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1. Computational method

All calculations were carried out using the density functional theory (DFT) with the 

generalized Perdew-Burke-Ernzerhof (PBE)1 and the projector augmented-wave (PAW) 

pseudopotential plane-wave method1 as implemented in the VASP code.3  A 10×10×1 

Monkhorst-Pack (MP) k-point grid was used for bilayer AAʹ stacking MoS2 unitcell 

optimization calculations and a plane-wave basis set with an energy cutoff of 500 eV. Good 

convergence was obtained with these parameters and the total energy was converged to 

1.0×10-6 eV per atom, as well as the stress exerted on the cell was less than 0.1 kbar and the 

forces exerted on the atoms were less than 0.01 eV/Å.  In this study, we carried out 

calculations with the van der Waals (vdW) correction by employing optPBE-vdW functional4 

using a 2×2×1 MP k-point grid and 5×5×1 supercells with a vacuum separation of 20 Å  

containing 50 Mo and 100 S atoms. We employed optPBE-vdW functional to consider the van 

der Waals force between layers, which is described in Computational method (Supporting 

information). We adopted optPBE-vdW functional based on the reported results, in which CO2 

adsorption energies obtained using revPBE and optPBE correlations are similar.5

2. Diffusivity calculation
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   Based on the calculated diffusion barriers, we calculated the metal ions diffusivity by using 

the transitional state theory with the Arrhenius relationship6

,                                             (1)
𝐷 = 𝐷0exp ( ‒

∆𝐻
𝐾𝐵𝑇)

where is the pre-exponential factor of diffusion,  is the activation enthalpy of diffusion, 𝐷0 ∆𝐻

 is the Boltzmann constant and  is the absolute temperature. Considering all the 𝐾𝐵 𝑇

vibrational frequencies of the diffusion ion, the ion diffusivity can be calculated by:

 ,                                        (2)
𝐷 = 𝑑2

𝐾𝐵𝑇

ℎ
exp ( ‒

∆𝐺
𝐾𝐵𝑇)

where,  is the distance between the initial state and the final state of diffusion ion, h is the 𝑑

Planck’s constant, and  is the Gibbs free energy of diffusion, which can be calculated by ∆𝐺

using , where  and  are the change of the zero-point energy ∆𝐺 = ∆𝐻 + ∆𝐸𝑧𝑝𝑒 ‒ 𝑇∆𝑆 ∆𝐸𝑧𝑝𝑒  ∆𝑆

and the entropy, respectively. In our study, we just considered the vibration contribution to 

the entropy without considering the change of system volume ( , the Gibbs free ∆𝑉 = 0)

energy of diffusion can be specialized as , where,  denotes the ∆𝐺 = ∆𝐻 + ∆𝐹𝑣𝑖𝑏 𝐹𝑣𝑖𝑏

vibrational Helmholtz free energy, which can be calculated by 

. Here,  is the reduced Planck’s constant and 
𝐹𝑣𝑖𝑏 = ∑

𝑖
⌊1
2

ℏ𝜔𝑖 + 𝐾𝑏𝑇.ln (1 ‒ 𝑒𝑥𝑝( ‒
ℏ𝜔𝑖

𝐾𝑏𝑇))⌋
ℏ

 is the i-th vibrational frequency of the diffusing ion.  The initial and transition states of 𝜔𝑖

nudged elastic band (NEB) calculations were considered to calculate the vibration frequencies 

for the free energy corrections.
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3. Ion intercalation energy calculation

The intercalation energy of an embedded ion can be calculated based on the equation of 𝐸𝑓 

. Here, ,  and  are the energy of metal ions 𝐸𝑓 = 𝐸(𝐻𝑜𝑠𝑡 + 𝑀) ‒ (𝐸𝐻𝑜𝑠𝑡 + µ𝑀) 𝐸(𝐻𝑜𝑠𝑡 + 𝑀) 𝐸𝐻𝑜𝑠𝑡 𝐸𝑀

embedded bilayer MoS2,  ion-free bilayer MoS2 and the chemical potentials of metal ions 

obtained from the bulk unitcell of metallic Zn, Mg and Li. The metallic Zn and Mg unitcells 

with the hexagonal close packed crystal structure and the metallic Li unitcell with body-

centered cubic (bcc) structure were optimized to obtain the chemical potentials of metal 

elements. The intercalation ion concentration can be calculated based on 

, where  is the maximum ion embedding site concentration,  is 
𝑁 = 𝑁0 ∗ 𝑒𝑥𝑝⁡(

‒ 𝐸𝑓

𝐾𝑏𝑇
)

𝑁0 𝐸𝑓

the intercalation energy directly from DFT calculation,  is the Boltzmann constant and  is 𝐾𝑏 𝑇

the temperature. 

Figure S1.  Atomic models of bilayer MoS2. (a) AAʹ stacking unitcell. (b) 5×5×1 supercell. (c) 
Rectangle supercell. The yellow and light blue balls represent S and Mo atoms, respectively. 
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Figure S2. The optimized models of one intercalating CO2 molecule in bilayer MoS2. (a) Bridge 
site. (b) Hollow site. (c) The calculated relative energies of two possible embedding sites. 

Figure S3.  Two possible embedding sites for metal ions.  (a) and (c) Tetrahedral Th site. (b) 
and (d) Octahedral Oh site. The purple ball represents the metal ion. The possible diffusion 
pathway of (b)(c)(d) was suggested. 
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Figure S4. The calculated relative energies of two possible embedding sites and two symmetry 
sites. 



S7

Figure S5. The optimized different coverages of the intercalating CO2 in bilayer MoS2. (a) One 
intercalating CO2 molecule. (b) 1/8 ML. (c) 1/4 ML. (d) 1/2  ML. (e) 3/4  ML. (f) 1ML.     
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Figure S6.  (a) Two proposal pathways for the fabrication of CO2 intercalated MoS2. (b) The 
calculated stacking energy of intercalating CO2 in bilayer MoS2 with two possible pathways 
intercalating CO2 into MoS2. 

Figure S7. The optimized atomic models with a vacuum thickness of 10 Å from AIMD 
simulations. (a) One CO2 molecule intercalated bilayer MoS2. (b) Bilayer MoS2 with 1ML 
coverage of CO2.
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Figure S8. (a) The calculated local potentials (a) and work functions (b) of MoS2, ¾ ML CO2 
embedded MoS2 and metals (Zn, Mg and Li) intercalating ¾ ML CO2 embedded MoS2. One CO2 
molecule intercalated bilayer MoS2.
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