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Abstract 

MXenes are a rapidly growing family of two-dimensional (2D) nanomaterials distinguished by 

their remarkable catalytic activity and large surface area. TiVC is a recently synthesized M2C-type 

MXene composed of titanium, vanadium, and carbon atoms. In this study, we have investigated 

CO2 adsorption on pristine and surface-functionalized (O, Cl, F, S, and OH) configurations of 

ordered TiVC (O-TiVC) and solid solutions (S-TiVC). Our study reveals that both O-TiVC and 

S-TiVC MXenes effectively activate CO2 for its catalytic conversion, with maximum adsorption 

energies of -363.3 kJ/mol and -296.5 kJ/mol, respectively. Additionally, both configurations are 

found to dissociate the CO2 molecule spontaneously upon contact. After functionalization of TiVC 

(by -O, -Cl, -F, and -S), the strong chemisorption of CO2 turns into weak physisorption, whereas -

OH functionalization of both O-TiVC and S-TiVC MXenes results in the conversion of the CO2 

molecule into a formate (HCOO-) ion intermediate. Furthermore, the co-adsorption of this formed 

HCOO- and an H atom led to formic acid (HCOOH) formation on both -OH functionalized O-

TiVC and S-TiVC surfaces. Thus, in our study, we found that the formation of formic acid at the 

surface of -OH functionalized TiVC MXene efficiently bypasses the major thermodynamic barrier 

associated with multi-step CO2 hydrogenation steps. 
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1. Introduction 

The rapid increase in the concentration of carbon dioxide (CO2) in the Earth's atmosphere, 

primarily due to the excessive burning of fossil fuels (e.g., oil and coal), is responsible for global 

warming and climate change [1]. The extra CO2 emitted into the atmosphere acts as a blanket, 

trapping the sun's heat and making the Earth’s surface warmer [2]. This trapping leads to ocean 

acidification, the melting of glaciers and mountain ice, increased sea levels, and unpredictable 

weather events [3]. The catalytic conversion of CO2 into value-added products is an attractive 

approach to address these problems [4-10]. 

Various materials have been proposed to optimize the efficiency of CO2 capture and conversion 

[11,12]. Still, the performance of many traditional materials is sub-optimal due to their limited 

capability to adsorb and reduce CO2, especially in harsh operating environments [13-17]. The 

recent progress and emergence of two-dimensional (2D) materials [18], such as graphene, have 

introduced new possibilities for the development of highly efficient catalysts [19]. In contrast to 

conventional adsorbent materials, the high surface-to-bulk ratio of 2D materials means that a large 

proportion of the material is exposed for chemical reactions [20]. This unique property of 2D 

materials is highly beneficial for their applications in catalysis [21]. In the quest to explore 

alternatives to conventional adsorbent materials for CO2 storage and activation [22], MXenes, a 

category of 2D materials composed of transition metal nitrides, carbides, and carbonitrides, 

provide a viable solution owing to their ability to effectively adsorb gas molecules [23-28]. This 

special class of 2D materials possesses abundant functional groups and a high surface area, 

providing ample active sites to adhere CO2 molecules [29,30]. These properties are crucial to 

capture CO2 from various sources, including power plants and industrial waste [31]. The high 

durability and stability of MXenes ensure their sustained and effective CO2 storage capabilities 

across diverse environmental conditions [32,33]. As a result of their novel properties, pristine and 

functionalized MXenes are explored for various applications, including gas sensing, energy 

storage, and catalysis [34,35].  

MXenes have the general chemical formula Mn+1XnTx, where M denotes an early transition metal, 

X represents either nitrogen or carbon, and n ranges from 1 to 3 and defines the width of the MXene 

[36]. Tx represents one of the most general terminations (or functionalizations), such as F 

(fluorine), O (oxygen), H (hydrogen), S (sulfur), or OH (hydroxyl group), which are integral to the 
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synthesis process [36]. Over 25 distinct 2D MXenes have already been synthesized using hydrogen 

fluoride from the MAX phase precursor, derived from at least three (M2X, M3X2, and M4X3) 

stoichiometries [37]. The symbol A in the MAX phase denotes p-block elements like aluminum 

(Al) and silicon (Si) [36,37]. A significant body of literature supports the suitability of M2C MXene 

in catalysis and gas adsorption [39,40]. Huang et al. [39] employed calculations based on the 

density functional theory (DFT) to explore the CO2 capture and reduction ability of nine M2C-type 

MXenes (where M = Cr, Ti, Zr, V, Hf, Nb, W, Ta, Mo) [39]. They reported an effective adsorption 

as well as activation of the CO2 molecule on all nine types of MXene [39]. Among all considered 

MXenes, Cr2C and V2C MXenes exhibited excellent electrochemical reduction performance, with 

limiting potentials of -1.28 V and -1.19 V, respectively [39]. The DFT study of Guo et al. [40] 

revealed that M2C-type MXenes exhibit inherent CO2 activation abilities, preferring CO2 over 

H2O, and Mo2C MXene enabled an efficient electrocatalytic reduction of CO2 to CH4 [40]. The 

CO2 capture ability of MXenes can be enhanced by surface functionalization and the addition of 

CO2-philic components [41]. The functional groups attached to the MXene surfaces can interact 

with CO2 (or other gas molecules) through various chemical interactions, including electrostatic 

interactions, hydrogen bonding, and Lewis acid-base interactions [41]. Additionally, surface 

functionalization can enhance the adsorption sites and promote binding between the MXene and 

gas molecules [41]. Zhang et al. [42] employed first-principles calculations to investigate CO2 

reduction on O-functionalized MXenes, specifically Ti2CO2, V2CO2, and Ti3C2O2
 [42]. They found 

that the Ti2CO2 MXene exhibits superior catalytic performance in the photocatalytic reduction of 

CO2 to HCOOH, with an energy barrier of just 0.53 eV [42]. Junkaew et al. [43] investigated the 

selectivity and activity of pristine and O-functionalized M2C (M = Ti, Nb, V, Mo) MXenes towards 

the adsorption of various gas molecules, including H2, N2, NO, CO, CO2, NO2, H2S, SO2, NH3 and 

H2O [43]. They classified the adsorption of these gas molecules on MXenes as strong 

chemisorption with low selectivity and high reactivity [43]. In contrast, the O-functionalized 

MXenes were more selective towards a specific gas than their pristine counterparts [43]. In 

addition to carbide MXenes, recent DFT studies have demonstrated that nitride MXenes also 

exhibit favourable CO2 adsorption and activation properties, underscoring the versatility of 

MXenes as electrocatalysts for CO2 conversion [44-47]. These findings suggest that both carbide- 

and nitride-based MXenes represent promising platforms for tuning catalytic activity through 
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compositional and surface engineering, motivating further theoretical and experimental 

investigations [42-47]. 

Recently, Yazdanparast et al. [48] have reported the successful experimental synthesis of a TiVC 

MXene solid solution through the chemical etching of the TiVAlC MAX, confirming the presence 

of various functional groups, including -O, -Cl, -F, and -OH, via EDS and XPS studies [48]. A 

DFT study by Huang et al. [49] has shown that TiVC exhibits faster charge and discharge rates 

and is therefore a promising candidate for lithium-ion batteries [49]. However, this novel M2C-

type MXene has not yet been explored for catalytic applications [49]. 

In this work, we have used DFT-based computations to explore and investigate CO2 activation on 

pristine and functionalized (by O, Cl, F, S, and OH) TiVC MXenes, both in their ordered (O-TiVC) 

and solid-solution (S-TiVC) configurations. In particular, we have identified the preferred 

adsorption sites for CO2 on O-TiVC and S-TiVC, as well as the conversion through a detailed 

thermodynamic analysis, accompanied by structural and electronic changes. Unlike previously 

reported MXene catalysts, the OH-functionalized TiVC surface enables spontaneous and 

barrierless CO2 reduction to formate (HCOO-) without the need for an external hydrogen source 

or applied bias. This behavior originates from the cooperative interaction between mixed-metal 

Ti-V active sites and surface hydroxyl groups, which effectively stabilize key reaction 

intermediates. Furthermore, the subsequent hydrogenation of the bound formate species results in 

the formation of the valuable formic acid product, demonstrating a continuous CO2 reduction 

pathway. In realistic electrochemical environments, surface hydrogen can be replenished from the 

electrolyte, ensuring sustained catalytic activity. These findings establish OH-functionalized TiVC 

MXene as a promising and energetically favorable catalyst for CO2-to-formic acid conversion 

2. Computational Methodology and Calculation Details 

The Quantum Espresso (QE) [50] software package was used to perform the DFT [51] calculations 

and model structural, electronic and surface properties.  The generalized gradient approximation 

(GGA) [52], along with the Perdew-Burke-Ernzerhof (PBE) [53] exchange-correlation function, 

were chosen for the description of the electronic correlations, whereas electron-ion interactions 

were described using ultrasoft pseudopotentials (USPP) [54]. A well-tested kinetic energy cutoff 

of 52 Ry was chosen for the precise representation of electron states and the expansion of the 

electronic wavefunction in a plane wave basis set. To capture the electron behaviour throughout 
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the entire reciprocal space, a 7×7×1 k-point mesh was considered for the sampling of the Brillouin 

zone. The convergence thresholds for forces and total energy were set to 10-3 Ry/Bohr and 10-4 

Ry, respectively. To avoid interactions between the periodic images of the CO2 molecule, a 3×3×1 

supercell of TiVC MXene was considered, and a vacuum of 15 Å was applied in the z-direction. 

The Grimme-d3 [55] correction was applied to account for the interaction energy resulting from 

Van der Waals interactions between the adsorbate (CO2) and the adsorbent (TiVC).  

The cohesive energy (Ec) [56-58] of TiVC and TiVCT2 MXenes was calculated by equation (i):   

                       Eେ =  E୘୧୚େ/୘୧୚େ୘ଶ − (nଵE୘୧ + nଶE୚ + nଷEେ + nସE୘)/𝑛                                   (i)       

where n1, n2, n3, and n4 are the total number of Ti, V, C, and T atoms, respectively, while n= n1+ 

n2+n3+n4. ETiVC/TiVCT2 is the total energy of the TiVC/TiVCT2 MXene, and ETi, EV, EC, and ET are 

the total energies of the isolated Ti, V, C, and T (=O, Cl, F, S, and OH) atoms, respectively.  

The adsorption energy Eads was calculated by equation (ii):        

                         Eୟୢୱ =  E୘୧୚େ/୘୧୚େ୘ଶାେ୓ଶ − (E୘୧୚େ/୘୧୚େ୘ଶ − Eେ୓ଶ)                                         (ii) 

where ETiVC/TiVCT2+CO2 is the total energy of the TiVC/TiVCT2 systems with adsorbed CO2, and 

ECO2 is the energy of the isolated CO2 molecule. The Gibbs free energy of various reaction 

intermediates is calculated by:  

                                          ∆G = Eୟୢୱ + ∆E୞୔୉ − T∆S                                                                 (iii) 

where ∆EZPE, T, and ∆S are the change in zero-point energy, the temperature, and the change in 

entropy, respectively. 

 

3. Results and discussion 

We first modelled the pristine TiVC (in both O-TiVC and S-TiVC configurations) (Figure 1). We 

investigated the effect of surface functionalization (with O, Cl, F, S, and OH atoms) on the 

structural and electronic properties of the material. Next, we investigated the interaction of the 

CO2 gas molecule with pristine and functionalized O-TiVC and S-TiVC MXenes (Figure 2).  

 3.1 Pristine and functionalized TiVC 
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The space group of O-TiVC is P3m1 (space group no. 164), and its unit cell contains one titanium 

(Ti), one vanadium (V), and one carbon (C) atom. The pristine O-TiVC MXene cell is constructed 

by replacing one V-layer of V2C MXene with a Ti-layer (Figure 1(a)). This change in the crystal 

structure of V2C MXene results in a geometry comprising ternary layers in the Ti-C-V sequence, 

in which one C layer is sandwiched between the Ti and V layers. However, the atomic arrangement 

of S-TiVC MXene is quite different from that of O-TiVC MXene. In S-TiVC MXenes, V and Ti 

atoms are distributed alternately in both surfaces compared to O-TiVC, where there are only either 

Ti or V atoms in each surface (Figure 1(c)). The 3×3×1 supercell considered here comprises nine 

Ti, nine V, and nine C atoms. The relaxed lattice parameters of both O-TiVC and S-TiVC MXenes 

were found to be 2.96 Å, in agreement with the earlier calculated values of Huang et al. [49]. The 

optimized Ti-C and V-C bond lengths were also found to match well with the literature (Table 1). 

The functionalized TiVCT2 MXenes (T=-O, -Cl, -F, -S, and -OH) were modeled by saturating V 

and Ti atoms with -O, -Cl, -F, -S, and -OH functional groups. To assess the stability of TiVC and 

TiVCT2 MXenes, we have calculated Ec through equation (i). The calculated Ec for all O-TiVC 

and S-TiVC configurations are very similar, suggesting that both ordered and solid-solution 

MXenes are thermodynamically viable and are expected to co-exist. Solid solution structures are 

slightly more favorable, and S-TiVC MXenes are typically obtained in experiments. Hence, both 

models were considered in this study to ensure theoretical completeness and consistency with 

experimental observations. Among all the studied functionalized MXenes, the O-terminated TiVC 

MXene (O-TiVCO2) was found to be thermodynamically the most stable system. The calculated 

Ec for -O, -F, -S, -OH, and -Cl functionalized O-TiVC MXenes are -8.41, -7.37, -7.18, -6.96, and 

-6.49 eV, respectively, confirming the higher stability of the O surface termination. The optimized 

bond lengths (Å) and Ec (eV) of the pristine and functionalized TiVC MXenes are given in Table 

1, and the relaxed geometries of all O-TiVCT2 and S-TiVCT2 derivatives are shown in Figures S1 

and S2 of the supplementary information (SI). Similar to O-TiVCT2, different functionalized 

derivatives of S-TiVCT2 were also found to be thermodynamically favorable, as shown by the 

calculated negative Ec (Table 1).  

To understand the electronic properties of O-TiVC and S-TiVC MXenes, the projected densities 

of states (PDOS) were plotted in Figures 1(c) and 1(d). The PDOS reveal that both O-TiVC and 

S-TiVC possess metallic character, which is preserved after surface functionalization to O-TiVCT2 

and S-TiVCT2 (Figures S3 and S4). 
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Table 1  

Optimized bond lengths (Å) and cohesive energies (eV) of pristine and functionalized TiVC 
MXene 

 T Ec 
Ti-C 

V-C Ti-T V-T O-H 
Our work Huang et al. [49] 

O-TiVC 

---- -7.75 2.10 -- 1.99 -- -- -- 

-O -8.41 2.12 2.15 1.99 1.93 1.89 -- 

-Cl -6.49 2.06 -- 2.01 2.45 2.42 -- 

-F -7.37 2.06 2.06 2.01 2.13 2.14 -- 

-S -7.18 2.10 -- 2.06 2.38 2.33 -- 

-OH -6.96 2.07 2.06 2.01 2.14 2.13 0.97 

S-TiVC 

---- -7.76 2.09 -- 1.99 -- -- -- 

-O -8.43 2.21 2.24 2.01 1.96 2.00 -- 

-Cl -6.49 2.07 -- 2.00 2.40 2.45 -- 

-F -7.38 2.07 2.08 2.00 2.12 2.16 -- 

-S -7.19 2.11 -- 2.05 2.36 2.35 -- 

-OH -6.97 2.08 2.09 2.00 2.13 2.16 0.97 
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Fig. 1. (a) O-TiVC and (b) S-TiVC top view, (c) O-TiVC and (d) S-TiVC side view. Projected 
densities of states (PDOS) of O-TiVC (e) and S-TiVC (f). The Fermi level (Ef) was set at zero and 
shown by a dotted line. TiVC MXene exhibits metallic character in both O-TiVC and S-TiVC 
configurations. The pink, sky blue, and brown spheres represent vanadium (V), titanium (Ti), and 
carbon (C) atoms, respectively. 

(e) (f) 

(c) (d) 

(a) (b) V -side 

Ti -side 

-Vanadium (V) -Titanium (Ti) -Carbon (C) 
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3.2 CO2 Adsorption/Activation 

(a) O-TiVC 

As O-TiVC exhibits two distinct surfaces, namely the Ti side and the V side (Figure 1), the active 

sites of both surfaces were assessed for CO2 adsorption. These sites are above the C and V atoms 

on the V-side and above the C and Ti atoms on the Ti-side. We have studied various vertical, 

horizontal, and tilted alignments of the CO2 molecule at these sites, although here we will discuss 

only the top eight configurations. After relaxation, we found that when a linear CO2 molecule is 

placed horizontally at these sites, it bends and becomes activated for further conversion in four 

configurations. In contrast, in initially vertical configurations, the adsorption of CO2 at pristine O-

TiVC falls into the category of weak physisorption. The highest Eads (-363.27 kJ/mol) was found 

for the configuration in which a linear CO2 molecule was placed above the C atom at the V side 

and parallel to the surface of O-TiVC MXene (Figure 2(a)). In this configuration, CO2 undergoes 

structural changes, where its linear geometry is lost as it bends to a bond angle of 115.8°, and the 

C=O bond elongates to 1.37 Å. These changes confirm the activation of CO2 at the surface of O-

TiVC MXene. During the interaction, the CO2 molecule acts as an electron acceptor, and a charge 

transfer of -1.66 e takes place between CO2 and the O-TiVC MXene. The most favorable position 

and strong interaction of CO2 on the V side is also confirmed by the PDOS (Figure 2(a)), where 

the s- and p-orbital peaks of the O atom of the CO2 molecule coincide with the peak of the d-orbital 

of the V atom of O-TiVC near -10 eV in the valence band (VB). The major contribution to the 

valence band arises from the d-orbitals of the Ti and V atoms, and the C atom p-orbitals.  

On the Ti side, the highest Eads (-337.94 kJ/mol) is also found when a linear CO2 molecule is placed 

horizontally above the C atom (Figure 2(b)). In this case, CO2 adsorbs chemically at an adsorption 

height of 1.23 Å. The reduction of the CO2 molecule occurs through a Bader charge transfer of -

1.90 e-. The optimized C-O bond length and bond angle of CO2 are 1.39 and 114.9°, respectively. 

Thus, activation of the CO2 takes place on both surfaces (Ti side and V side) of pristine O-TiVC. 

The Eads of the other activated CO2 molecules at O-TiVC are -202.87 kJ/mol (above the V atom at 

the V side) and -231.47 kJ/mol (above the Ti atom at the Ti side). The adsorption energies (Eads) 

and adsorption heights of the CO2 molecule at each considered adsorption site on the O-TiVC 

MXene surfaces are summarized in Table 2, and the relaxed structure of each configuration is 

shown in Figure S5. The calculated value of Eads in several kilojoules per mole (kJ/mol) indicates 

the high adsorption capacity of the O-TiVC surfaces. In one configuration, the CO2 molecule even 
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dissociates into CO and O species during the adsorption process on pristine O-TiVC, a behavior 

is discussed in detail in Section 3.3. 

We next studied the effect of surface functionalization on the CO2 adsorption characteristic of O-

TiVC. When O atoms saturate O-TiVC, the strong chemisorption of CO2 transforms into a weak 

physisorption with Eads of only -20.85 kJ/mol and an adsorption height of 2.80 Å (Figure S6). This 

weak interaction is reflected in the minimal Bader charge transfer (Figure S7), which amounts to 

just 0.004 e-. We have presented various relaxed configurations of the CO2 molecule at the O-

TiVCO2 MXene in Figure S6.  

At the O-TiVCCl2 derivative, the CO2 molecule also binds weakly with a maximum Eads of -16.98 

kJ/mol) when the CO2 molecule is sited above the Ti atom and parallel to the surface (Figure S8) 

Here, the CO2 molecule interacts at a higher height of 3.07 Å compared to that in O-TiVCO2. As 

the Cl atom is less electronegative than an O atom, when the CO2 molecule interacts with O-

TiVCCl2, it gains more Bader charge (0.009 e-) than when it adsorbs on TiVCO2 (Figure S7). 

Figure S8 contains the remaining studied configurations of the CO2 at O-TiVCCl2 derivatives.  

Since F is the most electronegative functional group among all considered groups, CO2 molecules 

undergo slight oxidation when interacting with the O-TiVCF2 derivative. The charge transfer 

magnitude is least (0.0001) between CO2 and O-TiVCF2, and Eads is also the lowest (-16.14 kJ/mol) 

among all considered derivatives of O-TiVC. Figure S9 depicts the optimized vertical and 

horizontal configurations of CO2 on the O-TiVCF2 derivative. In both F and Cl derivatives, CO2 

tends to adsorb on the Ti side. Even on O-TiVCS2, the CO2 molecule finds its preferred adsorption 

site on the Ti side (Figure S9). As S is the most electropositive among all the above-mentioned 

functional groups, now the CO2 molecule acts as an electron acceptor and becomes negatively 

charged with a Bader charge transfer of 0.016 e-
 (Figure S7). The top and side views of all studied 

CO2 configurations on the O-TiVCS2 surface are plotted in Figure S10. The calculated Eads of the 

CO2
 molecule in this configuration is -18.19 kJ/mol (Table 2), which is 1.21 and 2.05 kJ/mol more 

than that of O-TiVCCl2 and O-TiVCF2, respectively. Thus, the order of Eads on various O-TiVC 

derivatives is F<Cl<S<O, with weak physisorption in all cases. When a CO2 molecule interacts 

with the O-TiVC(OH)2 derivative, it spontaneously converts into a formate ion (HCOO-), which 

we will discuss in detail in section 3.4. The PDOS of the most favorable CO2 configurations at 

various O-TiVCT2 MXenes are plotted in Figure S11 of the SI. The optimized geometries along 
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with top and side views of various CO2 configurations on O-TiVC(OH)2 are given in Figure S12 

in the SI.  

 

 

Fig. 2. Optimized structures, charge density difference, and PDOS of the most stable 
configurations of CO2 on O-TiVC ((a) V-side, (b) Ti-side) and (c) S-TiVC MXenes. After CO2 
activation, all MXene sheets remain metallic. 

1.30 Å -363.27 kJ/mol 

(a) O-TiVC (V-side) 

-337.94 kJ/mol 1.23 Å 

(b) O-TiVC (Ti-side) (c) S-TiVC 

-296.47 kJ/mol 

1.13 Å 

Relaxed Geometries 

Bader Analysis 

∆q=-1.66e- ∆q=-1.77e- 

PDOS 

∆q=-1.90e- 
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Table 2  

Calculated adsorption energy Eads(kJ/mol), adsorption height h (Å), C-O bond lengths l(Å), and 
bond angle θ (°), for various configurations of the CO2 molecule at TiVC MXene and its functional 
derivatives.  
 

 Site/Configurations Eads h l θ 

 

 

 

CO2@O-TiVC 

 

 

V-side 

C 
║ -363.27 1.31 1.37 115.8° 

┴ -10.06 3.29 1.17 179.9° 

V 
║ -202.87 1.32 1.36 116.1° 

┴ -29.89 2.21 1.17 180.0° 

Ti-side 

C 
║ -337.94 1.23 1.39 114.9° 

┴ -222.63 --- --- --- 

Ti 
║ -231.47 1.22 1.49 105.1° 

┴ -24.97 2.35 1.19 180.0° 

 

 

 

CO2@O-TiVCO2 

 

V-side 

O 
║ -20.83 2.84 1.17 179.6° 

┴ -9.70 3.01 1.17 179.9° 

V 
║ -20.85 2.80 1.17 179.7° 

┴ -11.48 2.74 1.17 179.9° 

  Ti-side 

O 
║ -17.78 2.91 1.17 179.5° 

┴ -9.83 3.04 1.17 179.9° 

Ti 
║ -11.58 2.94 1.17 179.8° 

┴ -19.63 2.75 1.17 180.0° 

 

 

 

CO2@O-TiVCF2 

 

V-side 

F 
║ -15.54 2.82 1.17 179.4° 

┴ -8.74 2.95 1.17 179.9° 

V 
║ -15.87 2.76 1.17 179.5° 

┴ -10.61 2.59 1.17 180.0° 

Ti-side F 
║ -15.79 2.81 1.17 179.9° 

┴ -8.94 2.96 1.17 180.0° 
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(b) S-TiVC 

Similar to O-TiVC, we considered various adsorption sites of S-TiVC MXene to investigate the 

interaction of CO2 molecules. Since both sides of our model of S-TiVC MXene are identical 

(containing both Ti and V atoms), we have studied CO2 adsorption at different sites of only one 

Ti 
║ -16.14 2.79 1.17 179.6° 

┴ -10.86 2.63 1.17 180.0° 

 

 

 

CO2@O-TiVCCl2 

 

V-side 

Cl 
║ -16.81 3.27 1.17 179.9° 

┴ -15.35 3.59 1.17 180.0° 

V 
║ -16.68 3.26 1.17 179.8° 

┴ -15.31 3.27 1.17 180.0° 

 

Ti-side 

Cl 
║ -16.98 3.27 1.17 179.9° 

┴ -15.30 3.58 1.17 180.0° 

Ti 
║ -16.02 3.07 1.17 179.9° 

┴ -15.32 3.22 1.17 179.9° 

 

 

 

CO2@O-TiVCS2 

 

V-side 

S 
║ -17.79 3.34 1.17 179.9° 

┴ -15.89 3.52 1.17 180.0° 

V 
║ -17.95 3.30 1.17 180.0° 

┴ -16.03 3.32 1.17 180.0° 

Ti-side 

S 
║ -17.96 3.34 1.17 179.2° 

┴ -16.07 3.65 1.18 179.9° 

Ti 
║ -18.19 3.29 1.17 179.6° 

┴ -16.00 3.42 1.17 180.0° 

 

CO2@O-

TiVC(OH)2 

 

V-side 

H 
║ -- -- -- -- 

┴ -25.51 2.31  1.18 180.0° 

V 
║ -- -- -- -- 

┴ -27.05 2.01  1.18 180.0° 

Ti-side 

H 
║ -- -- -- -- 

┴ -26.80 2.21 1.17 179.8° 

Ti 
║ -59.85 1.43 1.26 128.6° 

┴ -28.62 1.92  1.18 179.9° 
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side of S-TiVC and S-TiVCT2 MXenes. The most stable configuration of the CO2 molecule at S-

TiVC is shown in Figure 2 (c), where the CO2 molecule was initially placed parallel to the S-

TiVC above the C atom.  In this configuration, the Eads of CO2 is -296.5 kJ/mol (Table 3). Similar 

to the functionalization of O-TiVC, the functionalization of S-TiVC transforms the strong 

chemisorption into weak physisorption of CO2. The Eads
 of the most stable configurations of CO2 

at S-TiVCO2, S-TiVCCl2, S-TiVCF2, and S-TiVCS2 are calculated to be -19.75, -15.53, -16.92, 

and -17.95 kJ/mol, respectively (Table 3). In all derivatives, the CO2 molecule remains almost 

linear, and the C-O bond length remains at 1.17 Å, indicating a physical and exothermic 

interaction.  

In addition to the electronic effects of the surface functional groups and their effect on the surface 

reactivity, the transformation of strong chemisorption of CO2 into physisorption at the 

functionalized surfaces is also due to the steric hindrance caused by the functional groups present 

on the surface of the MXenes. When O-TiVC and S-TiVC are saturated with different functional 

groups (=-O, -Cl, -F, -S, and -OH), the functionalized atoms are arranged quite closely to each 

other, and these closely arranged surface atoms prevent the chemical interaction of CO2 with O-

TiVC and S-TiVC. Furthermore, the functional groups selected for the saturation of TiVC are 

bulky, having a larger atomic size, which blocks the approach of CO2 to the TiVC surface. The 

presence of these functionalization atoms also reduces the exposed surface and adsorption sites 

available for CO2 adsorption by occupying those sites that were previously available for interaction 

with the CO2 molecule, which increases the distance between CO2 and the TiVC surface, resulting 

in low Eads and a weak interaction. As such, the functional groups create steric hindrance, but they 

also alter the distribution of atomic orbitals in PDOS by either withdrawing or donating electrons 

to TiVC, which prevents the formation of chemical bonds between TiVC and the CO2 molecule. 

The relaxed geometries of all investigated vertical and horizontal configurations of CO2 at the 

pristine and all S-TiVC derivatives are shown in Figure S13 (at S-TiVC), S14 (at S-TiVCO2), S15 

(at S-TiVF2), S16 (at S-TiVCF2), and S17 (at S-TiVCS2). Table 3 contains the Eads value and 

geometrical parameters. From Figures S11 and S18, it is clear that when O-TiVC and S-TiVC are 

both functionalized with any functional groups, the highest contribution in the conduction band 

(CB) of PDOS after CO2
 adsorption arises from the p-orbital of the functional group. Additionally, 

the CB in all PDOS is primarily dominated by the d-orbitals of V and Ti atoms. Similar to O-TiVC 
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(OH)2, when a linear CO2 molecule is allowed to interact with the surface of S-TiVC(OH)2, it 

converts into an HCOO- ion with a Bader charge transfer of -0.82e- and an adsorption height of 

1.56 Å. The surface of S-TiVC is found to be too reactive towards CO2, and in some of the tested 

configurations, the CO2 molecule spontaneously dissociated after adsorption, unless it is initially 

placed in a specific orientation and at a particular position. This dissociation is discussed and 

explained in section 3(d). Figure S19 and S20 of the SI contains the Bader charge transfer and 

charge density differences of the most stable configurations of CO2 at the various S-TiVCT2 

surfaces and all studied CO2 configurations at S-TiVC(OH)2. 

Table 3  

Calculated adsorption energies Eads(kJ/mol), adsorption heights h (Å), C-O bond lengths l(Å), and 
bond angles θ (°) for the various configurations of the CO2 molecule at TiVC MXene and its 
functional derivatives.  

 

 Site/Configurations Eads h l θ 

CO2@S-TiVC 

 

C 

 

║ -296.47 1.39 1.38 114.5° 

┴ -276.86 1.40 1.40 115.0° 

V 
║ -500.56 - - - 

┴ -24.11 2.22  1.18 179.8° 

Ti 
║ -167.22 1.34  1.42 108.2° 

┴ -32.77 2.47 1.18 179.6° 

CO2@S-TiVCO2 

 

O 

 

║ -16.93 2.77 1.17 179.7° 

┴ -9.92 2.97 1.17 179.9° 

V 
║ -19.75 2.74 1.17 179.5° 

┴ -11.33 2.72 1.17 179.9° 

Ti 
║ -14.74 2.92 1.17 179.7° 

┴ -12.30 2.67 1.17 180.0° 

 

 

 

F 

 

║ -15.17 2.73 1.17 179.6° 

┴ -8.94 2.93 1.17 179.9° 

V ║ -16.92 2.63 1.17 179.6° 
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3.3 Dissociation 

(a) O-TiVC 

As mentioned in earlier sections, in one configuration at the pristine O-TiVC, the CO2 molecule 

spontaneously dissociates into CO and O fragments with Eads of -222.63 kJ/mol (Figure 3(a). Such 

behavior is observed when a linear CO2 molecule is placed perpendicular to the Ti side of the O-

TiVC surface above the C atom, followed by structural relaxation. The dissociated O atom binds 

with the surface of O-TiVC and forms a stable surface-oxygen species. In contrast, the dissociated 

CO fragment moves far away from the O-TiVC surface and stabilizes itself at a distance of 3.48 

CO2@S-TiVCF2 

 

┴ -10.03 2.58 1.17 179.9° 

Ti 
║ -14.83 2.80 1.17 179.8° 

┴ -11.61 2.53 1.17 179.9° 

 

CO2@S-TiVCCl2 

 

Cl 
║ -16.53 2.73 1.17 180.0° 

┴ -15.49 2.91 1.17 179.9° 

V 
║ -15.66 2.63 1.17 179.9° 

┴ -14.99 2.58 1.17 179.9° 

Ti 
║ -15.45 2.79 1.17 179.8° 

┴ -15.54 2.53 1.17 180.0° 

CO2@S-TiVCS2 

 

S 
║ -17.65 3.38 1.17 179.5° 

┴ -15.93 3.68 1.17 180.0° 

V 
║ -17.63 3.25 1.17 179.7° 

┴ -16.08 3.36 1.17 180.0° 

Ti 
║ -17.26 3.17 1.17 179.8° 

┴ -15.83 3.20 1.17 179.8° 

CO2@STiVC(OH)2 

 

H 
║ -81.90 - - - 

┴ -26.23 2.22 1.17 179.5° 

V 
║ -64.00 1.23 1.28 123.8° 

┴ - - - - 

Ti 
║ -5.27 0.63 1.28 124.3° 

┴ -26.61 1.90 1.18 178.8° 
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Å, indicating partial dissociation and weak adsorption of the CO molecule. While the surface of 

O-TiVC is highly reactive and capable of splitting CO2 molecules, it exhibits a low affinity towards 

CO, allowing for its facile desorption. Such dissociation is relevant in CO generation applications, 

but due to the weak interaction, it may restrict further surface-mediated transitions unless 

additional reaction steps and surface modifications are employed to stabilize and utilize the CO 

intermediate. After dissociation, -0.02 and -1.22 e- Bader charge is transferred to the dissociated 

CO and O fragments, and the net Bader charge on the dissociated CO2 molecule is -1.23e- (Figure 

3(a)). The optimized C≡O bond length of the CO molecule at O-TiVC is 1.13 Å. 

(b) S-TiVC 

Similar dissociative behavior of the linear CO2
 molecule is found at the surface of the pristine S-

TiVC MXene surface when the CO2 molecule is placed horizontally above a V atom in the S-

TiVC surface (Figure 3(b)). Upon relaxation, CO2 splits into O and CO species with an Eads of -

500.56 kJ/mol. Unlike O-TiVC, however, where the dissociated CO fragment moves away from 

the surface, the CO fragment adsorbs chemically at the S-TiVC surface, forming a Ti-O bond of 

length 2.16 Å. In this case, the C≡O bond of the CO fragment elongates to 1.31 Å. After 

dissociation, both CO and O become negatively charged, with a Bader charge transfer of -1.32e- 

and -1.17e-, respectively, which confirms the substantial charge transfer from S-TiVC to CO2 and 

strong stabilization of both fragments. These outcomes highlight the high dual-fragment 

stabilization ability of pristine S-TiVC MXene. Thus, S-TiVC should be a suitable candidate for 

multi-step CO2 electrochemical conversion pathways that depend on both CO retention and further 

surface reactivity. The strong chemisorption and spontaneous dissociation of CO₂ on the pristine 

TiVC surface can be attributed to the high reactivity of the exposed Ti and V atoms, which possess 

unsaturated coordination and high density of available d-states near the Fermi level. These 

characteristics facilitate strong orbital overlap and charge transfer with the orbitals of the CO₂ 

molecule, weakening its C=O bonds and favoring dissociation without an external energy barrier. 
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Fig. 3. Relaxed geometries, charge density difference plots, and PDOS of the CO2 molecule after 

dissociation on (a) O-TiVC and (b) S-TiVC MXenes. 

3.4 Formate formation 

(a) O-TiVC 

The CO2 adsorption on O-TiVC(OH)2 is an interesting case, where an initially linear CO2 

molecule, when it comes into contact with this derivative, spontaneously converts into a formate 

ion (HCOO-) at an adsorption height of 1.52 Å (Figure 4). The anionic character of the formed 

HCOO- is validated by the negative Bader charge transfer of 0.82e-
 onto the HCOO- ion. The 

increment in C-O bond length from 1.16 Å to 1.27 Å confirms the breaking of the sp2 hybridized 

C=O bond and formation of a new C-H bond of length 1.12 Å. Additionally, the O-C-O bond angle 

reduces to 128.67°, and the optimized tetrahedral angle is 179.46°, ensuring the planar geometry 

of the HCOO- ion. The Gibbs free energy of this step is -250.36 kJ/mol. Table 4 summarizes the 

relaxed geometrical parameters of the formed HCOO- ion. Upon adsorption on O-TiVC(OH)2, the 

CO2 molecule undergoes adsorption-induced activation, where hydrogen transfer from a surface -

OH group leads to the barrierless formation of a HCOO- intermediate. 

(b) S-TiVC 

S-TiVC(OH)2 is also highly reactive towards CO2 adsorption activation, with the initially linear 

CO2 molecule converting into HCOO- at a height of 1.56 Å, with a Bader charge transfer of -0.82e- 

and ∆G of -292.02 kJ/mol. The relaxed structural parameters of the formed HCOO- are in good 

agreement with earlier reported theoretical and experimental values (refer to Table 4). From the 

PDOS, it is clear that the strong interaction between CO2 and OH-terminated MXenes leads to the 

redistribution of atomic orbitals near the Fermi level. Since the tetrahedral angle (θT) of the HCOO- 

ion is 179.99°, the geometry of the HCOO- ion is planar. Thus, both ordered and solid solution 

configurations of TiVC(OH)2 are suitable for the electrocatalytic reduction of CO2. Surface 

functionalization significantly modifies the electronic structure of TiVC MXene by introducing 

surface dipoles and passivating reactive metal sites. For example, terminations such as O, F, Cl, 

and S saturate the surface dangling bonds, reducing the availability of active electronic states near 

the Fermi level, which in turn weakens the interaction with CO₂, leading primarily to 

physisorption. In contrast, -OH functionalization not only provides hydrogen atoms capable of 
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interacting with CO₂, but also creates favorable local electronic environments that stabilize the 

formation of the formate intermediate via hydrogen bonding and charge redistribution. The 

formation of formate (HCOO⁻) on -OH functionalized TiVC is facilitated by a synergistic effect 

of the surface hydroxyl group acting as a proton donor, and the electronically active Ti and V 

centers promoting electron transfer to the CO₂ molecule. This reduces the energy barrier for the 

proton-coupled electron transfer step, explaining the selective formation of the formate 

intermediate over other possible products. 

The PDOS analysis shows that V d-states exhibit a higher density near the Ef than Ti(d) states, 

indicating enhanced electronic activity. The higher density of V(d)states near the Ef provides 

improved charge-transfer capability, making V sites more active toward CO2 activation than Ti 

sites. Strong V(d)-C(p) hybridization further stabilizes the HCOO⁻ intermediate, leading to 

reduced free-energy changes in formate formation compared to Ti-based MXenes. 

Table 4  

Gibbs free energy ∆G (kJ/mol), bond lengths l(Å), and bond angles θ (°) of HCOO- ion at -OH 
functionalized O-TiVC and S-TiVC MXenes. The experimental and theoretical values are 
included for comparison to validate the formation of the HCOO⁻ reaction intermediate. 

MXenes ∆G ∆q 
l θ  

l1(C-O1) l1(C-O2) l3(C-H) θ1 θ2 θ3 θT 

O-TiVC(OH)2 -250.36 -0.82 1.27 1.27 1.12 115.63 115.69 128.67 179.46 

S-TiVC(OH)2 -292.02 -0.82 1.28 1.26 1.12 115.87 116.79 127.32 179.99 

Experimental 

[59] 
--- --- --- --- --- --- --- 126.00 --- 

Theoretical 

[60] 
--- --- --- 1.26 1.14 --- --- 130.44 --- 

 

Upon CO₂ adsorption on TiVC(OH)2, a hydrogen atom from a surface –OH group is spontaneously 

transferred to CO₂, leading to the formation of a HCOO- intermediate. Although this step involves 

hydrogen donation from surface -OH terminations, it does not imply irreversible surface 

degradation. Under realistic electrochemical or catalytic conditions, surface -OH groups can be 

regenerated through proton transfer from the electrolyte or via co-adsorbed hydrogen species, as 
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reported for OH-terminated MXenes. Therefore, the observed spontaneous formate formation 

represents an initial CO2 activation step rather than permanent consumption of surface hydrogen. 

The reaction mechanism on TiVC(OH)₂ proceeds predominantly via a formate pathway. CO2 

adsorption induces strong interaction with surface metal sites and adjacent -OH groups, resulting 

in hydrogen transfer from -OH to CO₂ and spontaneous formation of an O-bound HCOO- 

intermediate. This configuration is strongly stabilized on the surface, making the formate pathway 

energetically favourable. Alternative pathways leading to CO formation typically involve a COOH 

intermediate, which is not stabilized on the TiVC(OH)₂ surface owing to weaker C-bound 

interactions compared to O-bound species. Moreover, hydrogen evolution is suppressed because 

surface hydrogen preferentially participates in CO₂ activation rather than H-H recombination. 
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Fig. 4. Relaxed geometries, charge density differences, and PDOS of CO2 after formate formation 
at (a) O-TiVC(OH)2 and (b) S-TiVC(OH)2 MXenes.  

 

Formate Formation 

1.52 Å 
∆q=-0.82e- 

(a) 

1.56 Å 

∆q=-0.82 e- 

(b) 
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3.5 Formic acid formation 

After the formation of the HCOO- intermediate, the co-adsorption of HCOO- and an additional 

atomic hydrogen is considered to investigate the hydrogenation pathway toward HCOOH 

formation. The atomic hydrogen does not originate from the remaining surface -OH groups but 

represents hydrogen supplied from the reaction environment (e.g. proton-electron pairs or co-

adsorbed hydrogen), a commonly adopted approach in DFT studies of CO2 reduction. Similar 

hydrogen-assisted hydrogenation steps have been reported for OH-terminated MXenes and related 

systems. While the present calculations focus on individual elementary steps, surface -OH groups 

are expected to be regenerated under realistic electrochemical conditions through proton transfer 

from the electrolyte after HCOOH desorption. Although the CO₂ → HCOO- transformation is 

thermodynamically favourable and occurs without an apparent activation barrier upon adsorption, 

it represents the most significant free-energy change along the CO₂→HCOO⁻→HCOOH reaction 

pathway. Therefore, this step governs the overall energetic landscape compared to subsequent 

hydrogenation steps.  

(a) O-TiVC(OH)2 

To further explore the reaction pathway of electrochemical CO2 conversion at the O-TiVC(OH)2 

surface, we have carried out a hydrogenation step following CO2 reduction through the co-

adsorption of the formed HCOO- ion and atomic hydrogen (H). After co-adsorption, the structural 

relaxation confirms the formation of formic acid (HCOOH) (Figure 5), indicating spontaneous 

and surface-assisted hydrogenation. The calculated energy ∆G of this hydrogenation process is 

12.86 kJ/mol (Table 5). Various optimized bond lengths and bond angles, along with Bader charge 

transfer, for the HCOOH molecule are summarized in Table 5. The relaxed C-O1, C-O2, C-H1, 

and O1-H2 bond lengths are 1.36, 1.22, 1.10, and 0.99 Å, respectively, where C-O1 and C-O2 are 

hydroxyl (C-O) and carbonyl bonds (C=O), respectively. These calculated bond lengths are in 

good agreement with earlier experimental values: C=O (C-O2) = 1.21 Å, C-O(C-O1) =1.36 Å, C-

H1=1.10 Å, and O1-H2=0.97 Å. Similarly, these values demonstrate good consistency with prior 

theoretical results obtained from a DFT-PBE study, which found theoretical values for these bond 

lengths of 1.35 Å (C-O1), 1.21 Å (C-O2) Å and 0.97 Å (O1-H2) [43]. 

PDOS calculations were also performed to gain deeper insights into electronic interactions during 

the conversion process. The overlapping of p- and s-orbitals of the O and H atoms near the Fermi 
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level indicated sp-hybridization. It showed strong O-H bond formation between the O atom of 

HCOO- and the H atom. Bader charge calculations indicated that during co-adsorption, the formed 

HCOOH molecule acts as an electron acceptor and becomes negatively charged by gaining a Bader 

charge of -0.144 e-. 

Table 5 

Gibbs free energy ∆G (kJ/mol), bond lengths l(Å), and bond angles θ (°) of HCOOH at -OH 
functionalized O-TiVC and S-TiVC MXenes. 

MXenes ∆G ∆q 
l θ 

l1(C-O1) l1(C-O2) l3(C-H1) l4(O1-H2) θ1 θ2 θ3 

O-TiVC(OH)2 12.86 -0.144 1.36 1.22 1.10 0.99 109.95 125.29 124.75 

S-TiVC(OH)2 16.48 0.178 1.40 1.25 1.09 0.98 113.84 124.98 121.13 

Experimental  
[62] 

-- -- 1.34 1.20 1.09 0.97 111.00 124.10 --- 

Theoretical [63] -- -- 1.35 1.21 1.09 0.97 -- -- -- 

 

(b) S-TiVC(OH)2 

Similar to the O-TiVC(OH)2 case, we studied the co-adsorption of HCOO- and H atoms on the S-

TiVC(OH)2 surface to elucidate the further conversion of CO2. As in O-TiVC(OH)2, HCOOH 

formation also occurs on S-TiVC(OH)2 (Figure 5). The Gibbs free energy of this hydrogenation 

step (at S-TiVC(OH)2) is 3.62 kJ/mol higher than on the O-TiVC(OH)2 surface. Although both 

configurations of TiVC(OH)2 are thermodynamically feasible, O-TiVC(OH)2 provides a more 

favorable environment for the hydrogenation of the HCOO- ion. This minor difference in ∆G 

implies that adsorption interactions on S-TiVC(OH)2 are less effective in stabilizing the final state 

(HCOOH), which leads to a marginally higher energy requirement. In contrast to O-TiVC(OH)2, 

the HCOOH molecule acts as an electron donor and a Bader charge transfer of 0.178e-
 takes place 

between S-TiVC(OH)2 and HCOOH at the surface during the co-adsorption process. Different 

calculated angles of HCOOH are shown in Figure 5 and summarized in Table 5. Optimized bond 

angles of HCOOH are θ1=113.84°, θ2=124.98°, and θ3=121.13°, while the bond lengths C-O1, C-

O2, C-H1, and O1-H2 are 1.40, 1.25, 1.09, and 0.98 Å, respectively. The schematic of the steps 

involved in HCOOH formation at the TiVC surface, along with the free energy profile, is shown 

in Figure 6. As is evident from the free-energy profiles, the formation of the HCOO- intermediate 
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from CO2 is thermodynamically favourable for both configurations of TiVC(OH)2. Nevertheless, 

this step involves CO2 activation and constitutes the most energetically significant transformation 

along the CO2 → HCOO- →  HCOOH pathway. The subsequent hydrogenation step is 

comparatively less demanding and proceeds readily once the HCOO- intermediate is formed. Thus, 

the overall reaction efficiency and rate are primarily governed by the formate formation step, rather 

than by the hydrogenation of HCOO-. Once CO2 is activated at the TiVC(OH)2 surfaces, the 

reaction proceeds rapidly towards the formation of HCOOH. 

In general, the conversion of CO2 to HCOO- is considered one of the most energy-demanding steps 

in CO2 reduction reactions, as it involves substantial molecular activation and charge transfer. 

However, in the present system, the calculated free-energy profiles clearly show that on O-

TiVC(OH)2 the CO₂ molecule undergoes adsorption-induced activation and spontaneously 

transforms into a HCOO- intermediate through hydrogen transfer from a surface -OH group, 

without encountering an activation barrier. Although this step represents the largest free-energy 

change relative to subsequent hydrogenation steps, our calculations show it to be 

thermodynamically favourable. Since no external electrochemical potential is applied in the 

present DFT framework, assigning a strict potential-determining step (PDS) is not appropriate; 

instead, the free-energy analysis provides a qualitative description of the relative energetic 

landscape of the CO₂ → HCOO- → HCOOH pathway. 

The optimized bond lengths and bond angles of HCOOH adsorbed on the TiVC(OH)₂ surface fall 

within the typical ranges reported for formic acid in previous theoretical and experimental studies. 

Although most literature values correspond to gas-phase HCOOH, the comparison here is intended 

to be qualitative, demonstrating that adsorption on the TiVC(OH)₂ surface does not lead to 

significant structural distortion of the HCOOH molecule. 
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Fig. 5. Relaxed geometries, charge density differences, and PDOS of TiVC after co-adsorption of 
HCOO- ion and H atom at (a) O-TiVC(OH)2 and (b) S-TiVC(OH)2 MXenes. In both cases, the 
formation of formic acid (HCOOH) occurs after the relaxation of the structures. 
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Fig. 6. (a) Illustration of reaction pathway and free energy profile of electrochemical CO2 

conversion at (b) O-TiVC(OH)2 and (c) S-TiVC(OH)2 MXene surfaces. The final product of 
electrochemical CO2 conversion at both surfaces is formic acid (HCOOH). 

 

TiVC 

+OH 

+CO2 

TiVC(OH)2 

HCOO- 

+H 

HCOOH 

(a) 

(b) (c) 

Reaction 
Intermediate 

Reaction 
Intermediate 

Final   
Product 

Final   
Product 



29 
 

The free-energy profile for the CO₂→HCOO-→HCOOH pathway shows that CO₂ activation to 

HCOO- involves the largest free-energy change along the reaction coordinate, whereas the 

subsequent hydrogenation step is comparatively less demanding. Although no applied 

electrochemical potential is considered, this indicates that CO₂ activation governs the overall 

energetic landscape of the reaction rather than the hydrogenation of HCOO-. The CO2 reduction 

mechanism is analyzed using Gibbs free-energy diagrams to identify thermodynamically favorable 

pathways and potential-determining steps, an approach widely adopted in first-principles-based 

studies. All intermediates are evaluated within a consistent thermodynamic framework, making 

the relative free-energy trends meaningful for mechanistic comparison. Although activation energy 

barriers can further provide kinetic insights, their evaluation under electrochemical conditions is 

beyond the scope of this work. In this work, CO2 reduction pathways are analyzed within a 

thermodynamic free-energy framework, which is commonly employed in first-principles-based 

studies of CO2 electroreduction. While explicit *H adsorption and HER kinetics can provide 

additional insight into selectivity, free-energy trends of CO2RR intermediates are sufficient to 

identify favorable reaction pathways. The strong thermodynamic stabilization of the HCOO- 

intermediate on -OH functionalized TiVC suggests a preferential CO2RR route. The HER at the 

same catalyst surfaces and explicit kinetic competition between the two processes will be 

considered in future studies. 

3.6 Benchmarking against state-of-the-art MXene catalysts 

Table 6 summarizes the reported free energy changes for CO₂ reduction to formate on various 

MXene catalysts. Previous studies report ΔG values of approximately -0.28 eV for Ti2CO2 and -

0.35 eV for Ti3C2(OH)2, while Mo2CO2 exhibits a stronger thermodynamic driving force of about 

-0.46 eV toward HCOOH formation. In comparison, OH-functionalized TiVC MXenes show 

adsorption-induced, barrierless formation of HCOO- during structural relaxation, driven by direct 

hydrogen transfer from surface -OH groups. This behavior differs from other systems where 

protonation requires externally supplied proton-electron pairs. Therefore, beyond comparable 

thermodynamic stabilization, TiVC(OH)2 demonstrates a distinct surface-assisted activation 

mechanism, which enhances CO2 activation and promotes selective formate formation, 

highlighting its catalytic potential for efficient CO2 conversion. 

Table 6 
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Comparison of CO2 to HCOOH performance of TiVC MXenes with reported MXene catalysts based on 
DFT studies 

Materials 
Surface 

Terminations 
Key 

Intermediate 
∆G (*CO2-*HCOO) (eV) Ref 

O-TiVC -OH HCOO- Spontaneous -- 

S-TiVC -OH HCOO- Spontaneous -- 

VNbC -OH HCOO- Spontaneous [64] 

V2C -OH HCOO- Spontaneous [65] 

Ti3C2 -OH HCOO- -0.35 [66] 

Ti2C -O HCOO- -0.28 [66] 

Mo2C O HCOOH -0.46 [67] 
 

 

4. Conclusion 

We have employed first-principles calculations based on the density functional theory to analyze 

the interaction of the gaseous CO2 molecule with TiVC MXenes in both their ordered (O-TiVC) 

and solid-solution (S-TiVC) phases. We have investigated the pristine surfaces, as well as different 

functionalized derivatives (O, Cl, F, S, and OH). We observed a wide range of adsorption 

behaviors, indicating that O-TiVC and S-TiVC MXenes can be utilized as efficient adsorbent 

materials for CO2 reduction. The key findings of our study are: 

(a)  Both TiVC configurations are metallic and preserve this metallic character even after 

surface functionalization with various functional groups. 

(b)  Bare O-TiVC and S-TiVC are found to be very reactive towards CO2 adsorption with 

maximum adsorption energies of -363.27 kJ/mol and -296.47 kJ/mol, respectively. 

Furthermore, these MXenes effectively activate CO2 for its further reduction. In some 

configurations of CO2 on pristine S-TiVC, dissociation of the CO2 molecule takes place, 

which confirms the higher reactivity of S-TiVC over O-TiVC. 

(c) Among all considered TiVC derivatives, -O functionalized O-TiVC and S-TiVC 

derivatives form the most robust structures with cohesive energies of -8.41 and -8.43 eV, 

respectively. 

(d) Surface functionalization of TiVC alters the activation of CO2, resulting in weak physical 

adsorption due to the effect of steric hindrance caused by functionalized surface atoms. 
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(e) Functionalization of TiVC with the -OH functional group initiates the conversion of CO2 

as the spontaneous formation of a formate ion (HCOO-) takes place at the surface of O-

TiVC (OH)2 and S-TiVC (OH)2. 

(f) Further co-adsorption of HCOO- and H atoms at the surface of O-TiVC(OH)2 and S-

TiVC(OH)2 leads to the formation of formic acid (HCOOH), confirming TiVC(OH)2 as an 

efficient electrocatalyst for CO2 conversion. 

We emphasize that our computational methodology is based on density functional theory (DFT) 

calculations in vacuum, typical of thermal catalysis studies. Critical electrochemical factors, such 

as solvent effects, applied electrode potential, and the structure of the electrochemical double layer, 

are not explicitly considered in the present work. These factors are essential to evaluate true 

CO₂RR performance and selectivity under operating conditions and represent important directions 

for future work. In conclusion, this study shows that surface functionalization critically governs 

CO2 activation on TiVC MXenes. Among the considered terminations, -OH functionalization 

stabilizes the formate (HCOO-) intermediate, revealing an alternative reaction pathway driven by 

favourable adsorption geometry and electronic structure modulation. While these results highlight 

the potential of -OH functionalized TiVC MXenes for selective CO2 conversion to formate, a full 

assessment of selectivity requires explicit treatment of electrochemical potential, solvation effects, 

and experimental validation, which will be addressed in future work. 
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Figures S5 and S6 contain all studied configurations of CO2 at O-TiVC and O-TiVCO2, 

respectively. Figure S7 consists of the charge density difference of the most stable configurations 

of CO2 at O-TiVCT2. Various configurations of CO2 at O-TiVCCl2, O-TiVCF2, O-TiVCS2, O-

TiVC(OH)2 are shown in Figures S8, S9, S10, S12 respectively. The PDOS of the most stable 

configurations of CO2 at O-TiVCT2 are given in Figure S11. Figures S13-S17 summarize top and 

side views of different CO2 configurations at S-TiVC, S-TiVCO2, S-TiVCF2, S-TiVCCl2, and S-

TiVCS2. Figures S18 and S19 contain the PDOS and charge density difference of the most 

favorable configurations of CO2 at S-TiVC and S-TiVCT2. Finally, all studied configurations of 

CO2 are plotted in Figure S20. 
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