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Very recently (2011, Advanced Materials, 23, 4248), an elegant exfoliation approach was proposed to prepare a new family of two-
dimensional (2D)-like transition metal carbides and nitrides from layered MAX phases. This discovery has provided the next stage in the
design of new graphene-like inorganic materials with intriguing functionalities and applications. This overview is intended as an
introduction to this newest family of graphene-like quasi-2D nanocarbides and nanonitrides of d metals, which are known today also as
MXenes. Here the authors discuss the available results achieved for MXenes (2011-2012), when a group of various MXenes (2D-Ta,Cs,
Ti3(Cy.sNp.5s)2, TINDC and some others) have been successfully synthesised, a set of their properties (conductivity, mechanical behaviour
etc.) were measured and systematical theoretical studies of structural, electronic properties, chemical bonding and the stability of MXenes
were initiated. Besides, possible applications of MXenes as promising materials for Li ion batteries, sensors or 2D electronics etc. are noted.

1. Introduction: Graphene, the first true one-atom-thick
quasi-two-dimensional (2D) crystal, owing to its outstanding
properties such as a Dirac spectrum of low-energy quasi-particles,
a high electron mobility, an anomalous Hall effect etc., became in
the recent years one of the most attractive materials, which is
considered as a key element of many future technologies, reviews
[1-5].

However, ‘graphene is not the end of the road’ [6]; and a set of
new graphene-like materials (free-standing carbon-free 2D crystals)
such as single-atom-thick BN (so-called ‘white graphene’) or more
complex single-layer-thick MoS, or WS, were successfully pre-
pared from the corresponding layered three-dimensional (3D) crys-
tals; see [7, 8]. These 3D phases exhibit a sharply anisotropic
bonding including strong bonds inside each atomic sheet (or
inside molecular layer) against very weak van der Waals-type
bonds between the adjacent sheets (layers).

On the other hand, some obvious issues arise in the preparation
of graphene-like forms of materials with an isotropic 3D-like
system of directional bonds. Such materials include a broad
family of transition metal (M) carbides and nitrides with a cubic
Bl-type structure: MC and MN. These metallic-like phases with
outstanding physical properties (enhanced hardness, high melting
points, chemical stability, high corrosion resistance etc.) are
widely used in the industry as cutting tools, as materials for hard
coatings, in high-power energy industry, for optoelectronics etc.
[9-11]. Although a set of nanosized carbides and nitrides (such
as nanocrystallites [12], hollow polyhedrons [13], monolithic
nanorods [14, 15], so-called metallocarbohedrenes [16] etc.) have
been synthesised and some other nanoforms (for example, nano-
tubes or fullerene-like cages [17—-19]) have been predicted theoret-
ically, no data on graphene-like forms of transition metal carbides
and nitrides were available until recently.

In 2011, a fascinating idea [20] was proposed — to prepare free-
standing graphene-like carbides (and nitrides) not from their 3D
parent binary phases, but from ternary layered MAX phases
(known also as nanolaminates, reviews [21-25]), which include
various 2D-like layers of transition metal carbides (or nitrides)
as building blocks. These 2D materials are now known as
‘MXenes’; this term denotes their genesis from MAX phases
(with the loss of the A component) and their similarity to graphene
[20, 26].

The aim of this overview is to emphasise the experimental and
theoretical results that may give an insight into the current status
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and possible perspectives of MXenes as the newest family of
graphene-like materials.

2. Synthesis and properties: MAX phases are proposed as
precursors for the discussed graphene-like carbides and nitrides
(MXenes) [20, 26]. These MAX phases (with the general formula
M, 1AX,, where n=1, 2 or 3; M are transition d metals from
groups [II-VI; X are C or N; and 4 are Cd, Al, Ga, In, Tl, Si, Ge,
Sn, Pb, P, As or S [21-25]) can be described as intergrowth
structures consisting of hexagonal blocks [M,X,] and planar A
atomic sheets with a characteristic ‘zigzag’ stacking along the
z-axis in the sequence ...|[M,.1.X,|4|[M,,+1.X,]|A].., Fig. 1. In turn,
carbide (nitride) blocks [M,+X,] have a Bl-type structure similar
to that of MX binary carbides (nitrides), wherein X=C, N atoms
are located in an octahedral M-atom coordination {MX}. As a
result, the system of inter-atomic interactions in MAX phases is
very anisotropic with strong directional M-X bonds inside blocks
[M,+1X,], whereas the bonds between A atoms and between A
atomic sheets and blocks [M,.1X,] are relatively weak and these
A atoms are most reactive [21-25].
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Figure 1 [ — Atomic model of preparation of MXenes (M, .,X,) from MAX
phases (M,,;AX,) via removing of A sheets [27]
2 — Schema of realised synthesis [21, 26] of MXenes from MAX phases
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Table 1 Exfoliated Al-containing MAX phases as obtained in [26]

MAX phase HF Time, Lattice constant ¢, nm
conc., % h
before HF after HF
treatment treatment
Ti,AIC 10 10 1.360 1.504
TayAlCs 50 72 2.408 3.034
(Tip s, 50 28 1.379 1.488
Nbo 5),AIC
(Vos, 50 69 1.773 2.426
Cro.5);A1C,
Ti;AICN 30 18 1.841 2.228
Ti;AIC, 50 2 1.842 2.051

The basic idea [20, 26] was to remove the most weakly bonded
sheets of A atoms from the MAX phases and to obtain free-standing
blocks [M,+1X,] as novel 2D-like materials, as schematically
depicted in Fig. 1.

In the pioneering experiments [20], Ti3AlC, was taken as an
example to extract the most weakly bonded Al sheets from this
MAX phase. For this purpose, at the first step, Ti;AIC, powder
was immersed in a Hartree-Fock (HF) solution, when the following
reactions occur [20]

Ti,AIC, + 3HF = AlF; + 3/2H, + Ti,C, (1)
Ti,C, + 2H,0 = Ti,C,(OH), + H, @)
Ti,C, + 2HF = Ti,C,F, + H, 3)

In reaction (1) Al atoms were removed and the required samples
with the nominal composition TizC, were obtained. The accom-
panying reactions (2), (3) reflect the formation of hydroxylated or
fluorinated Ti;C, derivatives as a result of the replacement of Al
atoms (by fluorine or OH groups) after the reaction with HF, which
is conducted in an aqueous environment rich in F ions and OH
groups. At the second step, ultrasonication in methanol was used
leading to exfoliation of MXenes Ti;C,. The schema of this two-
step process (selective etching — exfoliation) is presented in Fig. 1.

This strategy was further applied to extract the Al sheets from
other Al-containing MAX phases [26] such as Ti,AlC, Ta,AlCs,
(Tig.5,Nbg 5),AlC, (Vg.5,Crg 5)3AlC, and TizAICN; see Table 1.

The scanning electron microscope (SEM) images (Fig. 2) dem-
onstrate successful exfoliation of MAX phases after the HF treat-
ment and the corresponding X-ray diffraction (XRD) results
(Fig. 3) clearly show a drastic loss of crystallinity and structural
order for the MAX phases after exfoliation. At the same time,
HRTEM and selected area electron diffraction confirm [26] that
the crystallinity of the basal MX blocks of the MAX phases is pre-
served for MXenes.

Today, some properties of MXenes are examined experimentally
[20, 26, 29, 30]. So, the exfoliated flakes of MXenes are optically

Figure 2 Secondary electron SEM micrographs for Ti;AIC, before (1) and
after HF treatment (2) and TiAIC, Ta,AIC; TiNbAIC ((Tiy.5,Nby s),AIC)
and TizAICN after HF treatment producing MXenes [26]

On the right: an electron microscope micrograph for exfoliated Ti3AlC, [28]
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Figure 3 XRD patterns for Ti,AIC and Ta,AIC;

(1) before HF treatment, (2) after HF treatment, (3) cold-pressed MXene
after HF treatment of MAX phases and (4) MAX phase cold-pressed prior
to HF treatment [26]. For Ta4AlCs, a small amount of mono-carbide TaC
(with a B1 structure) was present in the initial powder

transparent under visible light. The densities of cold-pressed discs
of different MXenes vary between 2.91 g/em® for Ti,C and 6.82
g/em® for Ta,C;. Contact angle measurements with water on
pressed MXenes showed a hydrophilic behaviour. The resistivity
of the MXenes is higher than for the parent MAX phases — presum-
ably owing to the replacement of Al sheets by OH and/or F [26].

Further development of knowledge of the properties of MXenes
is related to the search of possible applications of these materials.
For example, electrochemical lithiation and delithiation of MXene
Ti,C were studied to design a non-aqueous asymmetric cell with
a Ti,C-based 2D negative electrode [29]. This cell was cycled
between 1.0 and 3.5V and showed a good capacity retention
during 1000 galvanostatic charge/discharge cycles. In addition, Li
insertion into Ti,C was examined for a search of a promising tran-
sition metal carbide anode for lithium-ion batteries [30]. The exfo-
liated Ti,C showed reversible capacity about five times higher than
the parent phase Ti,AlC — mainly because of its open structure,
weaker inter-laminar forces and larger specific surface area.

Based on the aforementioned results the possible applications of
MXenes as promising materials for Li ion batteries, sensors or as
materials for 2D electronics were proposed.

3. Simulation: Many of the unique properties of graphene are
related to its electronic structure, reviews [1-8]. Therefore it is
not surprising that the discovery of the new graphene-like
materials (MXenes) has aroused much attention to their electronic
properties, which are studied now within ab initio computational
approaches. Besides, theoretical simulations of structural,
mechanical, magnetic properties, chemical bonding and relative
stability of a set of MXenes (the majority of them are
Ti-containing systems) are undertaken [20, 27, 31-34].

The optimised atomic structures of the examined MXenes [27,
31-34] reveal that after relaxation, MXenes in general retain the
atomic geometries of the corresponding blocks in the parent
MAX phases. The inter-atomic distances: M—M and M-X for
MXenes become smaller than for the corresponding MAX phases;
the simplest explanation of this is the decrement of the coordination
number of M atoms in the outer sheets of 2D MXenes. The details
of the distortion effects for MXenes (M=Ti and X=C, N) were
also analysed using the calculated [27, 31] distortion indexes oy,
which are analogues of Hug’s indexes [35] for bulk MAX phases
and reflect the distortions of {MX} octahedrons in the examined
materials.

Naguib ef al. [20] used density functional theory (DFT) to reveal
the band structure of MXene TizC, as a free-standing 2D structure,
as well as of Ti3C, terminated with fluorine atoms (Ti;C,F,) or OH
groups (TizCy(OH),). It was found that unlike the metallic-like
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Table 2 Calculated formation energies (Efm, €V) for MAX phases Ti, +
1AIX,, and MXenes Ti, + X, (X=C and N, n=1, 2 and 3) in some formal
reactions as obtained within VASP in [27]

System, equations Etorm System, equations Etorm
Ti,AIC « TiC + Al + Ti —1.17 Ti,C & TiC+Ti 1.61

©TiC +TiAl —0.36 Ti,C « Ti,AIC-Al 2.78
Ti;AIC, _ 2TiC + Al +Ti 132 TisC, 2TiC+Ti 1.38
«2TiC + TiAl —0.51 Ti5C, ., TizAlC,-Al 2.70
©Ti,AlIC+TiC —0.15

TisAlC; © 3TiC + Al + Ti 132 TiyC; < 3TiC+Ti 1.43
<3TiC + TiAl —0.51 TiyC; < TizAlC5-Al 2.75
©Ti,AIC + 2TiC —0.15

©TizAlC, + TiC 0.00

Ti,AIN < TiN + Al + Ti -1.26 Ti,N < TiN +Ti 1.74
~TiN + TiAl —0.45 Ti,N < Ti,AIN-Al 3.00
Ti;AIN, < 2TiN+AI+Ti  —1.28  TisN, < 2TiN+Ti 1.79
<2TiN + TiAl -0.47 TizN, < TizAIN,— 1 3.06
©Ti,AIN + TiN -0.02

Ti,AIN; < 3TiN+AI+Ti  —1.46  TiuN; < 3TiN+Ti 1.61

<3TiN + TiAl —0.65 TiyN;3 < Ti;AIN;-Al 3.06
©~Ti,AIN+2TiN -0.20

©TizAIN, + TiN -0.18

behaviour of the ‘pure’ MXene TizC,, its derivatives become
narrow-band-gap semiconductors with gaps at about 0.05 and 0.1
eV for TizC,(OH), and Ti;C,F,, respectively, see also [33]. For
Ti3C,(OH),, its elastic modulus (along the basal plane) was esti-
mated at about 300 GPa [20].

The band structure calculations of the representative group of
MZXenes Ti, +C, and Ti,. N, (n=1, 2 and 3) [27, 31] reveal that
their stability increases with the index » (or in other words, with
the growth of the number of Ti-C(N) bonds), Table 2. For MXenes
Ti,+1C, and Ti,. N, a considerable growth of the density of
near-Fermi states N(Er) is found and these values become 2.5-4.5
times higher than for the parent MAX phases Ti, . ;AlC, and Ti, +
1AIN,, [31]. This effect is explained by redistribution of Ti 3d
states from broken Ti-Al bonds to delocalised Ti-Ti metallic-like
states placed in the window around the Fermi level, Fig. 4.

The location of the Fermi level Eg. at an intensive density of states
(DOS) peak (i.e. a high N(EF)) is indicative of possible magnetic
instability. For the first time, this issue was probed numerically
using MXenes Ti;C, and Ti3N; as an example [27, 31]. For both
MXenes, the ground state was found to be antiferromagnetic,
with ferromagnetic ordering of the spin moments on the Ti atoms
within each external Ti sheet, whereas the opposite external titan-
ium sheets are coupled antiferromagnetically. The atomic magnetic
moments are ~ 0.74 g and ~ 0.34 upg per a Ti atom for Ti3C, and
Ti3N,, respectively. At the same time, the internal Ti sheets remain
practically non-magnetic; and very small magnetic moments
(<0.05 up) are induced on carbon (nitrogen) atoms.

DOS, 1eViatom Ti

Figure 4 On the left: Total and Ti 3d densities of states for MXenes Ti,
+ 1C,, and their parent MAX phases Ti, . ;AIC,: 1 — Ti,AIC; 2 — Ti,C; 3
— Ti3AIC,; 4 — TisCy; 5 — TiAICs, 6 — Ti,Cs [31], which illustrate a con-
siderable growth of the density of near-Fermi states for MXenes — owing
to the formation of delocalised Til-Til metallic-like states for MXenes, as
shown on the example of 2D and 3D electron density maps for Ti>C, on
the right
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Further confirmation of long-range magnetic ordering in the
external M sheets of MXenes (on the example of Ta,C, . ;) was
received in calculations [32], where local density approximation
(LDA), local spin density (LSDA)+U and Perdew-Burke-
Ermnzerhof revised for solids (PBEsol) + U techniques were applied.

Undoubtedly, experimental checking of the predicted magnetic
effect seems a non-trivial problem, which requires preparation of
atomic-clean free-standing MXenes. On the other hand, covering
of MXenes with fluorine ions or OH groups converts these mater-
ials into semiconductors [32, 33] and will destroy magnetism.
Thus, it may be assumed that via surface chemistry, a rich variety
of tunable MXene-based 2D nanomaterials may be produced: semi-
conductors, non-magnetic or magnetic metals.

In [31] the ‘intermediate’ stage of Al atoms removal from the Ti,
+1AIC,, phases, namely the free-standing 2D-like structures with
nominal stoichiometry Ti, + 1Aly sC,,, composed of the two adjacent
blocks [Ti,+1C,] and of Al sheet, that is, [Ti, . ;C,)//Al/[Ti,+C,]
were simulated.

A potential application of MXenes in Li ion batteries was probed
theoretically on the example of 2D Ti;C, [33], where a strong
Coulomb interaction of adsorbed Li with Ti;C, was predicted to-
gether with a quite low barrier for Li diffusion and with a high
storage capacity of Li — up to TizC,Li,. At the same time, the ter-
mination of 2D TizC, by fluorine ions or by OH groups leads to
degradation of these characteristics.

Like graphene, 2D MXenes may be considered as initial systems
in the evolution of low-dimensional forms of these materials: 1D
(nanotubes, NTs and nanowires, NWs) or 0D (cage-like molecules).
This hint was made by the authors [20], who assumed that soni-
cation used for exfoliation can lead to rolling-up of some sheets
into scrolls, Fig. 5. The first numerical simulations (within the
DFTB approach) of the atomic structure, comparative stability
and electronic properties of Ti,C and Ti;C, nanotubes and their
hydroxylated forms (Ti,C(OH), and TizC,(OH),) [34] reveal that
the stability of the NTs will increase with the growth of their
radii; besides, the tubes with thinner walls (Ti,C, Ti,C(OH),,)
will be more stable than Tiz;C, or Ti;C,(OH), tubes. Another
factor of the tubes’ stability is the type of their termination by
OH groups. It is of interest that all of the studied nanotubes [34]
will be metallic-like — in contrast to their 2D ‘precursors’, whose
metallic-like or semiconducting behaviour depends on their
atomic configuration. On the other hand, the near-Fermi densities
of states (formed mainly by Ti 3d orbitals) for the thinnest
Ti,C(OH), tubes change in a wide range, whereas for
Ti3C,(OH), tubes they remain almost independent of the type of
OH covering.

3-old cooedination of OH-groups  2-fold coordination of OH-groups

Figure 5 Schematic view of the atomic structure of the OH-terminated
MXene scroll [20] and optimised atomic structures [34] of Ti,C (1),
TisC, (2), Ti,C(OH), (2-5) and Ti;C»(OH), (7-10) based armchair
(10,10) nanotubes: the top views are shown

Indexes A and B denote various types of OH termination of inner and outer
walls of the tubes. For asymmetric configurations 4/TiC,/B, two possible
types of nanotubes are probed: A@TiCy@B and B@TiCy@A4 (4,5 and
9,10). For Ti3C,(OH), NTs, the external OH-groups adopt a two-fold
coordination owing to a considerable surface curvature — as depicted on
the bottom panel
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4. Conclusions and outlook: The main goal of this overview is to
highlight the main experimental and theoretical results that may
give an insight into the current status and possible perspectives of
the newest family of graphene-like nanocarbides and nanonitrides
of d metals: so-called MXenes.

The achieved advancements in synthetic strategy and basic
research together with some interesting possible applications of
MXenes give a strong impetus to the further progress in physics
and chemistry of these 2D nanomaterials.

At the same time, a lot of challenges for the immediate future
remain. In our opinion, the most urgent issue is the development
of principles of functionalisation and the corresponding preparation
techniques, which will allow MXenes to be produced with control-
lable properties — for example, through the introduction of structural
vacancies and/or impurities, by adsorption of atoms or molecules,
by formation of various derivatives (oxides, hydrides etc.) or
more complex MXene-based composites. Besides, the search for
new, unknown till now 0D and 1D forms of MXenes such as nano-
cones, nanoribbons etc., seems very desirable. Here, the combin-
ation of experimental efforts with the development of theoretical
models will be useful.
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