy of 1.818 eV, which is 13 times
higher than that of PMoS,. Also, CO- is considered to be physisorbed on
all the surfaces based on the large separation heights, except for
MoS;_1Vs surface, where CO2 molecule was found to undergo a disso-
ciative adsorption. The detailed discussion on the dissociation is given in
the subsequent section.

(e) MoS,_1Ny,_1Ng

(d) MOS2_3NS

_ 3.376 A
S = NP S

JOv dU
(i) MoS,_1Vy, 1Vg

Fig. 4. The schematic structure of the most stable adsorption configurations for CO, molecule adsorbed on the pristine and defect (vacancy or N-substitutional
doping) monolayer MoS, from top (upper panel) and side (lower panel) views. The full descriptions of a—i have been given in Fig. 1. The color codes for Mo, S and N
atoms are the same as in Fig. 1, while, O and C atoms are shown in red and grey, respectively. The lines define the equilibrium molecular height between the central
carbon atom of the CO, molecule and a reference atom of the MoS, surface in the basal plane in the z-direction yielded by optimization (i.e. N atom for N doped MoS,

surface and average z plane of S atoms, for non-doped MoS, surface given in A.
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Table 2

Summary of calculated results for adsorption of CO, on most stable configurations of different surfaces at 2.5 A initial molecular height.
Model Ese €V Qcon e Qe © M, pg hmotsut 5 A dvos S A dyme s A hys® A LA 0,° A8, °
PMoS, —0.139 —0.020 - - 3.456 2.412 - - 1.177 179.698 0.302
MoS,_1Ng -0.197 -0.017 —0.958 0.213 (0.840) 3.085 2.443 2.019 2.694 1.177 178.713 1.287
MoS;_2Ng —0.200 —0.017 —1.894 0.000 (* NM) 3.136 2.439 2.012 2.681 1.177 178.712 1.288
MoS;_3Ng —0.211 —0.015 —2.814 0.000 (NM) 3.233 2.365 2.016 2.655 1.176 178.710 1.290
MoS, 1Ny 1Ng —0.186 —0.019 —1.702 0.000 (NM) 3.160 2.351 1.926 2.754 1.176 178.720 1.280
MoS,_1V*g —0.908 " 1.015 (0.109) - - '3.003 2.421 - - 1.144 - -
MoS,_Vs_1Ng —0.196 —0.019 —0.962 0.089 (0.544) 3.116 2.384 2.016 2.699 1.176 178.975 1.025
MoS;_ 1V 3Ng —1.818 —0.012 —2.557 0.027 (0.256) 3.313 2.365 2.046 1.776 1.177 178.581 1.419
MoS;_ 1V 1Vg —0.252 —0.027 - - 3.376 2.334 - - 1.179 179.369 0.631

a
Qcoz-
b Qu, are total charge obtained by the CO, molecule and N atom of the dopant respectively. Negative charge means charge is transfered from MoS, surface atoms to
the atoms of CO5 molecule, and vice versa.
¢ My;, is the net magnetic moment of the N dopant atoms. The values in brackets are the net magnet moment of the entire structure.
d hmol-surt, is the equilibrium molecular height, the equilibrium molecular height is the height between the central carbon atom of the adsorbed CO, molecule and a
reference atom of the MoS; surface in the basal plane in the z-direction yielded by optimization (That is, N atom, for N doped MoS, surface and average z plane of top S-

layer atom, for non-doped MoS, surface).

¢ dyos, is the average distance between Mo and S atoms close to the defect sites nearest to the adsorbed CO».

f dn.mo, is the average distance between the N atom and its neighboring Mo atoms nearest to the adsorbed CO,.

& hy.g, is the height of the N atom with respect to the S plane (that is, S atom of the S-layer opposite to the layer doped with N atom).

* MoS,_1Vg model, however might not be a stable system for sustainable CO5 adsorption because of the strong tendency of one O atom of CO, to embed in the MoS,
surface, thus creating Mo-O-Mo layer at the S vacancy site when the CO5 molecule is oriented vertically leading to the formation of CO gas, therefore, the adsorption

energy presented there is rather CO, dissociation energy.

h 1.015 (0.109) e, is the charge gained (lost) by the formed CO gas (O atom that bonded with the surface).

1'3.003 JQX, is the distance between C atom of the formed CO gas and O atom that bonded with the surface.

£1.776 A, is the average N-S triple bond length, that is, when CO5 adsorbed on MoS,_1Vy;,_3Ng surface, triple bonds were formed between opposite dangling N and S
atoms in the Mo vacancy.*NM, means nonmagnetic state, which shows that the investigated model exhibits a nonmagnetic state (i.e. total magnetic moment, pu = 0 ug).

3.3. CO2 adsorption on defective MoS, monolayer

For MoS;,_1Vs, an improved adsorption efficiency of CO, is obtained
with an adsorption energy of —0.908 eV. This energy is much stronger
than those obtained for CO, interaction with some MOFs or carbon-
based nanomaterials [44,45]. As discussed earlier, only the MoS,_1Vg
model exhibited the dissociation of CO; to yield lattice-embedded oxy-
gen and CO molecule that desorb from the surface at the considered
molecular height (Fig. 4f). The dissociative chemisorption of CO, on the
single S vacancy defect can be associated with the perpendicular
orientation of CO5 molecule and the increased covalent attractions. The
covalent attraction was observed to be higher around the vacancy defect
sites due to the three dangling Mo atoms. The O atom of the CO,
molecule possesses excess negative charge due to its higher electro-
negativity when compared to the central C atom. As a result, the O atom
is strongly attracted to the more positively charged vacant site, due to
the enhanced charge transfer from the excess positively charged
dangling Mo atoms (Qyo = 0.07 e) to the single S-vacancy defect sites
(Table S2).

This explains why the CO, molecule tends to distance itself from the
vicinity of single S vacancy defect of MoS, monolayer when linear CO3 is
placed horizontally along the z-axis, since the positively charged central
C atom of CO- is not electrostatically attracted to the positively charged
dangling Mo atoms of single S vacancy defect. As a result, the large
electropositive central C atom may make it difficult for CO5 to grab
electrons from the MoSy_1Vs defect site and thus prevent the strong
interaction between them. As shown in Table S3, the repulsive inter-
action between CO5 and MoS,_1Vs when linear CO5 molecule is hori-
zontally oriented along the z-axis is reflected in the positive adsorption
energy. This is one reason why pristine MoS, surface does not strongly
interact with CO2 molecule as the layer of negatively charged S atoms
shields the inner positively charged Mo atoms. Subsequently, a lesser
interaction is observed on the pristine surface when CO; is perpendic-
ularly oriented to the surface. The calculated energy of —0.908 eV is far
larger than the value reported in Ref. [21] for CO5 adsorption on the
single SV defect site. This reported study suggested that COy only
physisorbed on MoS;_1Vg, Part of the discrepancy can be attributed to

the perpendicularly orientated CO5 molecule and the effect of lateral
interaction between the O of CO5 pointing towards the S vacant site and
the surface.

Furthermore, as shown in Fig. 4f, the lattice-embedded oxygen and
three dangling Mo atoms are linked by three newly formed O—Mo co-
valent bonds, whose average length is 2.081 A, shorter than the Mo-S
bond length. The formation of these bonds leads to the elongation of
the surrounding Mo-S bonds from 2.412 to 2.421 A as shown in Table 2.
Bader Charge analysis shows 0.109 e charge transferred from the lattice-
embedded oxygen to the detached CO, which obtained 1.015 e total
electron charge. The distance between C atom of the detached CO
molecule and the lattice-embedded O atom is 3.003 A. This value is
smaller than 3.500 A reported in Ref. [26] for CO physisorption on
perfect MoS; surface, which indicates a strong physisorption state. The
C—O bond length is calculated to be 1.114 A, which is in excellent
agreement with the experimental value of 1.13 A [43].

Pertaining to MoS;_1Vy,_1Vs, the adsorption of CO; resulted in a
moderate adsorption energy of —0.252 eV, which corresponds to a
physisorption process. CO, physisorption is therefore energetically
favored in MoS3_1Vy_1Vs by —0.113 eV over the PMoS; and notably
lesser by —0.656 eV when compared to the dissociative adsorption on
MoS,_1Vs. The large difference in the adsorption energies between
MoS5_1Vg and MoSs_1V),_1Vs can be attributed to the missing Mo atom
in MoSz_1Vy,_1Vs surface, which reduces the electrostatic and covalent
components of the interaction between the O atom of COy and the
vacant site. The adsorption distance of MoSg_1Vyj,_1Vsis 3.376 A, which
is also shorter than that obtained for PMoS,, and the CO, molecule
adopts a tilted orientation, with O atom pointing to the MoS defect as
shown in Fig. 4i. The bond length of the physisorbed CO; slightly
increased while the bond angle decreased by ~0.6° with respect to the
linear COs in gas phase (Table 2). From the Bader charge analysis, 0.027
e charge is transferred from MoS; 1Vy,_1Vs surface to CO, molecule,
which is comparable to that obtained with the prefect surface. Thus, this
proves that CO, molecule gives a moderate interaction with MoS;_1V-
Mo_1Vs defect. The calculated adsorption energy of —0.252 eV is close to
the value of —20.5 kJ/mol (-0.213 eV) reported by Ref. [19].

To analyze the electronic properties of the defect structures upon
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CO4, adsorption, the density of state (DOS) and charge density difference
were calculated. The charge density difference, Apy, is defined in the
Supporting Information (S1.3) using Equation (S6). Fig. 5 presents the
TDOS and PDOS of the adsorption system. The PDOS were projected on
the relevant orbitals: p and d orbitals of the respective S and Mo atoms
near the MoS and S vacancy sites, p orbital of N dopants, and the s and p
orbitals of the CO and CO, molecules, and lattice embedded O atom. As
can be seen in Fig. 5b, when CO, physisorbed on the MoS vacancy site
(MoS3_1Vye_1Vg), there is an orbital coupling between the p orbital of
CO4 and the d orbital of the Mo atom, which is in agreement with a
previous study [19]. There are no significant changes in the DOS spectra
of either valence or conduction band of MoSs 1V, _1Vs upon CO4
adsorption just like in the perfect surface (Fig. S2b). The narrower band
gap near the Fermi level when compared to the pristine surface, is due to
the defect states introduced as a result of vacancy formation (see Sup-
porting Information). Contrarily, after COy dissociated on MoS;_1V-
Mo_1Vs, the lattice embedded O atom acts as a coverage on the S vacancy
site, thus there is a modification of the band gap near the Fermi level (see
Fig. 5a). The defect states introduced as a result of unsaturated Mo atoms
near the 1 S-vacancy, is now eliminated by the lattice embedded O atom,
forming 3 saturated Mo—O bonds. Hence, the band gap near the Fermi
level of this stable structure is normalized and compares with that of the
perfect surface. This result agrees with reported studies that atmospheric
oxygen heals vacancies and other defects resulting from sulfur vacancy
in MoS; [46,47].

The isosurfaces of spin density difference for the CO, molecule
adsorption on the defect surfaces (MoSy_1Vg and MoSy_1Vy,_1Vs) are
presented in Fig. 6. There is a charge difference re-distribution in the
middle region between CO; molecule and MoS;_1Vy, 1Vs substrate
(Fig. 6b), with much noticeable polarization of the MoS,_1Vy;,_1Vg sheet
upon CO3 adsorption. This indicates a stronger covalent character, when
compared to the perfect surface (Fig. S2a). This explains why the
MoS3_ 1V 1Vs gives a higher adsorption energy than the PMoS,.
Meanwhile, there is more charge transfer and stronger interaction be-
tween the MoS,_1Vg surface with the lattice-embedded O atom and CO
molecule (Fig. 6a), which can be compared to that of Lewis acid inter-
action. The electrophilic C atom of CO makes the molecule Lewis acidic
and interacts with lattice embedded O atom through electron acceptor-
donor type interaction. A total electron charge of about 1.015 e is
transferred from the surface to the CO molecule, with the embedded O
atom contributing a considerable 0.109 e. The interaction of CO with the
MoS,_1Vs is favored by —0.968 e when compared to the total amount
charge received by CO5 molecule from both PMoS; and MoS;_1Vy,_1Vs
vacancy surfaces. The high amount of charge transfer to the CO mole-
cule and the stability of electronic structure of 1 S-vacancy MoS; due to
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the presence of O atom provides evidence of n-type doping, and the
effect of O atom on stabilizing the electronic properties MoS,. Hence,
this large electron transfer significantly changes the electronic transport
properties of MoSy 1Vs.

3.4. CO3 adsorption on N-doped defected MoS, monolayer

From the results presented in Table 2, it is evident that the
MoS;_1Vy0_3Ns site possesses the highest activity for CO, adsorption
(Eag = —1.818 eV) amongst all of the considered N-doped models, which
is significantly higher than the defective MoS, monolayers (MoS3_1Vg
and MoS;_1Vy,_1Vg). Therefore, to understand the effect of nitrogen
doping on vacancy MoS,, the adsorption characteristic of MoSy_1V-
Mo_3NGs is investigated. Also, the adsorption properties of CO, molecule
on MoSy_1Vy,_3Ng sites are calculated and compared with that of the
perfect MoS; and non-doped vacancy surfaces. As shown in Fig. 4, COy
physisorbed on MoS;_1Vy,_3Ns has an equilibrium molecular height of
3.313 A with its molecular axis parallel to the MoSz_1Vyj,_3Ng basal
plane. This parallel adsorption configuration is similar to that of CO;
adsorption on the pristine MoS; surface, except that the CO, physisorbed
on the perfect surface displayed an equilibrium molecular height of
3.456 A. The physisorption of CO2 molecule on the N doped vacancy site
stretches out the surficial N atoms resulting in an increase in dy.y, from
1.93 A (Table 1) to 2.046 A (Tables 2).

The interaction between COy and MoS;_1Vy_3Ng surface yields
stronger CO»-surface interactions compared to pristine MoS; (PMoS3) or
the other defect (vacancy or N-substitutional doping) sites. Specifically,
the CO, adsorption physisorption energy is approximately 13 times as
strong as that on a PMoS,. The superior adsorption performance is also
illustrated by the difference in the equilibrium molecular height be-
tween MoSz_1Vy,_3Ng and PMoS,. The difference can be explained by
their bonding nature with CO,. The positively charged central carbon
atom of CO, molecule is attracted electrostatically to the negatively
charged tertiary nitrogen atoms surrounding the Mo vacancy. The
absence of an Mo atom lessens the repulsive component of the interac-
tion. As shown in Table S2, the adsorption energetic configuration for
CO, molecule on MoS;_1Vy;,_3Ng is obtained when the linear CO, mo-
lecular axis is placed parallel to the surface. Less or repulsive interaction
is observed when linear CO5 is perpendicularly oriented to the surface,
with the O atom pointing to the MoSy basal plane. The result indicates
that for pristine MoS; surface, CO, physisorption mainly occur on the
basal plane through van der Waals interaction, whereas the N atoms
surrounding the Mo vacancy site in MoSy 1Vy,_3Ng promotes the
physical interaction between COs molecules through non-covalent
interaction and enhanced electrostatic interaction on the N doped Mo
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Fig. 5. (a) The TDOS and (b) The PDOS projected on the p and d orbitals of respective S and Mo atoms near to the MoS and S vacancy sites, p orbital of N dopants and
the s and p orbitals of the physorbed CO and CO, molecules, and lattice embedded O atom. MoS,_1Vs, MoS, 1Vy,_1Vs and MoS;_1Vy,_3Ns represent 1 S-vacancy,
1Mo- and 1S-vacancy, and tertiary nitrogen doped 1 Mo-vacancy MoS; monolayers, respectively. The vertical dashed line corresponds to the Fermi level.
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(a) MoS,_1Vg

(b) MoS,_1Vy,,_1Vy

(c) MoS,_1Vy;,_3Ng

Fig. 6. Top and side views of isosurfaces of spin density difference of (a) 1 S-vacancy, (b) 1 Mo and 1 S vacancy and (c) tertiary nitrogen doped 1 Mo-vacancy, with
isosurface taken as -£0.00015 e/Bohr°. The light blue and pink colors represent increase and decrease of electron density, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

vacancy sites. This result demonstrates that N doping could boost the
effective surface for CO5 adsorption by facilitating both van der Waals
and electrostatic interactions. This phenomenon is quite similar to CO5
physisorption on N doped carbon surface [48].

Furthermore, the geometric structures of CO, molecule adsorbed on
MoS;_1Vy,_3Ng were calculated to understand the surface-molecule
interactions. The bond length and bond angle of the physisorbed CO5
molecule were calculated and compared related to the values in gas
phase. As shown in Table 2, the bond angle of the physisorbed CO,
molecule changed compared to the gas phase CO,. The calculated bond
angle of physisorbed CO is 178.68°, which decreased by 1.42° with
respect to the gas phase CO, molecule [43]. The decrease in CO5 bond
angle makes the optimized state highly exothermic with a difference in
adsorption energy of about —1.7 eV with respect to the pristine surface,
where the bond angles remain almost unchanged after adsorption.
Table 2 also shows that, the bond length of physisorbed CO, molecule
are unchanged compared to the gas phase CO5 molecule. Therefore, the
geometric structure of CO5 molecule is not affected when it is adsorbed
on N doped 1 Mo-vacancy site, indicating only physical interaction.

Similar to the perfect and MoSy_1Vy,_1Vg surfaces, the DOS analysis
shows that there are no significant changes in the DOS spectra of either
valence or conduction band of MoS;_1Vy,_3Ns upon CO, adsorption.
However, the band gap near the Fermi level was observed to be nar-
rower than that for the pristine surface since the introduction of the N
atom and 1 Mo-vacancy induces impurity and defect state, respectively,
as explained in Section 3.1. The only observed effect of the adsorption is
the orbital coupling between the p orbital of the CO, molecule and the
d orbital of the Mo atom, as shown in Fig. 5b.

Bader charge analysis reveals that the interaction between the CO4
molecule and MoS;_1Vy,_3Ns surface also resulted in charge transfer
and redistribution. As shown in Table 2, while 0.020 e is transferred to
CO4, in the pristine surface, only 0.012 e is transferred to CO; when 1
Mo-vacancy is doped with N atoms. The difference in the charge transfer
supports the Lewis-acid interaction analogy between CO5 and
MoS;_1Vy,_3Ng surface, but less noticeable when compared to the
pristine and non-doped vacancy surfaces. Moreover, the reactive surface
N atoms gain more electrons after COy adsorption compared to the
electrons gained by the N dopants before adsorption. Specifically, the
total electron gained by the N dopant before and after CO, adsorption is
2.21 e (Table 1) and 2.557 e, respectively. Thus, the N dopants become
more negatively charged after adsorption with an additional charge of
0.347 e. Also, as the surface N atoms become negatively charged, less

charge is transferred to CO3 molecule and higher adsorption energy is
obtained, different from the behavior observed in pristine (PMoS;) and
non-doped vacancy (MoSy_1Vg and MoSz_1Vy,_1Vs) surfaces. This is
attributed to the electron transfer from the oxygen atom of CO3 mole-
cules and indicates that CO, molecule binds strongly onto the N doped
vacancy site by transferring some of the electrons of the O atom. These
results further demonstrate that nitrogen doping of MoS; belongs to the
p-type doping, which agrees with reference [42].

This conclusion drawn based on Bader charge analysis can be
confirmed by the charge density difference, Apy. As shown in Fig. 6¢,
charge difference redistributes in the middle region between CO,
molecule and MoS»_1Vy,_3Ns substrate, with much more noticeable
polarization of the MoS;_1Vy,_3Ns sheet upon molecules adsorption,
indicating a stronger covalent character, when compared to the perfect
surface and the MoSy_1V),_1Vs. The light blue and pink colors represent
increase and decrease of charge electron density, respectively. When
CO», is physisorbed onto the surface, the reactive surface N atoms receive
electrons from the region between the CO; central carbon atom and it-
self to strength the interaction between CO5 and the surface. The in-
crease in the pink color (decrease of electron density) in the middle
region between the CO2 and MoS,_1Vy,_3Ng surface compared to the
cases of defect-free and non-doped defective surfaces, indicates less
charge transfer to CO, upon the adsorption on MoSy_1Vyj,_3Ns. Also, the
increase in the light blue color (increase of electron density) on the
surface N atoms compared to MoSz_1Vyj,_3Ng surface before adsorption
(Fig. 2), shows the reactive surface N atoms gained more electron after
CO5 adsorption. As a result, a large region of electron depletion appears
near the oxygen atoms and there is lower electron density surrounding
CO, compared to that of CO5 in perfect surface (Fig. S2). For the mag-
netic properties, upon COy adsorption, the magnetic moment of the
surface N atom is significantly reduced to 0.027 g, while the net mag-
netic moment locates on the adsorbed CO3 molecule as shown in Fig. 6¢.
This significant impact on the magnetic moment of MoSz 1V, 3Ng
upon CO; adsorption proposes that MoS;_1Vy,_3Ng as a suitable CO»
sensing device. These results suggest that, CO, interacts strongly with
the Mo vacancy site, when the surrounding S atoms are substituted with
N atoms. In general, the adsorption efficacy of the MoS, surface can be
promoted by any measure that can enhance the electrostatic interaction
between the COy molecule and the surface complex, other than vdW
interactions. This can be revealed by the electron charge distribution
and magnetic moment-induced polarization. The qualitative difference
between adsorption mechanisms associated with CO2 on the perfect
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surface and non-doped vacancy defect sites, and nitrogen doped Mo
vacancy defect sites stresses the importance of nitrogen doping on va-
cancies for CO, adsorption in the MoS; system.

3.5. Infrared (IR) spectroscopy of CO2 adsorption on MoS2 1V,
MoS2_1Vy, 1Vs and MoS2_1Vy, 3Ng surfaces

Calculation of the infrared (IR) spectroscopy of molecules adsorbed
on the surface in conjunction with the experimental measurements can
provide valuable approach to probe the structure of the surface absor-
bates. The vibrational frequencies of the CO, molecule adsorbed on
MoS5_1Vs, MoS3_1Vy_1Vs and MoSs 1Vy,_3Ns surfaces were calcu-
lated and compared to the gas phase. As shown in Table 3, the vibra-
tional frequencies of the asymmetric (v3) and symmetric (v1) stretching
modes for gas phase CO, was calculated to be 2361 cm™! and 1328
em™}, respectively. The bending frequencies (v2) for gas phase CO is
calculated to be 633 cm ™. The calculated value is in good agreement
with the experimental value [43,49]. The discrepancies between the
DFT calculated vibrational frequencies and the true vibrational fre-
quencies arise from the harmonic treatment of the DFT vibrations and
the inexact nature of DFT in solving the Schrodinger equation, which are
common in quantum chemistry calculations [50]. To correct the dis-
crepancies, the DFT results are often multiplied by a scaling factor (in
the range of 0.95-0.99 for typical GGA) to match the experimental
measurements [50]. In this study, we used scaling factor of 0.989.

The computed asymmetric stretching modes (v3) for physisorbed
CO, molecule on MoSz_1Vy, 1Vs and MoS;_1Vy;,_3Ng surfaces are 2353
em ! and 2355 em ™!, respectively. These values downshifts by 8 cm™*
and 6 cm™! to the value calculated in gas phase CO,. The calculated
symmetric stretching modes (v1) for physisorbed CO; on MoS;_ 1V-
Mo_3Ng surface, 1317 cm ™!, downshifts by 11 em ™! with respect to the
calculated symmetric stretching mode of gas phase CO». The calculated
symmetric stretching mode for physisorbed CO, on MoS;_1Vy, 1Vs is
1315 cm !, which downshifts by 13 cm™! with respect to the calculated
symmetric stretching mode of CO3 in the gas phase. The slight downshift
in the vibrational frequencies of the physisorbed CO, molecule indicates
that the C=0 bonds are slightly weaken when CO5 molecule interact
with MoSz_ 1V, 1Vs and MoS;_1Vy,_3Ns sites.

Moreover, upon interaction with MoS;_1Vy_3Ng site, the COy
deformation mode (v2) of 633 cm™! remain unchanged with respect to
the computed value in gas phase. Upon interacting with MoSy_1Vy,_1Vs
site, deformation mode (v2) of CO4 is 623 cm’l, which downshifts by 10
em™! compared to the v2 mode in the gas phase. This downshift is
responsible for the slight increase in C—=0 bond length as shown in
Table 2. Together with the fact that the bond length and vibrational
frequencies of CO; slightly changed, it can be concluded that C=0
bonds are slightly weakened when CO2 molecule is physisorbed on
MoS;_1Vye 1Vs and MoSz_1Vy,_3Ngs sites. This confirms that there is no
chemical bonding, and interactions are dominated by weak vdW forces.

We also calculated the vibrational mode of CO molecule formed
upon CO; interaction with MoSy_1Vg site. The most intense frequency
value, 2119 cm™}, corresponds to C=0 stretching mode (Table 3),
which is in excellent agreement with the experimental value [43,49].

Table 3
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This value is lower than the C=0 bonds in the gas phase CO. In addi-
tion to the decrease in C—O bond length and the formation of triple
bond, we can conclude that the dissociation of CO, on MoS,_1Vg site
leads to the formation CO molecule. To the authors’ knowledge, in terms
of experimental and computational comparison, there are no direct
vibrational frequencies of CO, molecule physisorbed on non-doped va-
cancy and tertiary N doped Mo vacancy MoS; sites. It is reasonable to
compare the computed modes with CO5 molecule in gas phase, in order
to understand how these modes shifted upon interacting with the
surfaces.

3.6. Selective adsorption of CO2, N2 and H20

An effective CO, adsorbent should selectively adsorb CO, molecule
over other competitive gaseous molecules, such as N». Since our interest
is on selectivity, only the binding energies of all the molecules on pris-
tine and defect MoS; monolayer sites are compared and discussed here.
This is important for testing the trapping and catalytic activity of the
MoS; sites. All the calculated results for the most stable adsorption
configurations of Ny and H20 molecules on different surfaces are sum-
marized in the Supporting Information (Table S10 and Table S11).

The highest adsorption energies between each substrate and the
adsorbate (CO2, N3 and H,0) are compared in Fig. 7a. It can be seen that
the N3 adsorption is weaker than CO; adsorption for all surfaces except
MoSs5_1Nyo_1Ng, in which Ny is dissociated with a high dissociation
energy rather than adsorbing on the surface. The weaker adsorption
energy of Ny is attributed to its smaller quadrupole moment and
polarizability properties than those of CO,. Also, MoSz_1Vg exhibits a
weaker interaction with Ny than pristine MoS, and the defective sur-
faces. The interaction between Ny and MoSs_1Vs is repulsive as shown
by the positive adsorption energy value, whereas COy interacts
exothermically with MoS,_1Vg, leading dissociation of CO5 molecule.
This result implies that MoS,_1Vg is a good adsorbent for CO5 activation
and not effective for Ny adsorption.

It is clear that the selective adsorption of CO3 over N is based on
different binding affinities on the adsorbent surface. Therefore, the ratio
and difference of the highest adsorption energies for CO5 and N5 can be
indicators of selective adsorption (Fig. 7b). From Fig. 7b, MoS,_1Vs and
PMoS; exhibit a relatively higher ratio of adsorption energy, while
MoS;_1Ng, MoS;_2Ng, MoS;_3Ng and MoS;_1Vs_1Ng exhibit similar ratio
of adsorption energy. The highest ratio of 5.1 is obtained for MoS;_1Vg
surface, while the lowest ratio of 0.5 is obtained for MoS;_1Np,_1Ng.
Although the highest adsorption energies for CO, and N3 molecules are
obtained for MoS;_1Vy,_3Ng structure as explained in the Supporting
Information (S6), but smaller ratio of 1.0 compared to the values ob-
tained for other structures. When the difference of adsorption energies
for CO;3 and N3 is compared, MoS5_1Vj site appears to be more suitable
adsorbent for selective adsorption and separation of CO, over Nj.

The adsorption of an H,O molecule on the same surfaces are also
compared to CO2 adsorption to predict the stability of the defect and
defect free MoS; monolayers towards H2O contaminant. Fig. 7c presents
the ratio and difference of the highest adsorption energies for CO5 and
H50 in each studied surface. Unlike the N3 adsorption, H,O was found to

Calculated Vibrational Frequencies (cm ') for CO, molecule adsorption on MoS;_1Vs, M0S;_1Vy,_1Vs and MoS,_1Vy,_3Ns sites. Calculated and Experimental values

of gas-phase CO, molecule are included for comparison.

Molecule Gas-phase Physisorption on MoS;_1Vy_1Vs/Mo0S; 1V 3Ng Dissociation on MoS; 1Vg
Experimental Theoretical Current work
c=0
stretching 2349 [43,49] 2360 [40] 2361 2353/2355
Asymmetric (v3) 1333 [43,49] 1321 [40] 1328 1315/1317
Symmetric (v1)
C=0 bending (v2) 667 [43,49] 638 [40] 633 623/633
C=O0 stretching 2131 [43,49] 2119




F.M. Enujekwu et al.

(a)'2-5 T T T T T T T T T
B co2
ol HHEN2 il
H20
—~
z
36-1.5-
5]
=
=
=
2 -1.0 4
=
)
0N
<
<
-0.5
0.0
. »n 2] »n » 2] 2
a 72 z Z Z ¥ Z z ¥z
S T T T T T T
E g 4 o 2 a9 ¥ £ 2
] ] =] Z =] — > >
s 2 2 5 2 T2 F
o n o o
wn [=] wn wn
[=} E (=) [=}
= = =
(c)5 T T T T T T T T T 20
EE CO/H,0
—e— CO,-H,0 16
]
4 12l =
20 =
Q Q
5 5 . Los 5
= =1
= =
£ / Fos4 B
-:% . A p— g
< 21— Loo <
B £
=] Q
= L-04 2
& 1 2
=
L-08 =
o

2z 7 Z z 2z Z
— [ o i — — o -
E 4 4 & f 4 & s
2 32 2 z 2 zZ F g

= £ 2% 2 %05

o w2 ) o

2 £ 4 %

= s =

Applied Surface Science 542 (2021) 148556

(b)6 7T T T T 71— 71 104

Ratio of Adsorption Energy
Difference in Adsorption Energy (eV)

PMoS;
MoSz_3Ns
MOSz_ 1 Vs

Z
%)
o
=

MoS;_2Ng

MoS: 1Vs INg

MoS2 INyo INs
MoS:2 1Vmo 3Ns
MoS: 1Vmo 1Vs

Fig. 7. Investigation of CO adsorption selectivity over N, and the effect of moisture content (a) The adsorption energies of CO,, N2 and H>0 molecules for the most
stable adsorption configurations compared at 2.5 A molecular height, (b) ratio and difference of adsorption energies between CO, and N, molecules, (c) ratio and

difference of adsorption energies between CO, and H,O molecules.

bind more strongly on all the surfaces than CO2 except on MoSy 1Vg
monolayer. The stronger adsorption of HoO molecule is characterized by
its high polarity and quadrupole moment than those of CO,. This is
because the polarity of molecules adsorbed on any surface represents a
very important factor that influences their interaction with the electric
field of the surface. In other words, adsorbates that have the high
quadrupole moment, such as H50O, interact strongly with the electric
field of MoS; monolayer and this favors their adsorption.

The highest ratio of 3.5 is obtained for MoS; 1Vs, whereas an
adsorption ratio less than one is obtained for other surfaces. Also, by
comparing the difference in adsorption energies for CO5 and H3O, it is
evident that MoS,_1Vg favors CO, adsorption over HoO. The positive
difference in the adsorption energies and low ratio of adsorption en-
ergies of CO2 over HyO for the pristine, N-substitutional and double
vacant systems indicate that the exhibit excellent selective adsorption of
H20 over CO3 molecule. Therefore, the presence of HyO could signifi-
cantly decrease the adsorption capacity of these MoS,; monolayer sys-
tems towards selective adsorption and separation of CO». Although the
results showed that MoS,_1Vs site is suitable adsorbent for selective
adsorption and separation of COj, the optimization of the MoS;
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monolayers structural characteristics and the experimental conditions
that will ensure the removal of water vapor to the lowest value might
enhance substantially their CO, adsorption capacity and thereby might
give rise to the excellent adsorbents that may be used to capturing the
industrial emissions of COs. Finally, CO» appears to bind stronger on
MoSy_1Vyp_3Ns site than Ng, making it suitable adsorbent for selective
adsorption and separation of CO5 over Ny, but for the application of CO4
storage, the existence of HoO may affect the partial charge distribution
of the nitrogen doped vacancy sites.

4. Conclusions

It can be concluded that all of the considered surfaces with vacancy
defects and N-doping at the vacancy site exhibit superior adsorption
activity, selectivity and stability except for the N-substituted Mo atom
(MoS3_1Ny,) surface. Among the 10 different surface models studied,
the 1 sulfur-vacancy (MoSy 1Vs) and tertiary nitrogen doped 1 Mo-
vacancy (MoSz_1Vy,_3Ng) exhibit strong binding energies of —0.908
and —1.818 eV, respectively. These values are approximately 7 and 13
times as strong as that of a pristine MoS; surface. The results reveal that
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CO5 mainly adsorbs on the basal plane of pristine MoS, surface as a
result of van der Waals interactions, while the vacancy defect and N
doping perturb the local electron density of MoS;, surfaces and greatly
promote CO, adsorption with covalent and electrostatic interactions.
Among various vacancy defects, MoS;_1Vs improved adsorption effi-
ciency of CO, through dissociative chemisorption, leading to reduction
of CO; to CO gas. This phenomenon is promoted by the perpendicular
orientation of the CO, molecule after geometric optimization, which
increased the covalent attractions at the vacant site. Meanwhile, a
double molybdenum and sulfur (MoS) vacancy defect (MoS3_1Vyo_1Vs)
facilitates CO5 physisorption by enhancing the van der Waals in-
teractions between CO; and the basal plane of the vacancy site. The
promotional effects of tertiary nitrogen doping of 1 Mo-vacancy on COy
physisorption can be attributed to the enhanced -electrostatic
interactions.

In addition, MoS; 1Vg and MoSy_ 1V, 3Ng surfaces showed a
stronger selective adsorption of CO; over Na. Due to stronger adsorption
energy of HoO over COs at the tertiary nitrogen doped 1 Mo-vacancy
site, application of this material for CO, storage maybe limited by
moisture, by affecting the partial charge distribution of the nitrogen
species at the vacancy site. The results in this study are expected to be
helpful to reveal the CO, adsorption mechanism and develop CO2 ad-
sorbents based on MoS, materials containing nitrogen. These will pro-
vide new insights for improved molecular adsorption on heteroatom-
doped MoS, surfaces, which has been witnessed on carbon surfaces.
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