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Abstract 10 

We have employed density functional theory (DFT) calculations to explore the catalytic potential 11 

of scandium nitride (Sc₂N) MXenes for CO₂ capture and hydrogenation to methane. The Sc₂N 12 

surface exhibits a strong affinity for CO₂ with an adsorption energy of –3.627 eV, surpassing 13 

values reported for other MXenes such as Ti₂N and V₂N, and even outperforming conventional 14 

catalysts like Pt(111). Charge density difference and COHP analyses reveal significant back-15 

donation from Sc d-orbitals to the antibonding orbitals of CO₂, resulting in the formation of 16 

activated CO₂δ− species. AIMD simulations confirm the thermal stability of Sc₂N under ambient 17 

conditions. The hydrogenation pathway to CH₄ proceeds via eight elementary steps, with the 18 

CH₂OH + H → CH₃OH reaction identified as the rate-determining step due to its high activation 19 

barrier (2.916 eV). Sc₂N effectively stabilizes key intermediates such as COOH, HCOOH, and 20 

CH₂OH, and facilitates H₂ dissociation with moderate energy requirements. Compared to other 21 

MXenes, Sc₂N shows superior ability to stabilize intermediates, particularly HCOOH, which plays 22 

a crucial role in the conversion pathway. However, large negative adsorption energies for H and 23 

O atoms suggest potential surface poisoning, which may limit catalytic turnover unless 24 

regeneration strategies are implemented. These findings highlight Sc₂N MXenes as robust and 25 

efficient materials for CO₂ capture and conversion, although further optimization is necessary for 26 

sustained catalytic performance.  27 
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1. Introduction 30 

Since the onset of the second industrial revolution,1 characterized by increasing automation and 31 

mass production, the global production of various entities, e.g. cement, electricity, energy, and 32 

goods for household consumption, has relied heavily on the combustion of fossil fuels 2.  However, 33 

this practice has resulted in the substantial release of carbon dioxide (CO2) into the Earth's 34 

atmosphere 3, with global carbon dioxide emissions surging by more than 70% between 1970 and 35 

2002 4. Unfortunately, this anthropologic production of CO2 is no longer balanced by natural 36 

capture, conversion and storage. CO2 is a potent greenhouse gas 5 that contributes to the rise in the 37 

Earth's temperature through the trapping and re-emission of infrared radiation 6, 7. The 38 

consequences of global warming are far-reaching and include phenomena such as floods, droughts, 39 

and the extinction of plant and animal species 8. In view of this harmful climate change, the capture 40 

and transformation of CO2 into benign or even beneficial products has become paramount.  41 

Carbon dioxide is a linear and remarkably stable molecule, featuring carbon in its highest oxidation 42 

state, and the C=O bond within CO2 is thermodynamically stable 9. Disrupting this bond and 43 

activating carbon dioxide for further reactions requires a substantial amount of energy and high 44 

temperatures 9. Furthermore, the chemical stability of carbon dioxide underscores its weak 45 

interaction with solid surfaces. Effective CO2 adsorption typically occurs at elevated temperatures 46 

and under significant partial pressures, often involving charge transfer processes that result in the 47 

creation of bent, anionic CO2 species (CO2 δ-) 10. The use of solid catalysts has garnered significant 48 

attention in this process, owing to their non-corrosive nature, cost-effectiveness, and ease of 49 

regeneration, making them advantageous for CO2 capture and conversion 11, 12, which is the basis 50 

for many of the approaches suggested for carbon capture and utilisation (CCU) strategies to 51 

mitigate CO2 emissions 13. 52 

Recent years have witnessed the development of two-dimensional materials with exceptional 53 

properties, including extraordinarily high specific surface areas with substantial proportions of 54 

exposed surface atoms, rendering them promising candidates for CO2 adsorption and reduction. 55 

Among these materials, MXenes have emerged as a notable group. MXenes are derived from 56 

transition metal carbides and nitrides and are obtained from MAX phases with the formula 57 

Mn+1AXn, where M represents the transition metal, A is an element from group 13 or 14 of the 58 

periodic table, X is either carbon or nitrogen, and the value of n, which ranges from 1 to 3, 59 

determines the atomic layers of the resulting material, ranging from 3 or 5 to 7 layers 14. The two-60 
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dimensional structure of MXenes, facilitated by the presence of vacant d orbitals of the metals in 61 

their surfaces, enables efficient gas adsorption 15. In a groundbreaking development in 2011, 62 

MXenes were first synthesized through the production of Ti3C2 during an etching process, 63 

accomplished by dissolving Ti3AlC2 in hydrofluoric acid 16. Most MXenes are synthesized through 64 

a three-layer hexagonal etching process of the MAX phase using various acids, effectively 65 

removing layer A from the structure and yielding two-dimensional MXenes 17, 18. For example, 66 

Sc₂N MXene can be produced from the Sc₂AlN MAX phase by removing the aluminum (Al) layer 67 

through chemical etching, using acids like hydrofluoric acid (HF), or through molten salt processes 68 

19, 20. After etching, the resulting two-dimensional structure consists of a hexagonal arrangement 69 

of scandium and nitrogen atoms, with exposed active sites that can interact with gas molecules 70 

such as CO₂. 71 

Notably, the substantial adsorption energy released by carbon dioxide binding to M2N surfaces 72 

compared to similar carbides (M2C) positions M2N materials as the more suitable candidates for 73 

CO2 activation and conversion, which show enhanced CO₂ adsorption and catalytic properties 74 

owing to their electron-rich nitrogen layers 10. 75 

Recent efforts have focused on tailoring MXene surfaces through functionalization or 76 

heterostructure design to improve catalytic selectivity and reduce energy barriers for CO₂ 77 

hydrogenation21. Moreover, very recent studies have demonstrated that tuning the electronic 78 

properties of MXene materials via compositional engineering or metal-support interactions can 79 

yield promising results in terms of both adsorption capacity and catalytic turnover for CO₂ 80 

reduction to CH₄ and other value-added products22, 23.  81 

Scandium nitride (Sc₂N) MXenes, in particular, present a promising material for catalytic 82 

applications. First-principles calculations have predicted the thermodynamic stability, structural 83 

robustness, and metallic conductivity of Sc-based MXenes, highlighting their potential as a 84 

promising 2D catalyst24. Further studies have examined the influence of surface terminations, 85 

magnetism, and charge transport in Sc-based MXenes19, 25. The unique structural features of 86 

MXenes, including their tuneable surface chemistry and electronic properties, have been studied 87 

extensively by researchers, who have highlighted the role of surface terminations (e.g., -O, -OH, 88 

and -F groups) in modulating the adsorption properties of MXenes. Such surface modifications 89 

can further enhance the catalytic performance of Sc₂N by tailoring its electronic structure to 90 

facilitate CO₂ reduction26. Recent work also points to the high carrier mobility and low work 91 
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function of Sc₂N, which are favourable for electronic and catalytic applications24, 26. In addition, 92 

related scandium-based MXenes such as Sc₂C have been investigated for thermoelectric 93 

applications, where surface functionalization was shown to enhance the Seebeck coefficient and 94 

improve overall energy conversion performance27. Furthermore, doped Sc-based Mxenes have 95 

recently been predicted to exhibit s–p–d band inversion, identifying them as a new class of 96 

topological insulator with potential relevance for quantum and spintronic devices.28  97 

Recent experimental work has demonstrated that two-dimensional functionalized Sc-based 98 

MXenes synthesized via sputtering exhibit semiconductive behaviour with strong optical 99 

absorption in the visible region, suggesting their potential for optoelectronic and photocatalytic 100 

applications.29 Moreover, Sc₂N has been highlighted in computational screening studies of 101 

MXenes for H2 adsorption and dissociation, where its electron-rich nitrogen layers promote strong 102 

binding with molecules30. Although there have only been limited studies on Sc₂N, theoretical 103 

research indicates that it exhibits stronger CO₂ adsorption energies compared to other MXenes, 104 

e.g. Ti₂N and Zr₂N 31. 105 

In this context, our study employs calculations based on the density functional theory (DFT) to 106 

investigate the CO₂ adsorption and hydrogenation behaviour on Sc₂N monolayers, evaluating its 107 

capacity to catalytically convert CO₂ to methane. The findings are discussed in relation to prior 108 

theoretical insights into Sc₂N and broader MXene-based CO₂ reduction mechanisms. 109 

 110 

2. Computational Models and Methods 111 

In this work, we have constructed the monolayer structure of Sc₂N MXene based on 112 

crystallographic data, before performing full geometry optimization using density functional 113 

theory calculations. The optimized structure is shown in Figure 1 and consists of a hexagonal 114 

arrangement of scandium and nitrogen atoms in a layered configuration. A triclinic unit cell with 115 

lattice constants of a = 12.685 Å, b = 12.685 Å, and c = 14.408 Å was optimized to achieve a 116 

stable surface configuration. The sandwich-like arrangement of scandium atoms on both sides of 117 

the nitrogen layer offers enhanced surface reactivity, similar to what has been observed in Ti₂N 118 

and Nb₂N MXenes 25. 119 
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 120 

Figure 1. Side and top views of the optimized Sc₂N MXene structure used in the DFT calculations (Sc = purple, N = 121 
blue). The structure features a layered hexagonal configuration with exposed scandium atoms in both surfaces. 122 

The electronic structures and catalytic properties of Sc₂N MXenes were investigated via density 123 

functional theory (DFT) 32, 33 calculations using the Vienna Ab initio Simulation Package (VASP) 124 

34-36. The generalized gradient approximation (GGA) 37 was applied with the Perdew-Burke-125 

Ernzerhof (PBE) functional 38, which has been used widely in studies of CO₂ adsorption at various 126 

MXenes39. The interaction between the valence electron density and the core electrons is described 127 

using the projector augmented wave (PAW) method 40. Similar computational frameworks have 128 

been employed in other studies on CO₂ adsorption at metal oxides and MOFs, where DFT 129 

simulations have provided critical insights into interaction mechanisms at the atomic level 41, 42. 130 

A plane-wave cut-off energy of 800 eV was used, which was determined through convergence 131 

tests, as shown in Figure 1S-a, in the Electronic Supporting Information (ESI). The choice of this 132 

energy cut-off is critical to ensure the convergence of the results. Previous research on Ti₃C₂ and 133 

Nb₂N MXenes has demonstrated that cut-off energies in the range of 500–800 eV are sufficient to 134 

ensure accurate simulation results at an acceptable computational cost 43. Monkhorst-Pack k-point 135 

grids of 5×5×1 and 11×11×1 were employed to sample the Brillouin zone, ensuring high precision 136 

in the calculation of adsorption energies and electronic interactions 44, respectively, as illustrated 137 

in Figure 1S-b in the ESI. 138 

Long-range dispersion interactions were accounted for using the Grimme D3 correction scheme, 139 

which was included in all calculations to improve the accuracy of adsorption energies and weak 140 

intermolecular interactions, consistent with previous studies on catalytic systems.45-47 141 

The CO₂ adsorption process on the Sc₂N surface was modelled by placing a CO₂ molecule at 142 

various potential adsorption sites, including the top, bridge, and hollow sites. The adsorption 143 

energy for each molecule at the surface was then calculated using the following formula: 144 
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                             𝐸𝑎𝑑𝑠 = 𝐸𝐴+𝑠𝑙𝑎𝑏 − 𝐸𝑠𝑙𝑎𝑏 − 𝐸𝐴                               (1) 145 

In this equation, Eads represents the adsorption energy, EA+slab corresponds to the energy of the 146 

system of an adsorbed molecule on the catalyst surface, and EA and Eslab denote the energies of the 147 

isolated molecule in a vacuum and the energy of the pristine surface, respectively. A large 148 

negative Eads value indicates a stable configuration and exothermic adsorption. 48 149 

To simulate the hydrogenation of each adsorbed CO2, COOH, HCOOH, HCO, H2CO, CH2OH, 150 

CH3OH, and CH3 molecule, a hydrogen atom must be positioned appropriately according to the 151 

expected product of the hydrogenation reaction. In this regard, nine reactions were investigated 152 

from a selected pathway, comprising molecules and hydrogen gas as the initial state and 153 

progressing to the respective products. The reaction energy for each step was calculated using the 154 

following equation:  155 

                                       𝐸𝑟𝑒𝑎𝑐 = 𝐸𝑓 − 𝐸𝑖𝑛                                           (2) 156 

where Ef represents the energy of the final state and Ein represents the energy of the initial state. 157 

The Nudged Elastic Band (NEB) 49, 50 method was employed to determine the reaction path and 158 

transition state between the reactant and product states. Intermediate states are identified, and the 159 

activation energy for each reaction is calculated using the following equation: 160 

                                   𝐸𝑎 = 𝐸𝑇𝑠 − 𝐸𝑖𝑛                                               (3) 161 

where Ea represents the activation energy, ETS is the energy of the intermediate state of the reaction, 162 

and Ein is the energy of the initial state in each reaction. 163 

To assess the thermodynamic stability of the Sc₂N catalyst, we performed ab initio molecular 164 

dynamics (AIMD) simulations using the Nosé–Hoover thermostat in the NVT ensemble at 300 K 165 

for 20 ps with a time step of 1 fs as implemented in VASP package. The structural integrity of the 166 

Sc₂N surface was monitored throughout the trajectory, and the temperature and energy fluctuations 167 

were analyzed to confirm stability. 168 
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3. Results and Discussion 169 

The optimized structure of the Sc₂N MXene revealed a highly stable configuration, with minimal 170 

distortion during surface relaxation. This stability is essential in maintaining catalytic activity 171 

during reaction cycles, as structural degradation can lead to deactivation of the catalyst 51. Similar 172 

surface stability has been observed in other MXenes, e.g. Ti₂N and Zr₂N 52.  To demonstrate the 173 

thermal stability of the catalyst, ab initio molecular dynamics (AIMD) simulations were performed 174 

for the Sc₂N monolayer at 300 K. The results reveal that the structure remains stable over the entire 175 

20 ps simulation, with no evidence of bond breaking, surface reconstruction, or significant 176 

distortion. As illustrated in Figure 3, the total energy fluctuates within a narrow range, while the 177 

system temperature remains consistently close to the target value, indicating effective thermal 178 

regulation by the Nosé–Hoover thermostat. Representative snapshots of the initial and final 179 

configurations (Figure 2) confirm the preservation of the surface morphology. These findings 180 

provide strong evidence of the thermodynamic robustness of Sc₂N under ambient conditions, 181 

underscoring its suitability for practical catalytic applications. 182 

 183 

Figure 2. Time evolution of (a) total energy of the Sc₂N surface during a 20 ps AIMD simulation at 300 K. 184 
Snapshots of the Sc₂N surface at the start and end of the 20 ps AIMD simulation at 300 K were added. 185 

 186 

The CO2 reduction process focused on in this work involves eight elementary steps 53, which can 187 

be represented as a pathway starting from CO2 and proceeding through seven surface-bound 188 

intermediates as follows:  189 

CO2 → COOH → HCOOH → HCO → H2CO → CH2OH → CH3OH → CH3 → CH4          190 
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The intermediates were simulated and adsorbed at the Sc2N surface in different positions, with the 191 

optimal position for each molecule determined through geometry optimizations.  192 

3.1. Sc2N Electronic Properties 193 

The electronic structure of the Sc₂N monolayer was elucidated through projected density of states 194 

(PDOS) analysis, as shown in Figure 3. The total density of states (TDOS) exhibits a prominent 195 

peak at the Fermi level (set to 0 eV), which clearly indicates the metallic nature of Sc₂N. The 196 

absence of a band gap further supports its intrinsic metallicity, consistent with prior predictions 197 

for early transition metal-based MXenes 24. The PDOS reveals that the states near the Fermi level 198 

are primarily derived from the Sc 3d-orbitals, while N 2p-orbitals mainly contribute to deeper 199 

valence states in the range of -6 to -3 eV. This orbital distribution suggests significant Sc–N 200 

hybridization, contributing to the structural stability and electronic delocalization. 201 

Moreover, the strong presence of unoccupied Sc d-states above the Fermi level implies high 202 

electronic activity, which can be beneficial for catalytic applications, such as hydrogen evolution 203 

or CO₂ reduction reactions. Similar behaviour has been reported in Ti₂N and V₂C MXenes, where 204 

conduction bands dominated by d-orbitals promote metallic conductivity and enhance surface 205 

reactivity 16. 206 

 207 

Figure 3. Orbital-projected density of states (PDOS) for the Sc₂N monolayer. The total density of states (TDOS) is 208 
shown in black, while the contributions from Sc 3d and N 2p orbitals are shown in red and green, respectively. The 209 

Fermi level is set to 0 eV. 210 
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3.2. CO2 Adsorption  211 

One of the primary challenges in developing a heterogeneous catalyst for CO2 adsorption, 212 

activation and reduction is establishing a robust interaction between CO2 and the solid surface. 213 

The adsorption of CO₂ on the Sc₂N surface was found to be highly favourable, with an adsorption 214 

energy of -3.627 eV. This interaction is stronger than those reported for other MXenes, such as 215 

Ti₂N (-3.13 eV) and V₂N (-1.67 eV) 31. The hollow site, where both oxygen atoms of the CO₂ 216 

molecule can interact with scandium atoms, was determined to be the most stable adsorption 217 

configuration, as depicted in Figure 4, which is consistent with findings from previous studies on 218 

CO₂ adsorption at transition metal carbides and nitrides, where hollow sites often provide the most 219 

favourable binding energies 54. In comparison, platinum-based catalysts, which are commonly 220 

used for CO₂ electro-reduction, do not adsorb CO₂ (adsorption energy of +0.51 eV), highlighting 221 

the superior CO₂ binding capacity of Sc₂N 55. The strong interaction between CO₂ and the Sc₂N 222 

surface can be attributed to the electron-donating capability of the scandium d-orbitals, which 223 

facilitate back-donation to the CO₂ molecule, thereby enhancing adsorption and activating the CO₂ 224 

molecule ready for reduction 31, 56, 57
. To quantify this interaction, we have performed a Bader 225 

charge analysis58, which reveals a charge transfer of 1.746e− from the Sc₂N surface to the CO₂ 226 

molecule. This substantial electron transfer suggests the formation of a CO₂δ− species, a key 227 

indicator of activation. Furthermore, the charge density difference plot shown in Figure 5 228 

highlights charge accumulation around the CO₂ oxygen atoms and corresponding depletion around 229 

scandium atoms, consistent with d-orbital-mediated back-donation and confirming strong 230 

electronic coupling between the surface and the adsorbate. The charge density difference was 231 

calculated as Δρ = ρ(CO₂/Sc₂N) − ρ(Sc₂N) − ρ(CO₂), where ρ(CO₂/Sc₂N) is the charge density of 232 

the adsorbed system, ρ(Sc₂N) is the charge density of the clean surface, and ρ(CO₂) is the charge 233 

density of the isolated CO₂ molecule in the same configuration.  234 

 235 
Figure 4. Side and top views of the adsorbed CO2 molecule in the hollow position of the Sc2N surface (Sc = purple, 236 

N = blue, O = red, C = brown). 237 
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 238 
Figure 5. Side and top views of charge density difference plot for CO₂ adsorption on the Sc₂N surface. Yellow and 239 
blue isosurfaces represent regions of charge depletion and accumulation, respectively (isosurface value = ±0.002 240 

e−/Å³). 241 

 242 

To further explore the nature of the CO₂–Sc₂N interaction, we have also performed orbital-243 

projected density of states (PDOS) analysis (Figure 6). The PDOS reveals pronounced overlap 244 

between the O 2p orbitals of CO₂ and the Sc 3d orbitals of the substrate around the Fermi level. 245 

This interaction is indicative of orbital hybridization and supports the presence of electron back-246 

donation from Sc₂N to the antibonding orbitals of CO₂, facilitating its activation. These results are 247 

consistent with previous studies on MXene–CO₂ systems, where similar orbital interactions have 248 

been linked to strong chemisorption and efficient charge transfer59, 60. 249 

 250 

Figure 6. Orbital-projected density of states (PDOS) for the CO₂–Sc₂N system. The total density of states (TDOS) is 251 
shown in black, while the contributions from Sc 3d orbitals of Sc2N and O 2p orbitals of CO2 are shown in red and 252 

green, respectively. The Fermi level is set to 0 eV. 253 
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To further investigate the bonding nature and interaction mechanism between CO₂ and the Sc₂N 254 

surface and to elucidate the bonding characteristics between key atom pairs, namely C–O and Sc–255 

O, we have performed a Crystal Orbital Hamilton Population (COHP) analysis using the 256 

LOBSTER code61-64, as shown in Figure 7a. The structural model identifying the specific C–O and 257 

Sc–O bonds under analysis is shown in Figure 7b. The two internal C–O bonds of the CO₂ 258 

molecule (C–O (1) and C–O (2)) exhibit strong bonding character, as indicated by the significant 259 

negative peaks in the pCOHP plots below the Fermi level. These states extend from approximately 260 

–10 eV up to –3 eV, and the corresponding integrated COHP (ICOHP) values are –10.65 eV and 261 

–10.68 eV, confirming their robust covalent nature. 262 

In contrast, the four Sc–O bonds that anchor the CO₂ molecule to the Sc₂N surface show moderate 263 

bonding interactions, with ICOHP values ranging from –1.65 eV to –1.96 eV. The pCOHP curves 264 

for these bonds show modest bonding contributions below the Fermi level (–10 to –2 eV) and 265 

some antibonding states just above it (positive values), reflecting the partial covalent character of 266 

the Sc–O interactions. These antibonding features indicate back-donation from Sc d-orbitals to 267 

CO₂ anti-bonding orbitals, which contributes to CO₂ activation. Overall, the COHP analysis 268 

supports the conclusion that the Sc₂N surface effectively activates CO₂ via moderate Sc–O 269 

interactions, while preserving the internal bonding structure of CO₂. 270 

 271 

 272 
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 273 

Figure 7. (a) Projected Crystal Orbital Hamilton Population (pCOHP) curves for the labeled atom pairs involved in 274 
the adsorption of a CO₂ molecule on the Sc₂N surface. Curves are aligned to the Fermi level (E = 0 eV). (b) Atomic 275 

structure and bond labeling for CO₂ adsorbed on the Sc₂N monolayer. The numbered bonds correspond to those 276 
analyzed in the pCOHP plots shown in (a), with C–O bonds labeled as (1) and (2), and Sc–O bonds labeled as (1) to 277 

(4). 278 

 279 

3.3. H2 Dissociation 280 

Efficient activation and dissociation of hydrogen molecules (H₂) are a crucial step in catalytic 281 

hydrogenation, particularly in the CO₂ conversion reactions studied here. To assess the hydrogen 282 

activation capability of Sc₂N MXene, we have investigated the dissociative adsorption of H₂, 283 

shown in Figure 8. 284 

The dissociation of H₂ on the Sc₂N surface was modelled as a surface reaction from molecular 285 

adsorption to two adsorbed H atoms: 286 𝐻2(𝑎𝑑𝑠) → 2𝐻(𝑎𝑑𝑠)  287 

The corresponding dissociation energy was calculated as the total energy difference between these 288 

two adsorbed states: 289 𝐸𝑑𝑖𝑠𝑠 = 𝐸2𝐻/𝑆𝑐2𝑁 − 𝐸𝐻2/𝑆𝑐2𝑁   290 

Where 𝐸2𝐻/𝑆𝑐2𝑁 and 𝐸𝐻2/𝑆𝑐2𝑁 are the total energies of the Sc₂N surface with two individual 291 

hydrogen atoms and a molecular H₂ adsorbed on the surface, respectively. 292 

Our results indicate that H₂ dissociation at the Sc₂N surface is thermodynamically favorable, with 293 

a reaction energy of –1.71 eV and an activation energy of 0.75 eV. While this represents a moderate 294 

energy barrier, it suggests that the reaction is kinetically feasible but would require energy input 295 

to proceed at a significant rate under ambient conditions. After dissociation, each hydrogen atom 296 

binds strongly to adjacent scandium sites, stabilised through the formation of Sc–H bonds. The 297 

high reactivity of Sc₂N can be attributed to the metallic character of the surface and the presence 298 

of exposed Sc atoms, which promote electron transfer into the antibonding σ* orbital of H₂, thereby 299 

facilitating bond breaking. Such behaviour is consistent with trends reported for early transition 300 
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metal surfaces and MXenes, where low-coordinated metal sites lower the barrier for H₂ 301 

activation30. 302 

Compared to previously studied MXenes and transition metal carbides/nitrides, where H₂ 303 

dissociation is moderately exothermic 30, the dissociation energy on Sc₂N (-1.71 eV) indicates a 304 

particularly strong interaction, highlighting the excellent ability of Sc₂N towards H₂ activation. 305 

The facile H₂ dissociation on Sc₂N, combined with its strong CO₂ adsorption capacity (discussed 306 

in Section 3.2), positions Sc₂N as a promising dual-activation platform, capable of simultaneously 307 

activating hydrogen and carbon dioxide, which is essential for efficient catalytic hydrogenation 308 

pathways toward methanol or methane. 309 

 310 

Figure 8. Top and side views of optimized geometries for H₂ molecular adsorption (left) and dissociative H 311 
adsorption (right) on the Sc₂N surface. (Sc = purple, N = blue, H = white). 312 

 313 

3.4. Adsorption Energies and Stabilities of Intermediates 314 

The adsorption energies of key intermediates, including the CO2, COOH, HCOOH, HCO, H2CO, 315 

CH2OH, CH3OH, CH3, CH4, H2 and H2O molecules and H atoms were found to be highly 316 

favourable, indicating strong binding with the Sc₂N surface (see Table 1). This strong interaction 317 

is crucial to stabilize reaction intermediates during the CO₂ conversion process, which directly 318 

impacts the selectivity and efficiency of the catalyst. The optimal adsorbed geometries, 319 

characterized by the largest adsorption energies, are shown in Figure 9. 320 

The large adsorption energies indicate that Sc₂N offers a more stable platform for CO₂ reduction 321 

compared to other MXenes and traditional catalysts like Pt and Pd. For instance, the adsorption 322 

energy for HCOOH on Sc₂N (-3.659 eV) is notably higher than that on Ti₂N (-3.299 eV), 323 
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suggesting that Sc₂N is more effective at stabilizing this intermediate, which is a crucial step in the 324 

methane production pathway 65. 325 

The stability of other intermediates at the Sc₂N surface is comparable to observations for transition 326 

metal oxides. In other studies, it has been shown that metal oxide surfaces with appropriate 327 

terminations can stabilize reaction intermediates, leading to improved catalytic activity for CO₂ 328 

reduction 66. The strong adsorption energies observed for intermediates like COOH and CH₂OH 329 

on Sc₂N suggest that this MXene may function similarly to modified metal oxides, providing 330 

enhanced stability in key reaction steps 67. 331 

 332 

Table 1. Adsorption geometries and energies of key intermediates on the Sc₂N surface, compared with selected 333 
values from other catalysts. The adsorption energies of H and O atoms were calculated using ½ E(H₂) and ½ E(O₂) 334 

as reference states, respectively, to ensure consistency with standard DFT methodology30. 335 

Intermediate 
Site, Atom, Bond 

Length (Å) 
Eads (eV)  

on Sc2N 

Eads (eV)  

on Ti2N65 

Eads (eV) 

 on Pt(111)68, 69 

CO2 hollow, oxygen, 2.420 -3.627 -3.13  -2.78 

COOH hollow, oxygen, 2.420 -5.184 -4.61 -4.32 

HCOOH hollow, oxygen, 2.420 -3.659 -3.299 -3.05 

HCO hollow, oxygen, 2.420 -5.728 -4.639 -5.94 

H2CO hollow, oxygen, 2.420 -4.067 ― ― 

CH2OH hollow, oxygen, 2.420 -3.851 -3.18 -3.50 

CH3OH top, oxygen,2.420 -2.673 ― ― 

CH3 hollow, carbon,2.486 -3.562 -4.50 -4.00 

CH4 
hollow, carbon, Physical 

adsorption 
-0.103 -2.93 -2.45 

H2O hollow, oxygen, 2.420 -1.127 ― ― 

H2 hollow, hydrogen, 2.135 -0.225 ― ― 

H hollow, hydrogen, 2.076 -1.067 ― -2.71 

O hollow, hydrogen, 2.029 -5.744 ― -3.74 

 336 
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 337 

Figure 9. Top view of the lowest-energy adsorption structures of CO2, COOH, HCOOH, HCO, H2CO, CH2OH, 338 
CH3OH, CH3, CH4, H2O, and H2 molecules and H and O atoms on the Sc2N surface (Sc = purple, N = blue, O = red, 339 

C = brown, H = white). 340 

 341 

3.5. CO2 hydrogenation pathway and activation energies 342 

During CO2 reduction, various carbon-based products can be generated, including carbon 343 

monoxide (CO), formic acid (HCOOH), formaldehyde (HCHO), methanol (CH3OH), ethylene 344 

(C2H4) and methane (CH4) [19]. In this study we were particularly interested in the pathway to 345 

methane through CO2 hydrogenation, via a number of partially hydrogenated intermediates. 346 

Multiple mechanisms have been proposed for CH4 production through CO2 reduction. Here, we 347 

have focused exclusively on the CO₂ hydrogenation pathway that proceeds via the formation of 348 

formic acid (HCOOH). This pathway was selected based on previous theoretical studies indicating 349 

that the COOH → HCOOH conversion plays a central role in determining the efficiency of CO₂ 350 

reduction over transition metal and MXene surfaces21, 46, 47, 68. Accordingly, our investigation starts 351 

with the COOH intermediate and follows sequential hydrogenation steps through HCOOH, HCO, 352 

and beyond: CO2 → COOH → HCOOH → HCO → H2CO → CH2OH → HOCH3 → CH3 → 353 

CH4, as shown in Figure 10. The adsorption energies of COOH and HCOOH on the Sc₂N surface 354 
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were calculated to be -5.184 and -3.659 eV, indicating very strong interactions, which stabilizes 355 

the intermediates and facilitates further reduction. 356 

 357 

 358 

Figure 10.  Reaction profile illustrating the hydrogenation of CO₂ and its intermediates to CH₄ on the Sc₂N surface. 359 
Atoms in parentheses are included to maintain atomic balance. 360 

 361 

 362 

Figure 11. adsorption of a hydrogen atom next to the target molecules CO2, COOH, HCOOH, HCO, H2CO, CH2OH, 363 
CH3OH, and CH3 (Sc = purple, N = blue, O = red, C = brown, H = white) 364 

 365 
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 366 

Figure 12. The selected reactions with their corresponding initial, transition (TS), and final states at the Sc2N(001) 367 
surface (Sc = purple, N = blue, O = red, C = brown, H = white). 368 

 369 

The CO2 reduction pathway selected for this study comprises eight steps, with each step involving 370 

the adsorption of a hydrogen atom next to the target molecule, i.e. CO2, COOH, HCOOH, CHO, 371 

H2CO, CH2OH, CH3OH, and CH3, as illustrated in Figure 11. The reaction energies calculated via 372 

Equation (2) are presented in Table 2. To determine the rate-determining step characterized by the 373 

highest activation energy, we have employed Equation (3) to calculate the activation energy for 374 
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each reaction, listed in Table 2. Each elementary step in this pathway, shown in Figure 12, has 375 

been analyzed and compared with results from similar studies on MXenes and other catalytic 376 

surfaces, as described below. 377 

CO₂ + H → COOH: The first reaction step, converting CO₂ to COOH, is highly endothermic 378 

(1.553 eV) and requires a considerable activation energy (2.222 eV), indicating that it is an energy-379 

intensive initiation process. Previous studies have also suggested that activating CO₂ on MXene 380 

surfaces like Sc₂N requires significant activation energies to be overcome, although these can be 381 

reduced with suitable surface functionalization 31, 70. In comparison to Ti₃C₂ and other MXenes, 382 

where activation energies for CO₂ to COOH conversion have been recorded at 1.8–2.0 eV, the 383 

process on Sc₂N requires a little more energy, suggesting that this potential catalyst could benefit 384 

from structural modifications 71, 72. 385 

COOH + H → HCOOH: The second reaction step, reducing COOH to HCOOH, is exothermic 386 

with a reaction energy of -0.205 eV and a low activation energy of 0.550 eV, suggesting a more 387 

favorable energy profile. In other MXene studies, e.g. those involving Ti₂C and Mo₂TiC₂, 388 

activation energies ranged between 0.4 and 0.6 eV for this step, i.e. very similar to Sc₂N 73, 74. This 389 

alignment highlights that Sc₂N MXene could achieve similar catalytic performance to other 390 

MXenes, particularly in formic acid production, where low activation barriers are advantageous 391 

for efficient reduction. 392 

HCOOH + H → HCO + H₂O: The third step, converting HCOOH to HCO and H₂O, has an 393 

almost zero reaction energy (0.010 eV) and an activation energy of only 0.152 eV, indicating that 394 

this step proceeds readily. Similar low-barrier pathways were observed in studies of metal oxide-395 

supported MXenes, where the activation energies were comparably low. For instance, Mo₂TiC₂ 396 

MXene on TiO₂ shows similarly low energy demands, supporting the suggestion that MXenes like 397 

Sc₂N might efficiently facilitate this step in the reaction sequence 73. 398 

HCO + H → H₂CO: Here, the step to form H₂CO has a moderately positive reaction energy (0.290 399 

eV) and an activation energy of 1.246 eV, i.e. a higher energy requirement than the two previous 400 

steps, but easier to achieve than the first hydrogenation step of the CO2 molecule. Studies involving 401 

MXenes such as Ti₃C₂ have shown slightly lower activation energies (around 1.0–1.1 eV) for this 402 

step, indicating again that Sc₂N may benefit from additional surface optimization to match the 403 

efficiency of other MXenes in facilitating formaldehyde formation 71, 72. 404 
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H₂CO + H → CH₂OH: The reduction of H₂CO to CH₂OH stands out as the most energy-intensive 405 

step, with a reaction energy of 2.619 eV and an activation energy of 2.916 eV, which may limit 406 

the overall efficiency of the reaction pathway over Sc2N. This high energy demand is consistent 407 

with reports on other MXenes like Nb₂C, where energy requirements peak at this step, although 408 

alternative configurations on MXenes like V₂C have shown potential to reduce the energy to 409 

around 2.5 eV 46, 57, 75. Despite the challenges facing the application of Sc₂N for this step, structural 410 

tuning or alloying could reduce the energy barrier and improve performance. 411 

CH₂OH + H → CH₃OH: The conversion to methanol (CH₃OH) is exothermic, with a reaction 412 

energy of -1.709 eV and an activation energy of 2.185 eV, indicative of a favourable methanol 413 

production pathway despite the high activation energy. Sc2N compares with Ti₃C₂ and Mo₂TiC₂, 414 

where previous studies have identified similar activation energies in the range of 1.8–2.0 eV. This 415 

suggests that methanol production on Sc₂N MXene could potentially be competitive with other 416 

MXenes under optimized conditions 71, 72. 417 

CH₃OH + H → CH₃ + H₂O: This exothermic step with a reaction energy of -0.378 eV and 418 

activation energy of 1.192 eV indicates that forming CH₃ and H₂O is feasible. The relatively low 419 

activation energy aligns well with findings on other MXenes like Ti₃C₂, where barriers are 420 

typically under 1.3 eV 71, 72. This similarity underscores that Sc₂N could perform effectively at this 421 

stage, aligning with other promising MXenes. 422 

CH₃ + H → CH₄: The final step in methane production shows a positive reaction energy of 1.481 423 

eV and an activation energy of 1.761 eV, comparable to MXenes like Nb₂C and Ti₃C₂, which 424 

exhibit activation energies in the range of 1.5–1.8 eV for this step, Sc₂N falls within the expected 425 

limits, suggesting it could be similarly viable for methane synthesis in a CO₂ reduction pathway 426 

46, 71, 72, 75. 427 

While the reaction energy profile (Figure 10) shows a strongly downhill thermodynamic trend, 428 

this behavior is largely influenced by the inclusion of co-adsorbed H and O species required to 429 

maintain stoichiometric balance between intermediates. This effect is due to their strong surface 430 

adsorption energies and is a standard feature in DFT-based reaction profiles that include co-431 

adsorbed species.30 These species bind very strongly to the Sc₂N surface, leading to substantial 432 

energy drops at key points in the reaction coordinate. Notably, the adsorption energies of H and O 433 

(–1.067 and –5.744 eV, respectively) suggest that surface regeneration may be kinetically limited 434 

under reaction conditions. Such strong adsorption could hinder the release of products and block 435 
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active sites, ultimately affecting the catalytic turnover frequency. This issue has also been noted 436 

for other MXene systems, as discussed in the recent literature39, where excessive binding strength 437 

can impair the desorption of reaction intermediates such as OH*, O*, or H*, leading to potential 438 

catalyst poisoning. 439 

 440 

 441 

Table 2. Calculated reaction (Ereact) and activation (Ea) energies for all hydrogenation elementary reactions on the 442 
Sc2N surface. 443 

Reaction Ereact 

(eV) 

Ea (eV) 

CO2 + H → COOH 1.553 2.222 

COOH+H→ HCOOH -0.205 0.550 

HCOOH+H→HCO+H2O 0.01 0.152 

HCO+H→ H2CO 0.29 1.246 

H2CO+H→CH2OH 2.619 2.916 

CH2OH+H→CH3OH 1.709 2.185 

CH3OH+H→CH3+H2O -0.378 1.192 

CH3+H→CH4 1.481 1.761 

 444 

4. Conclusions 445 

This study presents a comprehensive theoretical investigation of Sc₂N MXenes as promising 446 

catalysts for CO₂ capture and conversion. Ab initio molecular dynamics simulations validate the 447 

thermal stability of Sc₂N, indicating its viability under operational temperatures.  448 

DFT simulations demonstrate that Sc₂N has a high affinity for CO₂ with a large binding energy (–449 

3.627 eV), exceeding the performance of comparable MXenes and traditional catalysts. The strong 450 

adsorption is facilitated by charge transfer from scandium d-orbitals, resulting in effective 451 

activation of the CO₂ molecule, as confirmed by charge density difference and COHP analyses.  452 

The Sc₂N surface also enables hydrogen dissociation and stabilizes key intermediates (e.g. COOH, 453 

HCOOH, CH₂OH), supporting a viable hydrogenation pathway to CH₄. Among the eight 454 

hydrogenation steps, CH₂OH + H → CH₃OH exhibits the highest activation energy (2.916 eV), 455 

marking it as the rate-determining step. Nevertheless, the overall pathway is thermodynamically 456 

downhill, suggesting favourable kinetics could be obtained under appropriate conditions. 457 
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Sc₂N demonstrates strong potential for CO₂ capture and activation, with favourable adsorption 458 

energies and reaction energetics for intermediate hydrogenation steps along the HCOOH pathway. 459 

However, the highly exothermic energy profile of the reaction pathway is primarily driven by the 460 

strong adsorption of atomic H and O species. This trend suggests a risk of surface poisoning due 461 

to accumulation of these species at the surface, which could limit catalytic turnover under practical 462 

conditions. Therefore, while Sc₂N is promising for CO₂ capture, its catalytic viability may depend 463 

on strategies to regenerate active sites, such as co-catalyst design, applied bias, or thermal 464 

treatment, to mitigate surface blocking and maintain continuous reactivity. 465 

It is also important to note that all calculations were performed in the gas phase, neglecting solvent 466 

effects which could be present in an electrochemical environment. Solvent interactions may 467 

stabilize certain intermediates, modify adsorption energies, and lower activation barriers through 468 

solvation and hydrogen-bonding. The inclusion of solvent effects, either via implicit continuum 469 

models or explicit water layers, could thus provide deeper insight into the catalytic performance 470 

of Sc₂N MXenes.  471 

In summary, Sc₂N MXenes combine strong CO₂ adsorption, intermediate stabilization, and 472 

electronic tunability, making them attractive candidates for CO₂ capture and methane production 473 

within carbon capture and utilisation (CCU) technologies. While the current study provides robust 474 

theoretical support, future work should incorporate solvent effects and explore regeneration 475 

mechanisms to enhance the practical applicability of Sc₂N as a catalytic material. 476 
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