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Density functional theory is used to investigate the origins of the excellent catalytic activity of the MoyCT, MXene
for the water gas shift reaction. By considering different possibilities for the MXene surface termination (T, =
none, O, F, or a mixture of O and F), we conclude that its ideal composition should contain both F and O adatoms,
essential for controlling the exothermicity of the reaction and avoiding saturation by oxygenated species. More
precisely, while MoyCO and Mo,CF; are too inert towards water adsorption and dissociation and the bare Mo,C

MXene is inactivated upon coverage by oxygenated species, our calculations predict that regions near one or two
O adatoms in the midst of F surface terminations should be the active catalytic sites. Indeed, in the vicinity of the
O adatoms, water adsorbs with moderate strength, dissociates with a very low energy barrier (0.14-0.20 eV), and
the dissociation is moderately exothermic.

1. Introduction

To combat global warming and consequent climate changes, there is
an urgent need for nearly carbon-neutral forms of energy production and
storage. Hydrogen (Hy) is a promising energy carrier, expected to play a
dominant role in energy systems soon. Around 70 Mtons of hydrogen are
produced every year, but we are likely to start producing twice as much
in the next 5 years [1]. Today, most of the hydrogen production derives
from the steam methane reforming (grey hydrogen), using water and
natural gas as reactants [2]. Aside from H, this process produces carbon
monoxide (CO) which, through the water gas shift reaction (WGSR),
becomes carbon dioxide (CO,) and releases additional Hs. The Hy
resulting from these two reactions is used as fuel, while CO5 can react
with methane and be converted back into CO. This reaction is known as
dry reforming, it consumes two greenhouse gases (methane and carbon
dioxide) and yields CO and even more Hs. Alternatively, CO5 can simply
be dissociated into CO [3], used in the chemical industry [4], or recycled
via the natural plant respiration cycle to generate biomass, completing
the carbon cycle. Many of these processes involve the reaction of water
dissociation. For example, the WGSR is known to begin with water
dissociation, its rate-limiting step [5,6]. To satisfy the increasing de-
mands of hydrogen production, research in this field focuses on
discovering more efficient, cleaner and cheaper catalysts.

MXenes are two-dimensional (2D) transition metal carbides, nitrides,
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and carbonitrides, introduced in 2011 [7-9]. Over 30 MXenes have been
experimentally synthesized so far, and they display extraordinary sta-
bility and potential for catalysis and energy storage, among other ap-
plications [10-13]. Structurally, monometallic MXenes are made up of
layers of atoms of an early transition metallic element (M), alternated
with layers of carbon or nitrogen (X = C or N), with stoichiometry
M;+1XnTy. In their bare form, MXenes contain only the M and X ele-
ments, for a total of 2n+1 atomic layers, with the M atoms occupying the
outermost ones. Depending on synthesis conditions, MXenes are in fact
produced with an additional termination layer (Ty) deposited over the
outer metallic layers. The most common terminations are OH, O, H, or F,
especially when using the hydrofluoric acid (HF) synthesis procedure [7,
14,15], but MXenes with other terminations (e.g., Cl, S, NHy) were
experimentally prepared and/or their stability computationally inves-
tigated [16-19]. On each layer, the atoms are arranged in a triangular
lattice, and consecutive atomic layers are known to be able to stack in
one of two ways (face-centred cubic i.e., ABC, and hexagonal
close-packed i.e., ABA), the most stable one depending on the M and X
elements and on the surface termination [20]. Thus, MXenes can be
produced with a huge variety of combinations of the M and X elements,
T terminations, and atomic layer alignments. It is this versatility that
confers these materials such a wide range of potential applications.
Recently, a density functional theory (DFT) study on water dissoci-
ation catalysed by 18 bare MXenes, conducted by our group, showed
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that the reaction is almost spontaneous on many of them [21]. This is a
strong hint that MXenes should be excellent catalysts for processes that
involve water dissociation. However, although bare MXenes have been
obtained [14,22], they are hard to maintain, as they are very oxophilic
and easily become covered by O adatoms. In fact, bare MXenes are very
reactive in general, not only towards oxygen, which causes most
chemical substances to adsorb too strongly on their surfaces, deterring
their application as sensors [23] or in other phenomena which require
more moderate adsorption strength, such as catalysis. As a matter of
fact, many small gaseous molecules, such as O, spontaneously disso-
ciate as they adsorb on MXenes [24]. On the other hand, a single oxygen
surface termination layer shields the metal layer of MXenes, drastically
reducing their reactivity. This allows their use as sensors [23,25] or, on
the rare occasions in which the utilized reagents can bind to the O layer
and this is enough to change the reaction mechanism, as catalysts [26].
Not long ago, Deeva et al.[14] and Li et al.[27] experimentally carried
out the WGSR on the Mo,CT, MXene and the MXene-based Pt@Nb,CT,,
respectively, with T, = O, F, OH, and discovered that both materials
showed remarkable stability and catalytic activity under the WGSR
conditions. In the particular case of catalysis involving MoyCTy, the
termination was found to contain mainly F adatoms, in an F/Mo ratio of
0.7, as is commonly observed on MXenes synthesised using HF, while the
remaining surface termination was mostly O. The authors additionally
found that O binds much more strongly to Mo,C than F does, so that, if
the temperature was too high (above 550 °C), the F adatoms were
removed, leaving behind a reduced surface which quickly got covered
by oxygen. This was found to considerably decrease the activity of
Mo,CTy for the WGSR. They also prepared a highly reduced sample and
found that it decomposes to the corresponding Mo oxide, i.e., the bare
Mo,C surface is not stable under WGSR operando conditions. Otherwise,
the MXene was deemed as highly stable and catalytically active, with a
selectivity over 99 % towards CO, and Hj. Thus, F terminations seem to
assume an important role (i) in the stabilization of the MXene catalyst
and (ii) in regulating the strength of the surface-adsorbate interactions.

Computational models have reached such a level of reliability that
their predictions consistently provide accurate guidelines for experi-
mentalists. This work is motivated by the ease with which MXenes can
dissociate water [21], by the fact that water dissociation is the first and
often rate-determining step of several reactions of industrial relevance
that require breaking this molecule [5,6], and by the experimentally
demonstrated catalytic activity of the MooCT, MXene towards the WGSR
[14]. Here, we employ DFT calculations to analyse the mechanism of
water adsorption and dissociation on the MoyCTx MXene, separately
considering four different surface terminations: the bare MXene, the
surface fully covered by O or F, and the MXene terminated by a com-
bination of F and O adatoms. Consequently, this study provides infor-
mation about the effect of MXene surface terminations (T,) on water
adsorption and on the catalysis of the water dissociation reaction. This is
the first step towards understanding the mechanism by which reactions
such as WGS and steam reforming occur on the MoyCT, MXene, and
most likely on MXenes made of other M or X elements. In the following,
we describe our computational procedure, present and discuss the re-
sults and, finally, summarize the conclusions.

2. Computational methods

All ab initio calculations were performed using the VASP package
[28-31]. The exchange-correlation functional of choice was the one
prescribed by Perdew-Burke-Ernzerhof (PBE) [32], including D3
dispersion corrections [33,34] to correctly describe the van der Waals
interactions that govern adsorption phenomena on MXenes [3,20,21,23,
25,35-38]. The wave function of valence electrons was expanded as
plane waves using a basis set with an energy cut-off of 415 eV, while core
electrons were implicitly considered using the projector
augmented-wave (PAW) method [39]. The valence electron configura-
tions considered for each element have been shown to yield accurate
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results for MXenes [3,20,21,37], and were as follows: H (lsl), C (252
2p2), 0 (252 2p4), F (252 2p°), Mo (4p6 4d° 551). Orbital occupations were
set using Gaussian smearing with a width of 0.01. The total energies
were converged within 10”7 eV and the atomic positions were relaxed
until the forces acting on the atoms were all below 0.005 eV/A. The
Brillouin zone was sampled as a ['-centred 3 x 3 x 1 grid of special
k-points [40]. By conducting preliminary tests using stricter conver-
gence criteria, k-point grids with higher density, and higher energy
cut-offs, we can safely state that relative energies are converged within
3 meV. We additionally found that spin polarization has no effect on the
results presented here.

Our goal is to calculate water adsorption energies (Eags), and water
dissociation activation barrier (E,) and reaction (Ere,) energies. The
reaction steps are shown in Fig. 1. Configurations corresponding to
saddle points of the potential energy hypersurface, along the minimum-
energy path for water dissociation, i.e., reaction transition states (TS),
were found using the dimer method [41]. The activation energy for
water dissociation was calculated as the difference between the total
energy of the MXene+H>O system in its TS and in its adsorbed state.
Water adsorption energies were calculated as the difference between the
total energy of the Mxene+H>0 system when water is adsorbed, and
when the surface and the molecule are infinitely separated, i.e.,

E.s = E(MXene + H,0) — [E(MXene) + E(H,0) |, @

where E(x) is the total energy of a supercell containing x. The configu-
ration of the system after water dissociation was found by calculating
the normal modes of vibration of the system in its TS configuration,
within the harmonic approximation via diagonalization of the Hessian
matrix with elements computed as finite differences of 0.015A of
analytical gradients. The frequencies calculated in this way were also
used to calculate the zero-point energy (ZPE) contribution to the total
energy of all systems in this work. The normal vibrational mode of the TS
corresponding to water dissociation can easily be identified since its
vibrational frequency is imaginary, and it corresponds to an oscillation
between adsorbed water in its molecular state and its dissociated
(OH+H) state. The water dissociation reaction energy, as catalysed by
Mo,CT,, was calculated as

Erese = E(MXene + OH + H) — E(MXene + H,0). 2

To model the Mo,CT, MXene (0001) basal surface, a rhombic
supercell was considered, containing a p(4 x 4) grid of Mo2CTx unit
cells, accounting for a total of 80 or 48 atoms of Mo,CT,, with or without
surface terminations, respectively. Periodic boundary conditions were
assumed in all cartesian directions, as shown in Fig. 2. To avoid un-
wanted interaction between periodic copies of the system in the direc-
tion perpendicular to the surface, the cell height was fixed to contain at
least 15 A of vacuum.

As can be seen in Fig. 2, an ABA atomic layer stacking was assumed
for the MoyCTy model with and without surface termination. The justi-
fication is manifold, and originates from previous theoretical and
experimental results, as well as from results obtained in this work. The
bare Mo,C was the first Mo,CT, MXene to be shown to be thermody-
namically more stable when adopting an ABA atomic layer stacking,
rather than the traditional ABC one, by 0.24 eV per unit cell [42]. Later,
we found that the addition of an O adatom surface terminating layer,
yielding Mo,COj, causes the material to prefer the ABA stacking by an
even larger margin with respect to ABC, over 1.5 eV [20]. Most recently,
we further predicted that, on MoyCFo, ABA stacking is also the ground
state, more stable than ABC by around 0.27 eV [43]. Deeva et al. syn-
thesized the Mo,CT, MXene using the HF method to etch out the Ga
atoms from the MoyGayC MAX phase, and obtained an Mo,CTy, MXene
with hexagonal symmetry [14]. The cell parameter a of the resulting
MXene was reported to be 2.8629 A, down from 3.037 A in the precursor
Mo,GasC. This reduction is consistent with a transition from an
ABC-aligned structure in the parent MAX phase, to a more stable ABA
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Fig. 1. Schematic energy profile for water dissociation on Mo,CT,. Step (i) corresponds to molecular adsorption, with adsorption energy E,, and step (ii) to
dissociation into coadsorbed OH-+H, with activation energy E, and reaction energy Eie,.
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Fig. 2. Top and side views of the Mo,CT, MXene without any surface termination (top images), with oxygen termination (bottom left images), or with fluorine
termination (bottom right images). On the top view of MoyC, letters inside circles are placed at high-symmetry sites on the surface: top (T), bridge (B), hollow (H),
and hollow-C (Hc). The letters next to the side views refer to the relative alignment of the atomic layers of the surface, with the surface termination layers in
parenthesis, and the blue lines delimit the supercell considered in the calculations. Colour code for spheres: C in black, O in red, Mo in grey, and F in green.

stacking of the synthesized MXene, as the latter is known to display a
much smaller cell parameter a than the corresponding ABC-aligned
MXene [20,42].

Table 1 shows the calculated lattice parameters of MosCT,, with

Table 1

Cell parameter (a) of Mo,CT,, with different surface terminations (O, F or none)
and atomic layer stacking phases (ABC or ABA). The second column shows the a
values calculated in this work. The third and fourth columns are the relative
percent difference between the calculated cell parameters and the ones
measured by Deeva et al. [14] for the Mo,Ga,C MAX phase (3.037 10\) and for the
Mo,CT, MXene (2.8629 ;\), respectively. For example, the cell parameter a
calculated for Mo,CO, with ABA stacking (2.88 10\) differs from the one
measured for the Mo,CT, MXene by 0.6%.

MXene a (A) 5a% 5a%
(MAX) (MXene)
Mo,C (ABC) 2.99 -1.5 4.4
Mo,C (ABA) 2.84 -6.5 -0.8
Mo,CO, (ABC) 3.10 2.1 8.3
Mo,CO- (ABA) 2.88 -5.5 0.6
Mo,CF; (ABC) 3.27 7.7 14.2
Mo,CF, (ABA) 2.90 -4.5 1.3

different surface terminations and atomic layer stacking phases. Note
that the PBE functional, as used in this work, provides very reliable re-
sults on this matter, often yielding lattice parameters within 1-3 % of
experimental measurements, as seen, for example, in Refs. [44-46]. In
the case of bare MoyC, the obtained value of a with ABC atomic layer
stacking (2.99 A) is closer to the one measured for the Mo,Gas,C MAX
phase (~3.04 A) [14], while the one calculated for ABA-stacked Mo,C
(2.84 }o\) is within less than 1 % of the value measured for the Mo,CT,
MXene (2.86). While one would not expect the cell parameter calculated
for an MXene surface to necessarily match the one of its parent MAX
structure, the similarity between the a value of ABA Mo,C and the one
measured for MoyCTy is remarkable. Qualitatively, the calculated cell
parameter of Mo,CO, match the measured ones in the same way as for
Mo,C. However, when compared to the measured MXene value of a,
there is an even better match with the calculated ABA cell parameter,
and an even worse match with the corresponding ABC value. The
calculated cell parameter of ABC Mo,CO; is not as close to the one
measured for the MAX phase as that of ABC Mo,C. Most likely, this is
because the MAX phase contains the Mo2C stoichiometry and structure,
but no oxygen or fluorine, making it very different from Mo,CT, with
any surface termination. Lastly, the calculated cell parameter for ABA
Mo2CF;, differs by around 1 % from the one measured for Mo2CT,. The
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surface of the MoyCT, MXene synthesized in Ref. [14] contained F
adatoms in an F/Mo ratio of 0.7, and the remaining surface termination
was composed of O adatoms, so that, of all the stoichiometries present in
Table 1, the one closest to the experimental one is Mo,CF5. According to
the values in this Table, the a cell parameter of ABC-stacked Mo,CFj is
higher than the one measured in Ref. [14] for Mo,CT, by more than 14
%. Aside from the a lattice parameter, the distance between the two Mo
layers measured in Ref. [14] (=3 10\) is also significantly closer to the one
displayed by our ABA-stacked Mo2CT, models (~2.8 A) than to the one
we obtained for the ABC-stacked systems (2.3 f\). All the results pre-
sented in these two paragraphs are strong hints that the synthesised
MXene exhibits ABA stacking, and therefore we can safely assume this
stacking in our MXene models.

As seen in the side views of M0,CO4 and Mo,CFs in Fig. 2, the lattice
site on which the O and F surface termination layers adsorb are distinct —
a hollow-C (H¢) site for oxygen and a hollow (H) site for fluorine. Ox-
ygen can also adsorb on a hollow site, but this alignment is metastable
by more than 1 eV and easily transitions to the H¢ ground state, with an
activation energy below 0.2 eV. On the other hand, fluorine prefers an
adsorption site that is staggered with respect to the carbon layer, as
shown in Fig. 2, a configuration that is more stable than being directly
aligned with the C layer by 0.3 eV. Besides bare and fully O- or F-
terminated Mo,CT, models, we also considered a mix between O and F
surface terminations, for a more realistic model of the MXene synthe-
sized in Ref. [14], which contained both elements. The F termination
was found to be a requirement to keep the MXene from oxidizing.
Indeed, MXenes are extremely oxophilic and usually even adsorb mo-
lecular oxygen dissociatively, which makes O-terminated MXenes
practically inert and unsuited for catalytic applications that require the
binding of reactants to metallic atoms of MXenes [24]. If the F adatoms
are removed, space left behind on the surface is quickly filled by oxygen.
However, this does not imply that oxygen is only a nuisance and should
be completely removed, as we show in the following sections. Since the
surface termination of the as-synthesised and WGSR-active MosCT,
MXene contained mostly F adatoms [14], our models of the
mixed-termination surface were built from that of Mo,CF,, keeping its
lattice parameter (which diverges from that of MoyCO5 by less than 1
%). Then, we created two models, containing one or two oxygen atoms,
replacing F ones. The O adatoms were added on their preferred
adsorption site — vertically aligned with a C atom of the inner MXene
layer, as shown in Fig. 3. Each O atom replaced more than one F atom
due to lateral F-O repulsion, which would not allow all atoms to fit into
the available unit cells. In particular, the O adatom of the one-O model
replaced three F adatoms, while the two O adatoms of the two-O model
replaced five F adatoms. The first of these models was developed to
represent the simplest oxygen-containing patch of the MoyCF5 surface.
The second model was studied because, on its topmost atomic layer, it
contains 11 F adatoms bonded to 16 Mo atoms, for an F-to-Mo ratio of
0.69, which is near the experimentally measured value of 0.7 [14]. The
two-oxygen model can also be thought of as representing a region of the

Catalysis Today xxx (xxxx) xXxx

Mo, CF> surface without T, species where an oxygen molecule adsorbed
and dissociated.

3. Results and discussion
3.1. Bare MosC

The simplest MXene model studied in this work is that of the bare
Mo,C MXene surface (Fig. 2). This surface comprises three atomic layers
— an inner C layer surrounded by two Mo layers — in a hexagonal close-
packed configuration. The adsorption of a water molecule occurs on a
top site of the MoyC surface (see the left images in Fig. 4). The molecule
sits approximately parallel to the surface, at an Mo-O distance of 2.37 A,
which is an atomic arrangement analogous to the one found for ABC-
stacked MoyC [21]. The adsorption configuration is symmetric with
respect to the plane containing the Cy axis of the water molecule and
passing between the two hydrogen atoms. The calculated O-H bond
lengths and H-O-H bond angle, of 0.98 A and 105.8°, remain approxi-
mately the same as the ones obtained for gaseous water. The adsorption
energy is — 0.62 eV, which is weaker by 0.3 eV than the corresponding
value on ABC-stacked Mo,C [21]. A very small amount of electric charge
is transferred from the surface to the molecule, of ca. 0.03 e, where e is
the charge of an electron.

The transition state of water dissociation consists of one of the hy-
drogens approaching the surface towards a hollow site, as shown in the
central panels of Fig. 4, at a distance of 1.36 A from the plane of Mo
atoms, so that the distance between this hydrogen and the oxygen atom
increases to 1.38 A. The activation energy is 0.41 eV, a value that is
0.08 eV higher than the corresponding one on ABC-stacked Mo,C [21].
The activation energy value is lower than the absolute value of the water
adsorption energy, therefore, after adsorption, the molecule is more
likely to dissociate than to desorb from the MXene. After dissociation,
the resulting OH and H species are adsorbed at nearby hollow sites (right
images of Fig. 4). According to our calculations, the dissociation reaction
is more exothermic than on the ABC-stacked MoyC, by 0.4 eV, with a
reaction energy of — 1.39 eV. The results in this paragraph hint that
ABA-stacked Mo,C should be a suitable catalyst for dissociating water,
following the trend of all the bare ABC-stacked MXenes [21]. In a
realistic environment, MXene patches without any surface termination
might be rare, since they are easily covered by O adatoms, and the
surface becomes inert for this reaction. However, if small patches
spanning at least two unit cells are present, they can contribute to the
catalytic activity for water dissociation.

3.2. Oxygen-terminated MozC (Mo2COg)

Bare MXene surfaces are very oxophilic [24] and ABA-stacked Mo,C
is no exception. Our calculations predict that, like its ABC counterpart,
oxygen molecules adsorb dissociatively with adsorption energies around
— 8 eV, implying that the removal of an oxygen adatom requires an

A

Fig. 3. Top view of our models of the Mo,CT, MXene with its surface terminated by F and one (left image) or two (right image) O adatoms. The blue lines delimit the
supercell considered in the calculations. Colour code for spheres: C in black, O in red, Mo in grey, and F in green.
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DISSOCIATED STATE

—1.39 eV

Fig. 4. Top (top images) and side (bottom images) views of the ground state configuration of a water molecule adsorbed on Mo,C (left images), the saddle point
configuration of water dissociation (centre images), and the dissociated configuration (right images). The adsorption energy (E.q), activation energy (E,), and re-
action energy (E.,.) are shown below the system representations and compiled in Table S1. Colour code for spheres: C in black, O in red, Mo in grey, and H in white.

energy of roughly 4 eV [43]. For this reason, large areas of MXene
surfaces are commonly covered by a layer of oxygen adatoms that
originate from the environment. This layer serves as a shield for the
metallic layers underneath and keeps most molecules from binding to
them. We observed this effect upon simulation of the adsorption of a
water molecule on the Mo,COy MXene, shown in the left images of
Fig. 5.

The interaction takes place with the water molecule remaining
perpendicular to the surface, with its two hydrogen atoms aimed at two
surface oxygen adatoms, forming two weak hydrogen bonds with length
2.25 A, for an adsorption energy of — 0.20 eV. The adsorption config-
uration is symmetric with respect to the plane containing the Cy axis of
the water molecule and passing between the two hydrogen atoms. The

MOLECULAR STATE

Enqs = —0.20 eV

TRANSITION STATE

Eb = 2.50eV

adsorption is considerably weaker on this surface than on bare Mo,C and
does not involve the formation of covalent bonds or any apparent
interaction with Mo atoms of the surface — the distance between the
water O and the closest Mo is just over 4 A, while the Mo-O distance for
surface O adatoms is 2 A. Thus, it stands to reason that catalysis of water
dissociation on this surface is energetically expensive, as this interaction
is required to facilitate the reaction.

We found that the transition state configuration for water dissocia-
tion on MoyCOs is a late one, i.e., closer to the products of the reaction
than to the reactant, as shown in the centre images of Fig. 5, and the
activation energy is 2.50 eV, which is close to half as much as the O-H
bond energy in a water molecule. For the molecule to reach this state, it
must turn itself around to allow its oxygen atom to bind to an oxygen

DISSOCIATED STATE

2.33 eV

Ereac =

Fig. 5. Top (top images) and side (bottom images) views of the ground state configuration of a water molecule adsorbed on Mo,CO, (left images), the saddle point
configuration of water dissociation (centre images), and the dissociated configuration (right images). The adsorption energy (E.q), activation energy (E,), and re-
action energy (E,) are shown below the system representations and compiled in Table S1. Colour code for spheres: C in black, O in red, Mo in grey, and H in white.
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atom of the surface, while one of the O-H bond lengths increases to twice
its initial value, to around 2.13 A. After an endothermic dissociation,
with a reaction energy of 2.33 eV, the OH species remains bound to an O
adatom of the surface, locally forming an OOH (hydroperoxide) surface
termination, and the released H atom binds to a neighbouring O adatom
of the surface, locally forming a hydroxyl surface termination (see the
right images of Fig. 5). Observation of the dissociated state shown in
Fig. 5 suggests that one might be able to form Hj via rotation of the OOH
group towards OH. We investigated this possibility and found that it
would involve a very high energy barrier around 3 eV. Alternatively, if
one wished to conduct the WGSR, CO could adsorb near OOH and form
OCOH, a surface intermediate suggested to play a central role in the
WGSR on metallic surfaces [5,6]. In this case, we found that CO can
indeed physisorb nearby and form a chemical bond with the central O of
OOH. Instead of forming an OCOH adsorbate, a CO, molecule is spon-
taneously released, and the hydrogen atom bonds with a surface O to
form another OH group. This process can be represented as the following
sequence of reactions,

*0QOH + CO — *OOH + *CO, 3)
*O0H + *CO — *OH + *CO,, ©)]
*OH + *CO, — *OH + CO,, %)

where *XY represents an XY species adsorbed through the X atom. Here,
the first step is CO adsorption (Eq. 3), which occurs spontaneously with
an E,gs of — 0.40 eV. The second step is CO5 formation (Eq. 4), with a
low activation energy, 0.32 eV, and high exothermicity, by — 4.10 eV.
The last step in the sequence is CO5 release (Eq. 5), with a desorption
energy of 0.37 eV, which is much smaller than the energy (—1.62 eV)
required to desorb CO; from the Mo,C MXene surface. Note that, despite
several attempts, because of the large exothermicity of the reaction
described by Eq. 4, the formation of the OCOH intermediate was not
possible.

As expected, we predicted the Mo,CO, MXene surface to be unsuit-
able to catalyse the water dissociation reaction. The adsorption is too
weak, the energy barrier is too high, and the reaction is very endo-
thermic. All of these make it very unlikely that water dissociation takes
place in areas of the MXene that are fully covered by a layer of oxygen,
since the molecule is much more likely to desorb instead. Nevertheless,
the most important detail to retain from this section is that, after
dissociation occurs, all the products of the reaction remain bound to the
surface and no atoms of the catalyst are removed, hence preserving its
integrity.

MOLECULAR STATE TRANSITION STATE

E.qe = —0.13 eV Ep, = 0.31eV

DISSOCIATED STATE
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3.3. Fluorine-terminated MosC (Mo2CF3)

When an MXene is synthesised via the HF method, it often becomes
covered by a layer composed mainly of F adatoms [7,14,15]. In this
section, we investigate the mechanism of water dissociation in regions of
the MooCT, MXene that are completely covered by F, i.e., on Mo2CF5. On
this surface, we observed that water adsorption occurs in a configuration
analogous to the one found for MoyCOs, shown in the left images of
Fig. 6. The adsorbate forms two weak hydrogen bonds with surface F
adatoms, of length around 2.36 A, and again there is no covalent
water-MXene interaction since the Mo-O distance is higher than 4 A. The
adsorption energy is — 0.13 eV, making this the weakest adsorption here
described so far, suggesting a hydrophobic character for the
fluorine-terminated Mo,C surface.

Unlike O adatoms on Mo,C, which prefer adsorbing on Hc sites over
hollow ones by more than 1 eV, F adatoms are not as demanding. They
adsorb more weakly overall, on hollow sites, and the energetic differ-
ence between being placed on this site and on Hc or T sites is only 0.3 or
0.4 eV, respectively. This allows for a seemingly unexpectedly low-
energy transition state (E, = 0.31 eV) for water dissociation. In this
state, the water molecule approaches the surface, on a B site, and its O
atom becomes bound to the two adjacent Mo atoms (centre images of
Fig. 6), with bonds of order around 0.42, calculated with the DDEC6
method [47], similar to the O-H bond orders of 0.67 and 0.32 present in
the same configuration. The Mo-O bonds in the TS state have lengths
around 2.20 A, comparable to the estimated Mo-O bond lengths of
2.06 Aon Mo,COs,. Simultaneously, an F adatom is pushed away from its
original hollow site onto a top site. One of the hydrogens bridges the O
and F atoms, 1.27 A and 1.06 A away, respectively. If the H atom moves
closer to the F atom on the T site, the water molecule dissociates and the
system relaxes to a new minimum, as shown in the right images of Fig. 6.
After exothermic dissociation, with reaction energy — 1.06 eV, the
resulting OH group replaces the previously adsorbed F atom, and an HF
molecule is released, forming two hydrogen bonds, [Mo]—
OHeeeFHeeeF—[Mo]. Due to the oxophilicity of the Mo,C MXene, this
process effectively keeps the catalyst from regenerating, since OH binds
to the surface (E,s = — 1.29 eV) considerably more strongly than HF
(E.gs = — 0.30 eV). Thus, dissociation of a water molecule on Mo,CFo
irreversibly inactivates the catalytic site because one F group is
removed. In some sense, this is analogous to the experimental obser-
vation of Deeva et al. [14], according to which the partial removal of the
F termination does not improve the reaction rates because the partially
reduced MoyC surface rapidly becomes covered with oxygen. Moreover,

Fig. 6. Top (top images) and side (bottom im-
ages) views of the ground state configuration of
a water molecule adsorbed on Mo,CF, (left
images), the saddle point configuration of water
dissociation (centre images), and the dissoci-
ated configuration (right images). The adsorp-
tion energy (E,s), activation energy (E,), and
reaction energy (E.,) are shown below the
system representations and compiled in
Table S1. Colour code for spheres: C in black, O
in red, F in green, Mo in grey, and H in white.
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water dissociation in an F-terminated region of MoyCTy is unlikely to
occur because the energy barrier (0.31 eV) is higher than the absolute
value of the adsorption energy (0.13 eV).

3.4. Fluorine- and oxygen-terminated MosCTyx

The results presented in the previous sections reveal the role of the F
and O terminations in tuning the behaviour of the Mo,C MXene towards
water adsorption and dissociation. The bare Mo,C surface appears to be
suited for these two phenomena, but it is also too reactive and can easily
become saturated with all kinds of adsorbates, including the products of
water dissociation themselves, hindering its regeneration as a catalyst.
Mo>CO5, is more stable than the bare MXene, and therefore less reactive.
This surface has the catalytic disadvantages of water adsorbing very
weakly, and its dissociation requiring surpassing a high energy barrier,
while the fact that the products of water dissociation remain adsorbed
on the surface is a point in favour. Lastly, the F-covered surface
(Mo,CF3) appears to be more flexible in terms of lateral motion of the
terminating species, allowing water to bind with metal atoms of the
MXene. In fact, despite the weak water molecule adsorption on MoyCFa,
a low activation energy for its dissociation was found because, in the TS
configuration, water can form temporary covalent bonds with Mo
atoms, which appears to be a requirement for lowering the dissociation
energy barrier. However, after dissociation, an HF molecule is released,
and an OH group remains adsorbed on the surface instead of the pre-
viously present F adatom, damaging the catalytic surface. Hence, the
ideal region of an MoyCT, surface for conducting water dissociation
should combine the advantages of MoyC (water bonding to surface Mo
atoms), Mo2CO;, (preservation of the integrity of the MXene after water
dissociation), and Mo,CF; (protection against oxidation and subsequent
deactivation of the catalyst). Here, we show that this can be achieved by
considering the Mo,CT, MXene locally terminated by O and F adatoms.
We consider two models: one with a single O adatom, and another with
two, as shown in Fig. 3. Since we employ a supercell with 16 MXene unit
cells, the former would correspond to a rather dilute distribution of O,
while the latter displays the experimentally measured F:Mo species
ratio. In the following, we show that the vicinity of these O adatoms
amidst the F surface termination should be a suitable active site for
water adsorption and dissociation.

Let us first discuss the one-O Mo,CT, model. On this surface, a water
molecule adsorbs by forming an Mo-O covalent bond (left images of
Fig. 7), with bond order 0.33 and length 2.34 A, complemented by an
electron transfer of 0.08 e from the molecule to the MXene. Both O-H
bonds retain their gas phase length value of 0.98 A. One of the

MOLECULAR STATE

TRANSITION STATE

E,qs = —0.73 eV E, = 0.14 eV

DISSOCIATED STATE

reac

Catalysis Today xxx (xxxx) xXxx

hydrogens is directed at the surface oxygen adatom, forming a hydrogen
bond with length 1.82 A. The fact that the water molecule prefers to
form a hydrogen bond with O, despite there being two F adatoms
adjacent to the Mo adsorption site, suggests that dissociation by
releasing an H towards the O adatom is more likely. An additional hint of
this preference can be found by comparing the positions of the atoms of
the surface before and after water adsorption: while the surface oxygen
atom moves 0.03 A towards the water adsorption site, the two nearest
fluorine move 0.82 A away.

In its dissociation TS configuration, the water molecule is placed on a
bridge site (centre images of Fig. 7). The H that was directed at the
surface O now bridges the two oxygens, with a lengthened O-H bond
length of 1.19 A; the distance between this hydrogen and the surface O is
now reduced to 1.25 A. The calculated dissociation energy barrier is
0.14 eV, which is extraordinarily low for an MXene with a surface
termination. After water dissociation, two OH groups are formed, and
they remain adsorbed on the MXene on neighbouring hollow sites (right
images of Fig. 7). The reaction activation energy found for this surface is
lower than the ones calculated for most bare MXenes and is only sur-
passed by the bare MXenes made of metals of group 4 of the Periodic
Table of the Elements [21]. There are several facts that can contribute to
such an easy dissociation: (i) most of the nearby MXene termination is
composed of F adatoms, which are easier to displace along the surface
than O adatoms, so that (ii) water adsorption occurs via Mo-O bonding,
and (iii) MXenes with surface termination containing hydroxyl groups
are common, indicating that the system is stable if the O adatom be-
comes an OH group. The site where the two OH groups are adsorbed is
not their most stable one (hollow-C). This can be advantageous for
removing the products of water dissociation from the surface to regen-
erate the catalyst, and may increase the OH reactivity with other po-
tential adsorbates if one wishes to catalyse more complex processes that
begin with water dissociation. For example, if one intended to realize the
WGSR, CO would need to adsorb near at least one of the OH, and we
verified that it can indeed adsorb between the two OH left behind after
water dissociation, on the only hollow site above an F adatom, with an
adsorption energy around — 1.51 eV, as shown in Fig. S1 of the Sup-
porting Information.

The mechanism of water adsorption and dissociation on our two-O
Mo,CT, model, shown in Fig. 8, is analogous to the one found when
only one O is present on the surface. The water molecule again adsorbs
through the formation of an Mo-O bond with order 0.30 and length
2.38 A (left images of Fig. 8). This bond is slightly longer, by 0.04 A,
than the corresponding one found for the one-O model, which makes
sense given the fact that it is also of a slightly lower bond order, by 0.03,

Fig. 7. Top (top images) and side (bottom im-
ages) views of the ground state configuration of
a water molecule adsorbed on Mo,CTyx (left
images), the saddle point configuration of water
dissociation (centre images), and the dissoci-
ated configuration (right images). The T, sur-
face termination is composed of F adatoms,
except for a small region where an O adatom
lies. The adsorption energy (E,s), activation
energy (Ey), and reaction energy (E.,) are
shown below the system representations and
compiled in Table S1. Colour code for spheres:
C in black, O in red, F in green, Mo in grey, and
H in white.

—0.52 eV
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and that the adsorption is weaker, by 0.32 eV. The electron transfer is
again directed towards the surface, but of only 0.07 e, and the OeeeH
hydrogen bond between the water H and the surface O has length
1.77 f\, which is shorter than the one predicted for the one-O Mo,CTy
model by 0.05 A. In the TS configuration for water dissociation, the
water O atom is located at a bridge site (centre images of Fig. 8), and one
of its O-H bonds is lengthened by 50 %, from 0.99 Ato1.49 10\, as the H
atom moves from the water O to one of the surface O. The calculated
dissociation energy barrier is 0.20 eV, which is only 0.06 eV higher than
on the one-O MoyCT, model. The water dissociation reaction is more
exothermic than on the one-O model, by 0.17 eV, and again results in
the formation of two OH groups, adsorbed on neighbouring hollow sites
of the MXene surface (right images of Fig. 8). For comparison with the
one-O Mo,CT, model, we again studied CO adsorption in the vicinity of
the OH groups. Instead of CO adsorbing on a hollow site and bonding to
three Mo atoms, the repulsion from the extra surface O atom forces CO to
adsorb on a top site and bond to only one Mo atom, as in Fig. S1. The
adsorption energy becomes — 1.05 eV, which is about two thirds of the
one calculated for the one-O model, but still fairly strong. One advantage
of adsorbing on a top site instead of a hollow one is that the OC-OH
distance is 2.66 A, down from 2.83 A, making it easier for these spe-
cies to react with each other to form an OCOH intermediate [5,6].

4. Conclusions

In summary, we have studied the mechanism of the adsorption and
dissociation of a water molecule, catalysed by the Mo,CT, MXene with
an ABA atomic layer stacking, with different surface terminations. This
reaction is crucial and often a rate-limiting step of reactions involved in
the industrial production of hydrogen, such as steam reforming and the
water gas shift reaction. This stacking was considered because our cal-
culations showed that it is energetically more stable, and some of its
structural parameters are closer to the ones experimentally measured for
the Mo,CT, MXene with surface termination mostly composed by F and
some O adatoms, on which the WGSR has been realized.

On the bare Mo,C MXene surface, we found that water adsorbs
moderately exothermically by forming an Mo-O covalent bond, and
dissociates with an activation energy of 0.41 eV. The reaction is very
exothermic by 1.38 eV. Bare patches of MXene surface are probably rare
since this material easily oxidises but, if they do occur, they should
provide active sites for catalysing water dissociation.

On both MoyCO; and MoyCFy, i.e., the oxygen- and fluorine-
terminated surfaces, we found that water adsorbs by forming very
weak hydrogen bonds with the O and F surface atomic layers,
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Fig. 8. Top (top images) and side (bottom im-
ages) views of the ground state configuration of
a water molecule adsorbed on Mo,CTx (left
images), the saddle point configuration of water
dissociation (centre images), and the dissoci-
ated configuration (right images). The T, sur-
face termination is composed of F adatoms,
except for a small region where two O adatoms
lie. The adsorption energy (E,s), activation
energy (E,), and reaction energy (E.,) are
shown below the system representations and
compiled in Table S1. Colour code for spheres:
C in black, O in red, F in green, Mo in grey, and
H in white.

—0.69 eV

respectively. This leads to a very high (2.50 eV) energy barrier for water
dissociation on Mo,CO», since O adatoms do not allow the molecule to
form bonds with the Mo layer and change its dissociation mechanism. In
contrast, on Mo2CFy, the F adatoms are not as tightly bound to their most
favoured adsorption sites as O adatoms in M02CO», and can move aside
to allow water to form chemical bonds with Mo atoms, leading to a lower
dissociation energy barrier of 0.31 eV. However, unlike what happens
on MoyCO,, the hydroxyl resulting from water dissociation strongly
adsorbs on the surface, replacing the previously present F adatom, which
is released in the form of HF. This is undesired, since it will contribute to
the eventual replacement of all the F terminations by hydroxyl groups,
hence damaging the catalytic surface.

The ideal region of the Mo,CT, MXene to serve as catalyst for water
dissociation should simultaneously allow water to adsorb by bonding to
the Mo layer, display an absolute adsorption energy greater than on
Mo,CF», and allow water to dissociate without the products of the re-
action spontaneously removing atoms that should stay on the surface. To
this end, (i) the MXene must have a surface termination, lest it become
covered by an oxygen layer, (ii) the surface termination must not
contain too much oxygen, as it becomes too inert and unsuited as a
catalyst for water dissociation, and (iii) the surface cannot be fully
terminated by fluorine, since the dissociation of water on Mo,CF; results
in the release of an HF molecule. Our calculations suggest that a region
of the Mo,CT, MXene with surface termination composed of F adatoms,
except for one or two O adatoms, satisfies all these requirements. We
found that, on such regions, water adsorbs moderately exothermically
(E.gs is —0.73 and —0.41 eV, respectively), by bonding to a surface Mo
atom, dissociates with very low energy barriers of 0.14 and 0.20 eV,
respectively, and the dissociation is moderately exothermic (Ere, is
—0.52 and —0.69 eV, respectively). In addition, the products of the re-
action (hydroxyl groups) remain adsorbed on the surface, but not
immediately on their favourite adsorption site, which may facilitate
their removal to regenerate the catalyst and/or increase their reactivity
for subsequent steps of more complex processes beginning with water
dissociation.
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