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ABSTRACT: The interaction of molecular hydrogen with a series of 28 two-
dimensional (2D) carbides and nitrides, known as MXenes, has been studied
by means of periodic density functional calculations. This study shows that
trends in atomic and molecular adsorption energies can be rationalized in
terms of the electrostatic potential above the surface site and the Bader charge
on the surface metal atoms. For all systems, molecular hydrogen is found to
dissociate with almost negligible barriers, meaning that at low temperature the
MXene surface will be passivated by adsorbed atomic hydrogen. The
conditions at which the MXene surface is partly covered and, hence, able to
participate in hydrogenation reactions are investigated by means of ab initio
thermodynamics and phase diagrams derived from microkinetic simulations.
The first provide the equilibrium conditions for a given H coverage on the
MXene of interest, whereas the second provides the conditions at which a
given configuration is reachable at the working conditions. For fast enough
processes, both approaches necessarily lead to the same result, but this may differ when high energy barriers are involved, as it the
case here for the H adatoms recombination step. With this suite, we show that Fe2C, W2N, and Mo2C are promising hydrogenation
catalysts. This work serves as a first step toward the rational design and implementation of MXene-based hydrogenation catalysts.

KEYWORDS: MXenes, descriptor-based analysis, microkinetic simulations, hydrogenation, heterogeneous catalysis.

1. INTRODUCTION

The new family of two-dimensional (2D) transition metal
carbides and nitrides, termed MXenes, is attracting an
increasing interest in materials science because of their new,
tunable, and unexpected properties.1−4 These new materials
exhibit an outstanding performance in several applications
involving batteries,5,6 supercapacitors,7 the electrochemical
hydrogen evolution,8,9 CO2 abatement technologies,10−12

heterogeneous catalysis,13−17 and antibacterial activity,18 just
to name a few. MXenes are synthesized following a top-down
approach starting from bulk MAX phases as precursors, where
M is an early transition metal, A is typically Al or Si, and X is
either C or N. In the MXene synthesis, the A component of
the MAX phase is etched, generally using hydrofluoric acid
(HF), with a subsequent sonication step to separate the as-
produced 2D MXene layers.19,20

The thus-synthesized MXenes mainly exhibit the (0001)
basal surface, which is structurally equivalent to the highly
unstable and hard-to-prepare (111) surface of the correspond-
ing bulk rock-salt transition metal carbides (TMCs) and
nitrides (TMNs) single crystals.21 Depending on the synthesis
conditions, the MXene surfaces are covered with a variety of
chemical species, most often -F, -O, and/or −OH. In the
MXene literature, these surface terminations are usually

denoted as Tx. Not surprisingly, the resulting MXene surface
chemistry is heavily influenced by the synthesis conditions, that
is, the MAX precursor, the solvent, and the used etchant
agent.22,23 Yet, recent work has shown that Tx terminations can
be removed by combining high-temperature treatments with
the subsequent hydrogenation of persistent -O groups,10 which
opens new avenues to the experimental study of the chemistry
of bare MXene surfaces. Also, a new synthesis route has been
reported using alkali metal halides as etchants that leads to
MXenes with not so strongly bonded halide (Tx = -Cl, -Br)
terminations. This constitutes another pathway toward pristine
MXenes24 and their use in numerous applications.1,25−27

Despite several promising applications.25,28−32 and a salient
ability to activate carbon dioxide (CO2),

11,12 the rational
selection criteria to choose a given MXene as a catalyst for a
specific reaction, based for instance on descriptors determined
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by their composition and/or electronic structure, remains
elusive. The difficulty in finding reactivity descriptors for
MXenes can be anticipated from their quite larger affinity for
CO2 compared with water (H2O)

11,14 a surprising finding
given the larger stability and lower chemical activity of CO2
compared with H2O.
To start addressing this challenge and to spur additional

studies, we focus on the adsorption and dissociation of
molecular hydrogen over 28 bare M2X MXenes (M = Sc, Y, La,
Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, and Fe; X = C, N) by an
interplay of first-principles calculations, ab initio thermody-
namics, and microkinetic modeling. These tools allowed us to
build not only phase diagrams corresponding to the most
stable (more exergonic) surface hydrogen coverage situations
but also to predict which of the possible stable surface
structures can be kinetically reachable under realistic reaction
conditions. In particular, we determine the conditions leading
to the catalytically interesting region at which MXenes are not
fully covered by atomic hydrogen and, hence, would efficiently
operate in hydrogenation reactions, involving, for example,
CO2 hydrogenation, wherein a harmful greenhouse gas is
converted to methanol or other useful chemicals while
contributing to its abatement from the atmosphere,33,34 or,
to name another industrially relevant reaction, in ammonia
synthesis.14 In summary, we show here how combining
thermodynamic and kinetic arguments could be useful to
predict the conditions at which MXenes can be useful for
hydrogenation reactions. We must point out that this
constitutes a necessary but not sufficient condition. For the
possible favorable cases, the particular hydrogenation reaction
would need to be investigated in detail, whereas for the
unfavorable ones, this can be directly skipped. Note also that
the present analysis can be extended to other catalysts and to
different environments.

2. COMPUTATIONAL DETAILS
Periodic density functional theory (DFT) calculations were
carried employing the Vienna ab initio simulation package
(VASP) code.35 The broadly used Perdew−Burke−Ernzerhof
(PBE) functional36 was chosen to account for exchange and
correlation effects, whereas dispersion interactions were
included through Grimme’s D3 approach.37 The valence
electron density was expanded using a plane-wave basis set
with a cutoff kinetic energy of 415 eV, and the effect of the
core electrons on the valence density was described through
the projector augmented wave (PAW) method38 as imple-
mented in VASP.39 The structural optimizations were
considered converged when forces acting on atoms were
below 0.01 eV Å−1. The threshold for electronic energy
convergence was set to 10−5 eV. The tetrahedron smearing
method with Blöchl corrections was used in the calculations,
with a 0.2 eV width, although the final total energies were
always extrapolated to 0 K (no smearing). An optimal Γ-
centered 5×5×1 k-point grid was used to sample the Brillouin
zone for numerical integration in the reciprocal space. This
computational setup, successfully used in previous
works,11,12,15 delivers converged results close to chemical
accuracy (i.e., below ∼0.04 eV). For selected cases, spin
polarization was accounted for, as described in more detail in
the next section.
Adsorption sites for H and H2 adsorption were sampled on a

p(3×3) M2C(0001) surface supercell, see Figure 1, exposing
ABC stacking of the atomic layers as in the parent MAX

phases. The slabs are separated by a vacuum layer of at least 10
Å to avoid interaction between the periodically repeated
images in the [0001] direction. The possible surface sites were
sampled for both H adatoms and the H2 molecule and initially
placed ∼2 Å from the surface plane. In the case of H2, several
initial orientations were also considered. The corresponding
structures were then fully relaxed. The adsorption energy, Eads

Hx,
for either the H adatoms (x = 1) or the H2 molecule (x = 2)
was estimated as

i
k
jjj

y
{
zzzE E E

x
E

2ads
H

H /MXene MXene H
x

x 2
= − +

(1)

where EHx/MXene is the energy of the surface with H* or H2*,
this is, x = 1 or 2, respectively, EMXene is the energy of the
pristine MXene surface, and EH2

is the energy of H2 in the gas

phase. Note that EH is obtained with respect to E1
2 H2

. With

these conventions, the adsorption energy is negative for an
exothermic process. The lists of Eads

H and Eads
H2 values including

zero-point energy (ZPE) contributions are reported in Tables
S1 and S2 of the Supporting Information (SI), respectively.
The search for the transition states (TSs) of H2 dissociation

was performed using climbing-image nudged elastic band (CI-
NEB) and dimer methods.40,41 The thus located TS structures
were characterized by frequency analysis ensuring that they
exhibit just one imaginary frequency along the reaction
pathways. The initial atomic configuration used to locate TS
structures was the most stable adsorption configuration of H2.
In addition, ab initio thermodynamics was employed to build

phase diagrams following the method described by Reuter and
Scheffler.42,43 Details on the procedure can be found in a
recent article by some of us dealing with the interaction
between hydrogen and molybdenum carbides surfaces.44 The
thermodynamic study is complemented with microkinetic
analysis,45 where the Hertz-Knudsen equation is used to
determine H2 gas adsorption/desorption rates, in which
transition-state theory was invoked to estimate the rates for
the dissociation/recombination H2* + * ↔ H* + H*

Figure 1. Top (upper images) and side (lower image) views of a M2X
(0001) surface p(3×3) supercell. Metal atoms at the top and bottom
layers are represented by bright and light blue spheres, respectively,
while C/N atoms are represented by light brown spheres, and H
atoms are shown in white. The main high-symmetry surface sites for
H atoms and perpendicular H2 adsorption (left upper image) are top
(A), bridge (B), hollow M (C), and hollow X (D), having either one
M or X atom below, respectively. For H2 adsorbed parallel to the
M2X(0001) surface (right upper image), the sampled sites are top
(E), XM bridge (F), hollow M (G), hollow X (H), and MM bridge
(I).
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elementary surface reaction steps. The microkinetic simu-
lations were carried out using the MKMCXX program,46

employing an H2 gaseous environment with an explored total
pressure ranging from 100 μbar to 10 bar. Additional details
and results on temperature ranges for a coverage of free sites
from 0.2 to 0.6 monolayers (ML) are given in the SI.

3. RESULTS AND DISCUSSION

3.1. Atomic and Molecular Hydrogen Adsorption. We
start with this section analyzing the atomic H adsorption on
the different MXenes listed in Table S3 of the Supporting
Information. In all cases, the most favorable adsorption site is
hollow M site (HM) site C in Figure 1. There is the
exception on La2C, where hollow X (Hx) is preferred site I
in Figure 1. Geometry optimization starting with H placed
above other sites such as bridge (B) and top (T) sites, labeled
B and A in the leftmost panel of Figure 1, either lead to the
described most stable situation or converged to situations with
higher adsorption energies. Shortly, hollow sites accommodate
H adatoms. Furthermore, spin-polarization-based calculations
were explored for those cases previously reported to exhibit
spin-polarized ground states such as Ti2C,

47 Zr2C,
47 Cr2N,

48,49

Mn2C,
50 or Mn2N.

50 However, a systematic study of the
different possible spin solutions using functionals not suffering
from the well-known limitations of the GGA and GGA+U
approaches is still lacking and out of the scope of the present
study. Nevertheless, we observed that in most of the explored
cases, spin polarization just slightly stabilizes bare MXene
surfaces and has no effect on the energy of the H covered
MXene. Consequently, it modifies Eads

H by less than 0.1 eV.
This is because, except for Fe2X and Mn2X, the presence of
adsorbed hydrogen quenches the magnetic moments resulting
in an electronic ground state which does not exhibit any spin
polarization. Therefore, for the analysis of trends in subsequent
sections, spin-polarized results can be safely neglected except,
obviously, for the Fe2X and Mn2X MXenes. Attending to the
results compiled in Table S3 of the Supporting Information, it
is difficult to capture a trend in the adsorption energies. In
general, the adsorption of atomic H runs between −0.66 and
−1.44 eV depending on the MXene composition. The
adsorption energy is slightly less exothermic when going
down through the groups, except for Hf2X where the
adsorption is more favorable than for Zr2X.

Regarding the H2 molecular adsorption, see Table S4 of the
Supporting Information, starting with H2 perpendicular to the
surface leads to a systematic physisorption with low Eads

H2 values
up to −0.09 eV and H−H bond lengths around 0.76 Å, close
to the H2 bond length in vacuum of 0.75 Å. Conversely,
stronger interactions in the range of −0.15 and −0.90 eV, see
Table S4 of the Supporting Information, are observed for H2
adsorption parallel to the surface above top (T) sites
(indicated as E in the rightmost panel of Figure 1) locating
the mass center of the molecule over such site. There are few
cases (Sc2C, Sc2N, Ti2C, Ti2N, Mn2C, and Mn2N) with
spontaneous dissociation upon relaxation. Other sites were
tested, but the molecular dissociation was always achieved after
optimization. Focusing on d2-, d3-, and d4-metals, Eads

H2 is more
exothermic moving along the series.

3.2. Molecular Hydrogen Dissociation and Recombi-
nation. In all cases, the energy barriers for molecular
hydrogen dissociation, computed from the energy difference
corresponding to the molecular adsorption configuration and
that of the properly characterized transition state, are very low,
see Table S5 of the Supporting Information. The molecular
hydrogen tends to easily split into H* + H*. Only Zr2C and
Hf2C feature energy barriers above 0.10 eV, and for the rest of
MXenes, H2 dissociation can be safely considered barrierless.
The reaction energy computed as the difference between the
energy of the MXene with two H* and that of the MXene with
H2* is compiled in Table S6 of the Supporting Information.
The analysis of the results clearly indicates that the H* + H*
scenario is energetically more favorable than the H2* one.
To further inspect the dissociation reaction step, two

different 2H* geometries have been explored, one with both
H* at two HM vicinal positions, which is the situation just after
dissociation, and the other one with each H* at the farthest
separated HM sites in the supercell, which corresponds the
most stable situation. The results listed in Table S7 indicate
that there are no noticeable differences between them. Besides,
comparing the adsorption energy per H adatom in any of the
two (close or far) situations with the values corresponding to a
single H adsorption, indicates that the lateral interactions
between H* are negligible. Thus, we preliminarily conclude
that MXenes readily dissociate hydrogen and the process does
not strongly depend on the M or X components of the
MXenes. A consequence of this reactivity is that the MXene
surface will be readily covered by hydrogen and, hence,

Figure 2. Trends in the adsorption energies of H* and H2* with respect to the electrostatic potential, V, computed 1.5 Å above the surface plane
(left), and with respect to the Bader charges, q, on the surface metal M atoms. Values for MCenes/MNenes are represented by blue/red circles,
where the dark/light filled circles correspond to Eads

H and Eads
H2, respectively. Linear fits and related statistical data are provided in Table S8 in the

Supporting Information.
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passivated, as the resulting system has no free active sites for
other molecules that, eventually, could be hydrogenated.
Therefore, determining the conditions at which the MXene
surface is eventually partially covered becomes a real need for
further applications in catalysis. This involves two well
differentiated situations, namely, the conditions at which a
thermodynamic equilibrium exists with the MXene surface
partially covered and the conditions where such a situation is
kinetically reachable during a reasonable contact time in
between H2 and the MXene catalyst. Obviously, this also
involves determining which of the explored MXenes would
exhibit the desired features.
3.3. Trends in Adsorption Energies. To rationalize the

trends in Eads, two possible descriptors were analyzed. These
are the MXene electrostatic potential above the surface (V)
and the surface metal charge (q). The V values were obtained
using the Vaspview software51 and computed at 1.5 Å above
the surface Top and Hollow M positions. No significant
variations in the trends were found for the V values at different
heights. The net charges over the metal atoms were computed
following Bader Atoms-in-Molecules analysis of the total
electron density.52 The results are summarized in Figure 2,
while the calculated data appear in Tables S8 and S9 of the
Supporting Information for V and q, respectively. We must
point out that even if the correlation between Eads and both
descriptors is not good enough, they provide meaningful
trends and a possible way to explain the differences in Eads of
H* and H2* on MXenes.
Large negative V values indicate sites with more favorable H

adsorption and likely stronger Pauli repulsion for molecular
H2* species.53 The same view is obtained from the MXene
surface metal Bader charge, q, thus providing another useful
descriptor as shown on related transition metal carbide
surfaces.54,55 This descriptor shows that the more oxidized
the metal, the stronger Eads of H, while negative q would favor
H2 physisorption because of the enhancement of dispersion
interactions. The charge on the metal sites where H* and H2*
present comparable binding strengths and, hence, can be
optimal for hydrogenation purposes, is around 0.7−0.8 e,
corresponding to Cr, Mo, W, Mn, and Fe, see Table S9. All in
all, the two descriptors provide consistent trends and help
rationalizing the opposing slopes for H* and H2* adsorption.
The data corresponding to the linear fits for the plots in Figure
2 are reported in Table S10 of the Supporting Information.
The mean absolute errors (MAEs) between the linear fits and
the calculated points in Figure 2 are comparable for the two
descriptors and in all cases below 0.20 eV, which is an accepted
value for the accuracy of DFT at the GGA level. The linear fits
relating adsorption energies and either V or q in Table S10
display a clear, yet not quantitative, trend. This provides an
indication that these descriptors can be used to make educated
guesses of hydrogen adsorption energies in other MXenes and,
perhaps, of other adsorbates, although this remains to be
proven.
Before ending this section, we want to highlight that, while

the hydrogen bonding at the explored MXenes surfaces cannot
be described as governed by electrostatics, the electrostatic
potential acts as the driving force determining the active sites
as shown by some of us for atomic H at several low Miller
indexes surfaces Pt surfaces.53 Thus, the electrostatic potential
initiates the interaction, but once the hydrogen is anchored,
the short-range interactions govern the chemical bond.

3.4. Thermodynamic versus Kinetic Phase Diagrams.
The analysis of the results corresponding to the atomic and
molecular adsorption of hydrogen discussed in the previous
sections reveals that the MXenes with M = Cr, Mo, W, Mn,
and Fe, have comparable adsorption energies for H and H2 and
are, thus, promising good hydrogenation catalysts. This
information is already found from the V and q descriptors as
pinpointed in Figure 2, as these MXenes are those close to the
crossover between the lines with opposing slope. Nevertheless,
the easy dissociation of molecular hydrogen and the large
exothermicity of this elementary step for most of the MXenes
indicate that the MXene surface will be readily covered by
atomic hydrogen thus impeding hydrogenation reactions, as no
free sites would be available to the molecule to be
hydrogenated. Thus, it is important to explore the conditions
where the MXene surface is only partially covered by H*
atoms. The atomistic thermodynamics formalism of Reuter et
al.42,43 has been used to build a phase diagram with the relative
free energy of well-ordered phases as a function of H*
coverage. In Figure 3 we present the phase diagram for W2N

taken as a representative of this set of possibly good
candidates. Indeed, Figure 3 shows that even at relatively
high H2 partial pressure, the surface is partly covered or even
clean at temperatures in the 400−600 K and, therefore,
provides support to the hypothesis that these MXenes are
likely to perform well in hydrogenation reactions. For
comparison, the phase diagrams for Fe2C, a second good
candidate for hydrogenation catalyst, and also for Ti2C and
Ti2N, likely to be easily deactivated, are reported in section S5
of the Supporting Information. Note that the phase diagrams
for Ti2C and Ti2N exhibit an abrupt transition from fully
occupied to bare surface which, as predicted, indicates that
these represent the worst scenario for hydrogenation.
The ab initio thermodynamic approach is undoubtedly

extremely useful to determine the relative thermodynamic
stability of surfaces with different surface coverage. However,

Figure 3. Thermodynamic phase diagram as a function of T and pH2

for W2N (0001) MXenes including different atomic hydrogen
coverages, θH. It runs from 0 to 1 monolayer (ML). The black
dashed line corresponds to a reference pH2

of 10 mbar.
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being a purely thermodynamic approach, it does not
incorporate any kinetic consideration. For processes reaching
the thermodynamic equilibrium in a very fast way, the
approach will provide meaningful information. However, for
process involving rather large barriers, as is the case for H* +
H* recombination leading to H2* which eventually desorbs,
the kinetic aspects may introduce noticeable changes. Here,
one must advert that the kinetic aspects are not especially
relevant for H2 dissociation because the activation barriers are
always very low. However, their role is crucial in the
recombination step leading to H2 formation that eventually
desorbs, thus freeing some surface sites. The complete set of
energy barriers for the dissociation and recombination steps is
included in Table S5 of the Supporting Information.
To take a step forward in this direction, we propose a new

approach in which microkinetic simulations are used to build
kinetic, instead of thermodynamic, phase diagrams aiming to
determine the reaction temperature, T, and hydrogen partial
pressure, pH2

at which the M2X(0001) MXene surfaces will be
partially covered. The microkinetic simulations make use of
rates derived either from kinetic gas theory via the Hertz-
Knudsen equation (H2 adsorption and desorption) or from
statistical thermodynamics via transition-state theory (H2*
dissociation and H* + H* recombination) as described in
detail in Section S1 of the Supporting Information. The results
for Ti2N, Ti2C, Fe2C, and W2N at different pH2

are displayed in
Figure 4. This choice is to include MXene with an excessive

affinitive for H adatoms (Ti2N and Ti2C) and two of the
aforementioned promising MXene catalysts for hydrogenation
reactions (Fe2C and W2N). These MXenes do also constitute
limiting cases for H2 formation barriers by H* + H*
recombination.
The highlighted regions in Figure 4 denote situations where

the coverage of free sites is 0.2−0.6 monolayers (ML) and,
consequently, with a H* coverage in the range of 0.4−0.8 ML,
see section S11 of the Supporting Information. Notice that the
sum of coverages of the possible surface species, θ* + θH + θH2

= 1, and no population of H2* moieties is detected in the
microkinetic simulations. Despite the high upper limit for H*
coverage of 0.8 ML, the thermodynamics and kinetics of
hydrogen recombination were estimated at the dilute limit,
that is at low H* coverage. This is justified because lateral
interactions between adsorbed hydrogen atoms were found to
be negligible, see Table S7 of the Supporting Information. In
line with the predictions of the descriptor-based analysis, the
smallest barriers correspond to Fe2C and W2N, whereas Ti2N
has one of the largest H2 formation barriers, see Section S5 in
the Supporting Information. Besides, Ti2C is included because
it can be considered a prototypical MXene with reactivity close
to the first synthesized, and nowadays, broadly used Ti3C2
MXene.21 We note that the highest recombination barrier
corresponds to Hf2C, yet it is excessively high to be of practical
use. In fact, in the presence of oxygen, Hf2C decomposes into
CO2 and the corresponding bulk HfC before reaching the
target surface coverage conditions.56,57

From the microkinetic analysis for bare Ti-based MXenes,
we observe that H adsorption is strong enough to keep the
surface fully passivated even above 1200 K for most pH2

conditions, an upper bound for Ti2X thermal stability.58

Therefore, bare Ti2C and Ti2N MXenes will presumably not
be good hydrogenation catalysts, although the presence of
other surface species such as -O or -F might change this
conclusion. Indeed, Persson et al.10 used 8 mbar H2 at 973 K
to experimentally clean Ti3C2 surfaces, hydrogenating the
surface -O moieties, close to the values for Ti2C obtained here,
see Figure 4. This also indicates that the working temperature
can be lowered using smaller pH2

. Interestingly, at pH2
= 10

mbar, bare Fe2C displays a range of temperatures of 620−707
K to meet the target coverages. As Fe is one of the most
common and affordable metals on the Earth’s crust, Fe-
containing carbide MXenes are good candidates for hydro-
genation reactions. Since MXene thickness has little influence
on their surface chemistry,21 Fe2C and Fe2C3 MXenes
probably exhibit similar reactivities toward H2. Note, however,
that these MXenes have not been experimentally synthesized
yet, and that the effect of surface terminations should be
explored.
Although W2N is slightly worse than Fe2C, with working

temperatures ranging from 745 to 852 K at pH2
= 10 mbar, it

has already been synthesized.59 Here it is worth comparing the
predictions from the ab initio thermodynamics and the kinetic
phase diagrams. Qualitatively, both approaches lead to a
similar description in the sense that heating at rather high
temperatures will lead to a partial coverage of atomic hydrogen
and, hence, to good candidates for hydrogenation reactions.
However, the predicted temperature at which the W2N surface
starts to display free sites is significantly larger when kinetic
phase diagrams are employed; ∼700 K versus ∼400 K as
predicted from the ab initio thermodynamics.
The analysis of the kinetic phase diagrams highlights the role

of the energetic barrier for H2 formation in determining the
conditions for MXenes to be active hydrogenation catalysts
and these are significantly different from those predicted from
thermodynamic considerations only. Considering the thermal
stability limit for MXenes, a threshold on the H2 formation
barrier of ∼2.50 eV can be set, based on the fact that Zr2C
(2.56 eV) has a range of temperatures between 1120 and 1259
K at 10 mbar of H2, already above typical MXene
decomposition temperatures.

Figure 4. Kinetic phase diagrams as a function of T and pH2
for Fe2C,

W2C, Ti2C, and Ti2N MXenes derived from microkinetic simulations.
The colored regions denote conditions with a coverage of free sites
between 0.2 (rightmost line of each region) and 0.6 ML (leftmost line
of each region), while the rest is covered with H adatoms. Notice that
the overlapping region between Ti2C (dark blue) and Ti2N (cyan) is
colored in light blue. The black dashed line corresponds to a reference
pH2

of 10 mbar.
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4. CONCLUSIONS
A systematic theoretical study has been presented on the basis
of DFT-D3 calculations for a number of MXene surface
models. We disclosed here the trends in the interaction
between H and H2 with the M2X materials by analyzing their
description through the electrostatic potential above the
surface and the surface metal Bader charges. For these two
descriptors, the trends in H and H2 adsorption are opposite,
the former being modulated by electrostatic factors and the
latter governed by dispersive forces.
Further analysis with ab initio thermodynamics and

microkinetic modeling approaches shows that Fe2C, W2N,
and Mo2C are promising hydrogenation catalysts in the sense
that the conditions at which the surface of these MXenes is
only partially covered by hydrogen, are within the range of
thermal stability of these materials and are similar to those
used commonly in the chemical industry. Nevertheless, it is
important to point out that the predictions from ab initio
thermodynamics lead to temperature conditions milder than
those predicted from the newly presented kinetic phase
diagrams that account for the energy barriers required for
atomic hydrogen to recombine and desorb. These differences
are likely to be important in other systems as well where the
thermodynamic equilibrium will take longer than the chemical
reactions that the material of interest is supposed to catalyze.
We note that, in agreement with the predictions in the

present work, W2N was indeed predicted as a potential catalyst
for ammonia synthesis,14 which is an important industrial
hydrogenation reaction. In addition, our results likely hold for
MXenes involving more atomic layers, as thickness usually
bears little effect on MXene surface chemistry.21 Besides, the
predictions made here are to be coupled with the reported
favorable CO2 activation on several MXenes10,12 and
experimentally confirmed in some cases, so as to find prospect
catalysts for catalytic CO2 reduction.
We hope our observations and specific combination of

computational techniques foster further research on the subject
and contribute to the elaboration of a quantitative,
comprehensive, and data-driven theory of MXene-based
catalysis. In particular, the present study calls for future
experiments and further studies inspecting surface termination
effects.
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