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Insights into the physical
properties of the MAX phases
and MXenes: from experiments
to first-principles modeling

1. Introduction and objectives

This article reports the main results obtained
during my PhD thesis which was conducted
under the supervision of Prof. Jean-Christophe
Charlier. The materials studied herein include
the three-dimensional (3D) MAX phases and
their two-dimensional (2D) derivatives, MXenes.

The MAX phases are layered hexagonal 3D
solids composed of 2D M _ X sheets separated
by A layer [1], thus exhibiting a general formula
M . AX , where M represents an early transition

metal, A is an element from groups 13 to 16, X
is either C or N atom, and n varies from 1 to 3

M,AX MAX, (MY M|.),AX (MM)AX, (MjMAX,
211 413 i-MAX 0-MAX 0-MAX

Figure 1. Atomic structure of existing MAX phases, including ternary M, | AX (n= 1,2, 3) phases, and quaternary in-plane
ordered (i-MAX) and out-of-plane ordered (0-MAX) phases. The unit cells are represented with dashed lines and the M, A,
and X elements are respectively represented by small blue/orange, pink, and gray spheres.
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[1]. Depending on their n value, the MAX phases
can be categorized as 211 phases for M,AX, 312
phases for M,AX, and 413 phases for M,AX,
(Figure 1). The main difference between the
structures of the 211, 312, and 413 phases is the
number of M layers separating the A layers.

The MXenes are 2D transition metal carbides or
nitrides obtained from the selective etching of
A layers from the parent 3D MAX phases [2].
Since the etching process is often performed in
hydrofluoric acid (HF) solution, MXenes have a
general formulaM , X T (n=1, 2, 3) where T,
are termination groups such as —F, —OH, or =0,
mostly depending on the nature of the chemical
environment [3].

This work had four main objectives. The first one
was to investigate both experimentally and theo-
retically the electrical, vibrational, thermal, and
elastic properties of the 3D MAX phase single
crystals and the potential anisotropy thereof.
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In particular, Cr,AIC single crystals were stu-
died (Figure 2(a)). The second goal involved the
study of the recently discovered rare-earth (RE)
containing MAX phases, coined RE-i-MAX, and
the experimental characterization of monocrys-
talline samples (Figure 2(b)). As a third goal,
the potential exfoliation of 3D MAX phases
into their 2D counterparts, MXenes, was pre-
dicted theoretically. Eventually, the fourth goal
concerned the 2D MXene systems, in particular
the V.CT_ ones (Figure 2(c)). It consisted in the
investigation of their structural, electronic, and
vibrational properties, including the establish-
ment of their Raman fingerprint.

Most of the research projects carried out as part of
this thesis consisted in both theoretical and expe-
rimental studies and involved close collaborations
with different experimental groups, in particu-
lar those of M. W. Barsoum (Drexel University,
USA), T. Ouisse (LMGP Grenoble, France), and
J. Rosen (Link6ping University, Sweden). First-

(a) CrAIC

Figure 2. Materials investigated in this thesis, including 3D MAX phase single crystals: (a) Cr,AlC and (b)

RE-i-MAX, and 2D MXenes: (¢) V,CT .
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principles calculations were usually performed
within the Abinit or VASP package, using the
generalized gradient approximation with norm-
conserving or PAW pseudopotentials. For more
information, please refer to our previous works.

Since both MAX phases and MXenes are relati-
vely new compounds, the background and lite-
rature survey of their synthesis, structures, and
properties are introduced in Sections 2 and 3, res-
pectively. The physical properties of the ternary
Cr,AlC system are explored in Section 4, those
of RE-i-MAX phases in Section 5, and those of
2D V. CT, systems in Section 6. Conclusions are
drawn in Section 7.

2. An introduction to MAX phases
2.1. History of the MAX phases

The MAX phases have two histories [4]. The first
one started in the early-1960s, when the group
of Nowotny in Vienna synthesized a series of
ternary carbides and nitrides including about
30 phases with the M,AX chemistry [5]. At that
time, these phases were called 'H-phases’. In
1967, Nowotny’s group synthesized the first two
312 phases, Ti,SiC, [6] and Ti,GeC, [7], with
similar layered structures than the H-phases. In
the early-1990s, the same group reported the
synthesis of Ti,AIC, [8-10].

Subsequently, these phases remained totally
unexplored until the mid-1990s - beginning of
the second history of the MAX phases - when
Barsoum and El-Raghy synthesized fully dense
single-phase Ti,SiC, and revealed its outstanding
combination of metallic and ceramic-like proper-
ties [11, 12]. The compound was light, relatively
soft, and readily machinable, was a good electrical
and thermal conductor, and was impressively resis-
tant to thermal shock and oxidation up to 1400°C.
In 1999, Barsoum and El-Raghy synthesized the
first 413 phase, Ti,AIN, [13, 14], and agreed that
all 211, 312, and 413 phases form a large family
of layered compounds with the general formula
M, AX (Figure 1). Today, these phases are com-

ntl

monly referred to as the MAX phases [1].

2.2. Synthesis of the MAX phases

These last two decades, substantial efforts have
been made on the synthesis of MAX phases.
Initially, all MAX phases were synthesized in
powders, bulk materials, or thin films, corres-
ponding to highly polycrystalline forms. In 2011,
Mercier and coworkers [15, 16] reported for the
first time on a solution growth process to pro-
duce MAX single crystals, opening the door to
a more accurate characterization of the intrinsic
MAX phase properties and their anisotropy.

2.3. Structure and variety of MAX phases

So far about 85 ternary MAX carbides and
nitrides have been reported, with eleven different
elements on the M sites (Sc, Ti, V, Cr, Mn, Zr,
Nb, Mo, Hf, Ta, Lu) and fifteen elements on the
A sites (Al Si, P, S, Zn, Ga, Ge, As, Cd, In, Sn,
Ir, Au, T1, Pb).

Recently, a new route to increase the elemental
combination of MAX phases and to optimize
their performance was proposed, consisting in
the addition of a fourth element, by alloying on
the M, A, or X sites [17-19]. Historically, most
quaternary MAX phases existed as random solid
solutions [19].

In 2014, out-of-plane ordered quaternary MAX
phases (0-MAX) were discovered [20], with
the general formula M’ M”AX for 312 phases
and M’ M” AX for 413 phases, where M’ and
M” are two different early transition metals. As
depicted in Figure 1, two M’ layers sandwich
either one or two layers of M” elements. Since
2014, six different o-MAX phases have been
synthesized [20-23].

In 2017, in-plane ordered quaternary MAX
phases (i-MAX) were theoretically predicted
and successfully synthesized with the general
formula (M”, M’ ),AlC, where M’ and M” are
two different transition metals [24]. As depicted
in Figure 1, the two M’ and M” elements are in-
plane ordered with the M”:M’ ratio equal to 2.
A requirement for formation of i-MAX phases
is a large difference in atomic size between M’



and M” elements which allows for the formation
of a M” honeycomb lattice with the M’ atoms at
the centers of the hexagons [25]. To minimize
in-plane stress, the larger M’ atoms are displaced
toward the Al-layer in which the Al atoms redis-
tribute into a Kagome-like lattice [25]. Since the
first report of an i-MAX phase [24], eleven other
i-MAX phases were synthesized [23, 25-29].
Interestingly, this ordering allowed the addition
of non-traditional MAX phase elements, such
as Sc, Y, and W. Very recently, the existence of
RE-containing i-MAX phases, RE-i-MAX, with
the general formula (Mo,,RE ) AC (A = Al
or Ga), was revealed [30, 31]. Because of their
magnetic properties [30, 32], these new phases
are expected to attract much attention from the
scientific community.

In total, considering both ternary and quaternary
MAX phases, as well as solid solution com-
pounds, there are more than 155 different com-
positions that have been reported experimen-
tally [33]. The MAX phase periodic table of M,
A, and X elements is presented in Figure 3 and
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highlights the remarkably wide space available to
play on the MAX composition and, consequently,
on their properties.

2.4. Properties of MAX phases
and derived applications

By now, it is well established that at least a subset
of MAX phases combines some of the best pro-
perties of metals and ceramics [1, 4, 34], inclu-
ding high electrical and thermal conductivities,
chemical, oxidation, and thermal shock resis-
tances, as well as reversible deformation [35].
Some of them are discussed hereafter.

The best characterized ternaries to date are
Ti,SiC,, Ti,AlC,, and Ti,AlC. Their transport pro-
perties have been intensively studied, including
electrical and thermal conductivities and optical
and magnetic characteristics. In addition, their
elastic and mechanical properties have also been
quantified [4]. In contrast to the ternary phases,
the quaternary o-MAX and i-MAX phases still

M element

La | Cel| Pr |Nd|Pm||sm| Eu|Gd |Tb |Dy Ho| Er 'Tm Yb| Lu
‘Ac|[Th|Pa| U snNp "Pu|[Am|Cm| Bk | Cf | Es | Fm|Md| No | Lr

Figure 3. Periodic table with all elements experimentally incorporated in ternary and quaternary MAX
phases, with M elements highlighted in blue, A elements in pink, and X elements in gray.
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await experimental characterization. For the
0-MAX phases, only their structures, magnetic
ground states, and electrical conductivities have
been characterized. For the i-MAX phases, the
lack of bulk samples with high-enough purity
explains their poor characterization so far.

The MAX phases are all good metal-like conduc-
tors, with resistivities ranging from 0.07 to 2
uQm [1, 11, 36] at room temperature (RT) which
increase linearly with increasing temperature. In
some cases, such as Ti,SiC, and Ti,AlC,, their
conductivities are higher than the one of pure Ti
metal. Given that the MAX phases are good elec-
trical conductors, it is not too surprising that they
have very low Seebeck coefficients [4].

A magnetic ground state has been predicted
theoretically and/or observed experimentally
for a large number of MAX phases [37, 38].
Almost all magnetic MAX phases contain Cr
and/or Mn elements. The latest additions to the
list of magnetic MAX phases concern the in-
plane ordered (M,,Sc, ,),AlC (M = Cr, Mn) [29]
and (Mo, .RE ,),AC [30, 31] MAX phases, with
various magnetic characteristics.

Similar to the MX binaries, a subset of MAX
phases are elastically stiff with Young’s and shear
moduli in the order of 350 and 150 GPa, respec-
tively [4, 39, 40]. In contrast to the MX binaries,
the MAX phases are relatively soft, with Vickers
hardness values ranging from 2 to 10 GPa, and
are impressively readily machinable. This makes
the most noticeable difference between the MAX
phases and all the other stiff ceramic compounds.
Additionally, they are damage-tolerant and their
good mechanical properties are preserved even
at high temperature > 1000°C [34].

Thermally, the MAX phases are all good ther-
mal conductors, for the most part because they
are good electrical conductors, with RT thermal
conductivities ranging from 12 to 60 Wm'K"'!
[4]. In addition, the MAX phases are thermal-
shock resistant and are quite refractory, making
them good candidates for high-temperature
applications.

Regarding the oxidation resistance of the MAX

phases, they do not all behave in the same way,
since the nature of the oxides that form mostly
depends on the MAX composition. To be used
in high-temperature applications, this oxide
layer should be protective enough up to high
temperature and not degrade with time. In this
regard, the most promising MAX phases are the
Al-containing ones that form a dense protective
alumina (a-AlO,) layer [41-47].

To summarize, the MAX phases have been consi-
dered for numerous applications. For instance,
their good electrical and thermal properties make
them good candidates in electrical contacts, sen-
sors, connectors, efc. Additionally, owing to their
excellent mechanical properties, some of the
MAX phases find applications in micro-mecha-
nical systems, protective coatings, and even in
daily-life applications such as non-sticky pans
and drilling tools. Finally, their excellent high-
temperature properties and oxidation resistance
make them promising candidates for high-tem-
perature structural and non-structural applica-
tions, including heating elements and gas bur-
ning applications [4].

3. An introduction to MXenes

Since the exfoliation of graphene in 2004 and
the characterization of its outstanding properties
[48,49], 2D materials have received considerable
attention in the field of materials science and
device processing. Following the technique ini-
tially used to isolate a monolayer graphene from
its 3D counterpart, graphite, most 2D materials
were obtained from the mechanical exfoliation
of a parent 3D phase. This was feasible thanks
to the weak van der Waals interlayer interactions
intrinsically present in the parent phases.

3.1. Discovery of MXenes

In 2011, Naguib and coworkers [2] showed that
3D nano-laminate MAX phases with strong
interlayer bonds could also be exfoliated into 2D
crystals, using a combination of chemical etching
and sonication techniques. In the initial work
[2], a Ti,AlC, powder sample was immersed in
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Figure 4. Schematic representation of the synthesis process of 2D MXenes, obtained from the selective etching of the Al
planes from the parent 3D MAX phases when immersed in HF solution. Adapted from [50].
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Figure 5. Chemical versatility of all existing MXene systems, including conventional M, X (n =1, 2, 3), double-M
solid solutions, out-of-plane ordered, in-plane ordered double-M, and divacancy ordered MXene systems. M and X
elements are respectively represented by blue/orange and gray small spheres. Adapted from [51].
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a 50wt.% concentrated hydrofluoric acid (HF)
solution for 2h at RT, resulting in the selective
etching of Al planes (Figure 4). This successful
etching of a strongly-bonded layered compound
represented a major breakthrough in the synthe-
sis of novel 2D systems.

Since then, about 30 transition-metal carbides
and nitrides, called MXenes, with different che-
mical compositions and orders have been repor-
ted [3, 50, 51] and up to 70 compositions have
been predicted theoretically (Figure 5) [51, 52].
Depending on the 3D precursor, MXenes mate-
rials exhibit the formulaM , X T (n=1,2,3)or
M, . XT , where M is an early transition metal,
X represents either C or N atom, and T are ter-
mination groups such as —F, ~OH, or =0, mostly
depending on the nature of the chemical environ-
ment [3]. The thickness of the MXene monolayer
is about 1 nm and varies with the value of the n
index and the nature of the terminal groups [51].

3.2. Structure, versatility, and stability of MXenes

The chemical variety of the MAX phases, with
over 155 compositions reported so far [1, 33],
explains the resulting chemical versatility in
2D MXenes. Since most of the newly discove-
red MAX phases are Al-based, the family of 2D
MXenes is expected to further expand in the near
future. To date, a few 0-MAX phases have already
been exfoliated to form out-of-plane ordered
double transition metal MXenes [22, 23] (Figure
5). More interestingly, depending on the etching
conditions, the i-MAX phases can be exfoliated
to form two different types of MXenes. In-plane
ordered double transition metal MXenes are
obtained from the selective etching of the Al
layers in the parent MAX phase [53], while orde-
red divacancy MXenes result from the removal
of the minority M’ element together with the Al
element [23, 24] (Figure 5).

The structure of pristine MXenes can be construc-
ted by removing the A element from the parent
MAX phases. The atoms are arranged in a laye-
red structure where the X layers are alternatively
sandwiched between the M layers (Figure 5). In
o-MXenes, the outer-layers are formed with the

M’ element, while the inner-layer(s) consist(s)
of M” element. The exfoliation of the i-MAX
phases results either in 2D i-MXenes with the
general formula (M”, M’ ) X, orin 2D M X
systems with ordered divacancies.

As expected from the experimental observations,
MXenes become thermodynamically more stable
upon surface functionalization and the stability
is further enhanced for fully-terminated MXenes
(full surface coverage with T ) [52].

3.3. Properties of MXenes
and derived applications

Since the discovery of MXenes in 2011, several
experimental and theoretical studies have been
conducted to shed light on their chemical and
physical properties.

Similar to the MAX phases, the pristine MXenes
are predicted to be metallic. Upon functionali-
zation, the electronic properties of MXenes vary
from metallic to semiconducting, depending on
the nature of the M, X, and T groups [52, 54].
While the majority of terminated MXenes retain
their metallic character, some of them are pre-
dicted to be semiconductors, due to a shift of the
Fermi level [52, 55, 56]. Computed electronic
band gaps are summarized in Ref. [57] and range
from 0.25 to 3.9 eV. Interestingly, some MXenes
(and 0-MXenes) with group VI transition metals
(Cr, Mo, W) are predicted to be 2D topological
insulators, i.e., to present an insulating gap in the
bulk and gapless states at the edges. In these sys-
tems, the spin-orbit coupling is found to signifi-
cantly affect the electronic properties.

The magnetic properties of MXenes have been
intensively studied from first-principles calcu-
lations. Although the majority of the pristine
MXenes are non-magnetic, some of them such as
Ti,C, TiN, Cr,C, Mn,C, and Mn,N have ferroma-
gnetic ground-states, while V,C and Cr,N are anti-
ferromagnetic. Because of the surface terminations
that are inevitably introduced during the synthesis
process, none of the magnetic pristine MXenes
has been realized in experiment. Interestingly,
some functionalized MXenes have been predicted



to preserve a magnetic moment, including Ti,NO,
[58], Cr,NO, [59], and all Mn,CT, [60] and
Mn NT, [58] systems, regardless of surface func-
tionalization. Magnetic moments up to 3w, have
been predicted in these systems that might retain
their magnetism up to near RT.

In average, the elastic constants of 2D MXenes are
twice larger than those of the corresponding MAX
phases [61]. In addition, in most cases, nitrides are
stiffer than the carbide counterparts [62]. Further
computational studies have investigated the
effect of terminations on the elastic properties of
MXenes [61, 63]. The presence of terminal groups
drastically reduces the elastic constant values of all
MXenes. The thickness dependence of the elastic
constants has also been studied through first-prin-
ciples calculations, predicting M X systems stiffer
than their M,X, and M, X counterparts [62, 64].
Experimentally, the elastic response of a single
layer Ti,C,T  has been measured through nanoin-
dentation technique with an atomic force micros-
cope tip [65]. A Young’s modulus of 330+30 GPa
was found, which is lower than the one of graphene
(1000100 GPa) and h-BN (870+70 GPa), but is
the highest one reported for a solution-processed
2D material [65]. Despite lower Young’'s modulus
than other 2D materials, the higher bending stiff-
ness, hydrophilicity, and high negative zeta poten-
tial of MXenes make them promising candidates
in composites with polymers, oxides, or carbon
nanotubes.

Eventually, 2D MXenes have shown great pro-
mise in energy storage applications, which can
be explained by their high electronic conducti-
vity, redox active surface generated during the
etching process, and 2D morphology optimal for
fast ion transport and intercalation [66]. To date,
about 50% of the publications on MXenes are on
energy-related topics and mostly include experi-
mental works.

Even though energy storage has been the first and
most studied application for MXenes, there are
several other applications where MXenes have
shown great promise, such as transparent conduc-
tive electrodes [67, 68], electromagnetic inter-
ference shielding [69], hydrogen storage media
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[70-73], gas sensors and membranes [74—76], ther-
moelectric materials [77-80], structural compo-
sites [81], catalysts [82—85], organic photovoltaics
[86], flexible photovoltaics [87], and many more.

4. Investigation of Cr,AlC single crystals

Although the MAX phases have been around for
more than 20 years [8], the lack of large single
crystals has long prohibited a direct assessment of
the anisotropy of the physical properties expected
from their crystal structure. As a consequence,
most of the works on electrical and thermal trans-
port in MAX phases were performed on polycrys-
tals [40, 88]. Since 2011, macroscopic single crys-
tals are available [15, 89, 90], and some of their
magneto-transport properties have been investi-
gated [91, 92], as well as their electronic struc-
ture [93]. However, given the large diversity in the
MAX phase composition, the current amount of
experimental measurements performed on single
crystal flakes is relatively low.

In this context, the first goal of this thesis
consisted in the growth and characterization of
MAX single crystals, in general, and Cr,AlC, in
particular.

4.1. Structural properties

The conventional Cr,AIC unit cell includes eight
atoms - four Cr, two Al, and two C atoms - and
crystallizes in the P6 /mmc (#194) space group
with hexagonal symmetry (Figure 6(a)). Lattice
parameters are respectively a = b =0.286 nm and
c=1.282 nm.

4.2. Vibrational properties

The investigation of the vibrational properties of
Cr,AlC single crystals included the description
of the phonon dispersion spectra using density
functional perturbation theory (DFPT) [94-98]
calculations and inelastic neutron scattering
(INS) measurements. A phonon spectrum can be
seen as a representation of all vibrational modes
accessible for the system at a given temperature
or energy.
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The computed phonon spectrum is presented in
Figure 6(b) (blue lines) and is in good agreement
with the experimental points (red dots) obtained
from the recorded INS resonances along speci-
fic crystallographic directions. The absence of
imaginary frequencies in the phonon spectrum
(Figure 6(b)) confirmed the stability of the sys-
tem. Additionally, the combination of flat disper-
sion curves along the I'A, HK, or ML directions
(i.e., along the c-axis) with dispersive curves along

the AH, I'K, I'M, or LH directions (i.e., in the ab-
plane) was an indication of a mode propagation
that exclusively takes place in the ab-plane, hence
involving the system to behave as a 2D system [99].

4.3. Electronic properties

Similar to all MAX phases, Cr,AlC exhibits
a metallic behavior ensured by the presence of
Cr-d orbitals at the Fermi level (Figure 7) [100].
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Figure 6. (a) Atomic structure of Cr,AIC and (b) first-principles phonon spectrum and experimental
phonon energy modes of Cr,AlC along major crystallographic directions.
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Figure 7. First-principles (a) electronic band structure of Cr,AIC, with the Fermi level fixed as the reference
of zero energy, and (b) and (c) Fermi surfaces computed using the Fermisurfer code [101] and color-coded

depending on Fermi velocities.



Experimentally, the electrical conductivity was
measured and showed large anisotropy, with the
in-plane conductivity about 300 times higher than
the out-of-plane one [91]. Theoretically, the ani-
sotropy in the electronic properties can be noticed
from the electronic band structure and Fermi sur-
faces (Figure 7). In Figure 7(a), the dispersive
bands along directions parallel to the ab-plane
(i.e., AH, T'K, I'M, LH) will lead to high carrier
velocities and good electronic conductivity in the
plane, while the almost flat bands along direc-
tions perpendicular to the ab-plane (i.e., I'A, HK,
ML) explain the weak out-of-plane conductivity
[100]. Additionally, the open tubular structure of
the Fermi surface suggested a quasi 2D character
of the Cr,AlC system [93, 100].

4.4. Thermal transport

The thermal conductivity & can be decomposed
into its electronic k, and lattice &, contributions,
such that k£ =k, * k. The transport theory for elec-
trons is implemented in the BoltzTraP2 code [102,
103] and the estimation of the lattice contribu-
tion is achieved using the temperature dependent
effective potential (TDEP) code [104—-106].
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The computed total thermal conductivities are
presented in Figure 8. It was observed that both
in-plane k and out-of-plane £, thermal conducti-
vities slightly decrease with the temperature. An
anisotropy ratio higher than 2 was predicted over
the whole temperature range. This anisotropy
arises from both the electronic and lattice contri-
butions; the latter being the dominant term [100].

Experimentally, the in-plane and out-of-
plane thermal conductivities were measured
using, respectively, the modulated photother-
mal radiometry (MPTR) [107] and the perio-
dic pulse radiometry technique (PPRT) [108].
Experimental curves are presented in Figure 8
and are in the same order of magnitude than our
theoretical predictions. As a global observation,
the in-plane thermal conductivity was found to
be almost constant in the whole temperature
range, whereas the out-of-plane thermal conduc-
tivity slightly decreased with the temperature and
then saturated from 200°C. More importantly, an
anisotropy ratio of about 2 was found over the
whole temperature range, in agreement with our
theoretical results [100].

Cr2AlIC
© 0 O
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Figure 8. Total thermal conductivity obtained by summing the electronic and lattice contributions: £ =k,* k,,

compared to the experimental curves.
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4.5. Elastic properties

The last property of Cr,AlC single crystals that was
investigated in the context of this thesis concerns
their elastic behavior. For this purpose, the full
elastic tensor was computed from first-principles.
Additionally, nanoindentation tests were perfor-
med allowing for the experimental determination
of elastic constants and hardness values.

First-principles calculations provided elastic
constants values of ¢, = 347 GPa and ¢, = 332
GPa, respectively along directions parallel and
perpendicular to the ab-plane.

Experimentally, 18 indents were performed per-
pendicularly to the ab-plane while 28 indents
were performed parallel to the ab-plane.
Representative load-displacement curves for
both indentation configurations are depicted in
Figure 9(a). Using the Oliver and Pharr method
[109, 110], average values of 317+10 GPa and
32019 GPa were found or ¢, and c,,, respecti-
vely. The agreement with the theoretical predic-
tions was remarkable and confirmed the limited
anisotropy in the elastic properties [111].

Another fundamental physical parameter that was
determined from nanoindentation is the hardness.
Using the Oliver and Pharr method [109, 110],
the Berkovich hardness of Cr,AlC single crystal
was evaluated to 9.7+0.3 GPa (8.4+0.4 GPa) in a
direction perpendicular (parallel) to the ab-plane
[111]. The small, but present, anisotropy in the
hardness values highlighted the interesting and
unique feature of the MAX phases, which res-
pond in an isotropic way to elastic deformation
and anisotropically to plastic deformation [112,
113]. This was further evidenced in the scanning
electron microscope (SEM) micrographs (Figure.
9(b)) where some pileups and delamination cracks
are respectively observed upon loading perpendi-
cular and parallel to the basal plane.

4.6. Conclusions

In conclusion, the electronic, vibrational, thermal,
and elastic properties of Cr,AlC single crystals
were investigated, combining experimental and
theoretical approaches. The anisotropy observed
in most physical properties of Cr,AlC single crys-
tals presumably results from their layered struc-
ture. In contrast, the isotropy in the elastic pro-
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Figure 9. (a) Representative load—displacement curves from the nanoindentation of the top surface and
sample side of'a Cr,AlC single crystal and (b) SEM images of the indentation marks of indent performed
perpendicularly and parallel to the ab-plane, using a Berkovich or a spherical tip.



perties results from the similar and comparable
intra- and inter-layer bonding strengths.

5. Investigation of rare-earth
containing MAX phases

Motivated by the recent discovery of RE-i-MAX
phases [30, 31] and the possibility to use these
magnetic phases as precursor layered com-
pounds to synthesize 2D magnetic MXenes, we
investigated their structural, vibrational, elastic,
and electronic properties, using both experimen-
tal and theoretical approaches.

5.1. Structural properties

The conventional (Mo, RE ,),AlC unit cell
includes 48 atoms - 16 Mo, 8 RE, i.e., Nd, Sm,
Gd, Tb, Dy, Ho, Er, Tm, or Lu, 12 Al, and 12 C
atoms - and crystallizes in the C2/c (#15) space
group. Considering their similar structures, a
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schematic representation valid for any RE ele-
ment is used in Figure 10(a).

The structure and quality of the monocrystal-
line samples were also investigated using scan-
ning transmission electron microscopy (STEM)
[114] (Figure 10(b)). The precise arrangement
of the atoms confirmed the C2/c crystalline
structure of the system. From the line profile in
inset of the second panel, the alternation of one
bright RE atom and two less bright Mo atoms is
evident. Most of the studied regions were free of
faults and only few stacking faults were obser-
ved, as the one highlighted by red arrows in the
third panel of Figure 10(b).

From the computed and experimental lattice para-
meters reported in Figure 10(c), it was evident that
the increase of the RE atomic mass led to reduced
lattice parameters, as expected from the decrease
of the covalent atomic radius when moving from
left to right on the lanthanide row [115].
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Figure 10. (a) Schematic representation of the conventional monoclinic C2/c cell of (Mo, ,RE, ), AIC. Some specific interatomic bonds are defined with

red arrows. (b) High resolution STEM images for (Mo, Dy, .),AlC single crystals along [010] and [110] zone axes, with corresponding schematics for
the C2/c monoclinic structure. Inset shows line-profile of the Z contrast along the red dashed line while region with stacking fault is pointed out by red
arrows. (c) Dependence of the cell volume on RE atomic mass, computed with various first-principles softwares, compared to experimental volumes
for single crystals (SC) [114] and polycrystals (PC) [30]. (d) Dependence of computed bulk (B), shear (G), and Young’s (£) moduli on RE atomic mass.
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5.2. Elastic properties

For all systems, the elastic tensor and homoge-
nized polycrystalline elastic properties including
bulk modulus B, shear modulus G, and Young's
modulus £ were computed from first-principles
[116]. The values of the elastic properties pres-
ented in Figure 10(d) suggested that an increase
of the RE atomic mass, when moving from left
to right on the lanthanide row, resulted in an
increase of all elastic moduli. In other words,
RE-i-MAX phases with heavier RE elements are
stiffer, which is not too surprising since the unit
cell, and hence the atomic bonds, tend to shrink
with increasing RE atomic mass (Figure 10(c)).

In addition, the elastic response of a
(Mo, .Ho ,),AIC single crystal was measured
experimentally using nanoindentation. Using the
Oliver and Pharr method [109, 110], the average
value of £ from 15 indents as was calculated to
be 220+8 GPa. In comparison, the computed value
was 242 GPa. Once more, the agreement between
experimental and theoretical results was remar-
kable, considering that both defects and tempera-
ture were not taken into account in our calculations.

5.3. Exfoliation potential

In previous studies, it has been revealed that not
all MAX phases could be etched into their 2D
counterparts. In order to avoid losing money in
unsuccessful experimental etching, it would be
useful to predict beforehand the potential exfo-
liation of a given MAX phase, using theoretical
tools. In this context, given the expensive price of
rare-earth elements, ranging from $50 to $1,000/
kg, we used a theoretical approach to predict the
potential exfoliation of RE-1-MAX phases.

While the experimental process used to convert
MAX phases into MXenes is quite complex, two
main criteria, previously exploited by Khazaei
and coworkers [116, 117], were used to evaluate
their exfoliation potential: (i) bonding strength
and (i1) exfoliation energy. For the RE-i-MAX to
be successfully etched into RE-i-MXenes, only
the Al bonds, viz. AlI-Mo and AI-RE, need to be
broken (Figure 10(a)). This would only occur if

the C—Mo and C—RE bonds are stronger than the
Al-Mo and AI-RE ones.

The computation and analysis of the crystal
orbital Hamilton population (COHP) using the
Lobster code [118—-120] was used to shed light
on the nature of the bonding. In particular, by
integrating the COHP up to the Fermi level, it
was possible to assess the relative bond strengths
within the RE-i-MAX phases [118-120] (Figure
11(a)). Even though no absolute value for the
bond strength could be obtained, the bonds were
classified according to their —IpCOHP curve.
From Figure 11(a), the atomic interactions defi-
ned in Figure 10(a) were ranked as follows:
C—Mo > C-RE > Al-Al > Al-Mo > AI-RE
> Mo—Mo = Mo—RE. This classification was
consistent with the one for conventional MAX
phases, where M—X bonds were stronger than
M—A bonds (Figure 11(b)) [116, 121], and pres-
umably indicated the exfoliation potential of the
RE-i-MAX phases [115].

The second criterion is the exfoliation energy E_
which was evaluated as:

E oy (RE-i-MAX) — 2E,,,(RE-i-MXene) — 12E,,,(Al)
4S

where E,, (RE-i-MAX), E,, (RE-i-MXene), andE,,
(Al) respectively correspond to the ground-state
energy of RE-i-MAX, RE-i-MXene, and bulk
aluminum per atom (Figure 12(a)) and S is the
surface area determined from the structural para-
meters. Since no experimental exfoliation data
could be found in the literature, the best we could
do was compare these theoretical predictions to
values for conventional MAX phases, reported
by Khazaei et al. [116]. Among the successfully
etched MAX phases, V,AIC has the largest theo-
retical exfoliation energy of 0.205 eV/A (Figure
12(b)). Therefore, from the computed exfoliation
energy values (full markers), we expected that
RE-i-MAX phases could a priori, be successfully
etched into RE-i-MXenes.

Eex = -

Combining the analysis of the bonding strength
(Figure 11) with the computed exfoliation energy
(Figure 12), the exfoliation potential of RE-i-
MAX phases was predicted [115].
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Figure 11. (a) Calculated integrated COHP values at the Fermi level as a function of the RE atomic mass. The relative
order of bond strengths is almost unchanged with the RE atomic mass. (b) Integrated COHP for both M—A and M—X
bonds for a series of 82 MAX phases (empty markers) [116] plus the 9 considered RE-i-MAX phases (full markers).
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Figure 12. (a) Simplified representation of the exfoliation of a RE-i-MAX phase into RE-i-MXene, for which the
exfoliation energy is obtained as a difference in energy of the products (RE-i-MXene + Al) and the reactant (RE-i-
MAX). (b) Computed static exfoliation energy as a function of the bond length for a series of 82 MAX phases (empty
markers) [116] plus the 9 considered RE-i-MAX phases (full markers).

5.4. Conclusions

In summary, we reported on the growth and cha-
racterization of nine representative members of
the new family of RE-i-MAX single crystals, viz.
(Mo, ,RE, .),AIC with RE = Nd, Sm, Gd, Tb, Dy,
Ho, Er, Tm, and Lu. Their structures and elastic
properties were addressed and their exfoliation

potential into 2D RE-i-MXenes was predicted, via
a complete analysis of both bond strengths and
exfoliation energies. Overall, we believe that the
theoretical prediction of the exfoliation potential
of the RE-i-MAX phases represents a promising
breakthrough for future experimental exfoliation
of these systems, and their potential use in appli-
cations where 2D magnetic materials are desired.
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6. Investigation of V.CT, MXenes

Since the discovery of the first MXene less than
10 years ago, remarkable progress has been made
in the synthesis process, in the characterization
of the structural and physical properties, and in
the search for potential applications. However,
among the several dozens of MXenes predic-
ted to date, the first reported Ti,C,T system has
attracted most attention, with about half of the
works dedicated to it.

In the context of this thesis, we decided to focus
on the vanadium-based MXenes and to inves-
tigate the structural, electronic, and vibrational
properties of both pristine V.C and terminated
V,CT, (T = F, OH) monolayers using first-prin-
ciples techniques.

6.1. Structural properties

The ground state structure of the pristine V,C
with fully relaxed geometry is found to be hexa-
gonal. The unit cell includes three atoms, two V
and one C, and resides in the p3m1 (#164) space
group. The atoms are therefore arranged in a
triple-layer structure where the C layer is sand-
wiched between the two V layers (Figure 13(a)).
The lattice constant a is equal to 2.89 A, and the
layer thickness d equals 2.18 A.

Based on the unit cell of pristine V,C, func-
tionalized V,CT, structures were constructed.
Depending on the relative positions of the termi-
nal groups, different functionalization models can
be built (Figures 13(b)— 13(e)) [52]. Given that
the properties of MXenes can strongly vary with
the nature and position of the terminal groups,
it was mandatory to systematically investigate
all possible configurations and evaluate their
respective stability. For this purpose, the forma-
tion energies of all configurations were compu-
ted. It was found that the energetically favored
structures for V,C-based systems functionalized
with —F and —OH groups corresponded to MD2
model, where the terminal groups occupy fcc
sites (Figure 13(c)) [122].

6.2. Electronic properties

According to its electronic band structure, the
V,C monolayer exhibits a metallic behavior
(Figure 14(a)). In contrast with the well-studied
Ti,C, MXene system which undergoes a metal-
lic to indirect band gap semiconductor transi-
tion [123], the V,C system preserved its metal-
lic character upon functionalization (Figures
14(b)—14(d)) [122].

Figure 13. Atomic structures of (a) pristine V,C and four models for terminated V,CT,: (b) MD1, (¢) MD2, (d) MD3,
and (e) MD4 - top and side views. V and C atoms are respectively in red and brown, while the functional groups (T =F,
OH) are in blue. In (a), a and d are the lattice constant and the layer thickness, respectively.



(a) V2C

N° 135 - novembre 2020

4 - \/ o\
. \ A
2
S
O = i
go
[S—l
-2
-3
N 2D~/ /M,\/\ﬂ /A
r M K rr ™M K rc ™M K rc M K r

Wave vector Wave vector

Wave vector Wave vector

Figure 14. Electronic band structure of (a) V,C, (b) V.CF,, (c) V,C(OH),, and (d) V,CF(OH) in their high-symmetric
configuration. The Fermi level is fixed as the reference of zero energy.

6.3. Vibrational properties

Thanks to its sensitivity to very small changes in
crystal structures, Raman spectroscopy is usually
used to characterize the composition and the qua-
lity of samples. However, before it can be used
for this purpose, it is fundamental to properly
define the peak positions and to assign them to
the computed vibrational modes. This allows to
identify the contribution of each atom and group
of atoms in the various vibrational modes corres-
ponding to the reported peaks.

In this context, the phonon mode frequencies of
both pristine V,C and terminated V,CT, systems
were computed from first-principles. Making
good use of the group theory, the Raman and
infrared activity of the modes was predicted.
A total of 2, 4, 6, and 10 Raman-active modes
were predicted, respectively for the V.C, V,CF,,
V,C(OH),, and V,CF(OH) systems.

The experimental Raman spectrum of a V,C-
based sample is presented in Figure 15 (solid
black line). As a global observation, the peaks

were relatively broad which may be due to subs-
tantial defects concentrations.

The calculated Raman-active frequencies of all
V,C-based systems are reported under the expe-
rimental spectrum (Figure 15). The predicted
peak positions for the V,C monolayer were not
sufficient to describe the experimental Raman
spectrum, especially above 400 cm™' and —OH
groups, additional Raman frequencies appeared
around 520 cm™ and around 440 and 530 cm™,
respectively. However, there were still some dis-
crepancies between the theoretical predictions
and the experimental spectrum, as some predic-
ted frequencies did not correspond to any Raman
bands and vice versa. Eventually, considering the
heterogeneously-terminated V,CF(OH) mono-
layer, several additional Raman-active modes
appeared between 430 and 760 cm™!, which mat-
ched well with the bands around 430 and 520
cm! and with the hump centered at 650 cm™! in
the experimental spectrum. This close matching
between the theoretically predicted positions of
the Raman-active peaks and the experimental
Raman spectrum reflected the fact that the ter-
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Figure 15. Raman spectrum of the exfoliated V,C-based sample collected at RT. The calculated Raman-active frequencies of the V,C, V,CF,,
V,C(OH),, and V,CF(OH) mono-sheets are included under the experimental spectrum for comparison. The matching between the predicted normal-
mode frequencies and the experimental spectrum confirms the presence of heterogeneous terminal groups at the V,C surface.

minal groups were actually heterogeneous and
most likely randomly distributed at the V,C sur-
face [122].

6.4. Conclusions

In conclusion, the static and dynamical proper-
ties of pristine bare V,C and terminated V,CT,
(T = F and OH) monolayers have been investi-
gated using first-principles and experimental
techniques. In particular, the comparison of our
theoretical predictions with the experimental
Raman spectrum gave a relatively good agree-
ment, especially when considering mixed termi-
nal groups at the MXenes surface.

7. Conclusions

With roughly 2,000 publications on the MAX
phases, and over 2,300 ones on the MXenes, it
is clear that both MAX and MXenes have consi-
derably attracted and are still attracting attention
from the scientific community. Without excep-
tion, our group has jumped into this exciting

field and, during four years, I have been fortunate
to work on MAX phases and MXenes.

In summary, this thesis has been devoted to the
investigation of the structural, electronic, vibra-
tional, thermal, and elastic properties of the
3D MAX phase single crystals and the derived
2D MXenes. The approach adopted throughout
these four years consisted in a subtle combina-
tion of theoretical predictions and experimental
measurements. Among others, this work allowed
to gain insight into the anisotropy present in
the MAX phase properties, to understand the
bonding nature and strength within quaternary
RE-i-MAX phases, and to predict their potential
exfoliation into RE-i-MXenes. Additionally, the
electronic and vibrational properties of V,CT,
MXenes functionalized either with homoge-
neous or heterogeneous terminal groups have
been studied theoretically and compared to expe-
rimental measurements. This led to the main
conclusion that heterogeneous terminal groups
must be considered in the calculations in order
to more accurately reproduce the experimental
conditions and recover the experimental results.
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