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Structural and energetic properties of vacancy defects in MXene surfaces
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Density functional theory calculations were employed to investigate the structure and energetics of vacancy
defects on 84 MXene surfaces, composed of different M (Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, or W), X (carbon
or nitrogen), T (oxygen of fluorine), and atomic layer stacking (ABC or ABA) combinations. Structurally,
we found that, in most cases, the effect of the presence of the vacancy on the surrounding atoms is to push
them away from the vacant site due to the missing screening charge and the reinforcement of the remaining
interatomic bonds. The reconstruction energy associated to this surface relaxation was found to range from a
few tenths of eV to a few eV. On the bare ABC-stacked carbide MXenes, we found M and X vacancy formation
energies between 2 and 3 eV. On nitrides, M vacancy formation energies are decreased, while X ones seem to
increase. By terminating the MXenes with an O layer, M formation energies are significantly increased, reaching
over 9 eV in some cases, in agreement with theoretical and experimental results of the literature, whereas X
vacancy formation energies become smaller. The F termination was found to have the same effect as O on X
vacancy formation energies with respect to clean MXenes, but to decrease M vacancy formation energies. The
F termination allows more easily created M and N vacancies than the O termination. The creation of vacancies
on some ABC-stacked M, XF, MXenes led to extreme lattice deformation which suggests that the experimental
synthesis of M,NF, with metals from groups 5 and 6 of the Periodic Table, and M,CF, with metals from group
6, through etching using a hydrogen fluoride aqueous solution [HF (aq)] will lead to ABA-stacked MXenes. The
formation energies of the MT double vacancies were found to correlate approximately linearly with the sum
of the corresponding M and T single-atom vacancy formation energies. All MXenes studied in this work fit in
the same correlation line, implying that one can predict the formation energy of double vacancies on MXenes,
made of any M, X, and T elements, and with atomic layers stacked in an ABC or ABA fashion, if the formation
energies of the corresponding single vacancies are known. The method used by theoretical works, such as this
one, to calculate formation energies has two crucial limitations: the values thus obtained depend on the chosen
single-atom energy references, and kinetic effects such as energy barriers are not included. Here, we cautiously
discuss these limitations, compare formation energies calculated using different energy references, and propose

mechanisms for the formation of vacancies that include atomic migration barriers.
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I. INTRODUCTION

It has now been around ten years since MXenes joined
the large family of two-dimensional (2D) materials [1]. With
a name inspired by that of graphene, MXenes are typically
made up of a few (n + 1) layers of atoms of an early tran-
sition metal element (M) intercalated by n layers of carbon
or nitrogen (X). Upon synthesis, the metallic layer is very
reactive, and the MXene becomes terminated by a layer
whose composition depends on the synthesis method. The
first synthesis method consisted of using an aqueous solution
of hydrogen fluoride [HF (aq)] to selectively etch out the A
element from the Ti3AlC, MAX phase [2]. This resulted in
a TizC,T, MXene terminated by T, =F, O or OH layers.
Synthesis methods which do not rely on HF (aq) can result in
MXenes with only O and OH terminations [3], and postsyn-
thesis heating treatments can eliminate the surface termination
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completely [4,5]. The general stoichiometry of MXenes is
therefore M, X,, Ty, withn = 1-5, and with O being the most
popular termination. Since the discovery of the first MXene,
over 30 different MXenes have been experimentally realized
to date, including some which mix metallic elements, and as
thick as the bimetallic Moy VC4T, [6]. Theoretically, over a
hundred MXenes have been predicted due to the countless
possible combinations of M, X, and T elements, stoichiome-
tries, and even atomic layer arrangements [7]. For this reason,
despite being a decade old, the field of MXenes still has plenty
of room for growth.

The general properties of MXenes include high electrical
and metallic conductivities, hydrophilicity, very large surface
area, and a huge variety of tunable structures and compo-
sitions. The fact that MXenes can be produced by utilizing
HF (aq) shows they survive harsh conditions and highly cor-
rosive environments. The V,CT, MXene, for instance, was
demonstrated to be stable in inert, oxidizing, and reducing
environments [8], and the Ti3;C,T, MXene was shown to
resist temperatures up to 900 °C and a pressure of 26.7 GPa
[9,10]. MXenes find application in areas such as ecofriendly
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energy, water purification, or catalysis [5,11,12]. In particular,
Mo, CT, was synthesized by removing Ga from the Mo,Ga,C
MAX phase using HF (aq) [5], yielding an MXene whose
surface was terminated by around 70% F and 30% O. This sur-
face was then used as catalyst for the water-gas shift (WGS)
reaction, a process crucial for the hydrogen economy, with
Mo,CT, showing high stability and selectivity towards the
desired products in the conditions under which the reaction
was conducted.

While pristine (without T, terminations) MXenes have
been produced, they are prone to oxidation, which hampers
wide application in catalysis. On the one hand, clean MXenes
are very reactive towards all kinds of chemical compounds,
and easily dissociate even molecules with strong bonds such
as nitrogen [13]. The problem is that the adsorption of both
reagents and products is so strong that the catalyst regener-
ation via product desorption is very energy consuming. On
the other hand, O-terminated MXenes, which are the most
common ones, are often not able to activate available surface
reacting species, instead being more suited for sensing appli-
cations [14-16]. Thus, the F termination presents itself as very
suitable for catalytic applications, since it allows moderate
molecule adsorption strength, while avoiding the highly ox-
ophilic surface from becoming covered by O and less active
for catalysis [5]. This effectively and realistically encour-
ages the use of MXenes as catalysts. Implantation of MXene
surfaces with atoms of less oxophilic metallic elements is
another way to improve the catalytic activity. Single-atom
catalysts (SACs) can be deposited on MXenes on interstitial
sites [17] or on substitutional sites [18]. As an example of
the latter, the Pt-based SAC Pt@Ti;C, T, was experimentally
and theoretically shown to display adsorption and activation
energies suitable for catalysis of the formylation of amines,
displaying very high conversion rates and selectivity and a
turnover number higher than that of Pt nanoparticles [18].
The Pt atoms were deposited on vacant sites of the MXene,
previously occupied by Ti. Another theoretical study tested
the activity of several SAC on oxygen vacancies in V,CO,
and predicted that a Zn SAC should successfully catalyze CO
oxidation with a very low energy barrier [19]. A very recent
computational study compared the activity of 16 transition
metal single atoms on the V,CO, MXene, as catalysts of
the oxygen reduction and hydrogen oxidation reactions, and
found that different metallic elements exhibit higher catalytic
activity depending on whether they occupy an interstitial or
an O-vacancy site [20].

The possibilities described in the previous paragraph have
driven the study of single vacancies and vacancy clusters in
MXenes. Emphasis has been given to Ti;CO,, on which the
Ti, C, and O single vacancies have been studied, with the
carbon vacancy (V) having the lowest formation energy, and
the Ti vacancy (Vr;) the highest one [21,22]. The values of
the formation energies vary between different studies, mainly
due to the different ways to calculate the energy of a single
atom, but all studies agree that a metal vacancy (Vy) is en-
ergetically the costliest to create, while vacancies resulting
from the removal of X = C, N are the cheapest ones. One last
noteworthy possibility is the creation of MT double vacancies
to accommodate the SAC, as has been done for realizing the
hydrogen evolution reaction on Pt@Mo, TiCT, [23].

In this work, we perform a systematic first-principles study
of the structural and energetic properties of four kinds of
vacancies on MXene surfaces composed of nine different M
elements and investigate how these properties vary with the
M and X elements, the surface termination, and the atomic
layer stacking of the MXene. In the following, we describe
the computational method, followed by a presentation of the
results, and a summary of the conclusions. The Supplemen-
tal Material [24] includes additional tables and figures with
formation and reconstruction energies that complement the
discussion in the main text.

II. COMPUTATIONAL METHODS

All of the first-principles calculations were performed with
the VASP package [25-28], using the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional [29]. The interactions
between core electrons and valence ones were implicitly
treated by the projector augmented wave (PAW) method [30].
The Kohn-Sham equation was solved by expanding the wave
function of valence electrons as plane waves with an energy
cutoff of 415 eV for supercell calculations and of 550 eV
for unit cell optimizations. Atomic position relaxation stopped
when the forces acting on each atom became lower than 0.005
eV/A and the total energies were converged within 100 eV.
The Brillouin zone was sampled using I"-centered grids of k
points, which are more adequate for the employed cell shape
[31]. Grids of 11x11x1 and 3x3x1 k points were used for
unit cell and supercell calculations, respectively. Our prelim-
inary tests, with denser k-point grids, higher energy cutoffs,
and tighter convergence criteria, showed that the parameters
described yield defect formation energies converged within
3 meV, and that spin polarization has no effect on the struc-
ture or energetics of the studied systems. To avoid periodic
interference in the direction perpendicular to the surfaces, the
simulation boxes contained approximately 20 A of vacuum
height.

The metallic elements considered form a 3 x 3 square in
the Periodic Table of the Elements, namely, Ti, Zr, Hf, V,
Nb, Ta, Cr, Mo, and W, also considered in our previous
studies with MXenes [7,13,32]. For each of these, we began
by constructing and optimizing a unit cell of the correspond-
ing M, XT, MXene. The lattice constants obtained here after
unit cell optimization are in very good agreement with the
ones found in the literature. For example, the lattice constant
of 3.03 A calculated for Ti,CO, is within 1% of the one
in Refs. [21,33] (3.04 A), calculated by two other research
groups at the same level of theory. The same quantity calcu-
lated for Ti,CF,, 3.06 A, again agrees with the corresponding
values found in the same references (3.06 and 3.04 A, respec-
tively). The unit cells of the bare and terminated MXenes are
made up of three and five atomic layers, M-X-M and T-M-X-
M-T, respectively, but the most stable way these atomic layers
stack depends on the M and X elements. On the one hand,
MXenes made of metals of group 4 (Ti, Zr, Hf) or group 6 (Cr,
Mo, W) of the Periodic Table always stack in an ABC or ABA
fashion (see Fig. 1), respectively [7]. On the other hand, group
5 (V, Nb, Ta) MXenes can prefer either termination depending
on the X and T elements [7]. For ABC MXenes, the atoms
of the two M layers and the X layer are all misaligned with
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FIG. 1. Top (top images) and side (bottom images) views of MXene p(4 x 4) supercells. On the left, the Ti,CO, MXene is shown, as
an example of an MXene that displays ABC atomic layer stacking, and whose O surface termination aligns with the farthest metal layer, as
displayed by the letters ABC next to the side view (letters in parentheses refer to the alignment of the termination layer). At the center and
on the right, the Mo,C MXene is shown, terminated by O and F, respectively, and displaying ABA atomic layer stacking, seen by the vertical
alignment of its two metal layers, and identified by the letters ABA next to the side view. Color code for spheres: C in black, O in red, Ti in

grey, Mo in blue, and F in green.

respect to each other (with trigonal D34 symmetry; see Fig. 1),
and the T layer, O or F, is aligned with the farthest M layer,
for an overall C-A-B-C-A stacking. However, on the ABA
MXenes, the two metal layers are aligned with each other
(resulting in hexagonal close-packed D3, symmetry), and the
alignment of the T layer depends on its composition and the M
element. This alternative preferred alignment has been known
at least since 2016 to be the most stable one for the Mo,C
MXene [34]. Further evidence of the existence of MXenes
with ABA atomic layer stacking was later found when the
surfaces of the (ABC) Mo,N and W,N MXenes were theo-
retically predicted to distort upon N, adsorption [35], in what
can be regarded as an attempt by the system to transition
to its most stable ABA stacking, allowed by the symmetry
breaking caused by the adsorption. When V,;N and Mo,N
MXene surfaces were first experimentally synthesized from
V,C and Mo,C, using an ammoniation process to replace C
atoms by N ones, the Mo, N sample was described as having
a distorted structure with hexagonal close-packed symmetry
[36], representing additional indication of the occurrence of
ABA stacking. Regardless of stacking, the atoms of each layer
of any given MXene are placed at the vertices of equilateral
triangles (as seen in Fig. 1), and spaced by around 3 A,
the typical lattice constant of these surfaces. For this reason,
atoms of the X layer (C or N) are not bonded to each other
and phenomena equivalent to the Stone-Wales defects should
not occur. Nevertheless, we verified this by introducing this
defect (rotation of one C-C “bond” by 90° around an axis
perpendicular to the surface) on a Ti,C MXene surface. After
relaxation of the atomic positions, we observed that the two C
atoms had returned to their original positions, revealing that
this defect is not stable.

The defect-free MXene surfaces were modeled as rhombic
supercells with periodic boundaries in all Cartesian directions,
containing p(4 x 4) MXene unit cells (80 atoms), to avoid
interaction between point defects and their adjacent periodic
copies (see Fig. 1). The vacancy defects were introduced by
deleting the respective atom(s) from the optimized supercell
and allowing the system to relax the atomic positions again.

The defect formation energy was then calculated as

Eform = Egefect + Eatom — EMXene>

where Eqgerec; 1S the total calculated energy of the reoptimized
defective MXene surface, Enxene 1S the energy of the pris-
tine M XT, surface, and E,n is the energy of the atom(s)
removed to create the vacancy. In the case of metal va-
cancies, Eyom Was the energy per atom of one unit cell of
the bulk metal in its most commonly occurring form, i.e., a
hexagonal-close-packed (hcp) solid for Ti, Zr, and Hf, and
a body-centered-cubic (bcc) structure for the remaining six
metals. The energy of a carbon atom was calculated as the
energy per atom of one unit cell of diamond, the energy of
an oxygen or nitrogen atom is half the energy of O, or N,
respectively, and the energy of a fluorine atom is calculated
from that of gaseous hydrogen fluoride (HF) and gaseous
hydrogen (H,) via Er = Eyp — %EHZ. Note that we chose this
method of calculation of the energy of an F atom because
the F surface termination that arises on MXenes is due to
the application of HF (aq) to remove the A element from
the MAX phase. Alternatively, one can compute it as %EFP
as it has been done in the literature. Below, we compare the
results with both methods of calculation. The energy used
as reference for the calculation of MT (T = O or F) double
vacancies was simply the sum of the energy of one metal atom
and one T atom, each calculated as described above.

At this point, we emphasize two critical details on the kind
of information that formation energy values provide. First, the
defect formation energies calculated in any theoretical work
are not absolute and can vary by several eV, depending on the
chosen method of calculation of single-atom energies. This
dependency also implies that, in fact, one can only accurately
compare Ef,m, values of defects of the same type of atom, not
of different atoms. For example, one can compare the Eform,
of a Ti vacancy on Ti,C and Ti,CO,, because the single atom
energy reference is the same. In contrast, comparing the Efomy,
of a Ti with that of a C vacancy on Ti,C is not rigorous, since
changing the method of calculation of the Ti or the C atom
could greatly affect the results. Second, formation energy
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FIG. 2. Formation energies of vacancies in M, X MXenes (values taken from Table S1 [24]). Carbides are shown on the left side, and
nitrides on the right. The grey lines denote metal vacancies, and the black and blue lines denote carbon or nitrogen vacancies, respectively.
The dashed line is placed at Ef,,, = 0. Note that different reference species were considered in the calculation of Ey,, for different types of

vacancies and direct comparison must consider this premise.

values calculated in this way only provide thermodynamic
information, and do not include kinetic effects, such as energy
barriers. As an example, one might calculate the formation
energy of a Vy on W;N and find negative value. Even disre-
garding the fact that the value thus found might be positive
if a different energy of a single N atom had been chosen,
it does not imply that N vacancies occur spontaneously on
W, N. Rather, it indicates that the process through which the
N atom leaves the MXene surface towards another phase (such
as N,) is exothermic, but offers no information on the energy
barrier that needs to be surmounted for the process to occur,
namely for the N atom to cross the outer W layer. These
critical aspects are often overlooked in theoretical studies and
can mislead the reader.

Within our definition, negative formation energies reflect
situations in which a system, composed of an incomplete
MXene surface (due to the vacancy), and the missing atom
in some other form, is thermodynamically more stable than
the MXene crystal surface. As we will see, these are rare
occurrences, a consequence of the stability of MXene surfaces
when compared to other phases, and of the phases assumed
for calculating the single-atom energies. In order to energet-
ically quantify the structural deformation of MXene surfaces
due to the presence of the vacancy defect, we calculated the
reconstruction energy, which can be defined as the energetic
difference between the M, XT, surface with one of its atoms
removed, after and before relaxation. Thus, by definition, all
reconstruction energy values are negative, and higher absolute
values are likely to be associated to defects whose presence
induces more structural distortion. Calculated reconstruction
energies are especially valuable for theoretical studies, as they
can be directly compared to the corresponding ones in distinct
theoretical or experimental works since, unlike formation en-
ergies, they do not depend on the method of calculation of
single-atom energies.

III. RESULTS AND DISCUSSION

The presentation of the results is divided in four sub-
sections. We first consider, in Sec. III A, the bare MXenes
(i.e., MXenes without terminations), with the traditional ABC
atomic layer stacking, and investigate the influence of the M
and X elements on the structure and energetics of MXene va-
cancies. Then, we analyze the effect of the oxygen (Sec. III B)
and fluorine (Sec. IIIC) surface terminations in tuning the
properties of vacancies on MXenes. Last, in Sec. III D, we
examine how these can be modified by considering an ABA
layer stacking, which was suggested to be the most thermo-
dynamically stable arrangement for carbide MXenes based on
metal elements of group 6 of the Periodic Table, and for nitride
MXenes based on elements of groups 5 and 6 [7].

A. MXenes without termination

Our base case was to consider all MXenes without any
termination, i.e., with stoichiometry M,X, and in the ABC
stacking phase. The calculated vacancy formation energy
values are plotted in Fig. 2, and the respective values are
disclosed in the Supplemental Material Table S1 [24].

Let us first discuss the results for M,C MXenes. The for-
mation energy values of both Vy; and Vi defects are clearly
separated into two groups: one containing the MXenes made
of metals from groups 4 and 5 of the Periodic Table, and
another with the group 6 ones. On the M,C MXenes of the
first group, the formation energies are between 2 and 3 eV,
while on the second group the formation energies are much
lower. It is important to again highlight that the similarity
between Vj and V- formation energies occurs using what we
considered as references for the energies of single atoms. For
example, if instead of using diamond to obtain the energy of
one C atom, one used graphene or another phase, the curve
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FIG. 3. Top views of the Ti,C MXene when defect-free (left panel), with a Ti vacancy (center panel), or with a C vacancy (right panel),
after relaxation of the positions of the atoms. Color code for spheres: C in black and Ti in grey. The numbers on the spheres are the calculated
charges on the respective atoms, in electron charge units, and the green arrows point in the direction in which the associated atoms moved

when the defect was created.

corresponding to V¢ in Fig. 1 would maintain its shape but
would be shifted upwards or downwards. On the other hand,
the formation energy values of vacancies of the same kind on
different surfaces can be directly compared. For instance, V¢
are more likely to form on Mo, C than on Ti,C.

Calculation of the M-C bond orders (using the DDEC6
method described in Ref. [37]) yields similarly strong bonds
for all the M, C systems, between 0.83 and 0.91. This explains
why, on group 4 and 5 MXenes, the formation energies range
within 1 eV of each other. However, this does not explain the
different behavior of the group 4 and 5 MXenes, compared to
the group 6 ones. Instead, the way the MXenes are grouped
suggests that the different behavior can be attributed to the
metastability of the group 6 MXenes in their ABC atomic
layer stacking configuration. In fact, since in this section
we assume ABC stacking for all MXenes, despite group 6
MXenes being energetically more stable with ABA stacking,
it stands to reason that structural defects are more easily
formed on these MXenes—the symmetry breaking allows the
lattice to undergo some reconstruction as an attempt to shift
to ABA stacking. This can also be thought of in the other
way around: more stable systems, such as the group 4 and
5 M,C MXenes, require more energy to be broken. These two
groups of MXenes also display distinct qualitative structural
relaxation due to the presence of the defect, as well as distinct
reconstruction energies (shown in Fig. S2 of the Supplemental
Material [24]). The reconstruction energies of the Vyy and V¢
defects on M,C MXenes of groups 4 and 5 are very small,
around —0.1 eV for V- and —0.4 eV for V. The surface
relaxation due to the vacancies consisted of the neighboring
atoms (C or M for W and V¢, respectively) moving around
0.1A away from the defect (see Fig. 3). In the case of Wy, this
is a consequence of the fact that the C atoms are negatively
charged and held in position by the positively charged M
atoms—the removal of one M atom allows the nearby C ones
to move away from the vacancy, towards other metallic atoms.
For Vi, the same effect is observed, with the roles of C and
M reversed. A Bader charge analysis also revealed that the
three C atoms nearest to Vjy became more neutral by around
0.3e, while the six M atoms surrounding V- become more
neutral by around 0.4e on average. The Bader charge of the
atoms closest to the vacancies on Ti,C are shown in Fig. 3.
On group 6 M;C MXenes, we see a rather different picture
when compared to those of groups 4 and 5. The reconstruction

energies are 2 to 10 times as large (up to around —1 eV) and
the motion of the atoms surrounding the defect occurs in the
opposite direction (i.e., against the green arrows of Fig. 3).
The former, along with the lower formation energy values, is
likely due to the metastability of the ABC stacking on group
6 MXenes, and the latter can again be justified by an atomic
charge argument. While the M and C atoms in groups 4 or
5 M,C MXenes have charges of 1 to 3 electron charge units
(as in the example of Ti,C shown in Fig. 3), on group 6 ones,
the atoms of the surface are much more neutral, with the M
atoms having charges of less than +0.8¢, and the C atoms
less than —1.6e. The removal of a single atom from the lattice
causes the nearby atoms to become even more neutral and
allows them to come closer to each other, approaching their
neutral covalent bond length. This is especially noticeable in
the relaxation of the M atoms surrounding a V; for instance,
on Mo, C, the Mo-Mo distance of the Mo atoms closest to the
defect is shortened by 0.27 A after surface reoptimization. In
some sense, the C atoms occupy a much smaller volume on
group 6 MXenes than on groups 4 and 5 ones. For example,
the calculated Bader volumes of a C atom on Ti,C and V,C
are 26 and 18 A3, respectively, while on Mo,C and W,C they
are 10 and 9 A3, respectively.

Let us now turn our attention to MpN MXenes. Energet-
ically, all Wy defects are easier to form than on their M,C
counterparts. This is likely due to the intrinsically weaker
M-N bonds, compared with the corresponding M-C bonds
[38]. For instance, the Ti-C and Ti-N bond orders in the Ti,C
and Ti,N MXenes, calculated using the method of Manz et al.
[37], are 0.83 and 0.73, respectively. All the calculated M-N
bond orders are smaller than 0.84, and gradually decrease
along the right-hand plot in Fig. 1, up to 0.60 on W;,N. Within
our consideration that the energy of one N atom is half that
of N, the X vacancies appear to be much harder to form on
group 4 MXenes, with Vy having formation energies at least
2.5 eV higher than Vy;. The Vy formation energies on Mo, N
and W;N appear to be negative. This also stems from our
assumption that the energy of one N atom is half that of an
N, molecule. Thus, a negative formation energy means that
the whole system is thermodynamically more stable when the
N atom is bonded to another N atom, to form gaseous Np,
than when it is included in the MXene surface. The general
trend is that both Vj; and V formation energies decrease along
each group or period of the Periodic Table, which may be a
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FIG. 4. Formation energies of vacancies in M, X0, MXenes (values taken from Table S3 [24]). Carbides are shown on the left side, and
nitrides on the right. The grey lines denote metal vacancies, the black and blue lines denote carbon or nitrogen vacancies, respectively, the full
red lines denote oxygen vacancies, and the purple lines correspond to metal-oxygen double vacancies. The dashed red lines correspond to the
formation energy of an oxygen vacancy neighboring a metal vacancy. The dashed grey line is placed at Et,;,, = 0. Note that different reference
species were considered in the calculation of Ef,., for different types of vacancies and direct comparison must consider this premise.

consequence of the M-N bond orders, which follow the same
tendency. As the Vy curve is steeper than the Vj; one (most
likely due to each N atom being bonded to six other atoms
while the M atoms only form three bonds) the former eventu-
ally dives under the latter, coincidentally near the zero-energy
line. The reconstruction energies and relaxed structures of Vi
and Vy on group 4 and 6 MXenes follow the same pattern as
on the corresponding M,C surfaces. However, group 5 M,N
MXenes display Eory values between those of M, N MXenes
of groups 4 and 6, contrasting with the M,C case, in which
group 5 surfaces behave as group 4 ones. This may be related
to their shift in stacking preference, from ABC to ABA [7].
In fact, and as one might expect, the values in Fig. 2 suggest
that the M, X MXenes which prefer an ABA layer stacking,
or for which the two possible layer alignments are almost
equally stable, are more prone to contain defects in their ABC
configuration.

B. Oxygen-terminated MXenes

We now focus on MXene surfaces terminated by an O
layer, which becomes the preferential termination for MXenes
after washing (F terminations are rinsed) and exposure to
high-temperature treatment (surface OH groups yield the ter-
minating oxo species). With this termination, the preference of
MXenes for ABC or ABA stacking is maintained relatively to
the pristine surfaces, but the results presented in this section
are for ABC only. On the studied M,CO, surfaces made of
metals of groups 4 or 5, the O layer atoms are aligned with
those of the farthest M layer, as seen in the leftmost panel of
Fig. 1, while on group 6 MXenes, the O atoms align with the C
layer atoms. This yields an overall O-M-C-M-O layer stacking
of CABCA for group 4/5 M,CO, MXenes, and BABCB for

group 6 ones. The nitride MXenes of groups 4 and 6, and
V;,NO,, retain the O layer adsorption site from their carbide
counterparts, while Nb,NO, and Ta,NO, shift their favored
O layer alignment to that of the group 6 MXenes, i.e., the O
atoms align with the N layer.

For M,X0O, MXenes, we considered four kinds of va-
cancy defects: M and X vacancies, as in the case of MX
MXenes, O vacancies, and MO double vacancies, which
have been observed in MXenes and can act as anchoring
sites for single-atom catalysis [23]. The calculated vacancy
formation energy values are plotted in Fig. 4, and the
respective values are disclosed in Supplemental Material
Table S3 [24].

On M,CO; surfaces, V\ generally present the highest for-
mation energies among all the single vacancies, followed by
Vo, while V¢ appear to be the most likely to be found on any
of the M,CO, MXenes studied. Although this ordering agrees
with the literature on vacancy defects on M;X0O, MXenes
[21], one must always keep in mind that formation energy
values depend on the species that are considered as reference.
Furthermore, like in other studies of vacancy formation on
MXenes [21,22], here we only consider the thermodynamics
of the system, i.e., we only compare the state of the system
before and after the atom is removed, not accounting for
energy barriers that need to be surmounted in the process.
This is likely to be especially relevant in the case of vacancies
in the innermost layer of the MXene, Vx, whose formation
involves the motion of many atoms. The formation energies
of all single and double vacancies tend to increase as a func-
tion of M along each group of the Periodic Table, indicating
stronger bonds. Structurally, the creation of Vyy defects in-
volves breaking six bonds: three M-C and three M-O. The
latter are especially strong due to the oxophilicity of MXenes.
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FIG. 5. Top views of the Ti,CO, MXene when defect-free (top
left panel), with a Ti vacancy (top right panel), with a C vacancy
(bottom left panel), or with an O vacancy (bottom right panel), after
relaxation of the positions of the atoms. Color code for spheres: C in
black, Ti in grey, and O in red. The numbers on the spheres are the
calculated charges on the respective atoms, in electron charge units,
and the green arrows point in the direction in which the associated
atoms moved when the defect was created.

This justifies the extremely high formation energy values of
VM on M, CO,, when compared to those on the corresponding
M,C. This is in line with experimental results on the thicker
Ti;C, T, MXene. Ti vacancies have been observed experimen-
tally on this material [39], and predicted to be much harder to
form when the surface is covered by O than when it is bare
[40].

The surface relaxation of the M,CO, MXenes due to Vi
consists mainly of the nearby O atoms being pushed away
from the defect center, as in the example of Ti,CO, shown
in Fig. 5. The other two single-atom defects, V¢ and Vo, cause
the nearest M atoms to move away from the defect, repelled by
the positive charge of each other. The creation of C vacancies
additionally pulls in the surrounding O because both C and
O are negatively charged. The way the lattice reconstructs
around the vacancy can be justified by the conjugation of two
effects. The first is an electric charge argument: the removal of
an atom with a certain charge attracts surrounding atoms with
like charges and repels nearby atoms with the opposite charge,
as in Fig. 5. Second, when an atom becomes bonded to a
smaller number of atoms (because one of them was removed),
each of the remaining bonds becomes stronger, and naturally
shorter. These effects are most evident in the relaxation due
to VM, which leads the three surrounding O adatoms to move
away from each other, because of lateral Coulomb repulsion
due to their negative charges, which was already present in
the defect-free material, and the fact that one of the M-O
bonds has disappeared, strengthening the remaining two. In
the example of Ti,CO,, the length of the Ti-O bond formed
by the three adjacent O adatoms is reduced by 7%, from 1.97
to 1.83 A, accompanied by an increase of almost 50% in

bond order, from 0.43 to 0.64. The relaxation due to Vo is
simply a superposition of the ones of V3 and Vg, along with
WMo formation energies rather well correlated with the sum of
the formation energies of Vy; and V (see Fig. S5 [24]), with
a linear correlation coefficient of R*> &~ 0.96. This analysis
includes both carbide and nitride MXenes, as they were found
to fit the same linear regression line.

The absolute values of the reconstruction energies due to
WV and V¢ defects on MpCO, MXenes are significantly higher
than on the corresponding M,C. While on the latter, these
energies were of the order of —0.1 to —0.4 eV, the former
present reconstruction energies of several eV, as shown in
Fig. S4. The reconstruction energy of —1.78 eV calculated
for Vi1 on TipCO, agrees with the value —1.60 eV calculated
in Ref. [21]. The small variation may be due to the slightly
different computational and structural parameters considered
in this work and in Ref. [21]. For Vi on Ti,CO,, we calculated
a reconstruction energy of —1.38 eV (again agreeing with the
—1.27 eV in Ref. [21]). The remaining M,CO, MXenes have
Ve and Vg reconstruction energies between —0.1 and —2.1
eV, and between —0.1 and —0.7 eV, respectively. The very
low Vg reconstruction energies were expected since, although
MXenes are very oxophilic, the T layer (O in this case) is
not essential for their structural stability. Thus, the integrity
of the lattice does not suffer too much stress when part of the
termination is removed.

Concerning M,NO, MXenes, the observation of the right
side of Fig. 4 shows a rather different picture than what
is observed for M,CO, concerning Vy; formation energies,
which are reduced with respect to the M,CO, case by sev-
eral eV, while those of Vj are around the same magnitude
as in M;CO,. The reduction of V) formation energies has
two complementary explanations, coinciding with those given
for the particular case of Ti;CO, and Ti;NO,, studied in
Ref. [21]. First, M-N bonds are intrinsically weaker than M-C
ones, which is reflected in lower Vj; formation energies on
MXene nitrides than on carbides, throughout the whole paper.
Second, as seen in the plots of Fig. 4, some M,NO, MXenes
display very negative Vj reconstruction energies, to a greater
extent than the corresponding M, CO,. In particular, those of
group 4 nitrides are over —3 eV and imply that the MXene is
able to gain considerable stability when one of its M atoms
is removed. The near independence between V formation
energy values and the X element is likely a consequence
of there being no direct bond between the X and O atoms.
The surface relaxation due to the vacancies consists mostly
of the surrounding atoms moving away from the vacant site,
an effect which is again most noticeable in the motion of O
atoms due to Vy; and reflects in higher reconstruction energy
absolute values associated to this defect. The O atoms are the
ones whose position is affected the most when near a Vy,
because it causes them to be bonded to only 2 neighbors,
conferring them extra mobility. The reconstruction energies
due to Wy are at least —1 eV, up to roughly —4.5 eV on
V,NO,, an MXene whose ABC-stacked lattice is especially
deformed in the presence of vacancies. The obtained V3 and
Wn reconstruction energies on Ti,NO, are —3.3 and —1.20
eV, respectively, in agreement with the corresponding values
of —3.03 and —1.27 eV found in the literature [21]. The
Vo reconstruction energies are generally very small, between
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—0.6 eV on the group 4 M,NO, MXenes and less than —0.1
eV on some group 6 MXenes.

As happened in the cases of the bare Mp,X MXenes
(Sec. T A), the great reduction of V) formation energies,
when moving from M,CO; to M;NO, surfaces, causes M
vacancies to appear thermodynamically easier to create than
N ones on nearly half of the M,NO, surfaces. One can take
advantage of this to implant single-atom catalysts that fill
M vacancies, as demonstrated, e.g., in Ref. [18] for Pt SAC
substituting Ti in the TizC, MXene. In the specific case of
Ti; XO,, when moving from X = C to X = N, the V}; forma-
tion energy is lowered by 6 eV, while that of Vx increases
by 1.8 eV. This is still not enough to reverse the order of the
formation energies, but they differ by less than 1 eV when
X = N, down from almost 9 eV when X = C, in agreement
with the predictions of Ref. [21]. The Vj;o formation energies
of M;NO, MXenes correlate rather well with the sum of
Vum and Vo, and interestingly fit the same regression line of
M,CO, MXenes.

Let us briefly discuss the electronic properties of some
of these defects, namely the changes in the band gap of the
material due to their presence. To this end, we employed the
HSEOQ6 hybrid exchange-correlation functional, since local
and semilocal exchange-correlation functionals (such as the
PBE functional employed in this work) are known to severely
underestimate semiconductor band gaps. Most times, hybrid
density functional theory (DFT) calculations result in similar
structural and energetic properties as semilocal-DFT ones,
but considerably different electronic properties, namely wider
semiconductor band gaps. Predictions by hybrid functionals
are almost always in better agreement with experimental re-
sults, at the cost of increasing computation times by several
orders of magnitude, especially in plane-wave calculations
(see, for instance, Ref. [41]). In the case of the semiconduc-
tor/metal character of pristine MXenes, there appears to be
a qualitative agreement between results obtained using the
PBE and the hybrid HSEO6 functionals (as mentioned, for
example, in a recent review [42]), even though, as expected,
the latter predicts band gaps higher by more than 1 eV in
some cases. As for defective MXenes, results were obtained
using the PBE functional for Ti,CO, and Ti,NO, [21], and
for Ti,CO; only [22]. In these references, the pristine Ti,CO,
MXene is predicted to be a semiconductor with a band gap
around 0.26 eV, and to become a metal upon introduction of
any kind of single-atom vacancy. The first of these two refer-
ences additionally predicts Ti,NO, to undergo the opposite,
metal-to-semiconductor transition when a Ti or O vacancy is
introduced, opening up an energy band gap below 0.1 eV.
In our work, we found results similar to those of these two
references.

Our single-point calculations using HSE06, performed on
the Ti,CO,, Ti,NO,, V,CO,, and Cr,CO, structures obtained
with the PBE functional, yielded formation energies within
0.2 eV of the ones found using PBE. The V,CO, surface was
predicted to be metallic by our PBE (agreeing with Ref. [43])
and HSEQ6 calculations, both when pristine and when con-
taining a V vacancy. In the presence of a V¢ or Vp, the material
is metallic if the PBE functional is used, but has a band gap
of approximately 0.16 eV with HSE06. For Cr,CO,, both
crystalline and with a single-atom vacancy, our calculations

using either PBE or HSEOQ6 resulted in small negative indirect
band gaps, i.e., semimetallic behavior, in agreement with the
results in Ref. [44]. On the Ti,XO, MXenes, our HSE06
calculations resulted in a pristine Ti,CO, band gap of 1.13
eV (in agreement with the one found in the literature [45,46]).
The introduction of a V- caused a semiconductor-to-metal
transition, while V and Vi reduced the band gap to 0.16 and
0.27 eV, respectively, contrasting with PBE, which predicts
no band gap at all for any single-atom vacancy. Concerning
Ti,NO,, our calculations using PBE agree with the literature
[21] in that they also indicate that the defect-free MXene is
metallic, and a single-atom vacancy opens a very small band
gap (around 0.1 eV or less). With HSEQ6, the pristine surface
also appears metallic and adding an N or O vacancy creates
an energy gap like the one predicted by the PBE functional.
However, the Ti vacancy opens up a larger gap, around 0.60
eV. From these examples, we conclude that, although the PBE
functional predicts the same qualitative results as HSE06 for
pristine MXenes, it may incorrectly (compared to HSE06)
predict the metallicity of some defective MXenes. The energy
gaps predicted using HSEQ6 are all greater than or equal to
the ones obtained using PBE but, at least in these examples,
are small enough that charged defect levels are unlikely to
be found within the band gap. In order to be certain, one
would have to calculate the formation energies of charged
defects and compare them with the formation energies of the
corresponding neutral defects, for Fermi energies spanning
the band gap, preferably using a hybrid functional for all
calculations, which is beyond the scope of this work. Note that
our hybrid-DFT calculations were worked out on geometries
obtained using the PBE functional, so that a more comprehen-
sive analysis should further optimize the atomic models using
HSEO06.

From observation of the lines corresponding to MO va-
cancy formation energies in Fig. 4, it appears that the creation
of these defects is unfeasible. However, the formation of
these divacancies can be facilitated by the HF (aq) etching
procedure. In fact, Zhao er al. mention that some Ti atoms
adjacent to the exfoliated Al layer are also etched off even
under mild conditions when synthesizing the TizC, T, MXene
[18]. In such cases, terminating O atoms in the vicinity of the
Ti vacancy become bound to two instead of three Ti atoms
and, therefore, the removal of the O atom often becomes easier
(shown by the dashed red line in Fig. 4). Note that the intro-
duction of the Ti vacancy reduces the number of bonds formed
by the surrounding O adatoms, but this in turn strengthens the
bonds that do remain. If the latter effect is dominant, the O
adatoms may turn out to be more tightly bound to the surface,
as predicted for Hf;NO,. Our calculations hint towards a for-
mation energy reduction from 4.34 to 1.56 eV, for removing
an O atom in a perfect Ti,CO, model, versus in a Ti,CO,
slab with a neighboring Ti vacancy, respectively. Formation
energy reductions of several eV can also be observed on many
of the other MXenes, especially on the carbide MXenes with
metals of group 4 of the Periodic Table. This also suggests that
postsynthesis processes which remove the oxygen termination
may in fact create MO vacancies, since O adatoms neighbor-
ing M vacancies should be the first ones to get removed. The
occurrence of these MO vacancies was in fact observed in
the Mo, TiC, T, MXene [23]. An alternative means to produce
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FIG. 6. Formation energies of vacancies in M, XF, MXenes (values taken from Table S6). Carbides are shown on the left side, and nitrides
on the right. Data for W,NF, are shown in Table S6 but omitted here to allow a clearer visualization of the other points. The grey lines denote
metal vacancies, the black and blue lines denote carbon or nitrogen vacancies, respectively, the full green lines denote fluorine vacancies,
and the purple lines correspond to metal-fluorine double vacancies. The dashed green lines correspond to the formation energy of a fluorine
vacancy, assuming the energy of a fluorine atom is E(F,)/2. The dashed grey line is placed at E,;, = 0. Note that different reference species
were considered in the calculation of Ej, for different types of vacancies and direct comparison must consider this premise.

MO vacancies is suggested by the fact that, in 16 of the 18
MXenes present in Fig. 4, the V\jo formation energy is lower
than the sum of the Etyrm(VMm) + Eform (Vo ), most notably in
Ti,CO,, Zr,CO,, and Hf,CO,, where the difference surpasses
2.7 eV. This indicates that Vjy and Vg are attracted to each
other. The attraction makes sense from the electrostatic point
of view, since these two types of vacancies are surrounded by
atoms with charges of opposite signs. Thus, the formation of
an MO vacancy may not occur directly via the removal of two
atoms simultaneously, but through the combination of a Vy
and a V. To verify this possibility, we investigated the mobil-
ity of these two defects on Ti,CO, using the dimer method
[47]. We found that the migration barrier of an O vacancy
on this MXene surface is 1.40 eV, which is much lower than
its formation energy of 4.34 eV. Therefore, the vacancy can
easily move along the lattice, potentially combining with a
Ti vacancy to form a Vrjo. The migration barrier of Vy; was
calculated at 2.18 eV, a value higher than that of V,, but still
much lower than the Vy; formation energy of 8.59 eV.

C. Fluorine-terminated MXenes

The lattice site on which the F termination sits depends
on the M and X elements. On carbide MXenes, the F layer ad-
sorbs on hollow sites with an M atom underneath, as in the left
panel of Fig. 1. On the nitrides, the F termination lies on the
same position as on carbides on all MXenes except Hf,NF,,
Ta,NF,, and Cr,NF,, for which the F layer is aligned with
the N one. The calculated formation energies of vacancies in
fluorine-terminated MXenes (M, XF;) are shown in Fig. 6 and
Table S6 [24].

The formation energy of any vacancy on M, XF, MXenes
decreases as a function of the M element along each group and
period of the Periodic Table. On nearly all M, XF, MXenes,
VM seems to be the defect most likely to occur. This ease
of creating M vacancies was also observed in the previous
section on nearly half the M,NO, MXenes and, again, is es-
pecially relevant for catalytic applications that involve doping
the surface with substitutional metallic atoms. By comparing
Figs. 4 and 6, it becomes clear that Vj; are much easier to
create, by 6 eV on average, on M,CF, MXenes than on
M,CO; ones. For example, a Ti vacancy in Ti,CF, displays
a formation energy lower by 5.39 eV than on Ti,CO,. The
same difference was calculated at 5.17 eV in Ref. [21]. This
is likely a consequence of M-F bonds generally being weaker
than M-O ones. Experimentally, Vy; formation energies have
been obtained for Ti3;C,, Ti3C,F, and TizC, 0, the latter being
more than twice as high as the former two, which in turn
have similar values [40]. As for Vx and Vr, the changes in the
formation energies are generally milder, up to 3 eV, except on
W, XT,. Considering again the example of Ti,CT,, changing
the termination from T = Oto T = F, the V- and V1 formation
energies change by 3.00 and —1.77 eV, respectively. The first
of these values is in agreement with the corresponding one
(2.90 eV) in Ref. [21], but the difference between the forma-
tion energies of Vg in Ti,CF; and Vg in TioCO; calculated in
Ref. [21] is positive, 0.65 eV. We found that this is simply due
to the difference in the method of calculation of the energy of
a fluorine atom. If we assume that the energy of an F atom
is E(F,)/2, we find higher formation energy values for Vg
(dashed green line in Fig. 6). With this method, the difference
between Efym (VE) and Egorm (Vo) in TioCT, becomes 0.97 eV.
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FIG. 7. W,CF, (top diagrams) and W,NF, (bottom diagrams) MXene surfaces, before (left) and after (right) the creation of a W vacancy,
by removing the atom marked by the red cross on the left images. In each rectangle, the top and bottom schematics represent top and side
views of the surface, respectively. Color code for spheres: C in black, N in blue, F in green, and W in pink.

Most of the vacancy defects on M, XF, MXenes studied
here induced only minor relaxation of the positions of the
nearest atoms, similarly to the M,XO, case. However, some
of them caused major lattice deformation, namely on M,NF,
MXenes made of metals of group 6 of the Periodic Table,
as well as on Mo,CF,, W,CF,, Nb,NF,, and Ta,NF,. All
these cases are accompanied by very negative vacancy for-
mation energy values, not because the corresponding atoms
are easy to remove from the surface, but because of the lattice
reconstruction that their absence allows (see Fig. S7). In these
cases, the defect-free M, XF, surfaces are metastable in the
ABC atomic layer stacking configuration, in the sense that
the atoms return to their original positions if they are slightly
nudged in random directions, but this layer stacking is not the
most stable energetically, as we will see in the next section.
The most noticeable examples of the aforementioned lattice
distortion are W,CF, and W;,NF,, shown in Fig. 7 for the
most noteworthy case of Vy;. The W vacancy in W,NF, has
the lowest vacancy formation energy (see Table S6), around
—27 eV, with a concomitant damaging of its structural in-
tegrity. Due to the bizarre results of W,NF,, we repeated the

relaxation of the atomic positions with the Wy defect, in a
refined way, consisting of two tweaks. First, the motion of the
atoms after each step was reduced to 1/5 of the default value.
Second, instead of optimizing all atomic positions from the
start, the lattice relaxation was partitioned: initially, only the
atoms closer to the vacancy were moved to their new ground
state positions, then the second-nearest neighbors, and finally
all the atoms were allowed to move. The resulting configu-
ration was again a disordered structure, and the sequence of
reconstruction energies added up to around the same value as
the one presented in Fig. S7 for Vi in W,NF,, thus confirming
that the stability of this MXene is very sensitive to the pres-
ence of defects. Excluding the data relative to group 6 M,NF,
MXenes, W formation energy values correlate reasonably
well with the sum of the formation energies of Vyy and Vi (Fig.
S8), with a linear correlation coefficient of R* =~ 0.97.

D. Effect of the atomic layer stacking of MXenes

Some MXenes are understood to be energetically more sta-
ble when their M-X-M layers are stacked in an ABA fashion,
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TABLE I. Energetic difference per formula unit, AE,, in eV,
between ABA and ABC atomic layer stacking on the studied M, XF,
MXenes. Negative values in bold indicate preference towards ABA
layer alignment.

Metal X=C X=N
Ti 1.04 0.76
Zr 1.40 0.62
Hf 1.62 0.53
A% 0.18 0.21
Nb 0.18 —-0.05
Ta —0.16 —-0.21
Cr —0.16 —-0.67
Mo —-0.27 -0.51
W —0.63 —-1.03

rather than the usual ABC one. This preference is known to be
enhanced when (i) the M element is of a later group or period
of the Periodic Table, (ii) the X element is N instead of C, and
(iii) the MXenes are O terminated, rather than bare [7,35]. In
this work, we found that some MXenes also prefer to display
an ABA layer alignment when terminated by fluorine (see
Table I). Resembling the O-terminated situation, the group
4 M, XF, MXenes prefer ABC stacking, while group 6 ones
prefer ABA stacking, with emphasis on W,;NF,, exhibiting an
energetic difference per formula unit of —1.03 eV. Concern-
ing group 5 MXenes, the relative stability of both stackings
depends on the M and X elements. In fact, the V-based and
Ta-based M, XF, MXenes prefer ABC and ABA, respectively,
while the Nb,XF, ones prefer ABC or seem to be equally
stable with both possibilities, depending on whether the X
element is C or N, respectively.

For half of the M/X MXene combinations—those of group
6 and the group 5 nitrides—we repeated the analysis of the

previous sections, considering ABA layer stacking and bare,
O-terminated, and F-terminated surfaces. We additionally re-
calculated the vacancy formation energies for all the group 5
M, CF, MXenes, since they are also candidates to occur with
an ABA layer alignment.

The calculated formation energy values for the bare MX-
enes with ABA stacking are shown in Fig. 8 and Table S9.
All values in this table are higher than the corresponding ones
on bare ABC-stacked MXenes (Fig. 2 and Table S1), and
none of them is negative. The group 5 MNenes now follow
the same trend as ABC-stacked group 4 ones, with V; and
Vn formation energies around 1.5 eV, and between 3 and 4
eV, respectively. The formation of Vx defects on bare group
6 MXenes is still noticeably easier than when M belongs to
groups 4 or 5. This shows that the relatively low formation
energies of Vx on group 6 MXenes, observed in both Figs. 2
and 7, are not only due to the layer alignment considered, but
due to the M element itself. One of the reasons for the higher
formation energies found when some MXenes are assumed to
have an ABA layer is that, since the lattice may now be more
stable, it does not reconstruct itself as much when a vacancy
is present (full vs dashed lines in Fig. S2). For example,
the reconstruction energy due to Vy is —1.16 eV on ABC
W:N, and it becomes only —0.16 eV when ABA stacking is
considered instead.

Concerning O-terminated, ABA-stacked MXenes, the va-
cancy formation energies are displayed in Fig. 9 and Table
S10. In this case, nearly all values are higher than the ones for
ABC stacking (Fig. 4 and Table S3). The notable exception
is Vp formation energies on nitrides, indicating that these
ABA-stacked nitride MXenes are slightly less oxophilic than
the respective ABC-stacked ones. Once again, this may be
because a part of the vacancy formation energy values is due
to the relaxation of the lattice atoms surrounding the defect.
If the lattice is more stable with ABA stacking, it stands to

35
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FIG. 8. Formation energies of vacancies in M,X MXenes (values taken from Table S9) assuming ABA atomic layer alignment. Carbides
are shown on the left side, and nitrides on the right. The grey lines denote metal vacancies, and the black and blue lines denote carbon
or nitrogen vacancies, respectively. Note that different reference species were considered in the calculation of Eg,, for different types of

vacancies and direct comparison must consider this premise.
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FIG. 9. Formation energies of vacancies in M,XO, MXenes (values taken from Table S10) assuming ABA atomic layer alignment.
Carbides are shown on the left side, and nitrides on the right. The grey lines denote metal vacancies, the black and blue lines denote carbon or
nitrogen vacancies, respectively, the full red lines denote oxygen vacancies, and the purple lines correspond to metal-oxygen double vacancies.
The dashed grey line is placed at Ey,,, = 0. Note that different reference species were considered in the calculation of Eg,,, for different types

of vacancies and direct comparison must consider this premise.

reason that it will not undergo as much reconstruction when
it is in the ABA phase. In line with the ABC results, on the
ABA carbide MXenes, V) appear to be the hardest single-
atom defects to form, while V(- are the easiest, with formation
energies differing by at least 2 eV, and increasing along the
group of the periodic table of the M element. Also agreeing
with the ABC data, some M;NO, surfaces appear to be more
likely to contain Vi than Vy defects. The linear correlation
coefficient between Vjjo formation energies and the sum of
the formation energies of Vjy and Vg is now R? 2~ 0.991. When
compared to bare ABA MXenes, the V) formation energies on
O-covered ABA MXenes are usually higher by several eV (as
happened with the ABC structures, because the M atoms now
form six bonds, as opposed to three on M, X surfaces), the
sole exception being W,NO,, on which removing an M atom
costs nearly 2 eV less when in its ABA phase. In contrast,
Vx become more or equally stable when the MXenes are
terminated by O on most MXenes, but less stable by several
eV on Mo,CO; and W,CO,, as happened when assuming
ABC layer alignment.

The calculated formation energy values for ABA-aligned
M,XF, MXenes are shown in Fig. 10 and Table S11. As
expected, practically all values in this table are higher by
several eV than the ones found for the same MXenes with
ABC stacking (Fig. 6 and Table S6). The exceptions are Vg
on V,NF, and on Ta;NF,, whose formation energies become
lower by 0.52 and 0.04 eV, respectively, when the stacking
changes from ABC to ABA. These are the group 5 F-covered
MXenes on which the ABC and ABA stackings display the
highest relative stability, respectively. Importantly, and due to
the preference for ABA stacking of some MXenes in Table I,
there are no longer formation energy values of tens of eV. The

lowest value is still attributed to Vy on W,NF,, but it is now
—2.90 eV, higher than what is seen in Table S6 by more than
24 eV. The presence of this defect induced a reconstruction
energy of around —1 eV and, like the other Vjy defects in
M,;NF, ABA MXenes, the lattice relaxation consists of the M
atom under the vacancy being pulled towards the vacant site,
attempting to fill it. Regarding the relative formation energies
between the three types of single vacancies considered, Vi
appear easier to create than Vx on all ABA-aligned MXenes,
except for V,CF,, a fact that was observed with ABC stacking
as well. As a matter of fact, M vacancies are the easiest to
occur on nearly all M,XF, MXenes, regardless of stacking.
On this subject, another crucial difference between ABC and
ABA stacking is that, on the former, Vx formation energies are
lower than Vi ones, while they become higher than those of Vi
on the latter. This may be another consequence of the higher
stability of the ABA layer stacking, relatively to ABC, on
most of these MXenes—if the MXene surface is more stable
as a whole, it is harder to remove one of its essential atoms (M
or X), and easier to remove its termination. As was predicted
in all other cases throughout this study, here the formation
energy of the MF double vacancy correlates approximately
linearly with the sum of the formation energies of Vj and Vg,
with R? ~ 0.98. In fact, R? becomes closest to 1 when the
data of both M,X0O, and M,XF, MXenes, with both ABC
and ABA atomic layer stacking, are included in the fitting
(Fig. S12). Remarkably, the corresponding fitted line allows
the calculation of the formation energy of Vyr on MXenes
made of any M, X, and T element combination, with either
ABC or ABA atomic layer alignment, from the sum of the
formation energies of V; and Vr, with a mean absolute error
of 0.36 eV.
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FIG. 10. Formation energies of vacancies in M,XF, MXenes (values taken from Table S11) assuming ABA atomic layer alignment.
Carbides are shown on the left side, and nitrides on the right. The grey lines denote metal vacancies, the black and blue lines denote carbon or
nitrogen vacancies, respectively, the green lines denote fluorine vacancies, and the purple lines correspond to metal-fluorine double vacancies.
The dashed grey line is placed at Ey,, = 0. Note that different reference species were considered in the calculation of Ej,, for different types

of vacancies and direct comparison must consider this premise.

IV. CONCLUSIONS

In summary, we have analyzed the structure and energetics
of vacancy defects on bare, O-terminated, and F-terminated
MXene surfaces, both with ABC and ABA atomic layer stack-
ing. Structurally, for the most part, the presence of the vacancy
causes the atoms surrounding the vacant site to move away
from the defect. This is because, on MXenes, consecutive
atomic layers are oppositely charged. Therefore, the removal
of one atom also removes the charge that was keeping the
adjacent atoms closer together by screening their charge of the
same sign. Without the missing charge, the nearby atoms are
more strongly repelled by each other and move farther from
the vacancy. This reconstruction energy was calculated at a
few hundredths of eV in most cases.

We began by assuming ABC atomic layer stacking for all
MXenes. On the clean carbide MXenes, we found that the
formation energy of metal atom vacancies is approximately
the same as that of carbon vacancies, usually between 2 and
3 eV. Changing the X element from C to N has the effect of
reducing the metal vacancy formation energy while increasing
that of the X vacancy, with the exceptions of Mo, X and WX
surfaces, on which metal vacancies are energetically more
costly than C/N ones.

By covering the MXenes with a layer of O, the formation
energies of metal atom vacancies were found to become con-
siderably larger, reaching over 9 eV in some cases, while the X
vacancy formation energies became smaller, with few excep-
tions. The F termination was found to decrease the formation
energy of X vacancies as well, but to also decrease M vacancy
formation energies, with respect to the bare MXenes. Compar-
ing the O and F terminations with each other, we find that the
F termination allows more easily created M and N vacancies,
but leads to more unfavorable creation of C vacancies.

Some vacancies on ABC-stacked F-terminated MXenes
displayed unrealistically low formation energies, such as that
of the metal vacancy of W,;NF,. This was found to be due
to the metastability of these MXenes with this stacking. In
fact, by creating a vacancy, one breaks the symmetry of the
lattice and allows it to relax to a more stable form. In some
cases, such as W,NF,, the resulting structure is a disordered
amalgam of atoms, hardly recognizable as an MXene surface.
For the cases in which ABA stacking is thermodynamically
more stable or on par with ABC, i.e., MXenes made of metals
of group 6 of the Periodic Table and most of the MXenes of
group 5, we repeated the calculations considering ABA layer
alignment. This had two major effects: first, lattice integrity
was maintained; and second, the vacancy formation energies
increased with respect to the ABC case. These two effects
are connected because the vacancy formation energies include
a surface reconstruction component. Since ABA stacking is
favorable on most of the MXenes studied with this stacking,
breaking the lattice symmetry by removing one atom did
not induce as much surface relaxation as when ABC was
assumed. In turn, less lattice reconstruction leads to higher
formation energies, as the lattice was already stable before the
vacancy was present.

By calculating the energy band gaps of the Ti,CO,,
Ti;NO,, V,CO,, and Cr,CO,, pristine or with a single-atom
vacancy, and comparing the results obtained using the PBE
exchange-correlation density functional with those yielded by
the HSEO6 hybrid functional, we found a wide range of con-
ducting behavior changes on these MXenes. Both functionals
predict these materials to be semiconducting (Ti;CO,), metal-
lic (Ti;NO, and V,CO,), or semimetallic (Cr,CO,) when
pristine. However, in the presence of a single-atom vacancy,
the outcomes may differ depending on the functional used. For
example, in agreement with results in the literature, we found
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that the PBE functional predicts Ti,CO, to become metallic
upon introduction of any kind of single-atom vacancy, while
HSEQ6 predicts a semiconducting behavior, with band gaps
of 0.16 and 0.27 eV for Vo and Vi, respectively. This was
to be expected, since PBE is known to underestimate the
band gaps of semiconductors, an issue very commonly solved
by employing a hybrid functional. Note that our hybrid-DFT
calculations were performed on structures relaxed using the
PBE functional, hence, for a more comprehensive analysis,
one should fully optimize the atomic positions using HSEQ6.

Last, we found that the formation energies of the metal and
termination double vacancies display an approximately linear
correlation with the sum of the formation energies of the M
and T single-atom vacancies. Remarkably, all MXene surfaces
studied in this work, with all M, X, and T elements, and with
both ABC and ABA atomic layer stackings, fit the same re-
gression line. This allows one to predict the formation energy

of double vacancies on any MXene surface, from the known
formation energies of the corresponding single vacancies.
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