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ABSTRACT 

Electrocatalysis represents a promising method to generate renewable fuels and 

chemical feedstock from the carbon dioxide reduction reaction (CO2RR). However, 

traditional electrocatalysts based on transition metals are not efficient enough because 

of the high overpotential and slow turnover. MXenes, a family of two-dimensional 

metal carbides and nitrides, have been predicted to be effective in catalyzing CO2RR, 

but a systematic investigation into their catalytic performance is lacking, especially on 

hydroxyl (–OH) terminated MXenes relevant in aqueous reaction conditions. In this 

work, we utilized first-principles simulations to systematically screen and explore the 

properties of MXenes in catalyzing CO2RR to CH4 from both aspects of 



thermodynamics and kinetics. Sc2C(OH)2 was found to be the most promising catalyst 

with the least negative limiting potential of -0.53 V vs. RHE. This was achieved through 

an alternative reaction pathway, where the adsorbed species are stabilized by capturing 

H atom from the MXene’s OH-termination group. New scaling relations, based on the 

shared H interaction between intermediates and MXenes, were established. Bader 

charge analyses reveal that catalysts with less electron migration in the *(H)COOH → 

*CO elementary step exhibit better CO2RR performance. This study provides new 

insights regarding the effect of surface functionalization on the catalytic performance 

of MXenes to guide future materials design. 

KEYWORDS: CO2 reduction reaction, two-dimensional materials, OH-terminated 

MXene, first-principle simulation, scaling relationship 

INTRODUCTION 

Due to its persistence in the atmosphere, CO2 is considered as one of the main 

contributors to global climate change. As the majority of anthropogenic CO2 emission 

originates from fossil fuel combustion, efforts in mitigating CO2 emission relies on the 

continued push towards the use of cleaner sources of fuel, including renewable energy.1 

In this regard, electrocatalytic CO2 reduction reaction (CO2RR), especially when 

coupled with renewable electricity, is an attractive solution that enables utilization of 

CO2 into valuable chemicals and fuels.2-9 Despite the widespread attention, there are 

still significant challenges that need to be surmounted before large-scale industrial 

CO2RR can be realized. In particular, the lack of low cost electrocatalysts with high 



activity, selectivity and durability remains the critical issue in this field.10-12 Copper 

metal, one of the benchmark heterogeneous catalysts to facilitate the CO2RR process, 

is still unsatisfactory due to the large CO2RR overpotential and low selectivity towards 

a particular product.13-22 Among the diverse CO2RR products on Cu catalyst, CH4 starts 

to form at potentials more negative than -0.9 V (all potentials in this work is expressed 

vs. reversible hydrogen electrode, RHE), but with slow reaction kinetics.23, 24 If a 

relatively decent partial current density (e.g. 5-10 mA cm-2) is required, potentials more 

negative than -1.1 V are required.16, 24 Therefore, discovering a suitable new catalyst 

that can reduce the reaction overpotentials is crucial for practical CO2RR applications. 

MXenes are a relatively new family of 2D transition metal carbides and nitrides 

with the chemical formula Mn+1XnTx (n = 1-3; M = early transition metal; X = C and/or 

N; Tx = surface terminations), obtained by etching the respective MAX phases.25-29 

There are many excellent properties of MXenes, making them one of the most 

appealing 2D systems for energy storage, including supercapacitors and batteries.30 

MXenes are chemically and mechanically stable, which enables a wide array of 

applications in real-life environment. Furthermore, the electronic structure of MXenes 

can be modified by tuning the number of valence electrons, which can be realized by 

synthesizing MXenes with different transition metals.31 The high surface area, tunable 

surface groups and multiple binding sites of MXenes also render them promising as 

electrocatalysts for energy conversion reactions.32 In previous work, it has been 

demonstrated that high activity for hydrogen evolution reaction (HER) on MXenes can 

be achieved by carefully tuning the surface species and terminations.33-37 Therefore, 



promising catalytic activity for CO2RR on MXenes may also be expected with 

appropriate surface modification.  

There have been some works focusing on MXenes’ catalytic effect in CO2RR. 

Zhang et al. investigated the CO2RR activity on 3 types of MXenes, Ti2CO2, V2CO2 

and Ti3C2O2 by means of density functional theory (DFT) computations, and suggested 

that Ti2CO2 can be a promising photocatalyst for CO2 reduction.38 Li et al. studied 8 

different bare MXenes with formula M3C2 (without surface termination), and found that 

Cr3C2 and Mo3C2 exhibit the most promising CO2 to CH4 conversion capabilities.39 

Handoko et al. did a more comprehensive work on 19 kinds of O-terminated MXenes, 

discovering the least negative CO2RR limiting potential for Ti2CO2 and W2CO2 (-0.52 

and -0.35 V respectively).34 Although encouraging progress has been made, we note 

that investigation into hydroxyl (–OH) terminated MXenes, the likely form in direct 

contact with aqueous solutions,40 is lacking. Further systematic study is therefore 

required to clarify and understand the CO2RR mechanism in –OH terminated MXenes. 

In this present work, we utilize the first-principles approach to systematically 

explore CO2RR properties on 17 different MXenes with –OH termination groups from 

both aspects of thermodynamics and kinetics.41 It is found that the adsorption of 

intermediates differs considerably on various –OH terminated MXenes. Among them, 

Sc2C(OH)2 and Y2C(OH)2 possess the least negative CO2RR limiting potential of -0.53 

and -0.61 V respectively. At the same time, the competing HER was disfavored due to 

strong –H binding. We believe such effects are closely related to the high reactivity of 

H in the –OH termination groups of MXenes. Further electronic structure analysis 



demonstrated that MXene catalysts with less charge migration during the elementary 

step can induce higher catalytic activity. This work systematically reveals the catalytic 

properties of OH-terminated MXenes during CO2RR, and at the same time, provides 

new insights on the effect of surface functionalization in optimizing the catalytic 

performance of MXenes. 

METHOD 

Density functional theory (DFT) based first-principles schemes were carried out for our 

simulation. The project augmented wave (PAW) and the Perdew-Burker-Ernzehof 

(PBE) was chosen. Both RPBE and vdw-DF2 functional were also used to benchmark 

the calculation in this study, resulting in similar simulation result especially for the key 

potential-limiting step (see detail in Supporting Information). A cutoff energy 400 eV 

was applied for all works. The Brillouin zone was sampled by a Monkhorst-Pack 

3×3×1 k-point grid for the 3×3×1 supercell. At least 20 Å of vacuum in the z-direction 

was used to separate the slab in order to avoid the artificial interaction among the 

periodic units. Structures were relaxed until the force on each atom was less than 0.01 

eV Å-1.  

Here, we refer to the computational hydrogen electrode (CHE) model42 in 

calculating the reaction limiting potential. The limiting potentials of elementary 

hydrogenation reactions are defined as the potential at which the reaction becomes 

exergonic (downhill in free energy). As for a specific reaction, the free energy change 

of the reaction will be: 



∆𝐺𝑒𝑙𝑒𝑚 = 𝜇(𝐵 ∗) − 𝜇(𝐴 ∗) − [𝜇(𝐻+) + 𝜇(𝑒−)] 

      = 𝜇(𝐵 ∗) − 𝜇(𝐴 ∗) − [
1

2
𝜇(𝐻2(𝑔)) − 𝑒𝑈] 

As the ∆𝐺𝑒𝑙𝑒𝑚 = 0  at 𝑈 = 𝑈𝐿 , the limiting potential can be calculated using the 

following formula:  

𝑈𝐿 = −
𝜇(𝐵 ∗) − 𝜇(𝐴 ∗) −

1
2 𝜇(𝐻2(𝑔))

𝑒
=

−∆𝐺𝑒𝑙𝑒𝑚
0𝑉

𝑒
 

In this formula, 𝜇 is the chemical potential of adsorbed species, which is calculated by 

the following equation: 

𝜇 = 𝐸𝑒𝑙𝑒𝑐 + 𝑍𝑃𝐸 + ∫ 𝐶𝑝 𝑑𝑇 − 𝑇 × 𝑆 

where the chemical potential is the summation of the calculated electronic energy (Eelec), 

zero-point energy (ZPE), heat capacity (Cp) and entropy contribution (T×S). Zero-point 

energies, heat capacities and entropies are calculated from vibrations states by standard 

methods.43 In addition, the harmonic oscillator approximation is applied for all the 

calculation of the vibration properties. The temperature (T) is assumed to be 298.15 K 

to simulate the room temperature condition.44, 45 The reaction free energy of each 

intermediate state GC can be expressed as the sum of the free energy change of all the 

reaction before the formation of the specified intermediate states 

𝐺𝐶 = ∑ ∆𝐺𝑒𝑙𝑒𝑚

𝐶

𝐶𝑂2

 

We assume that the reaction free energy of CO2 is zero, thus we can get the reaction 

free energy of all the intermediates. 



RESULTS AND DISCUSSION 

Firstly, we investigated the layered structure and configuration of various –OH 

terminated MXenes. For bare MXenes, the typical conformations are illustrated in 

Supporting Figure S1(a), with the metal atoms located at the outermost layer. The stable 

geometry for –OH terminated MXenes varies depending on the types of transition metal 

elements (Supporting Table S1). A total of 17 different kinds of MXenes were 

investigated, namely: Hf2C(OH)2(fcc), Hf2C(OH)2(hcp), Nb2C(OH)2, Sc2C(OH)2, 

Ta2C(OH)2, Ti2C(OH)2, V2C(OH)2, Y2C(OH)2, Zr2C(OH)2(fcc), Zr2C(OH)2(hcp), 

Hf2N(OH)2, Nb2N(OH)2, Sc2N(OH)2, Ta2N(OH)2, Ti2N(OH)2, Y2N(OH)2 and 

Zr2N(OH)2. Systematic geometry optimization reveals that the hydroxyl termination 

prefers to sit on the fcc site in most of the cases (Figure S1b). On the other hand, 

Hf2N(OH)2, Nb2N(OH)2, Ta2N(OH)2 and Ta2C(OH)2 prefers the hcp configuration 

(Figure S1c). Exceptions were found in Hf2C(OH)2 and Zr2C(OH)2, where the hydroxyl 

termination is more likely to be located at the fcc site on one side and hcp site on the 

other, forming a mixed termination pattern (Figure S1d). To demonstrate that OH-

terminated MXenes is a realistic surface state, we also calculated the favorable 

termination for all MXenes investigated in this work (supporting information Figure 

S2). The result shows that the hydroxyl group is stable and energetically preferred for 

many kinds of MXenes, especially when negative potentials are applied. We note that 

the catalysts identified with high CO2RR activity in this work tend to have high 

hydroxyl coverage.  

After determining the preferred configuration and hydroxyl coverage of –OH 



termination groups on various MXenes, we proceeded to investigate their CO2RR 

catalytic activity. The reaction free energy GC of different intermediates for different 

protonation stages from CO2 to CH4 are systematically computed, and the catalytic 

effect can be evaluated by the limiting potential during the whole reaction process. The 

reduction of CO2 to CH4 progresses through multi-stepped transfer of 8 proton-electron 

pairs, as shown for Sc2C(OH)2 (Figure 1). Interestingly, we found that the most stable 

intermediate configuration is achieved through captured H atom from the MXene’s Tx 

group by some of the intermediates. For example, in the *CO→*(H)CHO elementary 

step calculated on Sc2C(OH)2 surface, the *(H)CHO intermediate was formed through 

the capture of H in the –OH termination group and simultaneous proton-coupled 

electron transfer (PCET) (Figure 1a). To distinguish the H obtained from –OH 

termination vs. PCET, we denote the former with a pair of parentheses, thus *(H)CHO 

contains one captured (H) from –OH termination and one H from PCET. Slab-nH 

represents the catalyst surface with n hydrogen vacancy. This process can be described 

by the following formula: 

-OH + *CO + H+ + e- → -O + *(H)CHO 

Where the -OH and -O are the surface terminations, while *CO and *(H)CHO are the 

adsorbates (*(H)CHO contains one captured (H) atom). 

Similarly, we found that the H from the –OH termination group in Sc2C(OH)2 can 

also be shared with *COOH, *O, and *OH intermediates, forming *(H)COOH, *(H2)O, 

and *(H)OH respectively (Figure 1a). For these intermediates, the temporarily captured 

hydrogen will return to the catalyst as the reaction progresses (marked as (H)). However, 



for certain intermediates in the elementary steps: *(H)CHO → *(H)OC[H]H2 → 

*(H2)O + C[H]H3, the lowest energy is achieved when the captured hydrogen remains 

in the intermediate molecule (marked as [H], see Supporting Figure S3 for details). This 

means the adsorbate permanently captures this [H], consequently creating a hydrogen 

vacancy in the MXene Tx. The vacancy is recovered in the last step, where one final 

PCET donates H back to the catalyst. It can be expressed as -O + H+ + e- → -OH, 

making the final state is the same as the initial state and a total of 8 proton-electron 

pairs transfer from CO2 to CH4. 

 

Figure 1. Calculated free energy diagrams. Free energy diagrams for the lowest energy pathways 

to (a) CH4, (b) H2 and (c) HCOOH and H2 (through the *OCHO intermediate) on Sc2C(OH)2. The 

reaction free energy is calculated at 0 V vs. RHE. The (H) atoms are temporarily captured from 



MXene’s Tx, while [H] atoms indicate permanent capture. Slab-nH represents the catalyst surface 

with n hydrogen vacancy. In (a), the (H) atom captured in the third PCET step of *CO→*(H)CHO 

becomes permanently captured in the fourth PCET step of *(H)CHO→*(H)OC[H]H2 (an additional 

(H) is captured in this step). 

Theoretical calculations through this pathway reveal that Sc2C(OH)2 and 

Y2C(OH)2 are the most promising CO2RR catalysts among all the MXenes studied here, 

with the least negative limiting potentials of -0.53 and -0.61 V, respectively (see 

Supporting Figure S4 for the free energy diagrams of all the MXenes). For many –OH 

terminated MXenes, it takes only a little energy to recover after the loss of hydrogen, 

thus the overpotential of the whole process can be reduced effectively. 

We believe the distinct CO2RR activity on –OH terminated MXenes can be 

attributed to the reactive H atom in the Tx group. To show this, we investigate the 

interaction between MXenes and key intermediates at the atomic level by computing 

the charge transfer between them and plotting the charge density difference during the 

adsorption of CO2, *(H)COOH and *(H)CHO (Figure 2 a-c). According to the 

adsorption conformations, the C atom in the intermediates are capable of binding the 

(H) atom in OH termination strongly, which can be seen from the significant electron 

migration from H to C. When CO2 adsorbs on catalyst, the charge around H atom in the 

–OH termination and O-H bond will migrate to the area between C and H (Figure 2a). 

As for *(H)COOH and *(H)CHO, the charge will transfer from O-H bond to C-H bond 

(Figure 2 b-c). It is therefore proposed that the H atom from the substrate possesses the 

ability to take part in the process of forming stable configuration with intermediates. 



This is distinct from CO2RR process on transition metal surfaces, where most CO2RR 

intermediates bind to the substrate through –C coordination and three elementary steps, 

CO2→*COOH, *CO→*COH and *CO→*CHO, tend to be potential-limiting.14, 15 In 

–OH terminated MXene, the *CHO group can transform into *(H)CHO spontaneously 

by utilizing one hydrogen in the catalyst, while the *COOH group can transform to 

*(H)COOH by similar mechanism.  

 

Figure 2. Deformation charge density and energy barriers. Deformation charge density of (a) 

CO2 , (b) *(H)COOH, (c) *(H)CHO. Charge migrates from H and H-O bond to C-H bond. Charge 

flows out from blue areas and into the yellow areas. The interaction energy of fragments with 

substrate is -0.17 eV, -0.53 eV, -0.37 eV for CO2, (H)COOH and (H)CHO, respectively. The 

isodensity value plotted is 0.008 e/bohr3 (0.054 e/Å3) for (H)COOH and (H)CHO, and 0.00007 

e/bohr3 (0.00047 e/Å3) for CO2. CI-NEB is used to find the transition state. Energy barriers along 



the elementary step of (d) *(H)COOH→*CO, (e) *CO →*(H)CHO. In (d), *(H)COOH→*CO is 

the potential-limiting step of the process. The barrier will affect the reaction speed to a great degree. 

In (e), there is no transition state like *CHO. 

 

Since HER is the primary competitive reaction to CO2RR, we also considered the 

adsorption capacity for hydrogen atoms on different types of MXenes. Figure 1b shows 

the free energy diagram for HER on Sc2C(OH)2. The limiting potential for HER on this 

substrate is calculated to be -0.34 V, much more negative than on Cu metal catalyst 

(0.03 V).13 We note that the experimental limiting potential of most HER active catalyst 

is usually -0.12 V or better.46 Therefore, we believe that the HER activity of Sc2C(OH)2 

is limited, which should lead to a more selective CO2RR activity when compared with 

Cu metal.  

We have also considered an alternative pathway for the formation of formic acid 

through the –O coordinated *OCHO intermediate in Figure 1c. It can be seen that this 

pathway is less viable as the binding energy of this intermediate to the –OH terminated 

MXene is much stronger. Thus, a higher limiting potential for obtaining formic acid 

from the *OCHO route of -1.13 V is predicted, which is much more negative than the 

limiting potential for CH4 formation. We note that such trend is fundamentally different 

from transition metal based catalyst such as Cu metal, where the limiting potential to 

formic acid via *OCHO (-0.61 V) is less negative than the limiting potential CH4 

formation (-0.74 V).13 Even though *OCHO can be stable from the aspect of 

thermodynamics, it is difficult for this intermediate to be further reduced into other 

intermediate due to the high limiting potential. Thus, it is likely that the *OCHO will 



revert to CO2 following the reaction: 

*OCHO + H+ + e- → CO2 + H2 

It should be noted that this process cannot increase the yield of H2 for two reasons. 

Firstly, the ΔG of this step (0.33 eV) is very similar to the -OH + H+ + e- → -O + H2 

step. Second, this process will occupy two active sites in MXene surface, compared to 

one in -OH + H+ + e- →-O + H2 step. We believe that the side H2 generation through 

*OCHO will actually suppress the overall HER in MXene. Therefore, we propose that 

Sc2C(OH)2 MXene should be more suitable in catalyzing CO2 to CH4 than Cu metal.  

The kinetic properties of Sc2C(OH)2 also play a decisive role on the efficiency of 

CO2RR. Here, the climbing image-nudged elastic band (CI-NEB) simulation was 

carried out on the potential-limiting step: *(H)COOH→*CO in order to compute the 

activation barrier, which is the key parameter determining the overall reaction rate. The 

energy evolution profile for this potential-limiting step is shown as Figure 2d. The 

activation barrier is as low as 0.4 eV, suggesting an efficient CO2RR with high turnover 

rate. Therefore, Sc2C(OH)2 can be expected to perform well on both aspects of low 

overpotential and low reaction barrier.  

We have also computed the activation barrier for the *CO→*(H)CHO elementary 

step. Although this step is atypical, considering that CO2RR on most metallic catalysts 

has been predicted to go through either *CHO or *COH intermediate,13, 14, 47 the 

activation barrier through *(H)CHO is only 0.21 eV (Figure 2e), suggesting that the 

reaction can proceed very quickly without significant obstruction. The evolution of 



transition states during the activation process (Figure 2e insets) also suggests that 

*CHO (or *COH) state is not involved in the CO2RR on –OH terminated MXene. The 

fact that *CO intermediate on –OH terminated MXene can capture H atoms from 

solution and catalyst simultaneously means that the formation of *CHO (or *COH) is 

not required. This result further exhibits the advantage of MXenes on improving the 

catalytic efficiency due to less reaction steps and low activation energy barrier.  

After establishing the distinct CO2RR pathways on –OH terminated MXenes, we 

proceeded to explore the scaling relations of the different intermediates on all 17 –OH 

terminated MXenes. In this work, the binding energy is calculated from the equation: 

𝐸𝑏𝑖𝑛𝑑,𝐶𝑥(𝐻)𝑎[𝐻]𝑏𝐻𝑦𝑂𝑧
 

 = 𝐸(𝑠𝑙𝑎𝑏−(𝑎+𝑏)𝐻)+𝐶𝑥(𝐻)𝑎[𝐻]𝑏𝐻𝑦𝑂𝑧
− [(𝐸𝑠𝑙𝑎𝑏 − 𝑏𝐸𝑓,𝐻) + 𝑥𝐸𝑓,𝐶 + 𝑦𝐸𝑓,𝐻  + 𝑧𝐸𝑓,𝑂] 

where 𝐸𝑏𝑖𝑛𝑑,𝐶𝑥(𝐻)𝑎[𝐻]𝑏𝐻𝑦𝑂𝑧
  represents the binding energy of a generic CO2RR 

intermediate with a and b representing the number of temporarily and permanently 

captured H atoms from substrate respectively. The binding energy is thus the difference 

between the energy of the intermediate-substrate complex and the sum of the energy of 

slab (perfect –OH terminated MXene), and the formation energies of C, H and O, minus 

b number of permanently captured [H]. The formation energies used in the equation are 

calculated from the linear combinations of H2, CO and H2O. 

As the majority of the intermediates are coordinated to the substrate through the 

captured (H) atoms, we expect a different scaling relation on –OH terminated MXenes 

compared to transition metal catalysts, where most of the intermediates are bound to 

the substrate through –C coordination and have linearly-scaled binding strength.14, 15 In 



this regard, a more relevant metric is then how easily the (H) atoms can be captured 

from the Tx group. To describe this, the term EHvac is introduced: 

𝐸𝐻𝑣𝑎𝑐
= 𝐸𝑠𝑙𝑎𝑏−𝐻 − (𝐸𝑠𝑙𝑎𝑏 − 𝐸𝑓,𝐻) 

where Eslab-H describes a defective MXene surface losing one (H) atom captured by an 

intermediate. A more negative EHvac indicates a more facile capture of (H) atom by the 

intermediate. Plotting the intermediate binding energy 𝐸𝑏𝑖𝑛𝑑,𝐶𝑥(𝐻)𝑎[𝐻]𝑏𝐻𝑦𝑂𝑧
 vs. EHvac 

reveals good linear relationships on most intermediates, which bind to the substrate 

through captured (H) (Figure 3). The only exception is *CO; the lack of linearity 

between Ebind,CO and EHvac is understandable as it is not coordinated to the substrate 

through *(H) and its formation does not involve the process of (H) capture. More 

importantly, the results confirm the different scaling relations that govern CO2RR on –

OH terminated MXenes, potentially allowing MXenes to bypass the *CO dependency 

that limits the CO2RR activity on transition metal catalysts.48  

 



 

Figure 3. Scaling relations for intermediates on OH-terminated MXenes. Scaling relations for 

the electronic binding energies of (a) *(H)COOH, (b)*CO, (c)*(H)CHO, (d) *(H)OC[H]H2, (e) 

*(H2)O , (f)*(H)OH are plotted as a function of EHvac. More negative EHvac values indicate that the 

H in the MXene Tx is easier to be detached. *CO adsorption on Ta2N(OH)2 (EHvac = -1.77 eV), and 

*(H)CHO on Ta2N(OH)2 and Nb2N(OH)2 (EHvac = -1.31 eV) were unstable (*CO will transform to 

*(H)C[H]O and *(H)CHO will transform to *(H)OC[H2]H) and omitted from (b) and (c). 

 

 After correcting for ZPE, Cp and T×S terms, we examine the dependence of the 

free energy variance on the EHvac during each elementary step. The limiting potentials 

(UL) of each elementary step is a linear function of EHvac, which can be expressed as: 

𝑈𝐿 = 𝑈0 + 𝛼∗𝐻 × 𝐸𝐻𝑣𝑎𝑐 

Here, U0 is the limiting potential when EHvac = 0. α*H is the slope that describes how 

much EHvac is impacting UL. The specific values of U0 and α*H for each elementary step 

are listed in Table 1. We found that for the following four elementary steps of CO2(g) 



→ *(H)COOH; *CO → *(H)CHO; *(H)CHO → *(H)OC[H]H2; and *(H)OC[H]H2 → 

*(H2)O + C[H]H3(g) the UL becomes less negative with more negative EHvac. This trend 

indicates lower overpotential requirement (or higher activity) for these elementary steps 

when (H) on the substrates is easier to capture. For the rest of the elementary steps, the 

inverse relation between UL and EHvac is observed.  

 

Table 1. Specific values of coefficients for each elementary step along the lowest energy pathway 

of CO2RR on OH-terminated MXenes. (slab-nH) represents the catalyst surface with n hydrogen 

vacancy. 

No. Reaction Steps U0 (eV) α*H 

1 CO2(g) + slab + H+ + e- → *(H)COOH + (slab-H) -0.073 -0.921 

2 *(H)COOH + H+ + e- + (slab-H) → *CO + H2O(g) + 

slab 

-0.650 0.703 

3 *CO + H+ + e- + slab → *(H)CHO + (slab-H) 0.299 -1.081 

4 *(H)CHO + H+ + e- + (slab-H) → *(H)OC[H]H2 + 

(slab-2H) 

0.952 -0.751 

5 *(H)OC[H]H2 + H+ + e- + (slab-2H) → *(H2)O + 

C[H]H3(g) + (slab-3H) 

0.839 -1.180 

6 *(H2)O + H+ + e- + (slab-3H) → *(H)OH + (slab-2H) 0.202 1.132 

7 *(H)OH + H+ + e- + (slab-2H) → H2O(g) + (slab-H) -0.091 1.099 

8 (slab-H) + H+ + e- → slab -0.289 1.000 

 



 

Figure 4. Volcano curve of OH-terminated MXenes. Each line represents an elementary step 

described on the right side. The potential-limiting step for each EHvac is then the elementary step 

represented by the bottom line with the most negative limiting potential. The different MXenes are 

marked with dots and arranged according to their EHvac. The equilibrium potential for CO2RR to 

CH4 is 0.17 V vs. RHE. 

  

Figure 4 shows the volcano curve, relating all 8 elementary steps to the EHvac for 

the –OH terminated MXenes in this study. As Hf2C(OH)2 and Zr2C(OH)2 have mixed 

terminations, the adsorptions on both surfaces exhibit different binding and thus they 

are omitted. Compared with the CO2RR volcano curve of transition metals,14 the line 

that represents *CO → *CHO is absent, while a new line representing the “[H] 

returning” (slab-H) → slab step is introduced. Additionally, the U0 and α*H of some 

steps are different due to the captured (H) atom originating from the substrate. We note 

that for most OH-terminated MXenes, the potential-limiting step is determined to be 

*(H)COOH→*CO (Figure 4). Sc2C(OH)2 and Y2C(OH)2 are singled out to be the most 



promising CO2RR catalysts studied here due to their proximity to peak of the volcano 

curve.  

Since the majority of CO2RR intermediates’ binding energy exhibit a good linear 

relationship with EHvac (Figure 3), we propose that EHvac can be used as a primary 

descriptor to assess the CO2RR performance of MXenes. When the bond between H 

and O atom in the Tx group is very weak (i.e. more negative EHvac), CO2RR is difficult 

to progress, as the potential-limiting step *(H)COOH → *CO involves the process of 

“returning” the captured (H) onto Tx. On the other hand, if the H binds O atom in the 

Tx too firmly (i.e. more positive EHvac), the conversion of CO2 → *(H)COOH becomes 

the potential-limiting step as it involves capturing (H) from Tx (Figure 4). This means, 

the most favorable UL can be achieved by tuning EHvac to the point where the two 

elementary steps of *(H)COOH → *CO and CO2 → *(H)COOH have the same UL 

(EHvac around 0.36 eV at the apex of the volcano). Our results indicate that the EHvac 

values of all –OH terminated MXenes studied here lie on the left side of the apex (i.e. 

easy to capture (H)). The key characteristic that made the overall CO2RR UL of 

Sc2C(OH)2 the least negative among all MXenes studied here is the relatively strong 

H–O bonding in the Tx group, making it easy to convert *(H)COOH to *CO. We note 

that the overall CO2RR UL on Sc2C(OH)2 (-0.53 V) is less negative than Cu metal (-

0.93 V), and similar to Ti2CO2 (-0.52 V), which has also been proposed to be active 

among the O-terminated MXenes.34, 38  

 

Table 2. Bader charge of *(H)COOH and *CO in different MXenes. eC-COOH represents the 



charge of C ion of *(H)COOH, eC-CO represents the charge of C ion of *CO. Δe represents the 

difference of the charge of C ion between *(H)COOH and *CO. Negative values mean the ions gain 

electron compared with the isolated atom. 

System eC-COOH eC-CO Δe 

Sc2C(OH)2 -1.381 -1.023 0.357 

Y2C(OH)2 -1.379 -1.031 0.348 

Hf2C(OH)2 (hcp) -1.373 -0.869 0.504 

Zr2C(OH)2 (hcp) -1.351 -0.867 0.483 

Ti2C(OH)2 -1.361 -0.859 0.503 

Hf2C(OH)2 (fcc) -1.379 -0.822 0.557 

V2C(OH)2 -1.390 -0.863 0.526 

Zr2C(OH)2 (fcc) -1.406 -0.840 0.567 

Ti2N(OH)2 -1.380 -0.811 0.570 

Sc2N(OH)2 -1.368 -0.804 0.564 

Nb2C(OH)2 -1.383 -0.806 0.577 

Y2N(OH)2 -1.374 -0.834 0.540 

Zr2N(OH)2 -1.402 -0.833 0.569 

Hf2N(OH)2 -1.397 -0.741 0.656 

Ta2C(OH)2 -1.391 -0.686 0.704 

Nb2N(OH)2 -1.402 -0.682 0.720 

 

 To gain further insight on its potential and activation barrier at the atomic level, we 



conducted Bader charge analyses, emphasizing on the *(H)COOH→*CO potential-

limiting step. The binding effect comes from the interaction between C inside the 

intermediate and the –OH Tx group in MXenes, so we focus on the charge migration on 

the C atom. Here, we calculated the amount of on-site charges in C ions in both 

*(H)COOH (eC-COOH) and *CO (eC-CO) group (compared to an isolated C atom), and 

evaluated the charge difference (Δe = eC-COOH - eC-CO) between them. The magnitudes 

of these parameters are listed as Table 2 according to the position of the MXenes in the 

volcano curve in Figure 4. Since the chemical bonding is associated with the sharing or 

transfer of electrons between the participating atoms, the changes of the electrons (i.e. 

charge difference) can indicate the change of interaction. By comparing the values of 

Δe on the different MXenes, it can be clearly found that less charge transfer during this 

elementary step can generally result in less free energy change, leading to better 

catalytic performance. Both Sc2C(OH)2 and Y2C(OH)2 lead to Δe as small as ~0.35 e, 

while all the other MXenes induce much higher charge transfer (larger than 0.5 e). We 

believe that if the charge migration during the elementary step is small, the catalyst can 

bind the two intermediates equally well, resulting in a smooth transition. Therefore, the 

catalyst with less charge transfer during the elementary step exhibits higher catalytic 

activity.  

CONCLUSION 

In summary, we studied the catalytic ability of various OH-terminated MXenes for 

CO2RR. Sc2C(OH)2 and Y2C(OH)2 were found to be the most promising catalysts with 



limiting potential of -0.53 and -0.61 V respectively, which is notably less negative than 

Cu metal. We found the H atom in –OH terminated MXenes to be active, assisting the 

CO2RR process in forming more stable structures with intermediates and lowering the 

overpotential. As most intermediates are bound to the substrate via *(H), the scaling 

relations and volcano curves are different from CO2RR on transition metal catalysts. 

Binding energy analyses indicated that the best CO2RR activity is achieved when the 

formation of H vacancy EHvac is at the turning point (0.36 eV). Bader charge analysis 

showed that less charge transfer during the potential-limiting step can induce better 

catalytic performance. Our study demonstrates the CO2RR potential of –OH terminated 

MXenes, and at the same time, provides new insights on the surface functionalization 

effect of MXenes in electrocatalysis. 
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