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Molybdenum disulfide, a kind of graphene-like two-dimensional material, has attracted great interests 

due to its unique properties with potential applications in electronics and sensors. Here, we perform 

first-principles calculations and grand canonical Monte Carlo (GCMC) simulations and show that 

MoS2 layer is efficient to absorb non-polar gases. Compared with the popular gas sorbents (MOFs and 

carbon-based materials), MoS2 exhibits additional advantages, including large surface to volume ratio 

and tunable properties. We systematically study the non-polar gases (CO2 and CH4) adsorption on 

MoS2 layer with and without vacancies. The perfect MoS2 shows little or no adsorption for CO2 and 

CH4 molecules, but the MoS2 with single S vacancy and double S vacancies exhibit excellent 

adsorption ability for CO2 and CH4 gases. The absorption energies are 65 kJ/mol for CO2 and 47 

kJ/mol for CH4 (vdW-D2), respectively. An orbital coupling between the p orbital of CO2 (or CH4) 

molecule and the d orbital of Mo atom is observed. GCMC simulation results show that MoS2 with 

single S vacancy could absorb 42.1wt% CO2 and 37.6wt% CH4 under the pressure of 80 Bar at the 

room temperature. Our results indicate that monolayer MoS2 with defects is a highly efficient absorbent 

for non-polar gases. 

1. INTRODUCTION 

Release of industrial and vehicle exhaust gases into atmosphere is one of the major sources of the 

current environmental problems. Among the exhaust gases, carbon dioxide (CO2) and methane (CH4) 

are the main gases that cause the warming effect. So, finding ideal sorbents for effective gas capture is 

a crucial issue in the energy and environmental science. Due to the inert property of non-polar CO2 and 
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CH4 gases, most of the materials show a weak adsorption and are not sensitive to capture them. Up to 

now, different sorbents have been tried for CO2 and CH4 capture, such as MOF1-3, COF4, 5, zeolites6, 7 

and carbon-based nanomaterial8-11. For example, MOF-5, MOF-177 and zeolite 5A have been used as 

the sorbents for CO2 and CH4 adsorption, and the adsorption capacity for CH4 and CO2 can be as high 

as 22 wt% on MOF-177 at 298K and 100 Bar and 47.98 wt% on MOF-5 at 298K and 14 bar, 

respectively. 3 

As the rise of graphene, graphene-like two-dimensional (2D) materials have attracted great interests 

recently. Monolayer molybdenum disulfide (MoS2), a kind of transition metal dichalcogenide (TMD) 

material, is a well-established semiconductor with a direct band gap of 1.9 eV12. Unlike graphene, 

monolayer MoS2 is constructed by triple atomic layers, in which Mo atoms are sandwiched between 

two S atoms. Due to its unique electronic, optical, and chemical properties, MoS2 has been extensively 

investigated both experimentally13-21 and theoretically.22, 23 It is recognized as a promising candidate for 

novel electronics and photonics devices. For example, monolayer MoS2 has been successfully 

synthesized to be used as the channel material in a field-effect transistor with a high channel mobility 

of ~200 cm2V−1s−1 and current on/off ratio of 1×108 at the room temperature24. After that, a 

phototransistor based on the monolayer MoS2 is fabricated by Zhang's group, and photocurrent 

generation and annihilation can be switched within ca. 50 ms, which exhibits a better photoresponsivity 

compared to the graphene-based device25.  

Since possessing a high surface-to-volume ratio and flexible properties compared to graphene-based 

materials, MoS2 layer is expected to be efficient gas sorbents or sensors. The field-effect transistors 

(FET) based on single- and multi-layer MoS2 films have been successfully synthesized recently, which 

can be used as gas sensors to detect nitrous oxide (NO) with a detection of 0.8 ppm26. In addition, the 
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superior sensitivity for nitrous dioxide (NO2) has been observed in a flexible FET sensor array based on 

a MoS2 channel and reduced graphene oxide electrodes27. Though some experimental results indicated 

that MoS2 holds great promise for gas sensors, the underlying adsorption mechanism for different gases 

is not very clear and the theoretical studies is limited28.  

Here we explore the response of monolayer MoS2 with and without vacancies to non-polar gas 

molecules (CO2 and CH4) using first-principles calculations combined with grand canonical Monte 

Carlo (GCMC) method. Recently, Zhou et al. have observed various structural defects in chemical 

vapor phase grown monolayer MoS2 by direct atomic resolution imaging, including point defects, 

dislocations, grain boundaries and edges29. Among these point defects, the single vacancy of S is 

frequently observed in experiments, which indicates its stability. These defective sites are reactive and 

could influence the electronic properties, so here we consider the monolayer MoS2 with point defects 

for the gas adsorption. Our results confirm that monolayer MoS2 with defect is a highly efficient 

absorbent for non-polar gases. 

 

2. METHOD 

All computations are performed using all-electron density functional theory (DFT) with a double 

numerical basis set plus polarization functions (DNP), as implemented in the DMol3 program30. The 

generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) exchange −

correlation functional including van der Waals (vdW) corrections (DFT-D2 Grimme’s method) was 

adopted31. Self-consistent field (SCF) computations were performed with a convergence criterion of 

10−5a.u. for the total energy. To make sure to get the high-quality numerical results, we chose the 
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real-space global orbital cutoff radius as high as 5.5 Å in all computations without symmetry constraint. 

A 6×6 supercell of hexagonal MoS2 unit cell was used to study the defective structures and gas 

adsorption. The supercell dimension for the direction perpendicular to the MoS2 layer is chosen as 15 Å 

to avoid the interaction between neighboring layers. During the geometry optimization, the k space was 

sampled by the Gamma point in the Brillouin zone, and the Monkhorst–Pack grids with separation of 

0.03 Å were chosen. 

The adsorption energy for CO2 and CH4 molecules on the monolayer MoS2 with and without 

vacancies is defined by 

Ea = Egas-MoS2 - EMoS2 - Egas                                                                           （1） 

where Egas-MoS2 represents the total energy of the complexes of gases and MoS2 substrates, EMoS2 and 

Egas are the total energies of the MoS2 substrate and the adsorbed gas molecules, respectively. A 

negative value of Ea indicates that the gas molecule prefers to adsorb on the substrate, while a positive 

value of Ea means a repulsion interaction between the gas molecule and the substrate. 

The gas adsorption properties were simulated using the grand canonical Monte Carlo method, 

which implemented in Sorption module in Materials Studios 7.0. During GCMC simulations, the MoS2 

sorbent were assumed to be rigid with constraint atoms. The van der Waals (vdW) interactions between 

the gas molecules and the MoS2 sheet are described by the Universal force field32 but with the revised 

Lennard-Jones (LJ) parameters obtained from our first-principles calculations. We carried out a series 

of fixed pressure simulations at the room temperature of 298 K from 0 to 80 bar. At each pressure, the 

GCMC simulation consisted of 1×106 steps to allow equilibration, followed by 1×107 steps to sample 

the configuration space. 
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3. RESULTS AND DISCUSSION 

3.1 3.1 3.1 3.1 CCCCO2 and CH4 adsorption on perfect MoS2 layer 

TABLE I. Adsorption energies and distances for gas molecules adsorbed on perfect MoS2 layer at different sites. 

  CO2 CH4 

Site Ea (kJ/mol) d (Ă) Ea (kJ/mol) d (Ă) 

(1) T-S -6.9 3.40 10.1 3.41 

(2) T-Mo -10.2 2.90 8.5 3.76 

(3) Hollow -9.6 3.16 8.6 3.78 

(4) B-2S -9.3 3.04 8.7 3.54 

 

Four geometric sites have been considered for the gas molecules (CO2 and CH4) adsorbed on 

perfect MoS2 layer: 1) top S site, 2) top Mo site, 3) hollow site at the center of a hexagonal ring, and 4) 

bridge site between two neighboring S atoms in the same layer. TABLE I summarizes the gas 

adsorption energies and distances for both CO2 and CH4 molecules adsorbed on perfect MoS2 layer at 

different sites. For CO2, the adsorption energies on these four sites are all negative with the similar 

values, which indicates that it prefers to adsorb on MoS2 surface without site dependence, but the 

adsorption energies are very small (less than 0.1 eV). On the other hand, the values of adsorption 

energies for CH4 are all positive, which means that there is a repulsion interaction between CH4 and 

MoS2 layer. Among these four sites, the distances between CO2 (or CH4) and the Mo atom for the T-Mo 

site are (2.901 Å for CO2 and 2.792 Å for CH4, respectively) shorter than the others (more than 3.1 Å). 

Therefore, our results show that the perfect MoS2 is not a suitable sorbent for non-polar gas adsorption, 

especially for CH4 molecule. 

3.2 CO2 and CH4 adsorption on MoS2 with vacancies 

The structural defects on MoS2 layer has been observed and extensively investigated recently15, 20, 29, 

33. The results show that the defective sites in MoS2 layer are reactive and could influence the 
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electronic properties. Thus, here we propose to use the monolayer MoS2 with point defects as the 

sorbent for the non-polar gas molecules adsorption. We considered five types of defective structures 

including single vacancy of missing one S (S-SV), single vacancy of missing one Mo (Mo-SV), double 

vacancies by missing one Mo and one S (Mo-S-DV), double vacancies by missing two S (2S-DV) and 

585 defect by missing a MoS2 unit. The optimized configurations are shown in FIG. 1. The defect 

formation energies are calculated using the Brenstone as the reservoirs at the experimental condition of 

S rich. From the results, the S-SV defect is found to show the lowest formation energy of 3.03 eV, 

while the 585 defect with missing a MoS2 unit possesses the highest formation energy of 7.61 eV under 

S-rich environment. This is consistent with the experimental observations29 and other theoretical 

calculations28, where S-SV is frequently observed, and other defects were only occasionally found. In 

the S-SV structure, three Mo atoms at the vacancy site move closer to each other and form a small 

triangle like structure. The neighbor Mo–Mo bond lengths (dMo–Mo) become 3.055 Å, shorter than that 

in the perfect MoS2 sheet (3.166 Å). Thus, the formation energy was lowered significantly due to the 

formation of three additional Mo–Mo bonds by removing of an S atom. And it is the same mechanism 

for the S-DV structure. On the other hand, in the Mo-SV, the three S atoms at the vacancy site move 

apart from each other and form a large triangle-like structure after optimization. And so does the 

S-Mo-DV structure. When one MoS2 unit is missed, there will be two pentagonal rings and one 

octagonal ring forming the 585 defect, which possesses the highest formation energy. 
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FIG. 1. Optimized structures and formation energies of (a) perfect MoS2 and MoS2 with (b) S-SV, (c) Mo-SV, (d) 

S-DV, (e) S-Mo-DV and (f) 585 defects. 

Then, we calculated the adsorption properties of CO2 and CH4 molecules on the MoS2 layer with 

these vacancies. TABLE II summarizes the adsorption energies, adsorption distances and charge 

transfer between the adsorbed gas molecules and the MoS2 layer. The adsorption distance is defined by 

the vertical distance between the C atom in CO2 or CH4 molecules and the top S-layer of the MoS2 

sheet. We found that the adsorption energies for CO2 and CH4 on the MoS2 sheet with S-SV defect can 

be as high as -65.8 kJ/mol for CO2 and -47.6 kJ/mol for CH4, respectively, which are much stronger 

than these gases adsorbed on some MOFs or carbon-based nanomaterials.3, 9 The S-DV defect also 

possesses high adsorption energies close to S-SV defect, which are -64.1 kJ/mol for CO2 and -45.2 

kJ/mol for CH4, respectively. The adsorption distances for these two defects are around 2.5 Å, which 

are shorter than the other defects. For CO2, S-Mo-DV and 585 defect structures give the moderate 

adsorption energies of -20.5 kJ/mol and -26.9 kJ/mol, respectively, while Mo-SV structure shows the 

lowest adsorption energy of -9.4 kJ/mol, comparable to that on perfect MoS2 layer. FIG. 2 shows the 

adsorption configuration of CO2 adsorbed on MoS2 with and without defects. There are two types of 

configurations for CO2, one is the linear CO2 molecule perpendicular to the surface of MoS2 layer, and 
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the other is the linear CO2 molecule tilts with the O atom pointing to the S defect. For CH4, the 585 

defect structure gives a low adsorption energy of -5.1 kJ/mol, while both Mo-SV and S-Mo-DV 

structures show the repulsive interaction with the CH4 molecule as the perfect MoS2 layer. From the 

Mulliken population analysis, the charge transfer between CO2 (or CH4) molecules and the S-SV and 

S-DV defects are relatively larger than the others, which is further proved that the gas molecules give a 

stronger interacting with S-SV and S-DV defects.  

TABLE II. Adsorption energies (Ea), adsorption distances (d) and the Mulliken charge transfer (Q) between gas 

molecules and MoS2 with and without defects. 

 

 

 
FIG. 2. Top view and side view for CO2 molecule adsorbed on (a) perfect MoS2 and MoS2 with (b) S-SV, (c) 

Mo-SV, (d) S-DV, (e) S-Mo-DV and (f) 585 defects. 

 CO2  CH4 

Structures Ea (kJ/mol) d (Å) Q (e) Ea (kJ/mol)   d (Å) Q (e)          

perfect -10.2 3.22 0 8.9  3.23 0 

S-SV -65.8 3.04 0.020 -47.6  2.58 0.041 

Mo-SV -9.4 3.24 0 8.7  3.30 0 

2S-DV -64.1 3.20 0.021 -45.2  2.50   0.058 

S-Mo-DV -20.5 2.52 0.013 10.1  3.20    0 

585 -26.9 2.79 0.018 -5.1  2.75   0.020 
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To investigate the interaction between gas molecules and the MoS2 layer, we analyzed the projected 

electronic density of states (PDOS) for the d orbital of Mo atoms near the vacancy site and the s and p 

orbitals of gas molecules. FIG. 3 shows the PDOS and the deformation charge density for CO2 and CH4 

molecules adsorbed on MoS2 with S-SV defect. When a CO2 (or CH4) molecule adsorbs on the vacancy 

site, there is an orbital coupling between the p orbital of CO2 (or CH4) molecule and the d orbital of Mo 

atom. The deformation charge density is also calculated for CO2 and CH4 molecules adsorbed on MoS2 

with S-SV and S-DV defects. The differential charge (ΔQ) is defined as 

ΔQ = Q(gas-MoS2) - Q(MoS2) - Q(gas)                          (2) 

where Q(gas-MoS2), Q(MoS2) and Q(gas) are the charge density for the gas-MoS2 system, MoS2 

substrate and a gas molecule, respectively. The deformation charge density for CO2 and CH4 molecules 

adsorbed on MoS2 with S-SV is plotted in Fig. 3(b)-(d), which indicates a Van der Waals interaction 

with polarization of the gas molecules and the MoS2 substrate. The charge difference distributes in the 

middle region between the gas molecules (CO2 and CH4) and the MoS2 substrate, suggesting partly 

covalent character. Therefore, the interactions between the gas molecules and the MoS2 with S-SV 

defect are mainly weak van der Waals interaction with partly covalent character. This hybrid interaction 

is also observed when the gas molecules adsorbed on the S-DV site of MoS2 substrate, which is plotted 

in Fig. S1 of Supplementary Information.  
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FIG. 3. The projected density of states (PDOS) for the d orbital of Mo and the s and p orbitals of (a) CH4 and (c) 

CO2; (b) and (d) are the deformation charge density for CO2 and CH4 adsorbed on MoS2 layer with S-SV defect. 

The increase and decrease of the electron density are colored in red and blue, respectively. 

 

3.3 Gas adsorption isotherms 

To determine the capability of MoS2 with vacancies as absorbent for CO2 / CH4, we perform GCMC 

(grand canonical Monte Carlo) calculations. The calculated gravimetric adsorption isotherms of the 

CO2 and CH4 molecules on MoS2 layer with S-SV defect at room temperature (298 K) are plotted in 

FIG. 4a-b as an example. We can see that the adsorption increases with the pressure increasing and 

gradually approaches saturation, which indicates the stronger adsorption. The adsorption amount of 

CH4 is much more than that of CO2 on MoS2 with S-SV defect, for example, 29.3wt% for CH4 and 

28.6wt% for CO2 at the pressure of 16 bar and 35.2wt% for CH4 and 38wt% for CO2 at 40 bar, 

respectively. Finally, the adsorption amount of CH4 and CO2 reaches to 37.6wt% and 42.1wt% at the 

pressure of 80 bar and the room temperature, respectively. We also investigate the density distribution 

of the CH4 and CO2 molecules adsorbed on the MoS2 with S-SV defect. FIG. 4c-d shows the top view 

and side view of adsorption density distribution for CH4 molecules on MoS2 with S-SV defect as an 
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example at 80 bar. Obviously, the CH4 molecules are not distributed uniformly, but congregate around 

the defective sites, which is consistent with our first-principles calculations. The same phenomenon is 

also observed for CO2 molecule (see Fig. S2 in Supplementary Information). Therefore, the MoS2 with 

defects can be used as an efficient absorbent for non-polar gas molecules, and the adsorption capability 

can be modulated by the density of defects in MoS2 layer. Since in experiments, bilayer and multilayer 

of MoS2 are commonly synthesized and have enough space between layers for gas molecules to access, 

we speculate that multilayer MoS2 can be more effective at capturing these gases and these calculations 

are currently in progress.  

 

FIG. 4. The adsorption isothermals for (a) CH4 and (b) CO2 on monolayer MoS2 with S-SV defect at 298K; (c) 

and (d) are the top view and side view of adsorption density distribution for CH4 molecules on MoS2 with S-SV 

defect at 80 bar, respectively. 

 

4. CONCLUSION 

In this work, we systematically investigated the adsorption properties for non-polar gas molecules (CO2 

and CH4) on perfect monolayer MoS2 and MoS2 with vacancies by first-principles calculations 
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combined with GCMC simulations. Perfect MoS2 lacks the adsorption ability for these non-polar gases, 

but MoS2 with point defects especially the S vacancy displays good adsorption behavior with the large 

adsorption energies of 65 kJ/mol for CO2 and 47 kJ/mol for CH4, respectively. Density of states and 

deformation charge density analysis show that the interactions between the gas molecules and the MoS2 

layer with vacancies are mainly weak van der Waals interaction with some covalent character. Our 

GCMC calculations predict a high adsorption amount of 42.1wt% for CO2 and 37.6wt% for CH4 on 

MoS2 with single S vacancy under the pressure of 80 bar at the room temperature, respectively. Our 

results indicate that monolayer MoS2 with defects is a highly efficient absorbent for non-polar gases. 
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