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Henrique Rocha , José D. Gouveia ,* and José R. B. Gomes †

CICECO – Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, Campus Universitário de Santiago, 3810-193 Aveiro,
Portugal

(Received 9 June 2022; revised 19 August 2022; accepted 16 September 2022; published 14 October 2022)

MXenes are a family of two-dimensional materials of great interest due to their unique properties, e.g.,
adjustability based on changes in their composition, structure, and surface functionality, which grant MXenes
a variety of applications. One way of changing the catalytic effect of MXenes consists of adsorbing isolated
metallic elements, such as transition metals (TMs), onto their surface, leading to the formation of single-atom
catalysts. Herewith, the adsorption behavior of 31 TMs on the surface of two titanium carbide MXenes, viz.
Ti2C and Ti2CO2, is analyzed by means of density-functional theory (DFT) calculations. We find that the oxygen
surface termination causes most of the TM atoms to adsorb on a hollow site above a carbon atom, whereas on
bare Ti2C, the adsorption preference follows a pattern related to groups of the periodic table. The interaction
between the TM atoms and the surface of both Ti2C and Ti2CO2 is strong, as demonstrated by the calculated
adsorption energies, which range between about −1 and −9 eV on either surface. Upon adsorption on Ti2CO2,
electrons are transferred from the adatom to the MXene surface, whereas on Ti2C, the only TM atoms for which
this happens are the ones in group 3 of the periodic table. All the other transition metal atoms become negatively
charged after adsorption on Ti2C. On the oxygen-covered MXene, stronger adsorptions are accompanied by
higher charge transfers. The energy barriers for TM adatom diffusion on Ti2C are very small, meaning that the
adatoms can move rather freely along it. On Ti2CO2, however, higher diffusion barriers were found, many being
above 1 eV, which suggests that the oxygen termination layer blocks the diffusion. On both surfaces, the highest
diffusion barriers were found to correspond to the TM elements which adsorb most strongly.
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I. INTRODUCTION

Since the seminal studies developed by Geim and
Novoselov concerning the exfoliation of graphene [1], the
interest in two-dimensional (2D) materials by the scientific
community soared, leading not only to the intensive study
of existing 2D materials, but also to the discovery of new
materials, whose captivating properties have prompted their
application in diverse areas. MXenes are among these new
materials and typically consist of 2D carbides, nitrides, or
carbonitrides of a particular transition metal. The first MXene,
Ti3C2TX , was discovered in 2011 [2] and, so far, it is the one
that has received the most attention. Since then, more than
30 distinct MXenes have been experimentally synthesized
and the structures of many others have been computationally
predicted [3].

MXenes have unique properties, which can be adjusted by
changing their composition, functionalizing their surface, and
changing their structure/morphology [4–14]. Because of this,
MXenes are a very versatile family of materials, displaying
great utility in many areas [15–28]. In addition to their use
in energy storage [4,16–19], biomedical applications [20],
sensors [26–28], and many other fields, MXenes play an im-
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portant role as catalysts, mainly due to their large surface area,
which implies more active sites. In fact, MXenes have already
been used as catalysts in the hydrogen evolution reaction [29],
nitrogen reduction reaction [30], CO2 functionalization [31],
and CO2 reduction [32]. Relevant computational studies have
also already been developed for a detailed understanding of
the catalytic mechanisms [22,25,33–35]. These reactions can
be carried out with the formation of single-atom catalysts
(SACs), which consist of catalysts in which an active metal
species is present in the form of isolated atoms bonded to
another metallic species (in this case, to the surface of the
MXene) [23,31,36,37]. This strategy exhibits great potential
since it can increase the stability, activity, and selectivity of
MXenes [24]. The large surface area and the possibility of
manipulating the terminations of these materials facilitate the
adsorption and stabilization of the isolated atoms [38] which,
once adsorbed, redistribute the electronic structure of the MX-
enes, hence altering their properties. This approach benefits
greatly from the use of transition metals as the isolated atoms
to be adsorbed. This is due to the catalytic performance of
metals being often improved if a mixture of metals is used,
instead of a single-elemental catalyst [39]. Since MXenes are
essentially made up of transition metals, the adsorption of
atoms of metallic elements different from those existing in the
parent MXene can drastically improve the catalytic effect of
these materials. The formation of SACs on MXene surfaces
has already been considered by Illas and co-workers [40,41],
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FIG. 1. Top view of the p(4 × 4) supercells employed to model the (a) Ti2C and (b) Ti2CO2 MXene surfaces. Titanium atoms are shown
as teal blue spheres, while the carbon atoms are shown as gray spheres. Red spheres represent the oxygen atoms in Ti2CO2. Labels refer to
the four relevant high-symmetry sites on each surface: bridge (between titanium atoms, BTi, and between oxygen atoms, BO), top (T), hollow
titanium (HTi), and hollow carbon (HC).

but only the first-row transition metals were covered in these
studies.

The Ti3C2TX MXene has been the focus of most studies
devoted to this family of materials, which implies a deep
knowledge of this material and, consequently, the existence
of useful reference values for the treatment of the obtained
results. That being said, the present study focuses on similar
but less complex MXenes with stoichiometry Ti2CTX , both
without surface termination and with oxygen termination. The
oxygen coverage was chosen, since studies reveal better ther-
modynamic stability and better conductivity in MXenes with
this termination [11].

This study aims to determine the adsorption behavior of
transition metal atoms on the surface of Ti2C and Ti2CO2,
by employing computer modeling techniques, based on the
density-functional theory. In the following, we describe the
computational method, followed by a presentation of the
results, focusing on structural and energetic data, and a sum-
mary of the conclusions. The Supplemental Material [42]
includes additional tables and figures with energies, distances,
and additional values and correlations that complement the
discussion in the main text.

II. MXene MODELS AND COMPUTATIONAL DETAILS

This study relies on first-principles calculations based on
density-functional theory (DFT), using the Vienna Ab initio
Simulation Package (VASP) [43–46]. The calculations were
performed within the generalized gradient approximation to
the many-body exchange-correlation functional, using the
functional introduced by Perdew, Burke, and Ernzerhof (PBE)
[47], with the contribution of dispersion terms approximated
through the DFT-D3 method, proposed by Grimme [48,49].
This exchange-correlation setup is commonly used to describe
adsorption phenomena on MXenes, so it was chosen here to
allow comparison of the present results with those of previ-
ous works, both ours [25–27,33,34] and from other authors
[40,41]. Moreover, PBE-D3–level DFT results [50] have been
confirmed experimentally [51] for the specific case of CO2

interaction with MXene carbides.
The representative models of the MXene surfaces under

study (Fig. 1) consist of periodic p(4 × 4) supercells, with
dimensions a = b = 12.16 Å and c = 21.21 Å, for bare Ti2C,

and a = b = 12.14 Å and c = 24.09 Å, for the O-terminated
MXene. The lengths of a and b were optimized, while the
length of the supercell in the direction perpendicular to the
MXene surface plane guarantees the presence of at least
∼13 Å of vacuum between the periodic replicas of the system,
even after the adsorption of a transition metal atom.

The valence electron density was expanded on a plane-
wave basis set with an energy cutoff of 415 eV. The effect
of the remaining electrons was considered using the projector
augmented-wave method [52]. The valence electron configu-
ration of each metallic element used in this study is available
in Table S1 of the Supplemental Material. The convergence
criterion for the self-consistent field energies was defined as
10−5 eV and structures were considered relaxed when the
forces acting on all atoms were lower than 0.01 eV/Å. To
perform the necessary numerical integrations in the reciprocal
space, the Brillouin zone was sampled using a Monkhorst-
Pack 3 × 3 × 1 grid of automatically generated k points,
centered on the gamma point [53].

Spin polarization was considered in all calculations and
only produced significant differences in the energies or posi-
tions obtained for Nb and La adsorptions on the Ti2C surface
and for Mn, Fe, and Co on the Ti2CO2 surface.

In order to investigate the behavior of each transition metal
near the MXene surface, the atom of the metal in question was
initially positioned close to each of the four high-symmetry
locations (Fig. 1) on each MXene. The metal atom was not
positioned exactly above these locations, as the high symme-
try of this configuration could force the atom to be adsorbed
on that site, even if that position was unstable.

For the most stable position of each metal, on either MX-
ene, the adsorption energy (Eads) and the electronic charge
transfer between the MXene surface and the adsorbed atom
were calculated. Here, the adsorption energy (Eads) is defined
as

Eads = EMXene+TM − (EMXene + ETM), (1)

where EMXene+TM, EMXene, and ETM stand for the total ener-
gies of a supercell containing the MXene with the adsorbed
transition metal atom, the clean MXene surface, and the iso-
lated transition metal atom, respectively. The charge transfer
is the difference between the number of explicitly treated
electrons from the TM atom before and after its adsorption on
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TABLE I. Preferred adsorption site for a transition metal atom
on Ti2C. Labeling of adsorption sites is the same as in Fig. 1(a).

the MXene. Thus, positive or negative charge-transfer values
represent the transference of electrons from the TM atom to
the MXene surface and vice versa, respectively. The number
of electrons present on the adsorbed TM atom was estimated
through a Bader analysis of the electron density [54].

III. RESULTS

The behavior of transition metal atoms when adsorbed onto
the surface of Ti2C and Ti2CO2 was analyzed by calculating
the adsorption site, adsorption energy, and charge transferred
between the adsorbed atom and the MXene surface.

A. Structural data

Tables I and II contain the results obtained for the preferred
adsorption site on Ti2C and Ti2CO2, respectively.

Regarding Ti2C, i.e., the thinnest titanium carbide MXene
with no surface termination, by analyzing Table I, one can
observe a correlation between the filling of the d subshell of
a transition metal atom and its preferred adsorption position.
Early transition metals (groups 3–5, with 1–4 d electrons)
tend to be adsorbed in a bridge site. Niobium (Nb) is the only
metal from group 5 that prefers to be adsorbed on a hollow
carbon site, with this adsorption site being nearly as stable as
the bridge between titanium atoms, which follows the trend
mentioned (the difference in energy between adsorption on
either site is only 0.05 eV). Late transition metals (groups 11
and 12, with a full d shell) tend to be adsorbed in a hollow
titanium site. All the other transition metals (groups 6–10)
tend to adsorb in a hollow carbon site.

On Ti2CO2, the same pattern is not observed. Due to the
presence of oxygen atoms, nearly all transition metal atoms
show greater stability when adsorbed on a hollow carbon site
[see Fig. 1(b)], where they are able to bond with 3 titanium
atoms and 3 oxygen atoms. A few exceptions were observed.
For instance, osmium (Os), iridium (Ir), and platinum (Pt)
show higher stability when adsorbed on a bridge site, palla-
dium (Pd) prefers a hollow titanium site, and gold (Au) shows
greater stability when adsorbed on a top position, bonded

TABLE II. Preferred adsorption site for a transition metal atom
on Ti2CO2. Labeling of adsorption sites is the same as in Fig. 1(b).

to the oxygen atom with a bond order of 0.89 (determined
using the DDEC6 method described in Ref. [55]). In accor-
dance with this, other studies have also found higher structural
stability when a single gold atom is primarily bonded to an
oxygen atom, rather than to a transition metal atom [56,57].
All adsorption sites found here coincide with the ones found
in Refs. [40,41] for the first-row transition metals, apart from
V adsorption on Ti2C, which was predicted to occur on an
HC site. One possible explanation is that, although the authors
of Refs. [40,41] employed a very similar methodology, they
considered a smaller, 3 × 3 MXene supercell and some com-
putational parameters (e.g., number of k points or number of
electrons treated explicitly) differ from the ones used in this
work.

The distances between the adsorbed transition metal atom
and the nearest titanium layer as well as the carbon layer
of both MXenes are shown in Fig. 2. Individual values are
shown in Tables S2 and S3 of the Supplemental Material,
and a comparison between distances involving La (empty 4 f
subshell) and Lu (fully occupied 4 f subshell) is displayed in
Fig. S1 in the Supplemental Material. The fact that the same
TM atoms are adsorbed on different sites on each MXene
makes for a difficult comparison of adatom-MXene surface
distances between the two supports. However, on Ti2C, these
distances initially decrease along each period of the periodic
table, reaching a minimum on group 8, and increasing from
thereon forward. This behavior is less evident on Ti2CO2. This
leads to transition metal atoms of groups 3 to 6 displaying
a longer adatom-MXene distance in Ti2C than in Ti2CO2.
There is also an increase in the adatom-Ti2C distance when
increasing the period number, except for TM atoms adsorbed
on the hollow titanium position (and palladium) or when the
adsorption site of the TM atoms of the same group does
not match (group 5). It was found that the average distance
between the adatom and these layers was lower on Ti2C than
on Ti2CO2. This is a result of the presence of oxygen atoms
in the surface of Ti2CO2. The average distances between a
TM atom adsorbed on Ti2C and its carbon layer and nearest
titanium layer are 1.41 and 0.87 Å, respectively, while in the
case of Ti2CO2, the corresponding distances are 1.45 and
0.92 Å, respectively.

On Ti2CO2, the atoms of the transition metals of group 12
of the periodic table (Zn, Cd, and Hg) were adsorbed further
away from the MXene surface than the rest of the metal atoms,
hence establishing weaker bonds. The sum of bond orders
between each of these metal atoms and the Ti2CO2 surface
are 0.31, 0.35, and 0.25, respectively. As we will see, atoms
of these elements adsorb very weakly on Ti2CO2 and trade
nearly no charge with the surface. However, the same behavior
is not observed for Ti2C, because the undercoordinated Ti
atoms lead to a much more chemically active surface termi-
nation.

B. Energetic data

The adsorption energies of an atom of each transition metal
on the Ti2C and Ti2CO2 MXenes are displayed in Fig. 3. The
values used to build the plots are shown in Tables S4 and S5
of the Supplemental Material.
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FIG. 2. Distance (in Å) between adsorbed transition metal atoms and the titanium and carbon layers closest to the adatom on Ti2C and
Ti2CO2.

On Ti2C, i.e., in the absence of surface termination, the
first-row TMs display an adsorption energy profile shaped
like a camel hump (see left side of Fig. 3), as observed in
previous studies [40]. This behavior is somewhat maintained
for the second-row TMs, in which the camel hump is less pro-
nounced but present regardless. For third-row TMs, this shape

is no longer evident. The lutetium (Lu) adsorption energy is
in place with the remaining third-row TMs, while the Eads

of lanthanum (La) is not. This is due to different electronic
occupations of the 4 f orbitals, i.e., La has no f electrons,
while Lu has a completely full f subshell, like the remaining
third-row TMs.

FIG. 3. Adsorption energy (in eV) of transition metals on Ti2C (left) and Ti2CO2 (right).
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FIG. 4. Charge transfer (in units of charge of an electron) of transition metals on Ti2C (left) and Ti2CO2 (right). A positive charge
transfer implies that the electrons are transferred from the adatom to the MXene surface, while a negative charge transfer implies the electron
transference happens in the opposite way. Note the different scales on the vertical axes of both plots. Numerical values are provided in Tables
S6 and S7.

On the Ti2CO2 MXene, there is a more uniform behavior
between transition metals of different periods (see right side
of Fig. 3), where molybdenum (Mo) is the only metal that
seems slightly out of place, besides lanthanum, which does
not follow the trends well for the reason mentioned above.
The Eads values are of the same order of magnitude as the
ones found for Ti2C, but there is a predominant increase in
Eads (decrease of adsorption strength) along each row of the
periodic table, unlike what is seen on Ti2C.

On both MXenes, on the early transition metals, there is a
clear tendency for the adsorption of the 3d series TM atoms
to be weaker than those of the other two series. However, on
late transition metals, the Eads are very similar between TM
series. In fact, on Ti2CO2, on late TMs, the tendency is for
the adsorption energies of the 3d series TM atoms to be more
negative than those of the other two series.

Other studies of transition metal atom adsorption on MX-
enes display remarkably similar results as the ones presented
here, despite the slight differences in methodology [40,41].
This can be realized by visually comparing our plots relative
to first-row transition metal adsorption on Ti2C and Ti2CO2

(green lines in Fig. 3) with Fig. 2 of Ref. [40] and Fig. 2 of
Ref. [41], respectively. Concerning Ti2C, both our plot and
the one in Ref. [40] show that the adsorption energies lie
between −5 eV (for Ni) and −2 eV (for Zn), with a local
extremum occurring for Mn adsorption, around −3 eV. In
the case of Ti2CO2, our results are visually identical to the
ones from Ref. [41]. Both plots indicate that the adsorption
becomes weaker as we move along the period of the periodic
table, and that the strongest metal adsorption occurs for Sc,
with an Eads of almost −7 eV, while the weakest one occurs
for Zn.

As for the charge transfer upon adsorption of a TM atom
on Ti2C (see left side of Fig. 4), it is possible to observe that
for each row of TMs, atoms of the elements of group 8 (Fe,
Ru, and Os) transfer the most electrons from the Ti2C surface
to themselves. On this MXene, only the elements of group 3
(Sc, Y, La, and Lu) have a positive charge transfer, meaning
the electrons are transferred from the metal atom to the Ti2C
surface. On Ti2CO2, the charge-transfer values are all positive
(see right side of Fig. 4), i.e., all adatoms become positively
charged, due to the electronegativity of the oxygen atoms. The
charge-transfer values also decrease along each period of the
periodic table, as a result of the gradual filling of the d orbitals.

On both surfaces studied here, one finds reasonable qualita-
tive correlation between the amount of charge transferred and
the electronegativity of the TM adatom in question, relatively
to Ti and O, which can be found in Ref. [58]. For example,
the TMs of group 3 (Sc, Y, and La) have electronegativities
considerably lower than that of Ti, and they are the ones which
transfer electron density to the Ti2C surface. Around the cen-
ter of the periodic table, the TM electronegativity reaches its
maximum, which can be a reason for these metals to draw
the most charge from the Ti2C surface. Out of all metals with
negative charge transfer when deposited on Ti2C, Ti is the one
that receives the least amount of charge, likely because it is the
same metal of which the MXene is made. Nevertheless, some
charge transference takes place because the deposited Ti atom
is threefold coordinated to other Ti atoms only, while the Ti
atoms of Ti2C are bonded to both C and other Ti. On Ti2CO2,
one can almost observe a similar trend, with the amount of
charge transferred decreasing more slowly towards the end
of each TM series, and finally increasing again near the end.
The elements of the last group display lower charge transfers
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TABLE III. Calculated diffusion barriers, in eV, of transition
metal atoms on the surface of Ti2C. To facilitate the analysis, the
table is color coded from green to red, denoting lower- and higher-
energy barriers, respectively.

again, an effect related to their very weak interaction with the
surface, as seen by their near-zero adsorption energies and
long surface-adatom distances.

On both MXenes, the charge-transfer values of first-row
TMs are in the same range as the ones reported in the literature
[40,41] and follow a similar trend along the period of the
periodic table. Indeed, on Ti2C, both our plot and the one
in Ref. [40] display a parabola-like shape. Sc is the only
first-row TM which transfers electron density to the surface,
of ∼0.25 e. All other metals receive electronic density from
the MXene, with the highest absolute value (Fe in our work,
Co in Ref. [40]) at nearly 1 e. The last transition metal, Zn,
receives around 0.5 e from the surface, as seen in both our
plot and that of Ref. [40]. Bader charge transfers on Ti2CO2

display the same trends in our work and in Ref. [41] too. All
charge transfers are positive; the highest transfer, of almost 2
e, occurs for Sc, and the lowest one for Zn, with negligible
charge transfer, on the opposite end of the first row of TMs.
The amount of charge transferred generally decreases along
the period, with local maxima occurring for Mn (≈1.4e) and
Cu (≈0.8e), which also match in our work and in Ref. [41].

There is no direct correlation between the adsorption sites
and the adsorption energies or charge transfers, although the
adsorption site might be expected to have a direct influence
on factors such as charge transfer, due to the number of ad-
jacent atoms and respective adatom-surface distance. There
is, however, good correlation between the charge transfer of
transition metal atoms on Ti2C and their Wigner-Seitz radius
[38], especially evident for TMs of the second and third rows.
This consists of a higher charge transfer being associated
with a smaller Wigner-Seitz radius (as seen in Fig. S2 in the
Supplemental Material); in other words, atoms that adsorb
closer to the surface remove more electrons from it. There is
also no direct correlation between the adsorption energy and
the charge transfer on Ti2C. However, on Ti2CO2, less neg-
ative adsorption energies (associated to weaker adsorptions)
are clearly accompanied by lower charge transfers, showing
a very good correlation between the two (R2 = 0.87) (see
Fig. S3 of the Supplemental Material).

The diffusion barrier of an adatom corresponds to the
energy barrier that must be surpassed for the adatom to
travel to the nearest equivalent adsorption site. Using the
climbing-image nudged elastic band [59,60] method, we cal-
culated the diffusion-energy barriers for the TM adatoms
studied in this work, on the Ti2C and the Ti2CO2 MXene
surfaces.

Table III contains the resulting values for Ti2C. These
are all below 0.3 eV, and the lowest values occur for

TABLE IV. Calculated diffusion barriers, in eV, of transition
metal atoms on the surface of Ti2CO2. To facilitate the analysis,
the table is color coded from green to red, denoting lower- and
higher-energy barriers, respectively.

metals that adsorb on a bridge site. The early and late TM
elements require the least energy to travel along the Ti2C
surface. Both these groups of elements adsorb more weakly
than the intermediate ones, suggesting that stronger adsorp-
tion leads to higher diffusion energy barriers. This is an
expected result, since weaker adsorption is related to weaker
adsorbent-adsorbate chemical bonds, and naturally leads to
more freedom for the adsorbate to move. Overall, these are
very low-energy barriers that hint at very flat potential-energy
landscapes felt by TM adatoms on Ti2C. In the literature,
information regarding TM adatom diffusion energy on the
Ti2C MXene is only available for Zn, which was estimated
at 0.09 eV [40], comparable to the 0.12 eV obtained here.

The magnitude of TM adatom diffusion-energy barriers
along the Ti2CO2 MXene surface is significantly different
than on Ti2C, as shown in Table IV. The general trend is for
these barriers to decrease along each row, so that metals from
group 12 of the periodic table have some of the weakest diffu-
sion barriers. Comparison between the TM diffusion barriers
on Ti2CO2 with their adsorption energies on the same surface
(see Fig. 3) leads us to the same conclusion as on Ti2C—that
lower adatom diffusion barriers are associated with weaker
adsorption. Unlike the very low diffusion barriers calculated
for Ti2C, which barely reached 0.2 eV, those on Ti2CO2 are
much higher, up to nearly 2 eV, i.e., TM adatom motion along
the Ti2C MXene surface is kinetically much easier than on
Ti2CO2. Since the adatom-Ti distances are similar when the
metal atom is adsorbed on Ti2C and on Ti2CO2, and most
adatoms sit on a hollow-carbon site when bound to Ti2CO2,
in a sense the oxygen atoms surrounding the metal adatom
form a barrier around it, hampering its diffusion. The first-
row TM adatom diffusion barriers on Ti2CO2 calculated here
are systematically lower than the ones obtained in Ref. [41],
with differences of up to 0.29 eV for Sc. These differences
are therefore most likely due to the different-sized supercells
used in Ref. [41] and our work. Indeed, the supercell used to
model the Ti2CO2 MXene in Ref. [41] ensures a distance of
about 9 Å between the TM adatom and its periodic copies,
while ours provides a distance of 12 Å. This implies that
in our model, TM adatoms feel less lateral repulsion from
their replicas and, consequently, diffuse more easily. This
is further supported by the fact that the largest differences
between our diffusion barriers and those shown in Ref. [41]
occur for the chemical elements with the largest Wigner-Seitz
radii.
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IV. CONCLUSIONS

In the present work, the adsorption behavior of transition
metal atoms on the surfaces of the Ti2C and Ti2CO2 MXenes
was investigated.

The presence of oxygen atoms on Ti2CO2 causes the
majority of the transition metal atoms to adsorb on a hollow-
carbon site, whereas on Ti2C, we found a behavioral pattern
for the preferred adsorption site that depends on the number of
electrons present in the d-valence subshell of each TM atom.
Nevertheless, the distance between the TM adatom and the
nearest surface Ti layer is almost the same on both surfaces.

The calculated adsorption energy values are all negative,
indicating exothermic adsorption. Their absolute values are
quite high for both Ti2C and Ti2CO2, implying strong inter-
action between the transition metal atoms and the surface of
these MXenes, hinting that the TM@Ti2C and TM@Ti2O2

systems should be stable. The Eads values are of the same order
of magnitude on both surfaces, meaning the oxygen surface
termination does not significantly affect the adatom behavior
in terms of adsorption strength.

When it comes to charge transfer, the presence of an
oxygen layer makes a considerable difference, due to the
electronegativity of oxygen. On Ti2CO2, all charge-transfer
values are positive, meaning electrons were transferred from
the adatom to the MXene surface, whereas on Ti2C, the only
TM atoms for which this was the case were Sc, Y, La, and Lu.

All the other TM atoms on Ti2C become negatively charged
after adsorption. On the oxygen-covered MXene, stronger
adsorption energies were accompanied by higher charge
transfers.

Finally, we calculated the energy barriers for TM adatom
diffusion on Ti2C and Ti2CO2. On the one hand, the val-
ues found for Ti2C are very small, barely reaching 0.2 eV,
meaning that the adatoms are subjected to very low “friction”
from the surface and can move rather freely along it. On the
other hand, on Ti2CO2, many diffusion-energy barriers were
predicted to be above 1 eV, which suggests that the oxygen
termination layer of the MXene forms a sort of barrier around
the adatom, obstructing its diffusion. On both surfaces, the
highest diffusion barriers were found to correspond to the TM
elements which adsorb most strongly.
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