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MAX phases are layered materials that have been known for over 60 years and MXenes are their
metaphorical children, a family of two-dimensional (2D) materials that appeared in 2011. MXenes are
often synthesised by etching out the layers of the A element of their parent MAX phases. The remaining
2D MXene layers are very reactive and spontaneously become covered by a layer called the surface
termination. The Mo,C MXene was first synthesised in 2015, by using hydrofluoric acid to remove the Ga
layers from the Mo,Ga,C MAX phase, and its surface termination was determined to be mostly
composed by O groups. While the layers of Mo and C in Mo,Ga,C are arranged in a face-centred cubic
manner, those of Mo,C prefer a hexagonal close-packed stacking. This implies that, at some point
during the etching process, a phase transition should occur because of the replacement of Ga by O.
Herein, we employ density—functional theory calculations to analyse the thermodynamics of this process
by assessing the stability of the two stacking phases of the Mo,Ga,C MAX phase, as the Ga atoms are
gradually replaced by O ones. Among other results, we identify the preferred locations of O and F atoms
in the Mo,Ga,C lattice, propose a possible explanation for the greater presence of O atoms over F ones
on the surface of as-synthesised Mo,C MXenes, evaluate the interaction between O atoms in Mo,Ga,C
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crystals, estimate the energy of Ga—Ga bonds, and lastly, show that the relative stability of the two
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Introduction

MAX phases and MXenes are two families of layered materials
that are inexorably connected. The stoichiometry of the former
(three-dimensional solids) can traditionally be written as
M,1AX,, (n = 1 to 4), where M is an early transition metal,
A is an element usually from groups 13 or 14 of the Periodic
Table of the Elements, and X is carbon and/or nitrogen."
Structurally, n + 1 layers of the M element, intercalated by n
layers of the X element in a face-centred cubic (FCC) arrange-
ment (distorted XM, octahedra), are separated by single flat
layers of the A element. MXenes are the two-dimensional (2D)
derivatives of MAX phases, obtained by etching out the A layers
of their parent structures, and retaining only the M,.;X,
scaffold.>” The outermost layers of these 2D materials com-
prise M atoms and are very reactive, so that the stoichiometry of
as-synthesised MXenes is in fact M,.;X, Ty, where T is the
surface termination, whose composition (most commonly -O,
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stacking phases of Mo,Ga,C is reversed when approximately half of the Ga content is replaced by O.

-F and -OH groups) depends on the synthesis conditions. The
first MXene, TizC,, was synthesised from the TizAlC, MAX
phase, from which the Al atoms were removed in the form of
aluminium fluoride (AlF;).>

While MAX phases have been known for over 60 years® and
more than 300 different ones have been produced,' accounting
for multiple n and M, A and X element combinations, MXenes
are a relatively new family, with only a few tens of members
realized, although hundreds have been predicted to be stable.’
MXenes display high electrical conductivity, mechanical
robustness, and tuneability inherited from MAX phases.
Being 2D, MXenes find application in sensing,>® cata-
lysis,”** hydrogen storage,*** electronics and photonics,®
among others.’”?

Since MXenes are mostly obtained from MAX phases, the
interest in synthesizing new MXenes has in turn motivated the
synthesis of novel MAX phases, as may have happened in
the search for the Mo,C MXene. The Mo,GaC MAX phase was
first reported in 1967,%° but the removal of the Ga layers from it
to form the Mo,C MXene has proven very challenging thus far.
However, in 2015, four years after the introduction of MXenes, a
new layered material, with stoichiometry Mo,Ga,C, was
discovered.”" This was assumed to be the first of a new family,
but some authors simply call it a double A-layer MAX phase.
Since then, at least 10 different double A-layer MAX phases,
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with stoichiometries M,A,X and M;A,X,, have been reported,
but Mo,Ga,C is the only one that was realized by direct
synthesis, rather than by modifying existing MAX phases.’
The Mo,Ga,C MAX phase is an unusual one, not only for
having two layers of the A element per formula unit, but also
for the fact that these two layers sit exactly on top of each other,
instead of a close-packed fashion.”" In the same year that
Mo,Ga,C was discovered, the same group was finally able to
synthesize the Mo,C MXene,>* representing both the first Mo-
based MXene to be made and the first MXene to be derived
from a non-Al MAX phase. The Mo,C MXene was attained in the
most usual way, i.e., by immersing the parent Mo,Ga,C MAX
phase in 50% concentrated hydrofluoric acid for a few hours at
50 °C, resulting in the effective removal of almost all the Ga
content. In the same work, this procedure was also attempted
on Mo,GaC MAX phase samples, but unsuccessfully. For this
reason, since then, all subsequent syntheses of the Mo,C
MXene are performed from the double A-layer MAX phase,
Mo,Ga,C, even when employing hydrothermal routes involving
24-hour etching with LiF + HCI, NaF/KF + HCI, or NH,F + HCI
solutions at temperatures ranging from 140 to 180 °C.>* The as-
synthesised Mo,CT, MXene had an approximate Mo:Ga:O:F
content of 50:5:40:5.22 In other words, it contained little Ga,
as intended, and exhibited a surface termination dominated by
oxygen atoms.

The transition from the Mo,Ga,C MAX phase to the Mo,CT,
MXene is a curious one, since the Mo,C atomic layers in
the MAX phase are known to be arranged in an FCC manner
(also known as ABC stacking),>"*> whereas the Mo,CT, MXenes
have their atomic layers arranged in a hexagonal close-packed
structure (also known as ABA stacking), regardless of the
composition of the surface termination.'*?%*” This raises several
questions. For example, is the Mo,Ga,C MAX phase (meta)stable
in an ABA stacking phase? Can the replacement of Ga atoms by
O ones drive the transition from the ABC to the ABA atomic layer
stacking? In this work, we answer these questions by performing
density-functional theory (DFT) calculations to study the inter-
action of the Mo,Ga,C MAX phase with oxygen and fluorine
atoms, and by comparing the relative stability of the ABC and
ABA stacking sequences in Mo,Ga,C MAX phase models with
varying degrees of Ga-to-O substitution.

Computational method

We performed spin-polarized DFT calculations using the VASP
code®® and the PBE exchange-correlation functional, within the
generalized gradient approximation.>® The explicitly treated
electrons were Mo: 4p°® 4d’ 5s', Ga: 3d"° 4s> 4p', C: 25> 2p?,
and O: 2s> 2p*. The remaining core electrons were implicitly
considered through the projector augmented-wave method.>°
Given that we are studying the transition from a three-
dimensional MAX phase to two-dimensional MXene layers, it is
expected that van der Waals interactions become relevant, at least
between neighbouring MXene surfaces, so we investigated how
some of our results change when D3 dispersion corrections®" are
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included in the calculations. The PBE(-D3) approach is employed
in this work to ensure consistency and enable direct comparison
with values reported in the literature, as it is the most commonly
used functional in computational studies of MXenes.*> Given
that both the Mo,Ga,C MAX phase and the Mo,C MXene are
known to exhibit metallic behavior, the use of higher-level
functionals, such as hybrid approaches, would not alter their
classification as metals, while other calculated properties
would likely remain largely unchanged, though at significantly
increased computational cost. Recent comparative studies of
dispersion-corrected functionals, including PBE-TS, PBE-D2,
PBE-D3, vdW-DF, vdW-DF2, optB88-vdW, and optB86b-vdW
approaches, have identified PBE-D3 as the most accurate for
computing out-of-plane lattice parameters,®* and binding ener-
gies® in related transition-metal dichalcogenides. These find-
ings further support the choice of computational methodology
adopted in this work.

In our calculations, we used periodic models of different
sizes (Fig. 1) and different simulation parameters for different
purposes. We performed three types of calculations. In a first
stage (1), we considered single unit cells of Mo,Ga,C or
Mo,CO,, with ABC or ABA atomic layer stacking, and calculated
their lattice parameters, relative stability and electronic band
diagrams. Then, in the second stage (2), we studied the
interaction between Mo,Ga,C and O or F atoms, as well as
the interaction between substitutional O atoms in Mo,Ga,C.
In the last stage (3), we investigated how the relative stability of
ABC- and ABA-stacked Mo,Ga,C changes with an increasing
amount of substitutional O. The simulation parameters
resulted from preliminary tests ensuring that relative energies
are converged within less than 1 meV per atom and maximizing
accuracy/efficiency trade-off, and are the following:

(1) Unit cell calculations were conducted to obtain lattice
parameters and electronic band diagrams of pristine Mo,Ga,C
and Mo,CO,. Each model of a unit cell contains two formula
units and D3 dispersion corrections were included in the
Mo,CO, MXene calculations. A large energy cutoff of 550 eV
was employed, and tight atomic and electronic relaxation
criteria were adopted as well, namely 5 mevV A" and 1 peV,
respectively. The Brillouin zones were sampled using I'-centred
15 x 15 x 3 grids of special k points for the calculations of
lattice parameters.®® The energy band diagrams were calculated
using an explicit list of k points interpolated between high-
symmetry points of the Brillouin zone of each material.

(2) The analysis of point defects in Mo,Ga,C requires the use
of larger models to partially screen unwanted interaction
between periodic copies of each defect. Thus, we built super-
cells made of 4 x 4 x 1 unit cells of Mo,Ga,C, ensuring a
separation of at least 12 A between the periodic copies. Here, we
used an energy cutoff of 415 eV, and atomic and electronic
relaxation criteria of 0.01 eV A™* and 0.01 meV, respectively.
A T'-centred grid with 3 x 3 x 3 special k points was used to
sample the Brillouin zones.*

(3) The assessment of how the relative stability of ABC- and
ABA-stacked Mo,Ga,C is modified as the concentration of
substitutional O increases was done on models comprising
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Fig. 1 Views of models of a unit cell (black lines) and a 4 x 4 supercell (red lines) of Mo,Ga,C used in this work, with ABC (ABA) stacking shown in the top
(bottom) panels. The models of the Mo,CO, MXene with ABC and ABA atomic layer stacking are analogous to the ones of Mo,Ga,C with the same
stacking, with the Ga atoms replaced by O ones. The panels on the left show views along the c lattice vector, whereas the ones on the right show views
along the a or b lattice vectors (the a and b directions are equivalent). Colour code for the spheres: Mo in cyan, Ga in pink, C in grey.

2 X 2 X 1 unit cells of Mo,Ga,C. Furthermore, the calculations
were done separately in three ways to enable comparison of the
results from each procedure: (i) with the PBE functional (without
D3 corrections) and a fixed supercell size, (ii) with D3 corrections
and fixed supercell size, and (iii) with D3 corrections and optimi-
zation of the supercell size for each O concentration. Here, we used
the same energy cutoff and convergence criteria as in the study of
point defects, and a I'-centred grid with 7 x 7 x 3 special k points
was used to sample the Brillouin zones.*

The formation energies, Ef,rm, Of defects involving a single O
or F atoms in Mo,Ga,C were calculated as

Eform = Edefect - Epristine + Eremoved - Eadded (1)

Here, Egefeee and Eprgine are the total energies of a supercell
containing 4 x 4 x 1 unit cells of defective or pristine Mo,Ga,C,
respectively. The quantities Eremoved aNd Eaqdea are the energies of

18762 | Phys. Chem. Chem. Phys., 2025, 27, 18760-18769

the atoms that were removed or added to create the defect,
respectively. In the case of interstitial defects, Eremovea 1S zero.
The energies of a single Ga, C or O atom were calculated as the
total energy per atom of a Ga bulk orthorhombic unit cell, a
diamond unit cell, or an O, molecule. The energy of an F atom was
calculated by subtracting half the energy of an H, molecule from
that of an HF one, because the process of etching out the Ga layers
from Mo,Ga,C uses HF as a reagent. The energies of the isolated
molecules were obtained by optimizing them in an asymmetric
box with dimensions 10 x 11 x 12 A, employing I™-point sampling.

Results and discussion
Pristine Mo,Ga,C MAX phase and Mo,CO, MXene

The structure of Mo,Ga,C (with the usual ABC stacking of its
atomic layers) can be described as ABC-stacked Mo,C MXenes

This journal is © the Owner Societies 2025
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Fig. 2 Calculated band structure of Mo,Ga,C. The horizontal dashed line lies at the Fermi energy.

connected to each other by pairs of Ga atoms, in which the
Ga-Ga bonds are perpendicular to the basal plane. The Mo,Ga,C-
ABA can be described in an analogous way, but the Mo,C sections
are aligned in an ABA fashion instead. Several relative alignments
of the Mo,C layers and of the Ga layers along the direction of the ¢
lattice vector are possible, and the thermodynamic stability of all of
them was studied, leading to the conclusion that the most stable
one is as shown in Fig. 1. The unit cell of Mo,Ga,C-ABA seen in
Fig. 1 is in fact composed of two primitive cells on top of each
other, but we chose to study it this way to enable a more direct
comparison with Mo,Ga,C-ABC, upon consideration of the same
number of atoms of each species and more similar box volumes.

The calculated band diagrams of Mo,Ga,C-ABC and
Mo,Ga,C-ABA are shown in Fig. 2. The band structures of both
carbides indicate that they display metallic nature. In the case
of Mo,Ga,C-ABC, this is in consonance with the results of ref.
36, where a visually identical band structure of Mo,Ga,C (ABC)
was predicted.

Table 1 contains the calculated lattice parameters of the
Mo,Ga,C MAX phase with either atomic layer stacking, and of
the same materials when all Ga atoms are replaced by O ones,
generating a Mo,0,C ‘“MOX phase”. The lattice parameters of
Mo,Ga,C-ABC (a = 3.07 A and ¢ = 18.12 A) are within 1% of the
ones measured in ref. 21 (a = 3.05 A and ¢ = 18.19 A), where the
first synthesis of this MAX phase was reported. Notice that

Table1l Calculated lattice parameters of Mo,Ga,C. The notation Mo,0O,C
represents Mo,Ga,C models in which all Ga atoms were replaced by O
ones, and the positions and cell size reoptimized. The values shown are for
calculations without D3 dispersion corrections

Material a=h(A) c (A)
Mo,Ga,C-ABC 3.07 18.12
Mo,Ga,C-ABA 2.93 19.36
Mo,0,C-ABC 2.96 16.61
Mo,0,C-ABA 2.89 17.18

This journal is © the Owner Societies 2025

the lattice parameters a and ¢ of Mo,Ga,C-ABA deviate from the
experimental ones by —4% and +6%, respectively. In contrast,
the calculated a of M0,0,C-ABA (2.89 A), which resembles an
ABA-stacked Mo,CO, MXene, is in close agreement with the
same parameter measured experimentally for the Mo,CT,
MXene in ref. 27 (2.86 A), while the same parameter calculated
for the MXene-like Mo0,0,C-ABC (2.96 A) differs from the
experimental one by 4%. These results support the fact that
synthesised Mo,Ga,C MAX phases display an ABC atomic layer
stacking in its Mo,C layers, assumed in the literature,>*** while
the Mo,C MXenes produced by removing the Ga layers of
Mo,Ga,C have their atomic layers stacked in an ABA (hexagonal
close-packed) arrangement."” The ABC stacking of experimen-
tally obtained Mo,Ga,C MAX phases is further supported by our
calculated relative thermodynamic stability of the Mo,Ga,C-
ABC and ABA models, which is 1.05 eV per unit cell in favour
of the ABC-stacked model. This value changes by less than
0.1 eV with the inclusion of D3 dispersion corrections in the
calculations.

If one includes D3 dispersion corrections to calculate the
values in Table 1, the a parameters are left unchanged, and the
¢ ones are reduced by 1 A for Mo,0,C only. As expected,
the dispersion corrections have a greater effect on results
relative to Mo,0,C. Nevertheless, the calculated ¢ lattice con-
stants of M0,0,C are not relevant because, experimentally, the
Ga-etching out of Mo,Ga,C MAX phases originates MXenes in a
solution with concomitant intercalation of solvent molecules
and of other species present in the reaction medium (see, for
example, Fig. 2 in ref. 37), so the measured ¢ parameters of
Mo,CT, are naturally much larger (20.5 A and 24.7 A in ref. 27
and 22, for example) than the ones predicted by calculations in
vacuum.

From the data shown in Table 1, one additionally infers that
the replacement of Ga atoms with O ones reduces the values
of all the lattice parameters of the Mo,Ga,C MAX phase,
which was expected, given the reduced size of O atoms when

Phys. Chem. Chem. Phys., 2025, 27,18760-18769 | 18763
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compared with that of Ga atoms. However, even when adding
dispersion corrections in the calculations, which reduce the ¢
lattice constants of Mo0,0,C, the distance between nearest O
atoms is greater than that the bond length of the Ga pairs. On
Mo,Ga,C-ABC, the Ga-Ga distance was estimated at 2.49 A,
which increases to an O-O distance of 2.73 A on M0,0,C-ABC
(with D3). Likewise, on Mo,Ga,C-ABA, the Ga-Ga distance was
estimated at 2.51 A, and increases to an O-O distance of 2.79 A
on Mo,0,C-ABA (with D3). This prompted us to calculate the
binding energy of the M0,0,C, i.e., the energy per formula unit
required to separate the Mo,0,C MOX phase into individual
Mo,CO, MXene sheets, which can be calculated as half
the energetic difference between a Mo0,0,C unit cell and two
Mo,CO, unit cells. The calculated binding energies are —0.23
and —0.22 eV for the ABC- and ABA-stacked models, suggesting
that Mo,0,C is in fact a van der Waals solid, formed by weakly
interacting two-dimensional Mo,CO, MXene layers. For com-
parison, the calculated binding energy per unit cell of the
(three-dimensional) Mo,Ga,C with respect to two (two-
dimensional) Mo,CGa, MXene-like sheets is —1.14 and —1.55 eV
for the for the ABA- and ABC-stacked surfaces, respectively. Hence,
the binding of Mo,Ga,C is stronger than that of M0,CO,, despite
the larger c lattice parameter of the former. This also indicates
that the decrease in this lattice parameter when transitioning
from the MAX phase to the MXene is not due to stronger
interaction between adjacent sheets, but instead can simply
be due to the smaller size of O atoms when compared to
Ga ones.

The coordinates of optimized 2 x 2 x 1 supercells of
Mo,Ga,C and Mo,0,C, with ABC and ABA atomic layer stack-
ing, are included in the SI.

O- and F-related point defects in the Mo,Ga,C MAX phase

Since the synthesis method of the Mo,CT, MXene involves the
use of hydrofluoric acid and the resulting MXene is functiona-
lized mostly by O groups with some F groups,®*?” we investi-
gated the interaction of O and F atoms with Mo,Ga,C (with ABC
atomic layer stacking, since we have established that this is the
most accurate model). Three kinds of defects were analysed for
each atom: interstitials (Oj,. or Fin), Ga substitution (Og,
or Fg,), and C substitution (O¢c or Fg). We considered Ga
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substitution because it is expected to occur naturally during
the Ga-etching process, and C substitution because certain
MAX phases are known to incorporate oxygen into their carbon
sublattices, a characteristic that can be passed onto their
corresponding A-element-etched MXene derivatives.>*™*' The
interstitial O or F positions that were analysed involve bonding
with at least one Ga atom of Mo,Ga,C, as was done, for
example, in ref. 42 and 43 for self-interstitials and O and H
interstitials in the Ti,AIN MAX phase. Therefore, five inequi-
valent interstitial sites were considered for O or F, as shown in
Fig. 3. Three of these coincide with the interstitial sites in MAX
phases with one atom of the A element per formula unit: the
tetrahedral GazsMo (i.e., O or F is inside a tetrahedron formed by
three Ga atoms and one Mo atom) and GaMoy; sites, and the
octahedral GasMo; site. The other two interstitial sites are
considered in this work for the first time because they are
exclusive to MAX phases with more than one atom of the A
element per formula unit, since they are located inside the
triangular prisms formed by six Ga atoms.

The formation energies of each of these defects are given in
Table 2. Note that using different species as reference can yield
different formation energies. For example, in this work, the
energy of a single F atom is E(F) = E(HF) — E(H,)/2, but we could
have simply done E(F) = E(F,)/2, and this would lead to lower
formation energies.** However, the predicted relative thermo-
dynamic stability of the F-related defects would be the same.
Thus, we conclude that, for both O- and F-related defects, the
ones with the lowest formation energies are Ga substitutions,
followed by O or F interstitials. In Table 2, only four rows of
interstitial defects are shown because Oy, and Fy,, at the Gag(Mo)
site are not stable and, upon relaxation, become GazMo. Interstitial
oxygen atoms are indeed present in some MAX phases, such as
Ti,AIN.** The formation energy of F¢ is considerably higher than
any other value in Table 2, which might be a reason why, although
HF is used to produce MXenes, oxycarbide and oxynitride MXenes
have been observed, while no fluorocarbide or fluoronitride ones
have been reported.

Structurally, Og, and Fg, are significantly different. As
shown in Fig. 4, a substitutional O binds to three Mo atoms
of the nearest Mo,C slab, and its position relative to the nearest
Mo,C slab is analogous to the FCC-like site where surface

Gag(C) Gag(Mo)

DD
AR
8%
AAA,

Fig. 3 Possible interstitial sites for O or F (only O shown here). Colour code for the spheres: Mo in cyan, Ga in pink, C in grey, O in red.
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Table 2 Formation energies (Eqorm) of O- and F-related single-site point
defects in the Mo,Ga,C MAX phase. The lowest formation energy among
the defects related to each atom is written in bold font

O defects F defects

Site Eform (€V) Site Etorm (€V)
Oint GazgMo —2.01 Fine GagMo +0.54
Ojine GazMos —1.00 Fine GazMo; +1.99
Ojnt GaMog3 —0.37 Fint GaMog +3.37
Oin¢ Gag(C) —0.14 Fint Gag(C) +1.60
Oga —2.65 Fga —0.68

Oc¢ —0.74 Fc +4.14

Fig. 4 Structures of the Ga-substitutional O (left) and Ga-substitutional
F (right) defects in Mo,Ga,C. The dashed line shows the vertical alignment
between the O atom and the farthest Mo atom of the nearest Mo,C slab.
Colour code for the spheres: Mo in cyan, Ga in pink, Cingrey, Oinred, Fin
green.

terminations are preferably located on most MXenes, ie., a
hollow surface site above an atom of the M element.®*> The Og,
atom is substantially closer (downwards in Fig. 4, by 1.1 A) to
the Mo,C slab than the Ga atom was. In turn, a substitutional
Fga, atom in the Mo,Ga,C lattice prefers to move 0.8 A away
(upwards in Fig. 4) from the nearest Mo,C planes and bind to
the other Ga atom of the Ga-Ga pair. Possibly, this is related to
HF being so successful in breaking Ga-Mo bonds and etching
out the Ga layers, to the more prominent occurrence of an O
surface termination (80%), when compared to F (10%), in the
synthesised Mo,C MXene reported in ref. 22. Furthermore, the
fact that substitutional F atoms bind to Ga atoms in Mo,Ga,C,
at least during the initial stages of Ga etching, suggests that Ga
atoms may be removed in the form of an incipient gallium
fluoride species, such as trigonal GaF;, the most stable gallium
fluoride, in analogy with the aluminium fluoride (AlF;) that
forms when synthesising Ti;C, from the Ti;AlC, MAX phase.
According to our calculations, many of the defects studied
here attract each other, as illustrated in Fig. 5. This is true for
substitutional O atoms, for which the energetic difference
between two O atoms replacing two Ga atoms of the same
Ga-Ga pair, and replacing two Ga atoms far from each other, is
1.21 eV in favour of the former. This makes sense from the
point of view of chemical bonds: replacing a Ga-Ga pair by an
O-O pair requires breaking six Ga-Mo bonds and one Ga-Ga
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one, while replacing two Ga atoms by two O atoms far from
each other requires breaking six Ga-Mo bonds and two Ga-Ga
ones, i.e., one more Ga-Ga bond. We verified this by comparing
the energy of two Ga vacancies far from each other, with that of
a Ga-Ga pair vacancy, and found the latter is more stable by
1.20 eV, implying that Ga vacancies attract each other as well.
Equivalently, this energy can be used as an estimate of the
Ga-Ga bond energy in Mo,Ga,C. The 1.20 eV value is within
the calculated binding energies per unit cell of ABA- and ABC-
stacked surfaces of Mo,Ga,C reported above. Curiously, we
found that pairs of substitutional O atoms are also thermo-
dynamically more stable when next to each other. All these
results suggest a cascading effect when etching out the Ga
layers of Mo,Ga,C, wherein regions of the material adjacent to
where Ga atoms have been replaced by O ones are more prone
to have their Ga content replaced by O as well. Hence, as Ga
atoms are etched out of the Mo,Ga,C MAX phase, O atoms from
O-containing species in solution occupy neighbouring Ga sites,
serving as the surface termination of the Mo,C MXene that is
eventually formed.

Although the Mo,C MXene has been synthesised numerous
times since the discovery of the Mo0,Ga,C MAX phase,”
attempts to obtain it from the Mo,GaC MAX phase have proved
elusive. For comparison, we analysed the structure of a Ga-
substituting O atom in Mo,GaC, using the same simulation
parameters as for Mo,Ga,C, but with a model containing only
one Ga atomic layer between each pair of Mo,C slabs. As shown
in Fig. S1, we observed that the most stable position of Og, in
Mo,GaC is amid the Ga layer, bonded to two Ga atoms,
contrasting with the same defect in M0,Ga,C, in which Og, binds
to the three nearest Mo atoms. It is well known that MXenes are
enormously stabilized when their surfaces are functionalized.
Therefore, it is possible that, in order to produce the Mo,C MXene
(and possibly other MXenes) from a MAX phase, having O atoms
serving as the surface termination of the MXene is a requirement
to stabilize the new 2D material and produce the cascading effect
mentioned in the previous paragraph.

Atomic layer stacking stability in the Mo,Ga,C MAX phase with
increasing O content

After having found a mechanism via which the Ga atoms of
Mo,Ga,C can sequentially be replaced by O ones, we investi-
gated the relative stability of the ABC- and ABA-stacked
Mo,Ga,C MAX phase models with varying Og, content. To this
end, we used the total energies of optimized models that
contain 2 X 2 x 1 unit cells of Mo0,Ga,C, in which different
numbers of pairs of Ga atoms have been replaced by pairs of O
atoms. Each unit cell contains two Ga-Ga pairs, allowing us to
assess seven O concentrations between 0% (Mo,Ga,C) and
100% (M0,0,C). As mentioned in the section with the compu-
tational methods, three approaches were considered separately:
one without D3 dispersion corrections and a fixed supercell
size, another with D3 corrections and fixed supercell size, and a
final one including D3 corrections and optimizing the supercell
size for each O concentration. The third of these methods is
expected to yield the most reliable results, because we have
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-1.21eV

-1.20 eV

-0.35eV

Fig. 5 Illustration of the attraction between single substitutional O atoms (top panels), single Ga vacancies (middle panels), and pairs of substitutional O
atoms (bottom panels) in Mo,Ga,C. Colour code for the spheres: Mo in cyan, Ga in pink, C in grey, O in red. The red crosses denote Ga vacancies.

determined that Mo,0,C is a van der Waals solid and because Fig. 6. In this Figure, we find that the data obtained using all
the lattice parameters should need to adapt to the replacement three methods described in the previous paragraph are nearly
of Ga atoms by O ones. coincident, which suggests that van der Waals interactions

The comparison of the relative stability of the ABC and ABA have only a small effect on the lattice constants. In the
phases of the Mo,Ga,_,0,C models can be made with the aid of Mo,Ga,C MAX phase, the ABC atomic layer stacking is more

1.5 | I
® PBE data (fixed cell size)
) X PBE-D3 data (fixed cell size)
S ¢ (U PBE-D3 (optimized cell size) -
L — y=-2.33x+1.21 (R? = 0.96)
Q o5t — y=-233x+1.12(R*=0.98)_
< y=-2.29 x + 1.13 (R? = 0.98)
w
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<
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Ga replaced by O (%)

Fig. 6 Energetic difference per unit cell (AE) between the Mo,Ga,C MAX phase with ABA and ABC atomic layer stacking, as a function of the percentage
of Ga atoms that are replaced by O ones: 0 corresponds to the pristine Mo,Ga,C MAX phase, 100 to the Mo,0O,C MOX phase, and values between 0 and
100 to intermediate O/Ga content.
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stable than the ABA one by just over 1 eV, whereas if all the Ga
content is replaced by O, this difference is reversed, with the
ABA alignment being preferred by just over 1 eV. The results
generate approximately symmetric linear relations around 50%
replacement of Ga by O, the point near which the phase
transition occurs.

Summary and conclusions

In this work, we employed density-functional theory (DFT)
calculations using the PBE exchange-correlation functional,
both with and without D3 dispersion corrections, as implemen-
ted in the VASP code, to investigate the transformation of
the Mo,Ga,C MAX phase into the Mo,C MXene. Our results
provide thermodynamic and structural insights into the etch-
ing process of Ga and subsequent surface functionalization by
O atoms, with a focus on the evolution of atomic stacking
sequences and defect energetics.

We found that the pristine Mo,Ga,C MAX phase exhibits an
ABC stacking of its atomic layers, in agreement with experi-
mental data and previous theoretical work. As Ga atoms are
progressively replaced by oxygen, the ABA stacking becomes
increasingly favourable, with a crossover in stability occurring
near 50% Ga-to-O substitution. This concentration marks a
critical point for the phase transition from the ABC to the ABA
configuration, which is energetically preferred for the resulting
Mo,CO, MXene by more than 1 eV per unit cell. The O
substitution leads to a contraction of the lattice, as expected
due to the smaller atomic size of oxygen compared to gallium.
The calculated binding energies between the interacting
Mo,CO, MXene sheets are of about 0.2 eV per formula unit,
which suggests a classification as a van der Waals solid of the
material derived from the pristine Mo,Ga,C MAX phase upon
full Ga-to-O substitution. The results suggest that transforma-
tion from the ABA MAX phase to the MXene phase is thermo-
dynamically favorable but, the replacement of Ga by O is
expected to involve an energy barrier, as it requires chemical
transformation and likely the breaking and formation of bonds.

By evaluating the formation energies of O and F atoms
placed at three types of defect sites, namely, interstitial,
Ga-substituted, and C-substituted, we found the stability to
follow the order: Ga-substituted > interstitial > C-substituted,
for both elements. Fluorine was consistently less thermodyna-
mically favourable than oxygen. Notably, when replacing Ga, it
was found that oxygen atoms occupy sites analogous to the FCC
hollow positions typically favoured by surface terminations in
MXenes, whereas fluorine atoms preferentially bond with
remaining Ga atoms. This suggests the formation of incipient
gallium fluoride species during the etching process, aligning
with experimental findings for the Ti;AlC, MAX phase, where Al
is removed in the form of AlF;. Furthermore, the energetic
analysis reveals that oxygen substitutions are more stable
when occupying adjacent Ga-Ga pairs, indicating a cooperative
or cascading mechanism during etching. These results support
a defect-driven structural transition, in which O atoms

This journal is © the Owner Societies 2025
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preferentially and locally replace Ga, thereby stabilizing neigh-
bouring sites for subsequent substitution and promoting the
progression of the Ga etching process.

Overall, our calculations shed light on the atomistic
mechanisms driving the transformation of Mo,Ga,C into the
Mo,C MXene under HF-based etching conditions, offering a
theoretical explanation for the experimentally observed predo-
minance of oxygen terminations and the associated structural
shift from ABC to ABA stacking. The close agreement between
our results and experimental findings strengthens the mecha-
nistic understanding of this MXene synthesis pathway. Build-
ing on this foundation, further computational studies may help
design alternative etching strategies that promote targeted
surface terminations or stacking arrangements, potentially
enabling the synthesis of MXenes that have so far remained
experimentally elusive.
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