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A B S T R A C T

Pristine Mo2C MXene has been recently highlighted as a highly active and robust catalyst for the reverse water 
gas shift (RWGS) reaction. Here, first-principles calculations based on density functional theory (DFT) coupled 
with mean-field microkinetic (MKM) simulations are performed to investigate the effects of the atomic layer 
stacking and the surface functionalization with oxo groups on the catalyst performance. The calculated data 
show that ABA stacked MXene has a reactivity higher than the corresponding ABC counterpart. Moreover, a 2/3 
surface monolayer oxygen coverage on both stackings (i.e., Mo2CO4/3 MXene) enhances the overall reactivity 
compared with their pristine Mo2C counterparts. The reactivity enhancement is small for the more stable ABA- 
stacked model, with a CO gas production aligned with experimental reports. However, the partial O-surface 
termination in the MXene with ABC stacking offers a more enhanced reactivity, supported by the higher CO gas 
production for the Mo2C MXene models here considered. Thus, the MXene stacking and its functionalization are 
key aspects affecting the performance of the Mo2C MXene for the RGWS reaction, which must be considered for 
realistic catalytic applications of MXenes.

1. Introduction

Anthropogenic carbon dioxide (CO2) emissions are the main 
contributor to the greenhouse effect, given the ever-growing CO2 con-
centration rise in the atmosphere during the last decades [1]. This causes 
severe environmental problems that threaten mankind, such as ocean 
acidification, global warming, and glaciers melting, to name a few [2,3]. 
Therefore, the reduction of CO2 concentration is among the core action 
lines in any climate remediation agenda and has become one of the 
biggest challenges for the scientific community, with many research 
endeavors placed on carbon capture and storage (CCS) and utilization 
(CCU) technologies [4]. In principle, CCU-based technologies are more 
appealing than CCS since the former aim is to convert CO2 into other 
valuable and ideally environmentally friendly chemicals [5].

Heterogeneous catalysts suited for CCU platforms are in high de-
mand to achieve the planned targets of green and sustainable chemistry 

[6]. Among the different CO2 upgrading processes [7], the reverse water 
gas shift (RWGS) reaction —CO2

(g) + H2
(g)→CO(g) + H2O(g); ΔGº = 0.3 eV 

at temperature T = 298.15 K— is an appealing and viable route to obtain 
carbon monoxide (CO) from CO2 using as reactant hydrogen (H2), 
ideally employing H2 gained using renewable energy sources, such as 
through the electrochemical water splitting using excess wind or sun-
light power. Notably, the overall RWGS has water (H2O) as the only 
by-product. The obtained CO can be subsequently used in the down-
stream Fischer-Tropsch (FT) reaction or methanol synthesis processes 
[8–11], again especially attractive when using green H2. The endergonic 
nature of the RWGS requires high temperatures to achieve CO2 con-
version, and that is why it is peremptory to use highly active and se-
lective catalysts to imbalance the C–O dissociation and hydrogenation 
steps as well as to operate under working conditions as mild as possible.

Usual RWGS catalysts consist of metal active sites, i.e., Cu, Pt, Pd, or 
Rh, well dispersed on high-surface metal oxide supports, such as CeO2, 
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often used due to its excellent redox properties [12–15], or other oxides 
such as TiO2 and ZnO [16,17]. Given the scarcity and high cost of the 
late transition metals, transition metal carbides (TMCs) have also been 
explored as efficient and more economic catalysts for the RWGS, in line 
with the similar activity of noble metals and poisoning resistance 
[18–20]. Indeed, TMCs have also been regarded as supports of transition 
metals for the RWGS, adjoining synergistic effects between metal and 
support [21].

The observed outstanding catalytic performance demonstrated by 
TMCs on the RWGS opened the way for exploring the performance of 
their two-dimensional (2D) counterparts, the so-called MXenes [22]. 
First isolated in 2011, these materials have significantly impacted many 
scientific fields due to their unique properties and composition 
tunability through surface functionalization and elemental composition 
[22,23]. MXenes have a general Mn+1XnTx chemical formula and are 
generally derived from MAX phases by selective etching of the A 
element, although layer growth paths have been proposed [24,25]. The 
M, X, and Tx labels represent an early transition metal, carbon and/or 
nitrogen, and the surface functionalization (–O, –OH, –H, or –F), 
respectively, while n = 1–4 represents the thickness of the material 
measured in number of atomic layers of the X element [26,27]. 
Regarding surface termination, novel synthetic routes or treatment 
protocols have shown how to gain unfunctionalized (or bare) MXenes 
[28–30].

Pristine MXenes have shown excellent CCS capabilities, as confirmed 
by both molecular simulations and experiments [29,31]. Furthermore, 
MXenes also feature a high affinity towards H2, catalyzing its dissocia-
tion, often spontaneously, and posing themselves as suitable catalytic 
materials for hydrogenation reactions [32]. Moreover, CO2 dissociation 
into CO + O —usually the reaction limiting step— is feasible on MXenes, 
requiring overcoming low kinetic energy barriers of up to 0.6 eV [33]. 
The above outlined possible uses of MXenes as heterogeneous catalysts 
for CCU technologies are not limited to the RWGS reaction [33]. For 
instance, partially O-covered Mo2C MXene has been pointed out as an 
effective heterogeneous catalyst for the methane dry reforming [34] or 
for the Fischer–Tropsch Synthesis [9], and even as a support for Cu 
single atoms in the CO2 reduction to methanol [35].

Recently, Jurado et al. [36] investigated the RWGS as heteroge-
neously catalyzed by pristine Mo2C MXene, combining first-principles 
calculations and microkinetic simulations. While the redox and 
formate routes were the most plausible pathways for the reaction 
mechanism, H2O formation was found to be the rate-limiting step [37], 
even though optimal CO formation was achieved at ~600 K and low 
total pressure of 1 bar, in line with subsequent experimental observa-
tions on a cleaned Mo2C MXene, with a peak RWGS performance at ca. 
700 K and 1 bar [38], hence with capabilities to outperform the indus-
trial benchmark Cu-ZnO-Al2O3 catalyst in terms of activity, selectivity, 
and/or stability.

Although these are promising results, there are aspects of the 
mechanism of the RWGS reaction catalyzed by Mo2C that are missing, 
yet necessary to reach a rational-driven significant advance in conver-
sion optimization. In particular, two main questions remain hitherto 
unsolved. On the one hand, it has been observed that the CO production 
during the RWGS is minimal for as-prepared Mo2CTx samples; this is, 
with no treatment of surface functional groups, e.g., –O, whereas the 
sample treatment at 500 ºC with H2 —to remove surface –O groups and 
leave the surface clean— significantly impacts the catalytic perfor-
mance, raising the CO production by two orders of magnitude, and 
reaching the performance levels of reference Cu-ZnO-Al2O3 catalyst. 
Thus, the presence/absence of surface –O groups biases the catalytic 
reaction, but the underlying chemistry is unknown. On the other hand, it 
is now well known that MXenes, when extracted from a MAX matrix, do 
not necessarily follow the same ABC layer stacking of the parent MAX 
phase. There is computational and experimental evidence that, for some 
MXene compositions, a phase transition towards ABA can be energeti-
cally and kinetically prompted [39], also influenced by the termination. 

Clearly, this may have an impact on the overall surface chemical and 
catalytic activity [40]. Here, we address these two aspects by performing 
theoretical calculations based on density functional theory (DFT), 
combined with microkinetic simulations. These allows us to univocally 
assess the effect of the O surface termination and of the atomic layer 
stacking on the RWGS mechanism and catalytic performance on Mo2C 
MXene-based catalysts.

2. Computational strategy and models

The RWGS reaction mechanism was investigated over the Mo2C 
(0001) MXene pristine and partially O-functionalized surfaces. The 
basal (0001) plane of the Mo2C MXene is represented by a p(3×3) 
supercell (Fig. 1), large enough to host the reactants, intermediates, and 
products involved in the RWGS reaction [33,36]. Diverse 
high-symmetry sites —top, bridge, or hollow sites— were tested for the 
adsorption of reactants, intermediates, and products regarding different 
connectivity, orientations, and conformation. Due to the periodic 
boundary conditions, a vacuum of at least 10 Å along the [0001] di-
rection was included to avoid the interaction between the periodic 
MXene replicas in this direction.

For the pristine case we focus on the ABA atomic layer stacking 
(Mo2C-ABA model) thus complementing a previous study which 
considered the ABC stacking (Mo2C-ABC model) [36]. The stability of 
the ABA-stacked material when compared to the ABC-stacked one is a 
well-established result from previous studies [39,41,42]. For the 
partially O-functionalized Mo2C (i.e. Mo2CO4/3 as the two surfaces have 
a 2/3 O coverage), both ABA (Mo2CO4/3-ABA model) and ABC 
(Mo2CO4/3-ABC model) atomic layer stackings are considered, see 
Fig. 1. In the case of –O termination, the –O atoms are located at the 
three-fold hollow sites, following the same stacking definition as the 
inner C layer, as this is found to be their optimal position [43]. The O 
coverage considered involves occupancy of 2/3 of the surface hollows 
sites as in previous studies [34,35] (cf. Fig. 1c). The clustering of pristine 
sites on the model catalyst surfaces is also justified in terms of stability; 

Fig. 1. Top (top) and side (bottom) views of the a) pristine (0001) Mo2C MXene 
surface with ABC stacking, b) pristine (0001) Mo2C MXene surface with ABA 
stacking, c) partially O-terminated Mo2C MXene (0001) surface with 2/3 of a 
monolayer (ML) of –O coverage per surface, with BABAB stacking, and d) 
partially O-terminated Mo2C MXene surface model with BABCB stacking. The 
solid yellow line defines the employed p(3×3) supercell. C, Mo, and O atoms are 
depicted by gray, green, and red spheres, respectively.
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see discussion in Section S1 and Fig. S1 of the Supporting Information
(SI). The presence of oxygen on the surface of the MXene is stable and 
derived from its synthesis procedure. A cleaning-up procedure requires 
the H2 exposure at 700 ºC (ca. 1000 K) to remove oxygen as water. This 
experimental evidence, together with computational studies, reveals 
that O-free situations are attainable only at very high temperatures and 
supports the notion that the present 2/3 monolayer (ML) coverage model 
is reasonable at the evaluated reaction conditions.

The adsorption energy of the i species, Ei
ads, is defined as; 

Ei
ads = Ei/MXene − (Ei + EMXene) + ΔZPE, (1) 

where Ei/MXene represents the total energy of species i adsorbed on the p 
(3×3) MXene supercell; EMXene is the total energy of the p(3×3) MXene 
supercell depicted in Fig. 1 —either the unfunctionalized Mo2C-ABA 
stacking model, or the partially O-functionalized Mo2CO4/3-ABA or 
Mo2CO4/3-ABC stacked models—, and, finally, Ei stands for the total 
energy of the isolated i species optimized in an asymmetric box of 
10×11×12 Å dimensions, carried out at Γ-point only. ΔZPE corresponds 
to the zero-point energy (ZPE) change between the adsorbed and gas 
phase species. For this term, vibrational frequencies are needed, either 
for the gas phase molecule or for the adsorbed species, in the latter case 
disregarding coupling with Mo2C or Mo2CO4/3 phonons. For the 
adsorbed species, vibrational modes from frustrated translational and 
rotational degrees of freedom are accounted for. The diagonalization of 
the Hessian matrix with elements computed as finite differences of 
analytical gradients with displacements of 0.015 Å was carried out to 
obtain such frequencies.

To facilitate a consistent comparison of the present results with those 
in previous work [36], we followed the very same computational 
strategy carrying out periodic DFT calculations as implemented in the 
Vienna ab initio simulation package (VASP) [44] and using the same 
computational setup. Thus, the Perdew-Burke-Ernzerhof (PBE) density 
functional [45], belonging to the generalized gradient approximation 
(GGA) family, has been used to account for the exchange and correlation 
effects. Note that this density functional has shown an excellent per-
formance in describing bulk three-dimensional molybdenum carbide 
systems [46]. The broadly employed and suited Grimme’s D3 approach 
[47] was used to account for the dispersion interactions [48]. The effect 
of the core electrons on the valence density was described using the 
projector augmented wave (PAW) method [49], while a plane-wave 
basis set with a 415 eV cutoff energy was selected to expand the 
valence electron density. The numerical integration in the reciprocal 
space was carried out using a Γ-centered 5×5×1 k-point grid in the 
Brillouin zone. Forces below 0.01 eV⋅Å− 1 on all atoms and relaxation of 
the electronic degrees of freedom with a 10− 6 eV threshold ensure nu-
merical accuracy below 0.04 eV in the geometry optimization calcula-
tions, thus close to the chemical accuracy limit [31–33].

Once the minimum energy structures were obtained and character-
ized, a transition state (TS) search was carried out employing the Dimer 
method, and minimizing forces acting on atoms below 0.01 eV⋅Å− 1 [50]. 
The frequency analyses were also employed here to confirm the saddle 
point character of TSs, with only a single imaginary frequency along the 
reaction path. The activation energy barriers, Eb, of the different reac-
tion steps were obtained as the difference between the ZPE-corrected 
energies of the TS and of the initial state (IS) configurations. The rate 
parameters —i.e. the equivalent of rate constants in formal kinetics— 
were obtained from transition state theory as 

r =
kBT
h

⋅
QTS

QIS
⋅e(−

Eb
kBT), (2) 

where kB and h are the Boltzmann’s and Planck’s constants, respectively, 
while QTS and QIS are the partition functions of the TS and IS, respec-
tively. Further details on their expression for the ZPE-corrected Eb can be 
found in the literature [51]. The desorption rates were estimated 
assuming late TSs, i.e., Eb = –Eads, and a two-dimensional translational 

and a rotational partition function applied on QTS [51]. The adsorption 
rate, rads, though, was derived from collision theory employing the 
Hertz-Knudsen equation [52] as; 

rads =
Asite⋅pi⋅Si
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2⋅π⋅mi⋅kb⋅T

√ , (3) 

where Asite is the area of the adsorption site calculated dividing the 
supercell area of the MXene surface by the total number of sites in it 
[53]; pi corresponds to the partial pressure of the i component; Si cor-
responds to the sticking coefficient of the i component; and mi is the 
molecular mass. Here, the sticking coefficient of reactants and products 
was fixed to unity based on previous estimations of this parameter for 
these molecules on Pt surfaces (Si~0.7), on which the 
adsorbate-adsorbent interactions were of the same order of magnitude 
[54–56].

The rate parameters described above were used to carry out mean- 
field microkinetic (MKM) simulations, allowing one to identify the 
rate-limiting steps of the RWGS reaction for each studied case. All MKM 
simulations were carried out using the MKMCXX code [57,58], and 
assuming the quasi-equilibrium approximation. Under these circum-
stances, one can obtain the surface coverage, θ, for each i species and the 
overall reaction rate. During the catalytic reaction, the adsorption, 
desorption, and reaction steps are the main occurring processes. Finally, 
the present MKM simulations neglected the interaction between 
non-reacting adsorbed species, and they are assumed to be randomly 
distributed over the derived Mo2C MXene surface and always available. 
Such MKM limitations can be overcome with further analysis using ki-
netic Monte Carlo simulations, including the spatial display of surface 
chemical moieties and their lateral interactions.

3. Results and discussion

Let us start tackling the stacking —ABA or ABC— effect on relevant 
properties by comparing adsorption energy differences for reactant 
—CO2 and H2— or product —CO and H2O— molecules. The results for 
the bare Mo2C (0001) surfaces are compiled in Table 1, and show that 

Table 1 
Relevant energy quantities for the elementary reaction steps of the RWGS re-
action on the Mo2C (0001) surface models with ABA or ABC stacking. The ABC 
stacking values are taken from Ref. [36]. Activation energy barriers, Eb (in eV) 
for forward (fwd) and backward (bwd) reactions, are included together with the 
reaction energies or energy changes, ΔE (in eV). Note that ΔEfwd = –ΔEbwd. For 
completeness, adsorption/desorption steps for CO2, H2, CO, and H2O are 
included. All provided values provided include the ZPE term.

Mo2C-ABC Mo2C-ABA

Elementary reaction 
step

Eb ΔE Eb ΔE

fwd bwd fwd fwd bwd fwd

1 CO2
(g) + *→CO2* — — − 1.80 — — − 0.94

2 H2
(g) + *→H2* — — − 0.92 — — − 0.62

3 CO*→CO(g) + * — — 2.39 — — 1.83
4 H2O*→H2O(g)+* — — 0.95 — — 0.63
5 H2* + *→2H* 0.01 0.93 − 0.92 0.13 1.08 − 0.95
6 CO2* + *→CO* + O* 0.47 1.90 − 1.43 0.03 1.44 − 1.41
7 O* + H*→OH* + * 1.59 0.70 0.88 1.27 0.47 0.81
8 OH* + H*→H2O* + * 1.68 0.32 1.36 1.84 0.41 1.43
9 CO2* + H*→HCOO*+* 0.56 0.48 0.08 0.73 0.29 0.44

10 HCOO*+*→HCO* +
O*

0.29 1.30 − 1.00 ~0 1.80 − 1.80

11 HCO* + *→H* + CO* 0.36 0.86 − 0.50 0.63 1.66 − 1.03
12 CO2* + H*→trans- 

COOH* + *
0.84 0.01 0.83 1.16 0.69 0.46

13 trans-COOH*→cis- 
COOH*

0.27 0.34 − 0.07 0.22 0.33 − 0.11

14 cis-COOH* + *→COH* 
+ O*

0.49 1.30 − 0.81 0.48 1.62 − 1.14

15 COH* + *→CO* + H* 0.62 1.43 − 0.81 0.63 1.66 − 1.03
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CO2 molecule adsorption is exothermic by − 1.80 or − 0.94 eV for ABC or 
ABA stacking, respectively, displaying a geometry consistent with the 
so-called activated CO2. For the ABA stacking, the calculated C-O bond 
lengths of adsorbed CO2 are 1.34 and 1.25 Å, elongated as previously 
reported for the ABC stacking with values of 1.51 and 1.26 Å [31]. On 
the ABC (ABA) surface, H2 adsorbs molecularly with an adsorption en-
ergy of − 0.92 (-0.62 eV) and an elongated molecular bond of 0.89 Å 
(0.85 Å), compared to the value of 0.75 Å in the gas phase, and thus in 
line with a Kubas adsorption mode [59,60]. Concerning the products, 
CO features the largest Eads with values of − 2.39 and − 1.83 eV for Mo2C 
with ABC and ABA stacking, respectively. Finally, the H2O molecule 
interacts weakly, with Eads values of − 0.95 and − 0.63 eV. All in all, the 
results clearly show that the Mo2C (0001)-ABC surface model has a 
higher chemical activity compared to Mo2C-ABA, with enhanced 
adsorption energies by 0.30–0.86 eV, in concordance with Mo2C-ABC 
being less stable than Mo2C-ABA [39], and therefore, more prone to 
adsorb species upon to compensate its inherent instability, as observed 
previously on TMC surfaces [61]. From Le Sabatier principle, the ABA 
stacking would be a better catalyst for the RWGS, adsorbing species in a 
more moderate fashion.

Regarding partially O-covered models (Mo2CO4/3), the reactants 
adsorb much more weakly than on the bare Mo2C models, as shown in 
Table 2. In particular, when going from the bare Mo2C to the partially O- 
covered Mo2CO4/3 surface, the CO2 adsorption energies for Mo2CO4/3- 
ABC (Mo2CO4/3-ABA) change from –1.80 (–0.94) to –0.18 (–0.31) eV. 
This implies that, in the presence of the O surface termination, the ABA- 
stacked MXene becomes the most active towards CO2 adsorption, 
although by a small margin. In turn, H2 adsorption energies on partially 
O-covered Mo2C, –0.07 (–0.06) eV, are around a tenth of the ones 
calculated for the bare ABC (ABA) surface and do not change with the 
atomic layer stacking of the material. Concerning the reaction products, 
H2O adsorption strength does not change much with either the O 
coverage or the stacking, as its adsorption energy on ABC (ABA) 
partially O-covered surface are –0.75 (–0.73) eV, which are similar to 
the ones found for bare Mo2C. In these three cases —CO2, H2, and H2O— 
stacking has nearly no effect, given they are essentially physisorbed, 
which are known to be surface-insensitive. The exception is CO, which 
remains quite strongly adsorbed in the vicinity of the O surface groups, 
changing from –2.11 eV on Mo2C on average to –1.80 (–1.23) eV on the 
Mo2CO4/3-ABC (Mo2CO4/3-ABA). This again poses the more stable ABA 
stacking as the less active surface, as for pristine Mo2C models. Overall, 
the activation of CO and CO2 molecules is significantly more exothermic 
on bare Mo2C supports, while the activation of H2O and CO is more 
exothermic on Mo2CO4/3, regardless of the stacking. These differences in 
the adsorption of reactants and products have an impact on the catalyst 

production, as will be discussed below with reference to the results of 
the microkinetic modelling.

These activity trends are generally kept when drawing the reaction 
energy profiles. Here, the existence of two well-defined reaction routes 
[36] is worth highlighting: The so-called redox mechanism, where CO2 
adsorbs and dissociates into CO* + O* —* denoting a surface site—, and 
O* gets hydrogenated leading to H2O, see Fig. 2, and the associative 
mechanism, where CO2 gets hydrogenated first. Regarding the associa-
tive mechanism, two sub-routes depend on whether the C atom or the O 
atom of CO2 gets hydrogenated first, leading to formate (HCOO*) or 
carboxyl (COOH*) intermediates, respectively. As shown in Fig. 2, 
formate can dissociate into HCO* and O*, and the resulting HCO* spe-
cies subsequently dissociates into H* and CO*, thus leading to an 
alternative formate-mediated CO2* dissociation. In the case of carboxyl, 
usually, two isomers may exist on the surface, the trans- and cis-COOH*, 
which can dissociate into CO* + OH*. This route avoids forming O* at 
any stage, as the OH* can be hydrogenated towards H2O*, see Fig. 2.

The three RWGS reaction routes were thus investigated on the bare 
Mo2C-ABC and Mo2C-ABA models, while on partially O-covered 
Mo2CO4/3-ABA and Mo2CO4/3-ABC, only the redox mechanism was 
considered; explained in detail below. Previous works [33,34,38] have 
shown that bare MXenes excel at dissociating chemical species into in-
dividual atoms, whereas, concomitantly, they have a hard time carrying 
out the reverse process. The RWGS involves bond-breaking in the early 
stages and bond-formation in the later ones. Therefore, one should 
expect the adsorption and dissociation steps to be thermodynamically 
and kinetically driven and the desorption and associative steps less keen 
to occur. As the calculations show, CO2 dissociation will likely proceed 
without prior hydrogenation. In contrast, the hydrogenation of the 
resulting O* is likely energy-demanding, hinting that the RWGS redox 
route is most favorable.

The reaction energy profiles of RWGS via the redox mechanism on 
the four Mo2C MXene surfaces considered here are shown in Fig. 3 and 
confirm the above predictions. As can be seen, the calculated CO2 

Table 2 
Relevant energy quantities for the elementary reaction steps of the RWGS re-
action on the Mo2CO4/3(0001) surface models with ABC or ABA stacking. 
Activation energy barriers, Eb (in eV) for forward (fwd) and backward (bwd) 
reactions, are included together with the reaction energies or energy changes, 
ΔE (in eV). Note that ΔEfwd = –ΔEbwd. For completeness, adsorption/desorption 
steps for CO2, H2, CO, and H2O are included. All provided values provided 
include the ZPE term.

Mo2CO4/3 (ABC) Mo2CO4/3 (ABA)

Elementary reaction 
step

Eb ΔE Eb ΔE

fwd bwd fwd fwd bwd fwd

1 CO2
(g) + *→CO2* — — − 0.34 — — − 0.31

2 H2
(g) + *→H2* — — − 0.07 — — − 0.06

3 CO*→CO(g) + * — — 1.80 — — 1.23
4 H2O*→H2O(g) + * — — 0.75 — — 0.73
5 H2* + *→2H* 0.03 1.41 − 1.38 0.01 1.50 − 1.49
6 CO2* + *→CO* + O* 0.01 0.27 − 0.26 0.01 0.29 − 0.28
7 O* + H*→OH* + * 1.41 0.91 0.50 1.49 0.91 0.58
8 OH* + H*→H2O* + * 1.05 0.47 0.58 2.16 0.29 1.87

Fig. 2. Schematic view of the RWGS mechanism, including redox, formate, and 
carboxyl routes depicted by black, red, and green lines, respectively. The 
rectangles represent the surface, and the circles represent atoms of hydrogen 
(white), carbon (grey), or oxygen (red). Adsorbed situations are marked with a 
surface-active site, *.

Á. Morales-García et al.                                                                                                                                                                                                                       Materials Today Catalysis 7 (2024) 100076 

4 



dissociation energy barriers on Mo2C-ABA and partially O-covered 
Mo2CO4/3-ABA and Mo2CO4/3-ABC, with transition state denoted TS2 in 
Fig. 3, are indeed negligible, of at most 0.03 eV as gathered in Tables 1 
and 2. This contrasts with the same barrier on Mo2C-ABC (0.47 eV). 
Reaction energy plots in Fig. 3 hint that, from the four surfaces shown, 
the partially O-covered Mo2CO4/3-ABA would be the most suited for 
catalyzing the RWGS through the redox path, with very low H2 and CO2 
dissociation barriers while featuring the most moderate reaction 
exothermicity and adsorption energies. In contrast, the other RWGS 
routes on Mo2C-ABC and Mo2C-ABA involve energy barriers around 
0.7 eV or more (cf. Table 1) to form the intermediate species between 
the CO2* and CO*+O* stages. Energy barriers around 0.7 eV are not 
prohibitive, but the nearly spontaneous CO2 dissociation on all surfaces 
except Mo2C-ABC is more favored. The reaction energy profiles for the 
formate and carboxyl routes are given in Figs. S2 and S3 of the SI. In 
turn, H2 dissociates practically spontaneously upon adsorption on all 
four surfaces studied (cf. Tables 1 and 2), showing that H2 will be prone 
to better interact and dissociate on pristine MXene sites rather than on 
Mo-O sites on the O-covered models.

Still, the above reaction energy profiles and discussion only hint at 
the reaction kinetics. To better assess the reaction kinetics, a series of 
MKM simulations have been carried out. MKM aims to analyze the in-
fluence of working conditions —temperature, T, and gases partial 
pressures, pi— on the catalyst production, here seized by the turnover 
frequency, TOF. The numerical integration is carried out subject to 
initial conditions from time t = 0 s until steady state, i.e., the surface 
coverages no longer changing with time. To facilitate the comparison 
with previous studies [36], a H2:CO2 ratio of 2:1 is selected, also sup-
ported by available experimental data [62,63]. In the MKM simulations, 
all available elementary reaction steps —from redox, carboxyl, and 
formate routes— are considered, as compiled in Table 1, including 
forward (fwd) and backward (bwd) activation energy barriers, Eb, and 
the reaction energy changes, ΔE, for pristine Mo2C MXenes with ABA 
and ABC stackings, while equivalent partially O-covered values are 
shown and discussed below.

Attention is driven first to the coverage evolution of the different 
reaction species as a function of T, see Fig. 4. At first sight, the RGWS 
reaction on Mo2C-ABC involves more intermediates in the temperature 
range of 300–650 K when compared to Mo2C-ABA which is relatively 
less complex. At a very low temperature of 300 K, the Mo2C-ABC model 
is mainly covered by H adatoms resulting from H2* dissociation. Any 
adsorbed CO2 becomes hydrogenated to form HCOO*, which is, in 
principle, prompted by the high H* coverage. On Mo2C-ABA, though, 
despite the high H* coverage, one would expect less HCOO*; since Eb for 
Mo2C-ABC is 0.56 eV, whereas it is 0.73 eV for Mo2C-ABA. However, 

equal parts of HCO* and O* are found, in line with the very easy HCOO* 
decomposition on the Mo2C-ABA model, with an Eb below 0.01 eV, 
compared to the 0.29 eV barrier on Mo2C-ABC.

On both models, above T = 350 K, H* vanishes, either consumed in 
any reaction mechanism or backreacted towards H2* and desorbed. 
Also, the CO2* + H*→HCOO*→HCO* + O* sequence of elementary 

Fig. 3. RWGS reaction energy profile —including ZPE— via the redox mechanism, as catalyzed by pristine yet differently stacked Mo2C-ABA and Mo2C-ABC (0001), 
and partially O-terminated Mo2C (0001) surfaces, Mo2CO4/3-ABA or Mo2CO4/3-ABC. TS1, TS2, TS3, and TS4 denote the TSs of steps 5-8 of Tables 1 and 2.

Fig. 4. Surface coverage evolution with T for the RGWS reaction on the Mo2C 
(0001) surface with ABC (top) and ABA (bottom) stacking. Coverages were 
taken with input H2:CO2 2:1 ratio and a total pressure of 1 bar. The results 
concerning the ABC-stacked surface were taken from Ref. [36].
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steps seems to be followed, with a certain existence of HCOO* on Mo2C- 
ABC, in principle due to an easier formation of this species, either from 
the forward (CO2* + H*) or backward (HCO* + O*) reactions when 
compared to Mo2C-ABA. At T > 400 K, the redox route opens, as 
observed by an excess of O* with respect to HCO* and the appearance of 
CO* by essentially equal amounts. By raising the temperature, the redox 
route gains relevance on both Mo2C-ABC and Mo2C-ABA models, while 
formate loses the leadership, even if HCOO* presence is kept on the 
Mo2C-ABC model. The main difference is the peak of CO* presence, 
achieved at 450 K for Mo2C-ABA and 550 K for Mo2C-ABC. From such 
temperatures, a saturation of O* is achieved on both models, at 500 K for 
Mo2C-ABA and 650 K for Mo2C-ABC. Altogether, there is a parallelism of 
ABA and ABC kinetics in i) the low-temperature preference for formate 
associative mechanism, ii) the opening of redox mechanism at 400 K, 
and iii) the main relevance at temperatures above 400 K, until iv) a 
critical temperature at which the Mo2C surface becomes fully occupied 
by O atoms. However, it is worth noting that the reactive stages on 
Mo2C-ABA are found at temperatures ~100 K lower than on Mo2C-ABC.

The above discussion relates only to surface species, and the for-
mation of CO(g) and H2O(g) products needs also to be assessed. This is 
tackled in Fig. 5 reporting turnover frequencies (TOFs) heating contour 
maps of CO(g) production using H2:CO2 ratio of 2:1 on Mo2C-ABC and 
Mo2C-ABA models. For completeness H2O(g) production is depicted in 
Figs. S4 and S5 of the SI. The ABC stacking features the largest CO 
production in the 550–620 K temperature range, highlighted in Fig. 5 by 
yellow stripe, with a peak of 3.37⋅10− 3 molecules⋅site− 1⋅s− 1 at 1 bar of 
total pressure [36]. At this temperature and pressure, the ABA stacking 
performance is seven orders of magnitude lower, 2.53⋅10− 10 molecule-
s⋅site− 1⋅s− 1, and higher temperatures of ~800 K are required to achieve 
a comparable (or even greater) CO(g) production. In fact, a much higher 
TOF, of about 0.41 molecules⋅site− 1⋅s− 1, is achieved on Mo2C-ABA at 
1 bar and 850 K, while at the same conditions, Mo2C-ABC performs 
worse with a TOF of 3.26⋅10− 6 molecules⋅site− 1⋅s− 1. On the Mo2C-ABA 
model, the performance slightly increases with total pressure, to 3.47 
molecules⋅site− 1⋅s− 1 at 850 K and 10 bar (further details in Tables S1 
and S2). Note that the TOF achieved at 500 K and 7 bar is found to be a 
numerical artefact derived from the microkinetic analysis. The highest 
performances of either Mo2C-ABC or Mo2C-ABA at temperatures around 
600 or 800 K, respectively, are in line with the experimental highest 
peak at ca. 700 K [38], knowing that mean-field MKM simulations can 
deviate peak performances by ± 100 K [64].

We now drive the discussion to the impact of having a partial O- 
termination on the examined MXene models. This is spurred by the 
experimental key performance also previously suggested using theory 
[34] for 2/3 ML of surface –O groups [34,38] at each surface, by the 

O-affinity of both Mo2C-ABA and Mo2C-ABC surface models at high 
temperatures, and by the present observation of the peak performance 
when having a partial O* coverage as observed on pristine ABC, see 
Figs. 4 and 5. Note here in passing that the stacking notation for 
Mo2CO4/3-ABA and Mo2CO4/3-ABC models is BABAB and BABCB, 
respectively, see Fig. 1. As observed in Fig. 6 for CO(g) production, and 
on Figs. S6 and S7 of the SI for H2O(g) production, in general terms, the 
activity of the Mo2CO4/3 (0001) surface models get reduced when 
having such an O* coverage, as above commented, also reducing the 
difference between stackings, with only CO featuring a markedly 
stronger bonding on Mo2CO4/3-ABC.

As commented above, the essentially barrierless CO2* dissociation 
step, either for Mo2CO4/3-ABC or Mo2CO4/3-ABA, prompts the reaction 
to follow the redox path, with kinetic and thermodynamic values are 
compiled in Table 2. In addition to CO2* dissociation, H2* dissociation is 
also favored with a 2/3 of a ML of –O groups, with Eb values being also 
essentially barrierless. Thus, again, OH* and H2O* formations could be 
rate-determining steps (RDS) for Mo2CO4/3-ABC and Mo2CO4/3-ABA, 
respectively, with Eb values of 1.41 and 2.16 eV. Actually, as seen in 
Table 1, H2O* formation was already the RDS on pristine Mo2C-ABC and 
Mo2C-ABA models, with Eb values of 1.68 and 1.84 eV, respectively.

Thus, based on the TOF color maps in Figs. 5 and 6, one would expect 
the RWGS to be slightly favored on Mo2CO4/3-ABC compared to the 
pristine case while disfavored on Mo2CO4/3-ABA. As observed, the better 
assessment of kinetics by MKM simulations, in Fig. 6 —equivalent 
Figs. S7 and S8 of the SI for H2O(g) production— reveal that the per-
formance is similar for low temperatures, up to ca. 650 K on Mo2CO4/3- 
ABC and Mo2CO4/3-ABA models. From this temperature on, the RWGS 
performance increases for both models, but especially for the ABC one, 
reaching TOFs three orders of magnitude higher than on Mo2CO4/3-ABA 
at a temperature of ca. 800 K. Curiously, on Mo2CO4/3, the high- 
temperature performance is better achieved on ABC (cf. Fig. 6), while 
the opposite is found on the pristine Mo2C models (cf. Fig. 5).

Additional sensitive analysis of the microkinetic simulations is per-
formed to quantify the uncertainties of the DFT calculations and quan-
tify the effect on the catalytic production. Thus, we focus on the 
Mo2CO4/3 MXene with ABC stacking at 850 K and 1 bar. At these con-
ditions, the partially O-covered MXene shows the largest TOF values (ca. 
112 molecules⋅site− 1⋅s− 1, see Table S2 of the SI). To further validate this 
conclusion, we varied different kinetic and thermodynamic parameters 
one by one taking as reference our initial microkinetic simulations: First, 
the TOF was found to sensibly decrease to 17.7 molecules⋅site− 1⋅s− 1 

when increasing only the CO2 dissociation energy barrier by 0.2 eV, in 
line with typical DFT accuracy. Note, however, that this elementary 
reaction is here predicted to be barrierless, see Table 2). On the other 

Fig. 5. Color map of TOF under different p and T conditions for the RGWS reaction on the Mo2C (0001) surface with ABC (left) and ABA (right) stacking for the CO(g) 

production. The TOF scale corresponds to the logarithm with base 10. The results concerning the ABC-stacked surface were taken from Ref. [36].
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hand, the TOF production significantly increases up to ca. 542 mole-
cules⋅site− 1⋅s− 1 when increasing the CO2 adsorption energy also by just 
0.2 eV. Furthermore, a CO desorption energy drop of 0.2 eV (ca. 
1.60 eV) just slightly increases the TOF up to nearly 210 molecule-
s⋅site− 1⋅s− 1. Finally, artificially decreasing the energy barriers of 
limiting steps of OH and H2O formation by 0.2 eV results into negligible 
variations in the TOF. Such effects are likely translated to the other 
MXene models, given the similarities in the elementary steps and 
mechanisms. Thus, from this analysis, it arises the combination of low 
dissociative energy for the CO2 molecule and a high exothermic CO2 
interaction, plus an easy CO desorption, are key steps in optimizing the 
RWGS process.

At this stage, it is worth correlating the obtained TOFs with those 
from the experiments [38]. There, it was found that a CO(g) production 
of about 1500 mg CO h− 1 gcat

− 1 when departing from H2-treated, pristine 
2D-Mo2C and performing the RWGS at 430 ºC (703.15 K). Even if the H2: 
CO mixture employed was 3:1 and here 2:1, one can estimate the log 
TOF of CO, assuming that all the Mo2C is exposed (even if in the ex-
periments only a part is expose), and that there are two surface active 
sites per Mo2C sheet, and that an active site is comprised within the 
employed p(3×3) cell. Considering this, a rough estimate for the 
experimental log TOF is − 1.86, while the present MKM simulations for 
pristine Mo2C-ABC and Mo2C-ABA at these conditions are − 8.46 and 
− 12.76, respectively. This indicates that the pristine surfaces are far 
from being adequate catalysts and also that the corresponding theoret-
ical models do not perform well. However, the results for the models 
with 2/3 ML –O coverage are much closer to the experiment. In partic-
ular, the log TOF of Mo2CO4/3-ABA of − 1.56 is the closest to the 
experimental value, especially when compared to the Mo2CO4/3-ABC 
estimate of − 0.12 or the pristine values above, with differences between 
theory and experiment raising from e.g. the mean-field microkinetic 
modeling approach, of mass-transport limitations in experiments, here 
not accounted for. Still, this better agreement of Mo2CO4/3 (0001)-ABA 
model reconciles theory forecasts with experiments, in that i) ABA is 
known to be energetically preferred over ABC for the Mo2C MXene, 
especially when O-covered [39], ii) the observed better catalytic per-
formance of partially O-covered Mo2C [35,38], and iii) the need of 
H2-pretreatment of Mo2C to remove surface terminations, even if under 
operando conditions the catalyst gets partially O-covered [38,64]. 
Further, the MKM simulations show that the catalyst could benefit from 
an increased performance by a few orders of magnitude when the Mo2C 
MXene could be kept in its ABC stacking, leaving this door open for 
future catalyst engineering.

4. Conclusions

The present first-principles DFT calculations combined with micro-
kinetic MKM simulations on the RWGS reaction over the (0001) mo-
lybdenum carbide MXene surface unfolded the influence of the MXene 
stacking and the partial –O termination over the resulting CO gas pro-
duction. The results show that CO gas production can occur at mild 
reaction conditions of pressure, gas mixture, and temperature, where the 
formation and release of water is the limiting step. The pristine Mo2C 
MXene models feature higher chemical activity than the partially O- 
terminated counterparts, especially when the reaction occurs on the less 
stable ABC stacking, prompting the rapid dissociation of reactants but 
also the more costly product formation.

Based on MKM simulations, pristine Mo2C-ABA MXene leads to 
higher TOF values than its ABC counterpart at a temperature above 
800 K, while ABC stacking promotes higher production than the ABA 
one at 600 K. Even if the associative mechanism is followed at low 
temperatures, the redox path is the main reaction route at higher tem-
peratures on any Mo2C stacking. This leads to the catalyst being covered 
by O adatoms.

The partial –O coverage significantly increases the CO gas produc-
tion following the redox mechanism on the Mo2CO4/3-ABC model, sur-
passing the performance of the Mo2CO4/3-ABA one, however, the latest 
is a priori more stable and closer to the reported experimental TOF. 
Therefore, this study suggests that the catalytic performance of the 
molybdenum carbide MXene for the reverse water gas shift reaction can 
be increased by guiding its synthesis to favor the ABC stacking and a 
partial termination of its surface with oxygen atoms. Possibly most 
importantly, a key message of this work is that the atomic layer stacking 
and surface termination of a MXene must not be ignored when compu-
tationally studying catalysis on MXenes to realistically tackle experi-
mental reactions.
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[61] M. Figueras, A. Jurado, Á. Morales-García, F. Illas, Bulk (in)stability as a possible 
source of surface reconstruction, Phys. Chem. Chem. Phys. 22 (2020) 
19249–19253, https://doi.org/10.1039/D0CP03819A.

[62] M.D. Porosoff, X. Yang, J.A. Boscoboinik, J.G. Chen, Molybdenum carbide as 
alternative catalysts to precious metals for highly selective reduction of CO2 to CO, 
Angew. Chem., Int. Ed. 53 (2014) 6705–6709, https://doi.org/10.1002/ 
anie.201404109.

[63] X. Zhang, X.B. Zhu, L.L. Lin, S.Y. Yao, M.T. Zhang, X. Liu, X. Wang, Y.-W. Li, C. Shi, 
D. Ma, Highly dispersed copper over β-Mo2C as an efficient and stable catalyst for 
the reverse water gas shift (RWGS) reaction, ACS Catal. 7 (2017) 912–918, https:// 
doi.org/10.1021/acscatal.6b02991.
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