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13 Abstract

14 The electrochemical reduction of CO2 into value-added products has emerged as a promising 

15 approach for mitigating CO2 emissions. In this study, 23 p-block single-atom (PSA)-anchored on 

16 Mo2CO2 catalyst for CO2 reduction has been systematically investigated using density functional 

17 theory at atomic level. Based on the binding energy and cohesive energy, the 9 PSA prefers to 

18 anchor on Mo2CO2
 hollow carbon site. Side-on and end-on modes are preferred for CO2 adsorption 

19 on PSA-anchored Mo2CO2 (PSA@Mo2CO2). Projected density of states (PDOS) analysis indicates 

20 that PSA@Mo2CO2 exhibits a metallic-like electronic structure. The Bader charge analysis and 

21 charge density difference show unique behavior for Sn@Mo2CO2, with a lower Gibbs free energy 

22 change for the potential-determining step CO2 to *OCHO (0.58 eV). Sn@Mo2CO2 is located on 

23 top of the volcano plot of limiting potential versus adsorption energy. Furthermore, Sn@Mo2CO2 
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2

1 exhibits the best selectivity for CO2 reduction into HCOOH and suppresses the competing 

2 hydrogen evolution reaction. PDOS analysis of the *OCHO intermediate reveals that the oxygen 

3 and Sn p orbitals show moderate overlap. Ab initio molecular dynamics indicate that Sn@Mo2CO2 

4 is stable at 300 K. This work provides an orbital-based strategy for catalyst design to enable 

5 selective CO2 reduction to HCOOH.

6 Keywords: CO2 electrochemical reduction, DFT studies, electrocatalyst, Single-atom catalyst, 

7 Mo2CO2, p-block

8 1. Introduction

9 In this technological and industrial era, energy consumption is increasing rapidly and 

10 continuously. Currently, the primary energy sources depend on fossil fuels. As a result, an 

11 enormous amount of CO2 is continually being emitted into the atmosphere, which significantly 

12 contributes to global warming and has an adverse impact on the climate.1 The Intergovernmental 

13 Panel on Climate Change (IPCC) has predicted that a 1.5 °C temperature rise or more is expected 

14 to occur within the next 20 years. CO2 is inert and thermally stable due to its linear geometry and 

15 C=O bonds.2 To address the above problems, identifying a suitable method for converting CO2 

16 into value-added products is essential. Among all approaches, the electrochemical reduction 

17 method using a sustainable catalyst offers several advantages, including operating at room 

18 temperature, using recyclable electrolytes, and integrating with renewable energy sources. 

19 Additionally, a more straightforward setup can be easily scaled to an industrial level.3 Metal 

20 oxides, transition metal dichalcogenides, graphene, metal alloys, h-BN, metal-organic 

21 frameworks, and noble metal-based catalysts have been explored as potential electrocatalysts for 

22 CO2 reduction.4–10 However, all these processes still present numerous challenges, including high 

23 activation energy, sluggish kinetics, overpotential, and selectivity.11,12
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1 Recently, single-atom catalysts (SAC) have garnered great interest due to their nearly 

2 100% atom utilization efficiency, unique electronic properties, and low coordination of single 

3 atoms anchored on support material.11,13 The SAC-based catalyst has shown better activity and 

4 performance as compared to that of their bulk counterpart in various reactions, such as oxygen 

5 evolution reaction (OER), oxygen reduction reaction (ORR)14, nitrogen reduction reaction (NRR) 

6 15, methane activation16, hydrogen evolution reaction (HER)17, and CO2 reduction reaction 

7 (CRR).18 Since the single atoms are highly unstable, suitable support materials are required to 

8 stabilize them and enhance their activity. Considering this, metal oxide19, graphene6, h-BN20, 

9 transition metal dichalcogenide21,  phosphorene22, and MXene23 are explored as better support 

10 candidate materials. 

11 Among all supports, MXene is currently the fastest growing 2D nanomaterial having the 

12 fascinating property and applications with the Mn+1XnTx (n=1 to 3) general formula, where M is 

13 an early transition metal, X represents C or/N, and Tx represents the surface termination group, 

14 such as F, Cl, S, O, and OH. 24,25 MXene is a suitable support nanomaterial for single atoms due 

15 to its outstanding electrical conductivity, hydrophilicity, large surface area, and stability. The 

16 recently discovered MXene support is attracting attention for its exceptional properties.26–28 Upon 

17 the strong interaction of a single atom with MXene, modified electronic states result, and an 

18 optimal active site for the intermediates' adsorption for better catalytic activity.29–31 While 

19 considering suitable single atoms, researchers have mainly focused on transition-metal-based ones 

20 for a wide range of reactions due to their electron-accepting or donating properties toward 

21 adsorbates, arising from their partially filled d-orbitals.23,25,32 In contrast, the p-block elements 

22 have filled d-orbitals and partially occupied p-orbitals, making them alternative candidates for a 

23 single-atom-based active site for the desired reactions.31 However, few studies have been 
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1 performed on p-block single-atom (PSA) for HER and CRR. Zhang et al. 33 investigated the 

2 behavior of 14 non-metal-doped Mo2CO2 toward the HER reaction. In this work, surface oxygen 

3 gets activated by doping a non-metal in Mo2CO2. Calculated Gibbs free energies for hydrogen 

4 reveal that Cl (−0.06 eV), Br (−0.01 eV), and I (0.04 eV) doped Mo2CO2 show outstanding 

5 electrocatalytic activity towards HER. Ren et al. 21 designed a p-block (In, Bi, Pb, Sn, and Sb) 

6 metal-based single atom anchored on MoS2 support for CO2 reduction. Out of all PSA, Sb and Bi 

7 only show an excellent catalytic activity towards formic acid formation, with the limiting potential 

8 (UL) value for Bi and Sb being −0.46 and −0.31V, respectively. Chen et al. 34 considered the single 

9 and double atom based on metals from the d and p-block elements on SnS2, and it was found that 

10 the Sn-based single atom catalyst outperforms all the considered catalysts in the formation of 

11 formic acid. Guo et al. 31 constructed a SnN4 single-atom active site with different secondary 

12 coordination sphere atoms, such as P, S, B, and N, for modulating the activity of the Sn single 

13 atom. Among all, Sn-N3S1 was found to improve the intermediate adsorption and activity. Liu et 

14 al.35 reported that, among all PSA-doped Cu2O, Ga-Cu2O shows better catalytic performance for 

15 CRR. Because Ga makes a favourable interaction with the *OCHO intermediate for the formation 

16 of HCOOH. Hence, Cu2O is also considered a suitable support for the PSA and has been explored 

17 for the CRR.

18 The SnS2, MoS2, and Cu2O are semiconductors36–38 whereas MXene-based support, 

19 Mo2CO2, is metallic in nature. 39 For a better electrocatalyst, metallic behavior is highly inevitable. 

20 The support Mo2CO2 is metallic, low-cost, and easy to synthesize, making it a viable catalyst in 

21 experiments.39,40 Among MXene-based supports, Mo2CO2 has broad applications, including 

22 energy storage, electrocatalysis, and thermoelectric materials. 39–42  Hence, based on its properties, 

23 Mo2CO2 is considered a suitable support for PSA. Based on the literature, the Mo2CO2 MXene-
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1 based support for the PSA catalyst has not been explored in greater detail for CRR. This research 

2 aims to explore the potential feasibility of a PSA on Mo2CO2 support for the electrocatalytic CRR 

3 to improve the stability, activity, and selectivity. In this work, we have systematically studied and 

4 analyzed the PSA on Mo2CO2 catalyst for CRR by using the density functional theory (DFT) 

5 approach. 

6 2. Catalyst model and computational details 

7 The Mo2CO2 modeled by a 3×3×1 supercell of  Mo2C (space group-P63/mmc) unit cell and 

8 surface-functionalized with oxygen atoms due to their stability, Mo2CO2 has a total number of 45 

9 atoms (18 Mo, 9 C, and 18 O).43,44  Cheng et al.42 mention in their study that supercell 3×3×1 and 

10 4×4×1  gave similar adsorption energy values for the adsorbate, which indicates that adsorption of 

11 the intermediate is not much affected by a change in supercell, and a 10 Å vacuum (Table S1) is 

12 added in the z-direction to prevent interactions between the periodic  images.23,39,45 This results in 

13 the lattice vector for Mo2CO2 3 × 3 × 1 is a=9.20 Å, b=9.20 Å, c=15.00 Å, α=90°, β=90°, and 

14 γ=120°. The bottom three layers were frozen during Mo2CO2 optimization. All the DFT 

15 simulations were performed using the Quantum Espresso-7.1  software package. 46 The calculation 

16 of the exchange-correlation energy was performed using the GGA-PBE method, where GGA is a 

17 generalized gradient approximation employed with the parameters provided by Perdew, Burke, 

18 and Ernzerhof, with spin-polarization. 47,48  A 36 Ry for cut-off energy,  3×3×1  k-point for 

19 Brillouin zone, and  DFT-D3 for van der Waals interactions were employed during the 

20 calculations.49 The optimization of the structural geometry was allowed to proceed to the force and 

21 energy, which attained values of 2.0×10-2  Ry/a.u.  and 1.0×10-5 a.u., respectively. Image 

22 visualization was performed using Vesta software.50 To understand the stability of the single atom, 

23 Mo2CO2 binding energy calculations are performed using the following formula. 51   
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1 Eb = EPSA―Mo2CO2 ― EPSA ―EMo2CO2                                                                                                 (1)

2 Where Eb, EPSA―Mo2CO2 , EPSA, and EMo2CO2  represent the binding energy of a p-block single atom, 

3 the total energy of a p-block single atom anchored on Mo2CO2, the p-block single atom electronic 

4 energy, and the electronic energy of bare Mo2CO2, respectively. The Gibbs free energy was 

5 calculated for all intermediates present in the electrochemical reduction reaction process using the 

6 computational hydrogen electrode (CHE) method. 52

7 ∆G = ∆EDFT +∆ZPE ― T∆S                                                                                                           (2)                                                                              

8 ∆G, ∆EDFT, ∆ZPE, T, and ∆S refers to the change in Gibbs free energy, DFT electronic energy for 

9 reaction, zero point energy change, temperature, and entropy change, respectively. Entropy and 

10 zero-point energy for gaseous molecules and intermediates formed during the reaction are 

11 considered, as reported in the literature.18,53,54 Entropy contributed by gaseous molecules such as 

12 CO2, H2, and H2O is considered from the NIST database (Table S2), while the entropy contributed 

13 by the solid phase intermediate is neglected. 55,56 

14 The adsorption energy is calculated by using the following equation.

15 Eads = Etotal ― Eadsorbate ―Ecatalyst                                                                                              (3)                                                 

16 Eads is the adsorption energy, Etotal is the total energy of the system (adsorbate + catalyst), 

17 Eadsorbate is the electronic energy of the adsorbate, Ecatalyst is the electronic energy of the catalyst. 

18 The cohesive energy of the system is calculated using the following formula.

19 Ecoh = Ecatalyst―(nMoEMo+nCEC+nOEO+nPSAEPSA)
n1+n2+n3+n4

                                                                              (4)                                                                                        
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1 The nMo, nC, nO, and  nPSA, represents the number of molybdenum, carbon, oxygen and p-block 

2 single atoms, respectively, present in the catalyst and EMo, EC, EO, and EPSA,  Ecatalyst denotes the 

3 energy of molybdenum, carbon, p-block single atom, and the catalyst total energy, respectively. 

4 The n1 + n2 + n3 + n4 represents the total number of atoms.

5 Limiting potential is calculated by the formula given below.

6 UL = ― ∆Gmax/e                                                                                                                                   (5)

7 ∆Gmax is the maximum Gibbs free energy barrier of the potential determining step (PDS), and e 

8 represents an electron.57  

9 3. Result and discussion 

10 3.1 Structure and stability of PSA@Mo2CO2

11 Mo2C exhibits a hexagonal structure and is formed by a three-layer Mo-C-Mo, where the upper 

12 and lower layers are made of Mo, and the middle layer is carbon. A previous study demonstrated 

13 that  Mo2C can be synthesized experimentally and its surface can be functionalized with O, F, or 

14 OH.58However, oxygen surface functionalization is more stable than other surface 

15 functionalizations. 44,59 The calculated Mo–Mo and Mo–C bond lengths were found to be 3.07 Å 

16 and 2.07 Å, respectively, which are similar to those reported in previous computational and 

17 experimental studies.58,60 This work initially investigates the PSA stability in various coordination 

18 environments on the Mo2CO2 two-dimensional nanomaterial support at the atomic level. The 23 

19 PSA were anchored on bare Mo2CO2, except for the radioactive one, to avoid environmental 

20 problems and considering safety measures. The PSA stability on three different sites (hollow-C 

21 (S1), hollow-Mo (S2), and top-O (S3)) is considered on Mo2CO2 with different coordination 
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1

2 Fig. 1. (a) Side and top views of the Mo2CO2 optimized structure, (b) The binding energy of 

3 a PSA anchored on Mo2CO2 on three different sites: hollow-C (S1), hollow-Mo (S2), and top-

4 O (S3), and (c) Comparison between binding energy versus cohesive energy of 

5 PSA@Mo2CO2.

Mo

O

C

S2

(a)

S3

S1

(b)

(c)
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1 environments (Fig. 1(a)). The PSA anchored on the hollow-C site of Mo2CO2, coordinating with 

2 oxygen and molybdenum atom present on the surface of Mo2CO2. For hollow Mo site, PSA is 

3 anchored on Mo site only, whereas top-O site PSA is anchored only with oxygen atom. All these 

4 sites were considered to find the most preferable site for PSA on Mo2CO2. For being a better 

5 catalyst, it should be thermodynamically stable. The PSA@Mo2CO2 thermodynamic stability is 

6 explained by the binding energy, which indicates the strength of the interaction between PSA and 

7 Mo2CO2. The calculated binding energy reveals that the PSA@Mo2CO2 exhibits a negative 

8 binding energy, suggesting that it is thermodynamically stable and that the catalyst can be 

9 synthesized experimentally. 23,61 All hollow-C (S1), hollow-Mo (S2), and top-O (S3) site 

10 optimized structures of PSA@Mo2CO2  are shown in Fig. S3-S5. Among all adsorption sites, the 

11 binding energy of the majority of PSA on the hollow-C (S1) site is lower than that on the hollow-

12 Mo (S2) and top-O (S3) sites, as shown in Fig. 1(b), indicating that out of all sites, most of the 

13 PSA is thermally stable on the hollow-C site (S1). This is due to the weaker repulsion from the 

14 surrounding atoms at the hollow-C site 23, which is the main reason to consider it for further 

15 studies. Out of 23 PSA, silicon shows the lowest binding energy (−7.63 eV), indicating that silicon 

16 is the most stable single atom on the Mo2CO2 surface and binds strongly to the oxygen site.62,63 

17 Chen et al. 64 reported that amorphous SiO2 with an excess oxygen defect exhibits a Si–O bond 

18 length of approximately 1.90 Å, similar to the reported value for Si@Mo2CO2. The average bond 

19 length of Si anchored on the oxygen surface of Mo2CO2 is lower than the previously published 

20 study value of 2.79 Å, demonstrating that Si is most stable on the oxygen surface of Mo2CO2 due 

21 to a shorter bond length compared to the previous study of Si anchored on the Mo of Mo2CO2.39 

22 Silica (β-cristobalite) shows covalent bonding, with a bond length for Si–O of approximately 1.61 

23 Å. 65,66 Whereas the Si@Mo2CO2, Si–O bond length (1.90 Å) shows a weak covalent bond as the 
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10

1 bond length elongates. Halogens (F, Cl, Br, and I) are unstable at the carbon top position and shift 

2 near molybdenum, as halogens tend to coordinate better with metal to minimize repulsion from 

3 the surface termination group.67 Therefore, they are not considered for further studies. 

4 Furthermore, to gain a better understanding of the bonding interaction between PSA and Mo2CO2, 

5 the calculated average bond length of PSA@Mo2CO2 is presented in Table S3 of the supporting 

6 information. The atomic radius of PSA generally increases going downward the group from B to 

7 Tl, C to Pb, N to Bi, and O to Te. However, when the PSA is anchored on Mo2CO2, the average 

8 bond length between the PSA and Mo2CO2  neighbouring atoms shows variation, as the PSA is 

9 anchored on either the oxygen or molybdenum site of Mo2CO2. In the case of the 14th group 

10 element, the average bond length from C to Si decreases from 1.99 Å to 1.90 Å, and Si to Pb 

11 increases from 1.90 Å to 2.35 Å, because carbon is anchored with Mo site and Si, Ge, Sn, and Pb 

12 are anchored on oxygen surface of Mo2CO2, and atomic radius of Mo is greater than O, that leads 

13 to increase average bond length. Next, in the case of the 15th group element from As to Bi, the 

14 average bond length increases down the group from 1.88 Å to 2.57 Å, except for N (1.95 Å) and 

15 P (2.19 Å). As N is anchored on Mo of Mo2CO2 and P is anchored on both Mo and O of Mo2CO2, 

16 which shows a different nature of increase in bond length, due to the increase in atomic radius of 

17 Mo than O. At last 16th group element average bond length follows an increasing trend from O 

18 (2.00 Å) to Se (2.58 Å) except Te (2.57 Å), Because O, S, and Se are anchored with Mo and Te is 

19 anchored with oxygen and Mo, this leads to the difference in average bond length. 

20 Furthermore, the stability and clustering ability of PSA on the Mo2CO2 surface are 

21 evaluated by comparing the binding and cohesive energies. As shown in Fig. 1(c), the calculated 

22 cohesive energy is higher than the binding energy for B, N, F, S, Cl, Ga, As, Se, Br, Sb, Te, I, Tl, 

23 and Bi; this reveals that PSA is unstable on Mo2CO2 surface. However, in the case of PSA (C, O, 
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11

1 Al, Si, P, Ge, In, Sn, and Pb), the Binding energy of C( ― 6.68 eV), O ( ― 6.54 eV), Al( ― 7.28 

2 eV), Si( ― 7.62 eV), P( ― 7.30 eV), Ge( ― 6.81 eV), In( ― 6.36 eV), Sn( ― 6.82 eV), Pb( ― 6.69 

3 eV) is lower than cohesive energy C( ― 6.31 eV), O ( ― 6.31 eV), Al( ―  6.33 eV), Si( ―6.33 eV), 

4 P( ― 6.33 eV), Ge( ―6.31 eV), In( ― 6.31 eV), Sn( ― 6.32 eV), Pb( ―  6.31eV), which indicates 

5 that these single atoms can be stable and uniformly anchored on the Mo2CO2 surface.21 Therefore, 

6 only C, O, Al, Si, P, Ge, In, Sn, and Pb have been considered for further study.

7 3.2 CO2 activation 

8 The CO2 molecule has C–O1 and C–O2 bond lengths of 1.17 Å and a bond angle of 180°. In the 

9 CRR process, the first step is the adsorption and activation of CO2. Initially, the CO2 adsorbs onto 

10 the catalyst, with two possible adsorption modes: end-on and side-on site adsorption. 68 

11 In end-on adsorption mode (Fig.S6, Table S4), O1 of the CO2 adsorbs through a 

12 monodentate on PSA@Mo2CO2  (C, O, Al, Si, P, Ge, In, Pb, and Sn) and allowed for the energy 

13 minimization. This leads to an increase in the bond length of C–O1 from 1.17 Å to a range of 1.17-

14 1.37 Å. Additionally, the bond angle varies from 180° to a range between 127.21° and 179.92°. 

15 These results suggest that CO2 is being activated on the PSA@Mo2CO2 (PSA = Al, Si, Ge, In, Sn, 

16 and Pb) catalyst surface. Liu et al. 69 reported that the bond length of C–O1 and C–O2 of adsorbed 

17 CO2 on the Al site of γ-Al2O3(100) is found to be 1.18 Å and 1.17 Å, indicating that CO2 activation 

18 is more favorable on Al@Mo2CO2 compared to γ-Al2O3(100). Additionally, CO2 on Sn@Mo2CO2 

19 shows similar bond length and angle as observed on SnO2(110) catalyst reported by wang et al.70  

20 In the case of side-on adsorption (Fig. S7, Table S5), CO₂ tends to adsorb as a bidentate mode 

21 through the carbon and the O1 atom on PSA@Mo2CO2 (PSA=C, O, Al, Si, P, Ge, In, Sn, and Pb), 

22 and allowed for the geometry optimization. The resulting geometries show that the CO2 molecule 

23 has varied structural features, with bond lengths ranging from 1.17 Å to 1.42 Å and bond angles 
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1 ranging from 129.32 ° to 179.92 °. Among all, based on CO2 structural features, it is found that Si 

2 effectively activates CO2, consistent with the results of Mao et al. 71 The adsorption of CO2 on 

3 Si@Mo2CO2 shows weak adsorption energy ( ― 0.03 eV). The energy of CO2 adsorption comes 

4 under the physisorption range. However, after CO2 adsorption, CO2 bond length (C ― O1=1.42 Å 

5 and C ― O2=1.19 Å) and angle (129.32°) changed significantly from its linear structure with bond 

6 length (C ― O1=1.17 Å and C ― O2=1.17 Å) and bond angle (180°). The significant change in the 

7 structural features of CO2 is supported by the Bader charge and charge density difference. The 

8 Bader charge analysis shows that after adsorption of CO2 on Si@Mo2CO2 (C= + 0.96 e, O1= ―

9 1.10 e, and O2= ― 1.02 e) shows charge transfer between CO2 and Si@Mo2CO2 as shown in Table 

10 S6 compared to neutral linear CO2 (C= + 2.06 ,O1= ― 1.03 e, and O2= ― 1.03 e) molecule. This 

11 is also confirmed by the charge density difference of CO2 adsorbed Si@Mo2CO2 (Fig. S8). The 

12 charge density difference for CO2 adsorbed Si@Mo2CO2 shows charge depletion on C and O2 and 

13 accumulation on O1. The structural change, Bader charge (Table S6), and charge density 

14 difference (Fig. S8) indicate that adsorption of CO2 on Si@Mo2CO2 is chemisorption. This 

15 observation aligns well with the previous study, which showed that weakly adsorbed bent CO2 on 

16 reconstructed Cu2O(111) undergoes chemisorption due to significant charge transfer.72

17 For the C, O, P, and Ge-based PSA@Mo2CO2, there are no significant structural features of CO2 

18 observed when it is in the side-on and end-on configurations. Therefore, these PSA@Mo2CO2 

19 were not considered for further analysis. Whereas on Al, Si, In, Sn, and Pb, after optimization, 

20 side-on and end-on show the bond length (C–O) and angle (O–C–O) variation. Based on the bond 

21 distance between PSA and O1 of the CO2 and Bader charge analysis (Table S6), Al@Mo2CO2 and 

22 Si@Mo2CO2 show chemisorption among all PSA, as shown in Table S5-S6.  

23
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1 3.3 Electronic structure analysis for Mo2CO2 and PSA@Mo2CO2            

2 The projected density of states (PDOS) analysis was performed to elucidate the electronic 

3 properties of Mo2CO2 and PSA@Mo2CO2 and to explain the orbital interaction between PSA and 

4 the oxygen surface of Mo2CO2.14 For Mo2CO2, as shown in Fig. 2(a), below the Fermi level, the 

5 Mo d-orbital electronic state intensity was lower, and the O valence p-orbital electronic state 

6 intensity was higher. In contrast, Mo contributes more to the conduction band above the Fermi 

7 level. At the same time, oxygen exhibits a low-intensity electronic state in the conduction band, 

8 indicating electron transfer from Mo to O. 

9

10 Fig. 2. PDOS for (a) Mo2CO2 and (b-f) PSA@Mo2CO2 (PSA = Al, Si, In, Sn, and Pb), with 

11 the Fermi level indicated by a black dashed line. Below the Fermi level is the valence band, 

12 and above the Fermi level is the conduction band on the x-axis.

(a) (b) (c)

(d) (e) (f)
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1 Additionally, the Mo-d and O-p valence peaks overlap effectively, indicating a strong interaction 

2 between the Mo-d and O-p valence orbitals. Therefore, Mo2CO2 is stable with an O-terminated 

3 surface.17 The PDOS plot in Fig. 2(a) indicates that Mo2CO2 exhibits a metallic-like nature, 

4 characterized by a zero-band gap, as the molybdenum and oxygen valence band peaks align with 

5 the Fermi level. 39 However, the introduction of the p-block element shifts the valence band near 

6 the Fermi level. In Fig. 2(b), the Al valence p-orbital peak passes through the Fermi value (E-EF=

7 ― 0.30 eV), resulting in Al@Mo2CO2 exhibiting metallic-like behavior, and the Al valence p-

8 orbital overlaps with the O valence p-orbital, showing p-p orbital hybridization, indicating that Al 

9 strongly binds and is stable on the oxygen surface of the Mo2CO2 support. The Al p-orbital 

10 electronic state on the conduction band side shows transfer of an electron from Al to Mo2CO2, 

11 which is confirmed by the Bader charge of Al (+1.79 e) and the charge density difference of 

12 Al@Mo2CO2, Fig. 3(e). The Al@Mo2CO2 with the most positive Bader charge exhibited the most 

13 stable CO2 adsorption with an adsorption energy of ― 0.97 eV. Fig. 2(c), The Si-p and O-p valence 

14 orbital overlap near the Fermi level shows strong p-p hybridization and bonding between Si and 

15 O of Mo2CO2. The Si-p orbital electronic state in the conduction band (E-EF=2.60 eV) side shows 

16 transfer of an electron from Si to Mo2CO2, which is confirmed by the Bader charge of Si (+1.65 

17 e) and charge density difference as shown in Fig. 3(f). Si@Mo2CO2 exhibits a metallic-like 

18 character due to a non-zero electronic state at the Fermi level. Furthermore, the charge density 

19 difference shows charge transfer between Si and CO2, as shown in the supporting information (Fig. 

20 S8). The carbon in CO2 is electrophilic in nature, gets an electron from Si, and donates an electron 

21 from nucleophilic oxygen to Si and adsorbs by side-on mode with weak adsorption ( Eads = ― 0.03 

22 eV). In shows a low-intensity p-orbital near the Fermi level compared to the Si-p orbital (Fig. 2(d)) 

23 and overlaps with the O-p orbital, indicating lower stability of In on the oxygen of Mo2CO2 
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15

1 compared to Si. The In@Mo2CO2 exhibits metallic-like behavior because the valence band crosses 

2 the Fermi level. Figure 2(e-f) shows that Sn-p and Pb-p contribute near the Fermi level. The Pb-p 

3 orbital electronic state on the conduction-band side shows an electronic state near the Fermi level, 

4 compared to the Sn-p orbital. This indicates less electron transfer from Pb than from Sn to the 

5 Mo2CO2 surface. This is confirmed by the Bader charge analysis of Sn (+1.40 e) and Pb (+1.37 e). 

6 The Sn p-orbital shows moderate electron transfer to CO2 with moderate adsorption energy  ( ―

7 0.15 eV) compared to Pb ( ― 0.23 eV). The valence band p-orbital peak intensity for PSA(Al, Si, 

8 In, Sn, and Pb) near the Fermi level side is in the order of Si>Al>Sn>Pb>In. This leads to greater 

9 charge transfer from Si and Al after CO2 adsorption, as confirmed by the charge-density difference 

10 shown in the supporting information (Fig. S8). Figure S9 (a-e) represents the PDOS for 

11 PSA@Mo2CO2. The electronic state present on the valence band side (E-EF=0 to ― 8 eV) below 

12 the Fermi level for the Si-p orbital is more populated compared to the Al, In, Sn, and Pb p-orbital 

13 electronic states. The In p-orbital electronic state intensity is very low, whereas Al and Pb have p-

14 orbital electronic state intensity more than In. The Sn shows optimal electronic state intensity on 

15 the valence-band side. This facilitates *OCHO intermediate adsorption as evident from the 

16 adsorption energy ( ― 2.78 eV), which is more favorable for the electrochemical CRR. Where 

17 Si@Mo2CO2 ( ― 4.35 eV) has the lowest adsorption energy and adsorbs strongly *OCHO. The 

18 Pb@Mo2CO2 ( ― 2.33 eV) has a higher adsorption energy for *OCHO compared to Sn@Mo2CO2 (

19 ― 2.78 eV ). The Al@Mo2CO2 ( ― 1.81 eV) shows poorer adsorption of the intermediate than 

20 PSA@Mo2CO2 (PSA=Si, Sn, and Pb). The addition of PSA broadens the band, increases charge 

21 transfer, and facilitates intermediate adsorption for electrocatalytic CRR.

22

23
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1 3.4 Bader charge and charge density difference analysis for PSA@Mo2CO2

2 The Bader charge analysis was performed to deepen the understanding of charge transfer 

3 in Mo2CO2 and PSA@Mo2CO2. The charge is analyzed before and after PSA anchoring on 

4 Mo2CO2. Figure S10(a) represents a uniformly distributed charge on bare Mo2CO2, where O and 

5 Mo have ― 1.01 e and + 1.71 e charge. Figure S10(b-e) shows that after anchoring PSA (Al, Si, 

6 In, Sn, and Pb) on Mo2CO2, charge transfer from PSA to neighboring Mo and O of Mo2CO2. Figure 

7 S10(b) displays that after Al is anchored on Mo2CO2, Bader charge on Mo ( + 1.56 e, + 1.49 e, +

8 1.57 e) and O ( ― 1.33 e, ― 1.32 e, ― 1.25 e) increases. In Si@Mo2CO2 Fig. S10(c) charge is 

9 transferred from Si to Mo ( + 1.60 e, + 1.60 e, + 1.56 e) and O ( ― 1.34, ― 1.35 e, ― 1.09 e). In 

10 case of In@Mo2CO2 (Fig. S10 (d)), charge transfer from In to Mo ( + 1.64 e, + 1.59 e, + 1.65 e) 

11 and O ( ― 1.05 e, ― 1.13 e, ― 1.13 e). In Sn@Mo2CO2 (Fig. S10(e)), charge transfer from Sn to 

12 Mo ( + 1.58 e, + 1.53 e, + 1.58 e) and O ( ― 1.08 e, ― 1.19 e, ― 1.19 e). For Pb@Mo2CO2 (Fig. 

13 S10. (f)), charge transfer from Pb to Mo ( + 1.59 e, + 1.53 e, + 1.58 e) and O ( ― 1.09 e, ― 1.16 

14 e, ― 1.16 e). Out of all PSA@Mo2CO2 (PSA = Al, Si, In, Sn, and Pb), Sn( + 1.40 e) has an optimal 

15 charge. Further, the Bader charge is calculated after CO2 adsorption on PSA@Mo2CO2. The Bader 

16 charges on Al, Si, In, Sn, and Pb were +2.43 e, +3.00 e, +0.86 e, +1.41 e, and +1.40 e, respectively. 

17 Bader charge analysis shows that the charge transfer is negligible for In. Therefore, it is considered 

18 less active for CRR and is excluded from further analysis. In the case of Al@Mo2CO2 and 

19 Si@Mo2CO2, Bader charge significantly changes after CO2 adsorption, which shows changes in 

20 bond angle(length) are 175.39°(C ― O1=1.20 Å and C ― O2=1.15 Å) and 129.32° (C ― O1=1.42 

21 Å and 1.19 Å), respectively. Whereas, in the case of Sn@Mo2CO2 and Pb@Mo2CO2, very little 

22 charge transfer occurs when CO2 is adsorbed, which shows negligible variation in the bond 

23 angle(length) are 
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1

2 Fig. 3. Optimized geometry of (a) Al@Mo2CO2, (b) Si@Mo2CO2, (c) Sn@Mo2CO2, and (d)  

3 Pb@Mo2CO2. The Charge density difference side view of (e) Al@Mo2CO2, (f) Si@Mo2CO2, 

4 (g) Sn@Mo2CO2 and (h) Pb@Mo2CO2, and the top view of (i) Al@Mo2CO2, (j) Si@Mo2CO2, 

5 (k) Sn@Mo2CO2, and (l)  Pb@Mo2CO2. The charge density difference for the *OCHO 

6 intermediate adsorbed on  (m) Al@Mo2CO2, (n) Si@Mo2CO2, (o) Sn@Mo2CO2, and (p)  

7 Pb@Mo2CO2; yellow and cyan indicate charge accumulation and depletion, respectively, 

8 with an isosurface value of 0.005 e/Å3. The blue arrow shows transfer of charge from PSA to 

9 *OCHO intermediate (except Sn), In case of Sn, blue arrow shows charge transfer from 

10 Mo2CO2 to Sn and the red arrow displays Sn to *OCHO charge transfer.

Al

Si
Si

Al

Sn

Pb

Mo

C

O

(a) (b) (c) (d)

(h)(g)(f)(e)

(i) (j) (k) (l)

1.79 e 1.65 e 1.40 e
1.36 e

0.65 e
1.79 e

− 0.01 e

0.08 e
(m) (n) (o) (p)
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1 179.45°(C ― O1=1.18 Å and C ― O2=1.17 Å) and 179.82° (C ― O1=1.18 Å and C ― O2=1.17 Å) 

2 respectively (Table S5).

3 As seen in Fig. 3(a-d), the optimized structure of PSA@Mo2CO2 (where PSA 

4 represents Al, Si, Sn, and Pb) is considered for further study. Fig. 3(e-h) displays the charge density 

5 difference (CDD) side view, and Fig. 3(i-l) shows the top view of PSA@Mo2CO2. The CDD 

6 analysis is utilized to understand the distribution of charge density on PSA@Mo2CO2. The positive 

7 charge region exhibits a depletion of charge density, indicated by the cyan-colored region, and the 

8 negative charge region shows charge accumulation; electrons are concentrated in this region, 

9 represented by the yellow color. The Al@Mo2CO2, Si@Mo2CO2, Sn@Mo2CO2, and Pb@Mo2CO2 

10 show charge transfer from Al, Si, Sn, and Pb to Mo2CO2.23,32,73 Most of the electron gained by 

11 oxygen, which is shown by yellow colour, and cyan color present on Mo displays charge transfer 

12 from Mo to O, out of Al, Si, Sn, and Pb, more charge accumulated on Si followed by Pb, Sn and 

13 Al, which indicate Si can donate and accept electron,  Sn and Pb have lower number of electrons. 

14 The Bader charges on Al@Mo2CO2 (+1.79 e), Si@Mo2CO2 (+1.65 e), Sn@Mo2CO2 (+1.40 e), 

15 and Pb@Mo2CO2 (+1.37 e) align with a CDD study, which shows that Al shows charge depletion 

16 due to maximum electron transfer. Si shows charge accumulation and charge depletion due to 

17 partial charge transfer from Si to Mo2CO2. In contrast, Sn shows greater charge depletion and less 

18 charge accumulation than Pb, as shown in Fig. 3(k-l) (top view). This is because most of the 

19 electron transfer occurs from Sn and Pb to Mo2CO2. This is due to the metallic properties of Al, 

20 Sn, and Pb, as metals can donate their electrons more readily than Si, which is a metalloid. 

21 Figure 3(m-p) displays the charge transfer between *OCHO intermediate, and PSA, and Mo2CO2 

22 surface. Figure 3(m-n) shows higher charge transfer from Al and Si to *OCHO, whereas Pb shows 

23 lower charge transfer (Fig. 3(p)). The cyan color present on Al, Si, Sn, and Pb indicates charge 
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1 depletion, with the charge transferred from PSA to *OCHO. The yellow color present on the 

2 *OCHO intermediate shows charge gain. Among all PSAs, Sn shows distinct charge transfer, as 

3 shown in Fig. 3(o). Charge is transferred from the Mo2CO2 surface to Sn and, further, Sn to 

4 *OCHO intermediate as shown in Fig. S11, due to which Sn shows distinct Bader charge transfer 

5 after adsorption of *OCHO on Sn@Mo2CO2. The overall Bader charge on Sn is ― 0.01 e after 

6 *OCHO intermediate adsorption on Sn@Mo2CO2.

7 3.5 Reaction mechanism for CRR and HER

8 The electrochemical CRR is challenging and complicated; therefore, an effective catalyst is 

9 required. The reduction of CO2 to CO and HCOOH on a catalyst surface is a two-step, two-electron 

10 pathway that proceeds via a twice-proton-coupled electron-transfer reaction, as shown in Fig. 4, 

11 which is widely proposed as the path and accepted as the most likely one. The first step in CO2 

12 reduction involves the acceptance of a proton and an electron, leading to two possible competitive 

13 intermediates, *OCHO and *COOH. This indicates that there are two pathways: either the carbon 

14 or the oxygen site of CO2 can receive a proton and an electron. Further, proton and electron transfer 

15 occur, and the *OCHO and *COOH intermediates are converted into *HCOOH and *CO, 

16 respectively. In the last step, *HCOOH and *CO desorb from the catalyst surface, forming 

17 HCOOH and CO products. 74 In contrast, the selectivity toward CH4 and CH3OH depends on the 

18 adsorption of the *CO intermediate. If the adsorption of *CO is weaker, it will terminate at the CO 

19 product. As shown in Fig.  5 (a-f), Gibbs free energy for PSA@Mo2CO2 *CO intermediate is 

20 weaker. Therefore, CO2 does not reduce to CH3OH and CH4.75 Furthermore, the p-block metals 

21 In, Sn, and Pb are known for electrochemically reducing CO2 to HCOOH, with Faradaic 

22 efficiencies exceeding 90%. CH3OH and CH4 follow six- and eight-electron pathways, 
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1 respectively, whereas HCOOH follows a two-electron pathway.76 Therefore, CO2 reduction is not 

2 further considered for CH4 and CH3OH.

3

4 Fig. 4. Schematic illustration of the reaction mechanism for electrochemical CRR to CO and 

5 HCOOH products and competitive HER on the catalyst surface. For the HCOOH product, 

6 there are two possible binding sites for the intermediate(*OCHO), one oxygen site or two 

7 oxygen sites. 

8 The energy-minimized structures of all intermediates involved in the CRR on the surfaces of the 

9 Mo2CO2 and PSA@Mo2CO2 (Al, Si, Sn, and Pb) catalysts are displayed in Fig. S12. The Gibbs 

10 free energy diagram for CRR on Mo2CO2 and PSA@Mo2CO2 surface is shown in Fig. 5. For the 

11 bare Mo2CO2 surface (Fig. 5(a)), the Gibbs free energy for the first step, CO2 into *OCHO and 

12 *COOH intermediates, is 1.60 eV and 1.05 eV, respectively. The calculated values suggest that 

13 the *OCHO and *COOH intermediates are present as PDS with the maximum Gibbs free energy 

14 change (Table S8 and S9). 61 Among the intermediates, the *COOH intermediate formation is 

𝐇 + + 𝐞
−

𝐇 + + 𝐞
−

𝐇
+ +
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1 more favorable with a lower Gibbs free energy change in the first step compared to *OCHO. 

2 Therefore, the subsequent formation of CO is more favorable than that of HCOOH. On 

3 Al@Mo2CO2 (Fig. 5(b)), the calculated Gibbs free energy change value suggests that *COOH 

4 (3.53 eV) and *OCHO (1.56 eV) are the PDS for the CO and HCOOH (Table S8 and S9), 

5 respectively. This result shows that *OCHO intermediate formation is more favorable compared 

6 to *COOH due to the lower Gibbs free energy change. Therefore, HCOOH product formation is 

7 preferred on Al@Mo2CO2, consistent with the earlier report.77 Furthermore, the Gibbs free energy 

8 plot for CO2 reduction on the Si@Mo2CO2 surface (Fig. 5(c)) reveals that the conversion of 

9 *COOH to *CO and *OCHO to *HCOOH is found to be PDS, with a maximum Gibbs free energy 

10 change of 1.69 eV and 2.34 eV, respectively (Table S8 and S9). This indicates that Si@Mo2CO2 

11 promotes the formation of CO rather than HCOOH. The Sn@Mo2CO2 (Fig. 5(d)) catalyst surface 

12 shows that the *+ CO2 to *COOH and *OCHO conversion steps are found to be the PDS with 

13 Gibbs free energy change of 1.95 eV and 0.58 eV, respectively (Table S8 and S9). This indicates 

14 that the HCOOH product is preferred over the CO product. In the case of Pb@Mo2CO2 surface 

15 (Fig. 5(e)), the PDS for the *+CO2 to *OCHO and *COOH shows a Gibbs free energy change of 

16 1.03 eV and 2.32 eV, respectively (Table S8 and S9). This indicates that it favors the formation of 

17 HCOOH, as its Gibbs free energy change is lower than that for the formation of CO. Out of all the 

18 catalysts, the Sn@Mo2CO2 surface exhibited the lowest Gibbs free energy change for HCOOH 

19 formation from CO2. 

20 The reason for the Gibbs free energy difference between *COOH and *OCHO intermediate 

21 on PSA@Mo2CO2 (PSA=Al, Si, Sn, and Pb) is elucidated using Bader charge analysis. This 

22 deepens the understanding of CO and HCOOH reaction pathway and PSA@Mo2CO2 catalytic 

23 activity. The Gibbs free energy for *OCHO intermediate on PSA@Mo2CO2, (PSA=Al(1.56 eV), 
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1 Si( ― 0.99 eV), Sn(0.58 eV), and Pb(1.03 eV)) is found to be lower as compared to that of the 

2 Gibbs free energy for *COOH intermediate on  PSA@Mo2CO2, (PSA=Al(3.53 eV), Si( ― 0.05 

3 eV), Sn(1.95 eV), and Pb(2.32 eV)). The Bader charges present on PSA of PSA@Mo2CO2 

4 (PSA=Al( + 1.79 e), Si( + 1.65 e), Sn( + 1.40 e) and Pb( + 1.37 e)) before intermediate adsorption 

5 are shown in Table S7. After *COOH and *OCHO adsorption on PSA@Mo2CO2, the Bader charge 

6 present on PSA of PSA@Mo2CO2 increases (except Sn), as shown in Table S7. Whereas Sn has a 

7 Bader charge decreased for *COOH and *OCHO. Interestingly, *OCHO charge transfer is higher 

8 than that of *COOH. The *OCHO intermediate adsorption is preferred on the positive charge 

9 region, as the oxygen of *OCHO behaves as a nucleophile.35  This charge transfer makes *OCHO 

10 interact more strongly with PSA@Mo2CO2, thereby lowering the Gibbs free energy. 

11 Whereas in the case of Sn@Mo2CO2, Sn receives a charge from the Mo2CO2 support and transfers 

12 an electron to the intermediate *OCHO, as shown in the supporting information (Fig. S11(a-e)).  

13 This demonstrates that Sn behaves as a good mediator in modulating the charge transfer between 

14 intermediate and Mo2CO2.34 Furthermore, Mo2CO2 potential role in charge transfer is explored in 

15 detail through Bader charge analysis and charge density difference (Fig. S11 (a-e)). First, the 

16 Mo2CO2 surface Bader charge is calculated, which shows ― 1.01 e present on every oxygen atom 

17 and + 1.71 e present on every molybdenum atom. After that, a single-atom Sn is anchored on 

18 Mo2CO2 with three coordinated oxygen atoms. The charge present on neighboring Mo and O 

19 atoms underwent a significant change. The Bader charge analysis shows a reduction in the positive 

20 charge of Mo ( + 1.58 e, + 1.58 e, + 1.53 e ) and an increase in the negative charge of O ( ― 1.19 

21 e, ― 1.19 e ― 1.08 e) that indicates charge transfer from Sn ( + 1.40 e) to Mo2CO2. This is 

22 confirmed by charge density difference: Sn@Mo2CO2 shows charge depletion on Sn (Fig. S11(d)), 

23 indicated by the cyan color, and the yellow color on the oxygen surface indicates charge gain. 
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1 At last, the *OCHO intermediate adsorbed on Sn@Mo2CO2 configuration is shown in Fig. S11(c). 

2 After adsorption of *OCHO on the Sn@Mo2CO2, Sn coordination environment changed from 

3 three to one on Mo2CO2. The positive charge present on neighboring Mo ( + 1.59 e, + 1.56 e, +

4 1.71 e) increases and a negative charge is present on O ( ― 1.00 e, ― 1.05 e, ― 1.08 e) decreases 

5 further, indicating that the overall charge decreases on the surface of Mo2CO2. This shows that the 

6 charge transfer occurs from Mo2CO2 to Sn. The charge present on Sn ( + 1.39 e) shows a slight 

7 decrease in positive charge and tries to maintain its own charge by accepting electrons from the 

8 support Mo2CO2 and transferring to the *OCHO intermediate. This is confirmed by charge density 

9 difference (Fig. S11). After intermediate *OCHO adsorption on Sn@Mo2CO2 (Fig. S11(e)), the 

10 charge on the oxygen surface decreases compared to Sn@Mo2CO2 before intermediate adsorption, 

11 shown in yellow color. While the charge on Sn increases, shown by the yellow color, indicating 

12 charge gain by Sn and Sn transferring charge to the *OCHO intermediate. This distinct behavior 

13 of Sn as a mediator between *OCHO and Mo2CO2 facilitates the formation of HCOOH with a 

14 lower Gibbs free energy change compared to other systems, such as Al@Mo2CO2, Si@Mo2CO2, 

15 and Pb@Mo2CO2. 

16 During CRR, HER also occurs in parallel and competes with the CRR process. Fig. 5(f) 

17 shows the calculated HER Gibbs free energy profile for the Mo2CO2 and PSA@Mo2CO2 (PSA=Al, 

18 Si, Sn, and Pb) catalyst surfaces. According to the Sabatier principle, the interactions between the 

19 catalyst and the intermediate should be within an optimal range, neither too low nor too high78, to 

20 improve catalytic activity. The Gibbs free energy change for H*, *OCHO, and *COOH (ΔGH*, 

21 ΔG*OCHO, and ΔG*COOH) intermediates are shown in Fig. S13 to provide deeper insights into the 

22 CRR versus the HER. For an efficient electrochemical CO2 reduction reaction, an electrocatalyst 
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1 should suppress the hydrogen evolution reaction and accelerate the formation of intermediates 

2 towards HCOOH and CO. Therefore, the Gibbs free energy for H*, *OCHO, and *COOH 

3

4 Fig. 5. Gibbs free energy diagram for CO2+2H++2e- to CO and  HCOOH product for (a) 

5 Mo2CO2 and (b-e) PSA@Mo2CO2(PSA=Al, Si,  Sn, and Pb) and (f) HER Gibbs free energy 

6 for Mo2CO2 and PSA@Mo2CO2 (PSA=Al, Si, Sn, and Pb), where * represents the catalyst 

7 surface in all Gibbs free energy diagrams.

8 intermediates are computed and compared for Mo2CO2, Al@Mo2CO2, Si@Mo2CO2, 

9 Sn@MO2CO2 and Pb@Mo2CO2. The Mo2CO2 ( ― 0.16 eV), Al@Mo2CO2 ( ― 1.06 eV), and 

10 Si@Mo2CO2 ( ― 1.26 eV) have lower ΔG for H* compared to *COOH (Mo2CO2 (1.05 eV), 

11 Al@Mo2CO2 (3.53 eV), and Si@Mo2CO2 ( ― 0.05 eV) ) and *OCHO(Mo2CO2 (1.60 eV), 

12 Al@Mo2CO2 (1.56 eV), and Si@Mo2CO2( ― 0.99 eV)). Therefore, H* adsorption will inhibit the 

13 *COOH and *OCHO formation. Whereas in the case of Sn@Mo2CO2 (0.58 eV) and Pb@Mo2CO2 

14 (1.03 eV), for *OCHO, Gibbs free energy is lower compared to *COOH (Sn@Mo2CO2 (1.95 eV) 

(a) (b) (c)

(f)(e)(d)
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1 and Pb@Mo2CO2 (2.32 eV)) and H* (Sn@Mo2CO2 (2.18 eV) and Pb@Mo2CO2 (1.38 eV)). This 

2 shows Sn@Mo2CO2 and Pb@Mo2CO2 facilitate *OCHO formation. The Sn@Mo2CO2 has a lower 

3 ΔG for *OCHO than Pb@Mo2CO2, showing that Sn@Mo2CO2 facilitates the conversion of CO2 

4 to HCOOH. 

5

6 Fig. 6. (a) Limiting potential for CRR (𝐔𝐂𝐑𝐑
𝐋 ) for HCOOH and CO product on Mo2CO2 and  

7 PSA @Mo2CO2. (b-f) Represents the bond length between the oxygen of the intermediate 

8 (*OCHO) and the catalyst (Mo2CO2 and PSA@Mo2CO2 (g) Volcano plot for PSA@Mo2CO2 

9 and Mo2CO2 using adsorption energy of *OCHO (Eads) and UL. (h) Selectivity of CRR toward 
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1 CO and HCOOH products. The PSA@Mo2CO2 (PSA=Al, Si, Sn, and Pb) is represented as 

2 PSA(Al, Si, Sn, and Pb).

3 The UL was considered to analyze the electrocatalyst (PSA@Mo2CO2) activity. 79 UL can be 

4 defined as the negative maximum difference between the Gibbs free energy of the reaction step 

5 (−∆Gmax) divided by e (electron). It is used as an electrocatalyst, demonstrating superior 

6 performance among all PSA@Mo2CO2 electrocatalysts, as shown in Fig. 6 (a). The catalysts 

7 exhibit a lower negative value of UL, which is considered beneficial because low energy is required 

8 to overcome the PDS.57 For Al@Mo2CO2, Sn@Mo2CO2, and Pb@Mo2CO2, the formic acid 

9 product pathway is more favorable due to their low negative UL value −1.56, −0.58, and −1.03 V, 

10 respectively, compared to CO product formation as shown in Fig. 6(a), Table S10 and S11. 

11 However, for Mo2CO2 and Si@Mo2CO2, the CO formation pathway is more favorable due to the 

12 lower UL value of −1.05 and −1.69 V, respectively, compared to HCOOH.

13 3.6 Structure-activity relationship

14 A suitable structure-activity descriptor is developed to predict the catalytic activity. Here, bond 

15 length is considered as a descriptor, and an optimal bond length is required between PSA and 

16 *OCHO intermediate to form HCOOH effectively. Fig. 6(b-f) shows how the key intermediate 

17 *OCHO adsorbs on Mo2CO2 and PSA@Mo2CO2. On Mo2CO2 and Si@Mo2CO2, the *OCHO 

18 intermediate strongly adsorbs through a monodentate oxygen site with shorter bond length of 2.06 

19 Å and 1.64 Å, respectively. In the bidentate adsorption mode of *OCHO on Al@Mo2CO2, 

20 Sn@Mo2CO2, and Pb@Mo2CO2, the average bond lengths between the O atom and the PSA (Al, 

21 Sn, and Pb) are 1.93 Å (Al), 2.26 Å (Sn), and 2.46 Å (Pb). This bidentate adsorption mode resulted 

22 in an elongated bond length, causing the weaker adsorption. The bond length for *OCHO adsorbed 

23 on Sn@Mo2CO2 is shorter than that on Pb@Mo2CO2 and longer than that of Al@Mo2CO2, 
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1 Si@Mo2CO2, and Mo2CO2. To determine the optimal distance for HCOOH formation, a volcano 

2 plot has been constructed. The volcano plot displays a structure activity relationship between the 

3 limiting potential and bond length (Fig. S14). As seen in Figure S14, Sn@Mo2CO2 is positioned 

4 on top of the volcano with the lowest limiting potential and moderate bond length as compared to 

5 that of the other catalysts, suggesting that Sn@Mo2CO2 favors the formation of HCOOH. 

6  In addition to that, a structure-activity relationship develops between the limiting potential and 

7 the adsorption energy of the *OCHO intermediate. Here, adsorption energy is considered as a 

8 descriptor, and an optimal adsorption energy is required for HCOOH formation. Feaster et al.74  

9 plotted a volcano curve using partial current density and binding energy for the elements Ni, Cu, 

10 Zn, Sn, Ag, Pt, and Au. Among all, the Sn shows better activity towards CO2 to HCOOH, as Sn is 

11 at the top of the volcano, indicating that the binding is not too high or low for the intermediate 

12 *OCHO intermediate. For Al@Mo2CO2, Pb@Mo2CO2, and Mo2CO2 in Fig. 6(g), it is shown that 

13 *OCHO intermediate adsorption is weaker, as it may not favor the formation of HCOOH 

14 effectively due to the weaker interaction with the catalyst. Whereas Si@Mo2CO2 demonstrates 

15 strong adsorption of *OCHO intermediate, making it difficult to reduce further to HCOOH. 

16 Among Al@Mo2CO2, Si@Mo2CO2, Sn@Mo2CO2, Pb@Mo2CO2, and Mo2CO2, Sn@Mo2CO2 

17 demonstrates the optimal adsorption energy for the *OCHO intermediate, which indicates 

18 Sn@Mo2CO2 favors the CO2 reduction into HCOOH. The tilted *OCHO intermediate on 

19 Sn@Mo2CO2 leads to optimal adsorption of *OCHO intermediate on Sn@Mo2CO2 with the lowest 

20 limiting potential, and shows on top of the volcano plot as shown in Fig. 6(g). 

21 3.7 Selectivity for CRR to CO/HCOOH

22 In general, competitive HER hinders CRR at the catalyst surface. If H* adsorbs on the catalyst, 

23 then CRR will be inhibited. For effective CRR on catalysts, HER must be avoided at the catalyst 
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1 surface. The H* adsorption energy is compared with the adsorption energy of *CO2 on Mo2CO2, 

2 Al@Mo2CO2, Si@Mo2CO2, Sn@Mo2CO2, and Pb@Mo2CO2 surfaces. It reveals that H* 

3 adsorption energy on Mo2CO2 ( ― 0.42 eV), Al@Mo2CO2 ( ― 1.32 eV), and Si@Mo2CO2 ( ― 1.52 

4 eV) is lower compared to the *CO2 adsorption energy on Mo2CO2 ( ― 0.41 eV), Al@Mo2CO2 ( ―

5 0.97 eV), and Si@Mo2CO2 ( ― 0.03 eV). From the above results, Mo2CO2, Al@Mo2CO2, and 

6 Si@Mo2CO2 will not favor the CRR. However, the H* adsorption energy for Sn@Mo2CO2 (1.92 

7 eV) and Pb@Mo2CO2 (1.12 eV) is higher compared to the CO2 adsorption energy for Sn@Mo2CO2 

8 ( ― 0.15 eV) and Pb@Mo2CO2 ( ― 0.23 eV). Hence, Sn@Mo2CO2 and Pb@Mo2CO2 favor the 

9 CRR.53

10 The selectivity between CRR and HER was evaluated to determine the best catalyst among 

11 Mo2CO2 and  PSA@Mo2CO2(PSA =Al, Si, Sn, and Pb).79 The difference between the UL of CRR 

12 and HER defines the selectivity ( UCRR
L −UHER

L  )  on the PSA catalyst. A more positive UL difference 

13 ( UCRR
L −UHER

L  ) of the value shows that the higher valued one yields the more pronounced 

14 selectivity towards CRR.57 Fig. 6(h) shows the selectivity towards HCOOH on the catalyst surface 

15 found in the order of  Sn@Mo2CO2 > Pb@Mo2CO2 > Mo2CO2 > Al@Mo2CO2 > Si@Mo2CO2. 

16 This result suggests that Sn@Mo2CO2 exhibits the best activity and selectivity for the conversion 

17 of CRR to HCOOH. 

18 3.8 Orbital interaction analysis

19 The PDOS analysis was employed to investigate orbital interactions between the *OCHO 

20 intermediate and PSA@Mo2CO2 (where PSA represents Al, Si, Sn, and Pb) to understand the 

21 bonding between PSA (Al, Si, Sn, and Pb) and *OCHO. The presence of two oxygen and one 

22 carbon atom shows more and less intense electronic states, respectively. As shown in Fig. 7(a). 
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1 The Al valence p-orbital electronic state, present far away from the Fermi level, shows less electron 

2 presence. The ineffective overlap between Al-p and O-p leads to the weaker *OCHO intermediate 

3 adsorption on Al@Mo2CO2. The Bader charge and CDD show that Al@Mo2CO2 has the most 

4 positive Bader charge and leads to a weaker adsorption intermediate *OCHO (Fig. 7(b)). On the 

5 other hand, Fig. 7(c) shows stronger p-p hybridization between Si-p and O-p on the valence-band 

6 side. Hence, the bond length between Si ― O is the shortest (1.64 Å), leading to the strong bonding 

7 between Si and O. 

8

9 Fig. 7(a-d). Orbital interaction between PSA(Al, Si, Sn, and Pb) and *OCHO intermediate. 

10 The black short dash line at 0 eV represents the Fermi level. 
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1 In addition, CDD (Fig. 3) shows a higher charge-transfer from Si to O of *OCHO. The overlap 

2 between Sn p-orbital and O p-orbital hybridized near Fermi (E-EF= ― 1.70 eV) shows p-p 

3 hybridization and moderate bonding. Whereas, in the case of Pb (Fig. 7(d)), the peak of valence p-

4 orbital is far from the Fermi level at ― 1.80 eV, and intensity is also lower compared to the Sn p-

5 orbital, which leads to weaker adsorption of the *OCHO intermediate. The bond length of Sn ― O 

6 (2.26 Å) is lower compared to Pb ― O (2.43 Å). This aligns with p-p hybridization and leads to 

7 moderate adsorption of *OCHO intermediate on Sn@Mo2CO2 and weaker adsorption on 

8 Pb@Mo2CO2. The best active Sn@Mo2CO2 catalyst stability is evaluated by using ab initio 

9 molecular dynamics simulations. The total energy obtained from the AIMD simulations is shown 

10 in Fig. S2 and exhibits small fluctuations without causing a rise in the catalyst's energy under 

11 dynamical conditions at 300K for 10 ps. This shows that Sn@Mo2CO2 remains stable at ambient 

12 conditions. 

13 4. Conclusion

14 In this work, 23 PSA@Mo2CO2 and bare Mo2CO2 catalysts for electrochemical CRR were 

15 investigated using density functional theory. The binding and cohesive energy results suggest that, 

16 among 23 catalysts, 9 PSA@Mo2CO2 are the most stable catalysts. Side-on and end-on adsorption 

17 of CO2 on PSA@Mo2CO2 predominantly results in linear geometries after energy minimization. 

18 Based on CO2 adsorption and activation on Mo2CO2, PSA (Al, Si, In, Sn, and Pb) were screened, 

19 and PDOS analysis shows they exhibit metallic-like behavior. The Gibbs free energy diagram 

20 shows that the formation of *OCHO on PSA@Mo2CO2 is the potential-determining step, except 

21 for Si. The Gibbs free energy change for the potential-determining step is found to be in the order 

22 of Sn@Mo2CO2<Pb@Mo2CO2<Al@Mo2CO2<Mo2CO2. Remarkably, Sn@Mo2CO2 is the most 

23 efficient catalyst with a low UL value of −0.58 V, due to its optimal interaction with *OCHO, and 
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1 is also located at the top of the volcano plot. Interestingly, the Bader charge and CDD analyses 

2 show that Sn@Mo2CO2 exhibits a unique charge of –0.01 e on Sn, indicating that a higher charge 

3 is transferred from Mo2CO2 to Sn and then from Sn to *OCHO to maintain the neutral state. Hence, 

4 Sn acts as a mediator between Mo2CO2 and *OCHO, facilitating effective charge transfer. 

5 Additionally, Sn@Mo2CO2 shows the best selectivity toward CRR and inhibits HER. For better 

6 performance, the optimal p-p orbital overlap is essential. Furthermore, Sn@Mo2CO2 is thermally 

7 stable and may serve as an efficient catalyst for the formation of HCOOH from CO2. This study 

8 provides orbital-based approaches for understanding catalytic behavior. Further, fine-tuning of the 

9 electronic properties of Mo2CO2 will help effectively convert CO2 into value-added products.  

10

11

12

13

14

15

16

17

18

19

20
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