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ABSTRACT 

CO2 capture is vital to address fossil fuel depletion and to mitigate climate change by reducing the 

emission of greenhouse gases and fostering the sustainable generation and use of energy. Through 

first-principles calculations based on the density functional theory (DFT), in this work we report 

the CO2 adsorption characteristics at graphene-like pristine and defect-containing 2-dimensional 

MgO monolayers via a detailed investigation of the electronic and geometrical changes. Mono-

vacancy, di-vacancy (O and Mg atoms vacancies), and anti-site defects (MgO-A) are studied and 

our results show chemisorption of the CO2 molecule at 2D MgO with an adsorption energy of -

0.79 eV and bending of its linear geometry. Introducing O and Mg vacancies leads to an increase 

of about 80% and 178%, respectively, in these adsorption energies. The anti-site defect MgO-AMg 

(O atom replaced by Mg atom) was found to be thermodynamically unfavorable, as indicated by 

a calculated positive defect formation energy, while all other defects exhibit negative formation 

energies. In the present work, we found that activation of the CO2 molecule occurs at all considered 

MgO sheets. Engineered atomic defects increase this process, with a maximum adsorption energy 

of -3.97 eV at the MgO-Mg/O sheet, containing both Mg and O atom vacancies. The defect creation 

and interaction between the 2D MgO monolayer and CO2 molecule alters the distribution of atomic 

orbitals as confirmed through projected density of states (PDOS), which is indicative of CO2 

activation on these MgO 2d sheets. 
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1. Introduction 

Two-dimensional (2D) metal oxides (MOs) have earned significant interest owing to their 

fascinating properties [1].  Recently, various planar hexagonal metal oxide layers have been 

predicted and synthesized, which are different from their traditional non-planar geometrical 

arrangements [2]. This unique family of 2D nanomaterials includes a wide range of experimentally 

synthesized materials, including alkaline metal oxides, alkaline earth metal oxides and transition 

metal oxides [1]. Furthermore, 2D MOs possess a plethora of applications, e.g. as super-capacitors, 

gas sensors, photo-catalysts, in lithium and hydrogen storage, spintronics, piezoelectricity, energy 

storage and optoelectronics [1]. 

Zheng et al. theoretically predicted the graphene-like hexagonal and planar 2D monolayer of MgO 

(see Figure 1(a), (b)) and confirmed its semiconducting nature with an indirect band gap and good 

dynamical stability[3]. Following theoretical predictions, researchers managed to synthesize 2D 

MgO, where porous 2D MgO nanosheets were prepared by precipitation of magnesium nitrate 

using ammonium carbonate as a precipitating agent[4]. Compared to commercial MgO, this highly 

porous material was effective at adsorbing phosphate, removing 95% of the particle with a removal 

capacity of 255.1 mg g−1. Because of its high phosphate adsorption efficiency, magnesium oxide 

nanosheets are a desirable adsorbent in water remediation, helping to solve long-term issues[4]. 

Hoat et al. studied the effect of functionalization (N and F) on the structural, electronic, and optical 

characteristics of 2D MgO monolayers and found that surface functionalization induces a buckling 

of the planar MgO monolayer, allowing MgO monolayers to adsorb light over a wide range of 

wavelengths (infrared to ultraviolet), which suggests that the functionalized MgO monolayers 

could be employed in optoelectronic devices, including sensors and photovoltaic cells[5]. 

Moghadam et al. studied the optical and magnetic properties of F, N, C, and B-doped MgO 

monolayers and found that the doping by single F, C, and N atoms generates magnetization in 

MgO monolayers, resulting in magnetic and half-metallic behaviour, while doping by single F 

atoms promotes non-magnetic characteristics, which indicates its potential applications in 

spintronic devices where magnetic properties can be precisely controlled by doping[6]. Moreover, 

the high thermal stability of the 2D MgO monolayer makes it a promising candidate for high-

temperature applications. Its basic nature allows it to interact favourably with acidic gases, making 

it useful for environmental applications such as CO2 capture and conversion[5–7]. Additionally, 
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the high reactivity and semiconducting properties make 2D MgO attractive for catalysis and in 

electronic devices[8,9].  

Defect engineering is a powerful technique to tune the surface chemistry and chemical activity of 

MOs, specifically in the context of CO2 adsorption and activation [10]. In general, pristine MOs 

achieve low adsorption energies and are unable to activate CO2 for further conversion [11]. 

However, the creation of defects and vacancies significantly changes the distribution of electronic 

states [11]. Vacancies generate localized states in the band gap and create dangling bonds [12]. 

These defect sites promote strong hybridization between the surface of the MO and adsorbed CO2 

molecules [11,12]. In addition, localized lone pairs caused by defects can interact with the C atom 

of the CO2 molecule which leads to weakening of the C=O bond and bending of the linear CO2 

geometry [10]. The surface of MgO is rich in defects, featuring point defects (mono-vacancies, di-

vacancies) and line defects [13,14], which can serve as holes and electrons traps at the surface. 

Several studies are available in the literature that are focused on exploring the effect of defects on 

various properties of the MgO surface, as well as 2D MgO sheets [13–15]. Baranek et al. 

theoretically characterized a V centre in the bulk and (001) surface of MgO [15] and showed that 

migration is more favourable at the (001) surface [15]. 

Lv et al. have employed first-principles based density functional theory calculations to investigate 

the CO2 adsorption mechanism at two (Mg-O) sites generated by calcination of Mg-Al-CO3 

layered double hydroxides (LDH) into layered double oxides (LDO) [16]. Their study revealed 

that among various MgO surfaces, including (110), (100), (111), (210) and (211), the MgO (100) 

surface is the most stable surface and exhibits the smallest surface energy (1.30 J/m2)[16]. They 

found that doping by Al atoms and the creation of vacancy defects in the Mg (100) surface 

enhances its CO2 adsorption capacity. The calculated adsorption energy of CO2 at the Al-doped 

MgO (110) surface was -1.05 eV which was 0.73 eV higher than at the pristine MgO (110) surface, 

while vacancy creation increased the adsorption energy up to -1.96 eV [16]. Cornu et al. used DFT 

calculations to study CO2 adsorption at defects (corners, kinks, steps and di-vacancy) in the MgO 

(100) surface and reported high adsorption energies for the CO2 molecule at corner (-1.53 eV), 

kink (-2.02 eV), step (-2.26 eV) and di-vacancy (-1.97 eV) sites in the MgO (100) surface[17].  

Apart from CO2 adsorption, MgO can be applied in different domains, including medical (cancer 

treatments and antiseptic), environmental (clean energy production, waste water treatment, 

antibacterial activities) electronics (low magnetic field sensors, insulation and resistive switching) 



5 

 

and spintronics applications [18]. A DFT study by On et al. found that 2D MgO with Mg vacancies 

is ferromagnetic, while 2D MgO with O vacancies and a combination of both O and Mg vacancies 

is paramagnetic. Thus, 2D MgO with Mg vacancies is a promising material for spin-filtering 

applications[19]. Hazarika et al. studied the optoelectronic properties of defect-containing (O-

vacancy) MgO monolayers using DFT. Their study reveals that the creation of an O-vacancy 

causes a red shift in different optical phenomena. MgO monolayers with di-vacancies possess 

maximum optical absorption and show optical activity from the visible to ultraviolet range of the 

electromagnetic spectrum. As such, 2D MgO with vacancies is suitable in the design of effective 

materials for solar energy applications[20]. Thus, while the presence of vacancies and defects has 

been explored for spin-filtering and solar energy applications, the activation or reduction of CO2 

on pristine as well as defect-containing 2D MgO monolayer has not as yet been studied. 

In this work, we have employed first-principles based DFT calculations to investigate the 

formation of defects in 2D MgO and the interaction of CO2 molecules with the pristine and defect-

containing 2D MgO monolayers. For defect-containing 2D MgO, we have considered mono-

vacancies (one oxygen atom is missing MgO-O; one Mg atom is missing MgO-Mg), di-vacancies 

(one O and one Mg are missing MgO-Mg/O), and anti-site defects (MgO-A). The interaction, nature, 

and strength of adsorption on these systems are confirmed through projected density of states 

(PDOS), electronic band structure (EBS), and Bader charge transfer calculations and charge 

density difference plots. 

 

2. Computational Details 

We have employed the Quantum Espresso (QE) code, an open-source software package, within 

the framework of DFT[21], for the present calculations. For the precision in the calculations of the 

electronic structure through the variation in electron density, the Perdew-Burke-Ernzerhof (PBE) 

functional was adopted in its gradient corrected form[22,23]. The projected augmented wave 

method (PAW) was used to treat the interactions between electrons and ions[24]. The Grimme-d3 

approach for the Van der Waals correction was further employed to consider long-range 

interactions[25]. In order to investigate defects and CO2 interaction, a 4×4 supercell of a free-

standing 2D MgO monolayer was modelled, containing 16 magnesium (Mg) and 16 oxygen (O) 

atoms (Figure 2(a)). The interactions between adjacent cells were eliminated by introducing a 

vacuum of 10 Å along the z-direction or perpendicular to the 2D MgO plane. Monkhorst-Pack k-
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point grids of 5×5×1 for ground state energy calculations and 10×10×1 for density of states 

calculations were used to sample the Brillouin zone integration. A well-converged cut-off kinetic 

energy of 60 Ry was employed.  

The defect formation energy (Edef) and adsorption energy (Eads) of CO2 were determined through 

equations (1) and (2), respectively. 

                                                     Edef = EMgO − (EMgO_vac + EX),                                          (1) 

                                                     Eads = Esheet+CO2 − (Esheet + ECO2),                                      (2) 

where EMgO and EMgO_vac are the total energies of the pristine and vacancy-containing 2D MgO, 

while EX (X=O, Mg) is the total energy of the removed atoms for which we seek to determine Edef. 

Esheet+CO2 and ECO2 are the total energies of the CO2-adsorbed 2D MgO sheet and the isolated CO2 

molecule, respectively. Esheet is the system's total energy for which we need to calculate the Eads of 

the CO2 molecule. The Gibbs free energy (∆G) was calculated by equation (3)  

                                                       ∆G = Eads + ∆ZPE - T∆S                                                       (3) 

Where, ∆G, ∆ZPE, T and ∆S are the Gibbs free energy, change in zero-point energy of the CO2 

molecule, temperature and change in entropy, respectively. Since our adsorption energy 

calculations are carried out at absolute zero temperature (0 K) which is the standard approach in 

DFT studies, the third term (T∆S) in equation (3) vanishes. 

 

3. Results and discussion 

3.1 Structural and Electronic properties 

      3.1.1 Pristine 2D MgO Monolayer sheet 

The geometrical structure of a 2D MgO monolayer resembles a flat hexagonal honeycomb lattice 

similar to a graphene nanosheet. Its unit cell (as shown in the black ellipse in Figure 1 (a)) consists 

of one magnesium (Mg) and one oxygen atom (O) and belongs to the P6m2 space group (no. 187). 

Figure 1(a) shows the arrangement of Mg and O atoms in a 4×4 supercell of the 2D MgO 

monolayer. Our calculated lattice parameter for a 2D MgO unit cell was found to be 3.30 Å and is 

in agreement with earlier works[5]. After optimization, the interatomic bond angle and bond 

lengths of Mg and O atoms are found to be 120.01° and 1.90 Å, respectively, reflecting the planar 

lattice structure of the 2D MgO monolayer (see Table 1).  
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Table 1 :  

Optimized lattice constant a, b (Å), bond length l (Å) and bond angle θ (°) of the 2D MgO 

monolayer unit cell and comparison with earlier DFT works. 

Lattice 

constants, 

geometrical 

parameters  

Our 

Work 

Earlier DFT Works 

Hoat et al. [5] 
Van et 

al.[26] 
Alyoruk et 

al.[27] 
Zheng et 

al.[3] 

a  3.30 3.29 3.30 3.30 3.24 
b  3.30 3.29 3.30 3.30 3.24 

l (Mg-O)  1.90 1.90 1.91 ----- 1.87 
θ  120.01 120 ----- ----- ----- 

 

In order to understand the electrical properties of 2D MgO monolayers, we have plotted their 

projected electronic density-of-states (PDOS) and electronic band structure (EBS) in Figures 1(c) 

and 1(d), respectively. The 2D MgO monolayer has an indirect band gap (Eg) of 2.81 eV, where 

the top of the valence band (VB) is found to be located at the K symmetry point, while the bottom 

of the conduction band (CB) is found at the Γ high symmetry point in the EBS. Our PDOS and 

EBS of pristine MgO possess a similar nature when compared to earlier works of Hoat et al. [5]. 

Since the electronegativity of the Mg atom is less than that of the O atom, this difference in 

electronegativity is responsible for the transfer of two electrons from the outer s-orbital of the Mg 

atom to the outermost p-subshell of the O atom. After donating two electrons, the Mg atom 

contains vacant 3s and 3p orbitals, while the 2p orbital of the O atom is filled by the extra electrons 

from the Mg atom. As such, in the PDOS of the 2D MgO monolayer, the s-orbital contributes in 

the lower region of the CB, and the p-orbital of the O atom dominates in the upper part of the VB. 

As a result, the bonding between Mg and O in the 2D MgO monolayer is ionic, along with minimal 

overlapping of the atomic orbitals.  
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Fig. 1. (a) Optimized 4×4 2D MgO supercell, (b) investigated CO2 adsorption sites on 2D MgO 

(c), and (d) PDOS and EBS of the 2D MgO respectively. Orange and red colors represent 

magnesium and oxygen atoms, respectively. The maximum contribution in valance band arises 

from p-orbital of O atom. 

 

3.1.2 Defect-containing 2D MgO monolayer sheets 

As discussed in the Introduction section, for a more realistic representation of experimental 2D 

MgO sheets, we have introduced a number of vacancy defects, both mono- and di-vacancies, as 

A 

B 

C 

-Mg 

-O 

(a) (b) 

(c) (d) 
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shown in Figure 2(a)-(f). First, we removed a single O atom from our 4×4 supercell model (Figure 

2(b)) and calculated the defect formation energy (Edef), using expression (1), to be -10.04 eV. A 

comparison with a similar DFT study by Bafekry et al. of pristine and defect-containing BeO 

monolayers revealed that the Edef for the O atom in the BeO monolayer was found to be -7.30 

eV[28] , indicating more susceptibility of the 2D MgO layer towards an O atom vacancy compared 

to a 2D BeO monolayer. The effect of vacancies on the electrical properties was also investigated, 

and as expected, the presence of the O-vacancy decreases the band gap to 1.29 from its original 

value of 2.29 eV, while its nature remains indirect (Figure 4). The nearby Mg-O bond lengths of 

MgO-O were found to be almost the same as in pristine MgO sheets, which implies that MgO-O has 

a stable geometrical structure without any significant local strain.  

The defect formation energy for a single Mg vacancy (MgO-Mg) was calculated to be -10.51 eV, 

which is almost same as was calculated for the O vacancy. As a result of the Mg vacancy in the 

MgO monolayer (Figure 2(c)), the bond strength of Mg-O atoms increases at the defect site as the 

Mg-O bond length contracts from 1.90 Å to 1.87 Å.  Here, we note only a slight decrease in the 

band gap which was found to be 2.24 eV (Figure 4). In both types of vacancies the major 

contribution in PDOS arises from the p-orbital of the O atoms.   

Next, we investigated the di-vacancy formation by removing one Mg and one O atom in a MgO 

2D sheet (Figure 2(d)). We found these defects to be more favourable with a calculated defect 

formation energy to be -16.87 eV. The creation of this di-vacancy contracts the Mg-O bond lengths 

by up to 3.68% due to redistribution of the atom positions. This MgO-Mg/O system is a narrow band 

gap semiconductor with an indirect band gap of 0.70 eV (Figure 4).  

We have also investigated anti-site defects by replacing one Mg atom with one O atom and found 

the defect formation  energy corresponding to  this added O atom to be -5.65 eV for the MgO-AO 

sheet, while replacing one O atom with an Mg atom (Figure 2(e)) results in a positive defect 

formation  energy  of  3.50 eV. This was expected due to the ionic size mismatch of Mg2+ (0.72 

Å) and O2- (1.40 Å) whereas swapping the cation and anion disrupts the electrostatic stability of 

the system. The obtained O-O bond length in the MgO-AO sheet after relaxation was 1.80 Å, while 

nearby Mg-O bond lengths expanded to 1.93 Å, indicating weaker bond strengths than in the 

pristine or single atom vacancy sheets of MgO. The band gap of MgO-AO was found to be 1.0 eV, 

(Figure 4) along with a direct transition of an electron from VB to CB at high symmetry point X. 
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As mentioned, the formation of MgO-AMg systems is not spontaneous, and it requires external 

energy to bind additional Mg atoms in its lattice. The presence of this Mg atom decreases the 

separation between the energy band and transforms the 2D MgO monolayer from an indirect to a 

direct band gap semiconductor. After geometry optimization, the optimized Mg-Mg and Mg-O 

bond lengths of an MgO-AMg system were found to be 2.61 Å and 1.83 Å respectively.  

 

Fig. 2. Optimized structure of (a)MgO, (b) MgO-O, (c) MgO-Mg, (d) MgO-Mg/O, (e) MgO-AO, and 
(f) MgO-AMg sheets 

 

3.2 CO2 activation characteristics 

3.2.1 Pristine 2D MgO monolayer sheet (CO2@MgO) 

In this section, we present and discuss the activation of CO2 molecules on a pristine 2D MgO 

monolayer sheet (MgO). Considering the crystallographic symmetry of 2D MgO, we identified 

three adsorption sites for CO2 as follows: A-site (above Mg-atom), B-site (above O-atom), and C-

site (center of the hexagonal ring) (see Figure 1(b)). The CO2 molecule was placed at these sites 
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in both vertical/perpendicular (⊥) and horizontal/parallel (||) configurations, and we also tried a 

few inclined configurations at the bridge site between the Mg and O atoms. We have given the six 

different configurations of the CO2 molecule interacting with the MgO monolayer in Figure S2 

along with their calculated adsorption energies Eads and geometrical parameters in Table S1. We 

note that the CO2 molecule binds with the pristine MgO sheet at a height of 1.35 Å with an 

adsorption energy of -0.79 eV, as shown in Figure 3. Here, the CO2 molecule bends to an ∠OCO 

of 130.51°, while the O-C bonds are found to be 1.26 Å. The most stable arrangement occurred 

when the CO2 molecule was placed parallel to the 2D MgO in such a fashion that the C atom of 

the CO2 molecule was positioned above the O atom of 2D MgO (second configuration of Table 

S1). Thus, the B-site in the || configuration is the most active site for the CO2 molecule on MgO 

with an Eads of -0.79 eV surpassing -0.14 eV, the threshold value for practical applications [29]. 

After relaxation, one of the C-O bonds of the CO2 molecule elongated to 1.26 Å, and the CO2 

molecule lost its linear geometry as the molecule bent to 130.51°.  Due to the high Eads and 

structural modification of the CO2 molecules, the adsorption of CO2 on 2D MgO can be classified 

as chemisorption. This adsorption of CO2 on a graphene-like 2D MgO monolayer is stronger than 

the adsorption reported by Wang et al. for a graphene sheet (weak physisorption with Eads of -0.23 

eV for pristine graphene)[30].  We further analyzed the interaction of the CO2 molecule with this 

2D MgO sheet through molecular orbital interaction investigated through PDOS plots. We note 

that as a result of the interaction, the band gap of 2D MgO changes significantly as the value of 

band gap, Eg, reduces to 2.29 eV after CO2 adsorption. This interaction also disturbs the 

distribution of the energy levels in EBS, and the nature of the band gap changes to direct from its 

indirect band gap nature. This activation of CO2 leads to the origin of a new peak near -3 eV in the 

conduction band due to the p-orbital of a CO2 molecule’s carbon atom. The Bader charge analysis 

suggests charge transfer of 0.02e- between the CO2 molecule and 2D MgO sheet.  

 

3.2.2 Defect-containing 2D MgO monolayer sheets 

Defects are electron trap sites and the presence of atomic and molecular defects 

are primarily responsible for the improved CO₂ adsorption by causing localized electronic states 

and unsaturated coordination sites. We investigated the effect of defects on the interaction between 

various defect-containing 2D-MgO monolayer sheets and the CO2 molecule, except for the MgO-
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AMg system because of its thermodynamically instability as calculated through the defect formation 

energy values. We considered different sites as marked in Figure 2 for the various vacancy-

containing 2D MgO sheets, i.e. D1 (MgO-O), D2(MgO-Mg), D3(MgO-Mg/O), D4(MgO-AO) and 

D5(MgO-AMg).  

As mentioned, first in order to explore the influence of an O-vacancy in the 2D MgO monolayer 

(MgO-O) on the CO2 adsorption characteristics, different configurations were investigated near the 

vacancy site (site D1 in Figure 2).  All the studied configurations of CO2 at the MgO-O sheet are 

given in Figure S4 of the supplementary information and the obtained Eads, along with structural 

parameters, are summarized in Table S2. A few of the considered configurations are as follows: 

(i) CO2 molecule placed at site D1, parallel to MgO-O in such a way that (a) both O atoms of CO2 

are close to the Mg atom of MgO sheet (b) one O atom of CO2 is facing the Mg atom and another 

facing an O atom of the MgO sheet, and (ii) a few perpendicular configurations, e.g. (a) at site D1 

and (b) near site D1. The third configuration of Figure S4 was found to be the most stable 

arrangement as it exhibits the maximum Eads on MgO-O (-1.44 eV) (Figure 3). Comparing the 

interaction of CO2 with the pristine 2D MgO sheet, we note that the Eads and charge transfer of 

CO2@MgO-O increases by 0.64 eV and 1.65 e-, respectively. This was expected as the loss of the 

oxygen atom produces electron abundant surroundings, which induce charge transfer interactions 

with CO₂ molecules. The band gap value changes from 1.20 eV to 1.29 eV as a result of interaction 

with CO2 (Figure 4). Here, the CO2 molecule bends with an angle of 119.58° and the C-O bond 

length stretches to 1.29 Å. As at adsorption site D1, there is a lack of a highly electronegative O-

atom; therefore, the O atoms of the CO2 molecules attract the electrons during the interaction with 

the MgO-O sheet and the CO2 molecule becomes negatively charged.   

Similar to various configurations tried at site D1 of MgO-O, site D2 of the MgO-Mg sheet was also 

investigated for CO2 activation. The relaxed structures of these configurations are shown in Figure 

S5 of the supplementary file along with Table S3, which contains all adsorption and geometrical 

parameters. Among different configurations tested, the first configuration (see Table S3) was 

found to exhibit the largest Eads value of -2.22 eV (Figure 3). Here, the CO2 molecule acts as an 

electron donor while interacting with the MgO-Mg monolayer and gains a positive charge of 0.92e- 

after activation (Figure 5). Moreover, significant reduction in the band gap was observed as the 

band gap reduces to 0.41 eV from its value of 2.24 eV (see Figure 4).  
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Next, we investigated the more porous MgO-Mg/O 2D sheet having both one Mg and one O atom 

vacancy. Figure S6 shows the relaxed structures of different CO2@ MgO-Mg/O systems, and their 

characteristic parameters are listed in Table S4. The most stable CO2 configuration for the MgO-

Mg/O system is found when one O atom of CO2 was placed near the Mg atom of the MgO-Mg/O 

monolayer, and another O atom near site D3 with the C atom pointing to the O atom of the MgO-

Mg/O system (first configuration of Figure S6), with a calculated Eads energy of -3.97 eV (Figure 

3) and a charge transfer of 0.12 e. Here, the CO2 molecule loses electrons and becomes positively 

charged and thus more reactive towards nucleophiles like H- from hydrogenation reactions, thereby 

enhancing its conversion.  One can also note that the CO2 adsorption energy value in this case is 

about five times higher than its value at the pristine 2D MgO sheet. The bond length and bond 

angle of the CO2 molecule after activation on this sheet were 1.30 Å and 121.82°, respectively. A 

closer look at the PDOS and EBS indicates new sharp peaks near the Fermi level, resulting in a 

decrease of the energy gap to 0.17 eV.  

Among anti-site defects, as mentioned, we only investigated the CO2 molecule interaction on 

MgO-AO systems. We placed the CO2 molecule in different orientations near the extra O atom (near 

site D4). As the O atom is highly electronegative, and three O atoms surround site D4, these atoms 

pull electrons during interaction with the CO2 molecule which acts as an electron donor. The net 

charge on the CO2 molecule at the MgO-AO system was 1.94 e-
 (Figure 5) Here, the separation 

between the energy bands was found to be 1.40 eV (Figure S3). The summary and plots of all 

tested configurations of CO2 molecules at the MgO-AO system are summarized in Table S5 and 

Figure S7 of the supplementary file.  

We found MgO-O to be the most suitable 2D MgO sheet towards reducing CO2 into valuable 

products (Figure 5), as strong chemisorption is observed for the CO2 molecule. To confirm the 

thermodynamical favorability of CO2 at various MgO systems, we also computed the Gibbs free 

energy of the CO2 adsorbed systems. From Table 2, it is clear that ∆G<0 for all CO2 adsorbed 

systems. Thus, the CO2 adsorption process at MgO systems is spontaneous and strong enough to 

keep adsorbed CO2 molecule bound for further electrochemical conversion.   

The  present study has focused on the thermodynamics of CO2 activation at various 2D MgO sheets 

as the crucial first step in CO2 conversion reactions. In order to obtain full reaction pathways in 
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the electrochemical conversion of CO2 to chemicals and fuels will require the calculation of 

reaction kinetics, which will be the focus of future work.  

 

 

 

 

 

 

 

 

 

Fig. 3. Relaxed structures after CO2 adsorption on (a) MgO, (b) MgO-O, (c) MgO-Mg, (d) MgO-

Mg/O, and (e) MgO-AO sheets 

 

Table 2 

Calculated adsorption energy Eads(eV), defect formation energy Edef (eV), Gibbs free energy ∆G 
(eV) adsorption height h(Å), bond lengths l(Å), bond angle θ (̊), band gap Eg(eV) and charge 
transfer Δqco2 (e-) of most stable CO2 configurations on different 2D MgO sheets 

System Eads Edef ∆G h 

l 

θ Eg Δqco2 Mg-

O 
C-O 
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MgO -0.79 -- -0.83 1.35 2.15 1.26 130.51 2.29 -0.02 

MgO-O -1.44 -10.04 -1.49 0.98 1.89 1.29 119.58 1.29 -1.67 

MgO-Mg -2.22 -10.51 -2.29 0.37 1.91 1.31 113.46 0.41 0.94 

MgO-Mg/O -3.97 -16.87 -4.02 0.48 1.91 1.30 121.82 0.17 0.12 

MgO-AO -2.35 -5.65 -2.39 0.94 1.97 1.28 126.41 1.40 1.94 

 

From the PDOS (Figure 4), it is clear that hybridization between the p-orbital of C and the s-

orbital of Mg takes place, causing a sharp peak near -2.5 eV, while overlap of C(p) and O(p) 

orbitals is found near 1eV and -2eV, suggesting a strong interaction between CO2 and the MgO-O 

sheet. Similar minor peaks of C(p) orbitals are observed near -2.5, -3 and -4 eV for CO2 adsorbed 

at the MgO-Mg, MgO-Mg/O and MgO-Ao sheets. In contrast, when the CO2 molecule interacts with 

defect-containing MgO (110) surfaces (Lv et al.)[16], bond formation between the Mg atom of 

MgO and the O atom of CO2 takes place, mainly owing to the contribution of Mg(3s)-O(2p) and 

Mg(3s)-O(2s) orbital pairs. 
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Fig. 4. PDOS plots of various MgO sheets before and after CO2 adsorption. 
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Fig. 5. Charge density difference plots after CO2 adsorption on (a) MgO, (b) MgO-O, (c) MgO-Mg, 

(d) MgO-Mg/O, and (e) MgO-AO sheets 

 

4. Conclusion 

We have investigated various defect formations in a 2D MgO monolayer sheet. Our calculations 

indicate favourable atomic and molecular defect formations, while the MgO-AMg anti-site defect is 

found to be unfavourable.  CO2 molecule activation was investigated where it was found that the 

CO2 molecule is chemically adsorbed with an adsorption energy of -0.79 eV and bends over the 

pristine 2D MgO monolayer sheet, while defects were found to further enhance the CO2 activation.  

The creation of single O and Mg vacancies on 2D MgO increases the adsorption energy of CO2 by 

about 80% and 178%, respectively. The maximum CO2 adsorption energy was found at the MgO- 

Mg/O system (-3.97 eV) among all energetically stable systems. We conclude that CO2 activation 

can be achieved and improved by engineering various atomic and molecular defects into a 2D 

MgO sheet. Our findings indicate that 2D MgO is a promising candidate for the electrochemical 

conversion of CO2 into valuable chemicals and fuels. 
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Supplementary Information 

We have provided all studied CO2 on the pristine, and defect-containing 2D MgO sheets in the 

ESI. Fig. S1 contains the EBS of all 2D MgO sheets. Fig. S2 shows six relaxed configurations of 

CO2 at pristine 2D MgO sheets. Fig S3 represents EBS of the most stable CO2 configurations at 

pristine and defect-containing 2D MgO sheets. Fig S4-S7 represent adsorption of CO2 at MgO-O, 

MgO-Mg, MgO-Mg/O and MgO-AO sheets, respectively. Table S1-S5 contain adsorption energies 

along with adsorption heights and relaxed bond lengths of CO2 adsorbed at 2D MgO, MgO-O, 

MgO-Mg, MgO-Mg/O and MgO-AO sheets, respectively. 
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