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Surface Modification of Titanium Carbide MXenes
Monolayers (Ti,C and Ti;C,) via Chalcogenide and
Halogenide Atoms

M. Faraji', A. Bafekry?>*", M. M. Fadlallah*, F. Molaei®’, N. N. Hieu®’, P. Qian®, M.
Ghergherehchi®, D. Gogova'®,

Inspired by the recent successful growth of Ti,C and Ti;C, monolayers, here, we investigate
structural, electronic, and mechanical properties of functionalized Ti,C and Ti;C, monolayers by
means of density functional theory calculations. The results reveal that monolayers of Ti,C and
Ti3C, are dynamically stable metals. Phonon band dispersion calculations demonstrate that two-
surface functionalization of Ti,C and TizC, via chalcogenides (S, Se, and Te), halides (F, Cl, Br,
and 1), and oxygen atoms results in dynamically stable novel functionalized monolayer materials.
Electronic band dispersions and the density of states calculations reveal that all functionalized
monolayer structures preserve the metallic nature of both Ti,C and Ti;C, except the Ti,C-O,,
which possesses behavior of an indirect semiconductor via full-surface oxygen passivation. In
addition, it is shown that although, halide passivated Ti;C, structures are still metallic, there exist
multiple Dirac-like cones around the Fermi energy level, which indicates that semi-metallic behav-
ior can be obtained upon external effects by tuning the energy of the Dirac cones. In addition,
the computed linear-elastic parameters prove the functionalization is a powerful tool in tuning
the mechanical properties of stiff monolayers of bare Ti,C and Ti;C,. Our study discloses the
electronic and structural properties of Ti,C and Ti;C, MXene monolayers are suitable for surface
modification, which is highly desirable for materials properties engineering and device integration.

Inspired by the discovery of graphene! and due to its excep-
tional properties considerable research has been focused on two-
dimensional materials (2DMs) including transition metal (TM)
dicalcogenides®, phosphorene, hexagonal boron nitrides?, sil-
icene3, etc. 2DMs such as graphene®$, MoS,?, WS,10, and
boron nitride !1:12 are a type of nanomaterials that have attracted
increasing attention in the last decade because of their fascinating
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properties, which are different from their bulk counterparts 13-16,

Their inherent properties vary from those of their bulk structures
due to their atomic thickness. Mechanical or chemical exfoliation
and deposition methods are widely used to manufacture these
materials17:18, Moreover, the quantum containment of electrons
in the 2D plane imparts remarkable electrical and electronic char-
acteristics 1921, The combination of proper mechanical and phys-
ical properties (thermal, electronic, optical) is also of large impor-
tance in development of new implementations, where mechanics
is combined with condensed matter physics to construct a scalable
theoretical structure?2. In this regard, 2DMs are expected to have
a large share in many applications, ranging from energy storage
and conversion23-24 to gas storage or separation2>26, photocatal-
ysis 27, high-performance sensors 2829 and membranes30.
Among the 2DMs MXenes with the chemical formula:
M, 11X, Ty M = Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta; X = C, N; n
= 1-3, T =surface termination, e.g., -OH, -F, -O) are genuinely at
the frontier of materials science and pledge new scientific and
technical horizons3!. MXenes, a rapidly growing class of 2D
multi-layered transition metal carbides and nitrides introduced
first by Naguib et al.32 by discovery of the first two-dimensional
(2D) titanium carbide (Ti3C,T,). By a process known as inter-
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calation, MXenes accommodate different ions and molecules be-
tween monolayers, which is often a required step to exploit the
material’s unique properties and tailor them.33 Since then, they
are used in distinct applications which includes energy conversion
and storage3*, electromagnetic interference shielding3>3°, ad-
sorption37, anti-microbial activity38-3°, membrane*°, reinforce-
ments#!, and catalysis*2. Besides the aforementioned properties,
the MXenes surfaces can be functionalized with different chemi-
cal groups such as O, OH, and F, making them a good option for
surface state engineering43.

Computationally, it has been shown that a change in surface
termination can change electrical and optical properties. In this
regard, several studies have been performed to consider the effect
of surface functionalization on thermal transport %4>, electronic
properties *6-49, optical features>0->1 52,53
different types of MXenes. H. Wang et al.>® reported a hy-
brid electrode made of 2D NbN nanocrystals and self-assembled
TizC,Ty MXene. The good conductivity and porous nature of
NbN monolayers have brought significant advantages for ion in-
filtration and electrolyte to facilitate, for utilizing in energy stor-
age systems, at a high rate. As a result, NbN-Ti3C,T, electrodes
have depicted a thickness independent rate performance, which
is much better than the pristine MXene electrode. E. M. D. Siri-
wardane et al.>” studied the structural, electronic, stability, ion
kinetics, and electrochemical of M,CS, Mxenes functionalized
with sulfur (where M is referred to W, Mo, Cr, Ta, Nb, V, Hf,
Zr, Ti, and Sc). The sulfur element preferred to seat at differ-
ent sites, on pristine M,C Mxenes and constructed a dramatic
stable compound. For M,CS, MXene structures with M= Nb, V,
Hf, Zr, and Ti elements, full Li coverage attraction has been re-
ported on both surfaces. R. Liu et al.>8 assembled a low-cast,
efficient, and simple wearable and flexible pressure sensor using
MXene and a piece of woven cotton fabric as the active material
and substrate, respectively. The MXene-coated cotton can retain
moisture and air permeability perfectly. The pressure sensor has
been depicted excellent stability, a relaxation speed and rapid re-
sponse, and high sensitivity. W. Y. Chen et al.>® functionalized
TizC, Ty MXene with a superhydrophobic coating layer by utiliz-
ing fluoroalkylsilane (FAS) molecules. The analysis methods have
demonstrated that the surface properties can be controlled by the
functionalized groups.

Q. Zhao et al.® investigated Ti;C,T, MXene monolayer to re-
move uric acid and creatinine from simulated dialysate and aque-
ous solution. A high chemisorption rate has been reported with
larger chemisorption capacity compared to other chemisorption
materials like carbon, as a result of hydrophilic surface function-
alizations and the open interlayer structure of Ti3C,T,, which al-
low chemisorption between MXene monolayers. The properties
of differently synthesized Ti3;C,T, MXenes strongly depend upon
fluoride and hydroxy/oxyl terminations, which has a higher cre-
atinine chemisorption capacity. In addition to the mentioned re-
search, the interest in 2D MXenes is dramatically increasing since
modifying the properties of MXenes by variety of approaches has
promoted their application in different fields61-65,

Stimulated by the approaches described above, we have ex-
plored the structural and electronic properties of Ti,C and TizC,

, and thermoelectric in
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monolayers and have investigated the effect of functionalization
on them by first-principle calculations. We have found out that
2D Ti,C and Ti3C, MXenes are promising materials with metallic
characteristics, while oxygen passivated Ti,C monolayer has been
shown to possess semiconducting behavior.

1 Method

The density-functional theory (DFT)-based calculations were per-
formed emploing the plane-wave basis projector augmented wave
(PAW) method along with the generalized gradient approxima-
tion (GGA) in the form of the Perdew-Burke-Ernzerhof (PBE) 66:67
functional as implemented in the Vienna ab-initio Simulation
Package (VASP) 8% van der Waals (vdW) correction proposed
by Grimme was used to describe the long-range vdW interac-
tions’%. In addition, charge transfers analysis was accomplished
using the Bader technique’!. The kinetic energy cut-off of 500 eV
was set for plane-wave expansion and the energy was minimized
between each electronic steps below 1078 eV. In order to get
fully-optimized structures, total Hellmann-Feynman forces were
reduced to 10~7 eV/A. The integration over the k-point mesh was
performed using 21 x 21 x 1 Monkhorst-Pack scheme for the prim-
itive unit cell’2. The PHONOPY code”3 was employed in order to
obtain phonon band dispersions based on the small-displacement
methodology.

2 Ti,C and Ti;C, monolayers

The geometric atomic structure, phonon dispersion, electronic
band structure with the corresponding density of states (DOS)
and partial density of states (PDOS) of Ti,C and TizC, monolay-
ers, are depicted in Figs. 1(a-c) top and bottom, respectively. After
optimization, the lattice parameters of Ti,C and TizC, are calcu-
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Fig. 1 (a) Phonon spectrum of pristine Ti,C (top panel) and Ti;C, (bot-
tom of panel). Atomic structure of Ti,C/Ti;C, monolayer indicated in the
top of panel. Azure and brown balls represent the Ti and C atoms, re-
spectively. (b) Electronic structure (b) and PDOS (c) of Ti,C (top of panel)
and Ti;C, (bottom of panel) monolayers. (c) refers to contour plot of the
electron localization function (ELF). Red (blue) region denotes high (low)
electron density.
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Fig. 2 Phonon spectrum of the functionalized Ti,C (a) and Ti3;C, (b) monolayers. Insets are top and side views of atomic structures of monolayers.

lated to be 3.04 and 3.09 A, respectively. Notice that, each C atom
in the studied structures is covalently bonded with its neighbor-
ing Ti atoms, and the bond length of Ti,C and Ti3C,, are found
to be 2.10 and 2.21 A, respectively. The thicknesses of Ti,C and
Ti3C, are calculated to be 2.31 and 4.66 A, respectively. The cal-
culated lattice parameters, bond lengths and thicknesses of Ti,C
and Ti3C, are in good agreement with the corresponding experi-

mental and theoretical values”+76-80,

The contour plot of the electron localization function (ELF) are
illustrated in Figs. 1(c) top and bottom, respectively. Based on the
charge analysis, each Ti atom gains approximately 1.86¢ from the
adjacent C atoms in Ti, C, while in Ti3C,, each Ti atom gains 1.75¢
from the adjacent C atoms. The charge redistribution within the
two monolayers is due to the different electro-negativity of Ti and
C atoms -1.54 and 2.54, respectively. The cohesive energy per
atom was calculated using the following equation’4:

Econ = (nETi +mEc — EMXenes)/N7 @D)]

where E7; and E¢ and Eg represent the energies of isolated single
Ti and C atoms, respectively, Eysxenes Tepresents the total energy
of the MXene. While the n, m and N are the number of Ti, C
and total atoms, correspondingly. The cohesive energies of Ti,C
and Ti3C, monolayers are found to be: -0.173 and -0.6 eV/atom,
respectively, which indicates that Ti3C, is more favorable than the
pristine Ti,C, which coincides well with previous calculations 4.

The results obtained for the phonon spectra of Ti,C and TizC,
monolayers are depicted in Fig. 1(a) which agree with some pub-
lished spectra8:82, For the Ti,C monolayer, there are nine vi-
brational modes, including three acoustic modes and six optical
modes because its primitive cell contains three atoms. Two of
the six optical phonon modes are nondegenerate and two doubly

This journal is © The Royal Society of Chemistry [year]

degenerate at the I'-point. Three acoustic modes are the out-of-
plane acoustic (ZA), transverse acoustic (TA), and in-plane longi-
tudinal acoustic (LA) modes. Near the I'-point, the ZA mode has a
quadratic dispersion, while both TA and LA modes possess a linear
dispersion. In the case of Ti3C, monolayer, the phonon spectrum
has 15 vibrational modes. Only four of 12 optical phonon modes
of the Ti3C, are nondegenerate, the rest are degenerate at the I’
point.

In the phonon spectra of both Ti,C and TizC, monolayers, there
is a frequency range where both acoustic and optical vibrational
modes coexist. The lack of gap between the acoustic and opti-
cal modes can cause a strong acoustic-optical scattering, which
greatly affects the thermal conductivity of the Ti,C and Ti3C,
monolayers. More importantly, there are no imaginary frequen-
cies in the phonon spectra of both Ti,C and Ti;C, monolayers. It
implies that Ti,C and Ti3C, monolayers are dynamically stable, so
they can be experimentally synthesized as freestanding monolay-
ers. The electronic band structure with the corresponding density
of states (DOS) and projected DOS (PDOS) of pristine Ti,C and
Ti3C, monolayers are presented in Fig. 1(b). Our computational
results demonstrate that Ti,C is a metal, while Ti;C, exhibits a
ferromagnetic-metal behavior with 1.9 up in the ground state. In
both monolayers, the contribution of the orbitals of Ti atoms to
the electronic bands, especially above the Fermi level, is domi-
nant. From Fig. 1(b) it can be seen that the contribution of the
C atoms orbitals is evident below the Fermi level, in the energy
range from —2.5 eV to —4.0 eV for both monolayers. The calcu-
lated band structures and DOS/PDOS of Ti,C and Ti3;C, monlo-
layers are in good agreement with previous reports’+83-85  The
contour plot of the electron localization function (ELF) is shown
in Fig. 1(c). The red and blue regions denote high and low elec-
tron density, respectively. The electron density is enriched around
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Fig. 3 Potential average of functionalized Ti;C monolayer with (a) chalco-

gen and (b) halogen atoms as well as functionalized Ti;C, monolayer
with (c) chalcogen and (d) halogen atoms.

the carbon atoms, while there is an electron depletion around the
Ti atoms as it is manifested in the inset of Fig. 1(c).

3 Suface functionalization

In the next step, we gain insigh into the chemical functionaliza-
tion of Ti,C and TizC, monolayers with chalcogen (O, S, Se, and
Te) and halogen (F, Cl, Br, and I) atoms. Upon chemical modifi-
cation, the structure of the systems is significantly altered which
may affect even their stability. Tabel I shows the lattice parame-
ters, bond lengths and thicknesses of functionalized Ti,C-X, and
TizCy-X, are larger than the corresponding values of Ti,C and
TizC,, except for X=0, which is in line with some reported re-
sults 7486, Moreover, the binding energies of functional atoms on
both monolayers are calculated using the equation below:

Ebind = (EMXenes +2x Ex — Efunc—MXenes)/zv (2)

where Eprxenes and E fyunc—pxenes stand for the total energies of
bare and functionalized monolayers, while Ex denotes the ener-
gies of the isolated atoms.

In Table 1 the computed results for the binding energies of
atoms on the surfaces of Ti,C and Ti3;C, monolayers are provided.
The calculated Ej;,; of Ti;C-X, and Tiz;C,-X; follow an order of X
functionalization O > S > Se > Te and O > F > Cl > Br> I
due to the decrease in d, (the bond length at the surface). Note,
the O atom has the highest binding energy per atom (9.98 and
9.88 eV/atom for Ti,C and Ti3C, monolayers, respectively). Ap-
parently, except for the F atom, there is a decreasing trend from
Ti,C to Ti3C, indicating the better chemical suitability of the Ti,C
monolayer. As the number of Ti and C atoms increases in the
formula of the bare MXene, the occupied orbitals increase and
thus, the unoccupied orbitals number decreases and this leads to
a slightly lower binding energy of the adatoms.

In Fig. 2, we illustrate the results obtained for the phonon spec-
tra of Ti,C and Ti3C, after complete chemical modification via the
chalcogen and halogen atoms. From Fig. 2, it is obvious that all
configurations of the chemically functionalized Ti,C and Tiz;C,

4| Journal Name, [year], [vol.]l,1-10

with the chalcogen and halogen atoms are dynamically stable be-
cause there are no negative frequencies in their phonon spectra.
The value of the phonon frequency, especially the frequency of the
optical modes, depends strongly on the size of the chalcogen and
halogen atoms. The maximum frequency of the optical modes
decreases as the chalcogen (halogen) atom changes from O to
Te (F to I). In the case of O-termination, the Ti-O bond stretch-
ing gives rise to higher optical phonon frequencies at the I point.
The same holds true in the case of the F-termination, while for
the other atoms the highest phonon frequency at the I" decreases
as the atomic radius and mass increases. The phonon bands of

Ti,CO,, Ti,CF, and TizC,0, are similar to some previous stud-
;187,88
ies /-8,

Fig. 3 presents the results of calculations for the plane-average
electrostatic potential of chemically functionalized Ti,C and Ti3;C,
with chalcogen and halogen atoms. Due to the symmetrical struc-
ture, there is no a difference in the potential between the two
sides of these monolayers. The electrostatic potential of all mono-
layers, including pristine and functionalized Ti,C and Ti3C, ones,
are flat in the vacuum region. Compared to the pristine Ti,C and
TizC, monolayers, the potential of functionalized Ti,C and TizC,
monolayers are deeper, in which, the potential of functionalized
by Te(I) monolayers are the deepest one compared to that of the
other chalcogen (halogen) atoms. Also, the depth and the height
of the planar part of the potential increases as the electronegativ-
ity decreases - see Figs. 3(a-d). The height of the planar electro-
static potential for TizC,-X; is larger than that for the correspond-
ing one of Ti,C-X,. We have also calculated the work function &
of all investigated monolayers and the values obtained are listed
in Tab. 1. Note that the ® refers to the electron’s ability to escape
from the material surface and can be estimated by the minimum
energy for an electron to move from the Fermi and vacuum level.
The work function of materials depends strongly on their elec-
tron affinity, ionization energy and electronegativity (see table I).
The results obtained demonstrate the work function of Ti,C-X,
is larger than the corresponding one of Ti3C,-X;. It implies that
electrons can more easily escape from the Ti3;C,-X, surface than
from the Ti,C-X;, ones (see Tab. 1).

3.1 Electronic properties

It is well-known that almost all MXene monolayers are metals and
one can turn their electronic properties by surface functionaliza-
tion. In Fig. 4, we present our computational results for the band
structures of the functionalized MXene monolayers with chalco-
gen and halogen atoms Ti;C-X; and Ti3C,-X;. As expected, Ti;C
becames a semiconductor with an energy gap of 0.25 (1.01) eV
at the PBE (HSEO06) level after being fully functionalized with
oxygen atoms. The band gap value agrees well with previous
calculations 8287, Ti,C-O, possesses characteristics of an indirect
semiconductor with the valence band maximum (VBM) located
at the I'-point and the conduction band minimum (CBM) lying on
the MK-path. However, with exception of Ti;C-O,, the function-
alized TipC-X, and TizC;y-X, still preserve metallic characteristics
after surface functionalization. It is worth mentioning that the
Dirac cones are created in Ti3C,-X (X=F, Cl, Br, I) at the M and

This journal is © The Royal Society of Chemistry [year]



Table 1 The structural and electronic parameters including lattice constant a; Ti-C (d;) and Ti-X (d;) bond lengths; Ti-C-Ti [in Ti,C] and C-Ti-C [in Ti3C,]
(6;) and X-Ti-X (6,) bond angles; the thickness layer defined by the difference between the largest and smallest z coordinates of atoms (z)the binding
energy per atom, (E,); the charge transfer from Ti to X atoms (AQ); the work function (®); the band gap (E,), and electron affinity (E,), ionization

energy (E;) and electronegativity (x) for X atom75.

a dl dz t 6, 6, E 2] AQ Eg E, E; X
&) &) @ @ O ) (eV/atom) (eV) (eV) (eV) V)  (eV)
Ti,C-O, 3.03 2.18 1.97 4.45 92.18 100.16 9.98 5.80 0.97 0.25(1.01) 1.46 13.62 3.44
Ti,C-S, 3.18 2.20 240 5.52 87.55 83.17 6.83 6.03 0.68 M 2.08 10.36 2.58
Ti,C-Se, 3.22 2.20 2.54 5.82 85.93 78.65 6.03 5.39 0.56 M 2.02 9.75 2.55
Ti,C-Te, 3.29 2.18 2.82 6.36 82.53 71.18 5.09 440 0.43 M 1.97 9.01 2.10
Ti,C-F, 3.05 2.10 2.15 4.77 86.91 90.27 7.33 493 0.69 M 340 17.42 3.98
Ti,C-Cl, 3.22 2.15 249 5,52 83.32 80.31 5.38 4.64 0.56 M 3.61 1297 3.16
Ti, C-Brs 3.31 2.18 2.63 5.75 81.68 77.83 4.56 4.32 0.51 M 3.36 11.8 2.96
TipC-I, 3.45 2.23 2.82 6.02 79.12 75.49 3.46 3.81 0.56 M 3.05 1045 2.66
Ti3C,-0, 3.03 215(2.19) 197 698 90.46 100.18 9.88 6.12 0.97 M 1.46 13.62 3.44
TizCy-S, 3.14 2.20(2.17) 2.39 8.04 89.04 81.79 6.76 6.15 0.65 M 2.08 10.36 2.58
Ti3Cy-Se, 3.14 2.21(2.14) 2.56 8.37 89.05 76.22 5.96 5.29 0.53 M 2.02 9.75 2.55
Ti3Cy-Te, 3.21 2.24(2.12) 2.84 891 88.56 68.74 5.01 415 041 M 1.97 9.01 2.10
Ti3Cy-F; 3.07 2.18(2.07) 216 7.20 90.77 90.39 7.33 4.84 0.69 M 340 17.42 3.98
Ti3C,-Cl, 3.18 2.22(2.11) 249 797 88.70 79.11 5.34 450 0.56 M 3.61 1297 3.16
Ti3Cy-Br, 3.24 224(2.12) 2.62 8.21 87.81 76.11 4.46 4,11 0.52 M 3.36 11.8 2.96
Ti3;Cy-Ip 3.33 229 (2.15) 249 8.49 86.46 72.81 3.18 3.56 0.42 M 3.05 1045 2.66
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Fig. 4 Electronic band structure of functionalized Ti,C (top) and Ti,CO, (bottom) monolayers. Corresponding DOS and PDOS, indicated in top of

electronic band structures. Zero of energy is set at the Fermi energy.

K points as shown in the corresponding band structures around
the Fermi energy. Therefore, the semi-metallic behavior can be
obtained upon external fields by tuning the energy of the Dirac
cones.

To clearly see the nature and contribution of atomic orbitals
to the formation of electronic bands of the functionalized MXene
monolayers, we have also calculated the PDOS of the function-

This journal is © The Royal Society of Chemistry [year]

alized monolayers as depicted in Fig. 5. Focusing on the case
of Ti,C-0,, we can see that the p-orbitals of Ti atoms contribute
greatly to the formation of electronic bands, especially in the con-
duction band. Besides, the contribution of the C-p orbital to the
electronic band, especially the valence band, is significant. As il-
lustrated in Fig. 5(a), in the high energy region of the valence
band, from —4 €V to —6 €V, the contribution of C-p orbital is

Journal Name, [year], [vol.], 1-10 |5
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Fig. 5 DOS and PDOS of functionalized Ti,C (top) and Ti;C, (bottom) monolayers. Zero of energy is set at the Fermi energy.

more dominant than that of other atomic orbitals, including Ti-
p orbital. From the PDOS in Fig. 5(a), we can see that opening
the band gap of Ti;C-O, could be caused by the hybridization
of d-orbital of carbon atoms and p-orbital of oxygen atoms. For
the other configurations, the contribution of Ti-d orbitals to the
formation of electronic bands is distinctly prominent, that is sim-
ilar to the case of Ti;C-O,. In addition, the p-orbital of atom X
atoms also contributes significantly to the electronic bands, es-
pecially the valence band. The Ti orbitals are dominating at the
Fermi energy with a considerable contribution of C orbitals in the
cases of X=S, Se and Te. The Ti,C-Te, monolayer has a metal-
icity character more than Ti,C-S, and Ti,C-Se, monolayers due
to its number of electrons. The band structures and DOS/PDOS
of Ti,C-X, (X=S, Se, Te) are in good agreement with published
in a previous theoretical study®8. For halogen atoms (X=F, Cl,
Br, I),Fig. 5(a), the contribution of C orbitals at the Fermi energy
is very small as compared to the chalcogen atoms (X=S, Se, Te).
The DOS/PDOS of TizC,-X, is very similar to the corresponding
DOS/PDOS of Ti;C-X; (Fig. 5(b)). In addition, the contribution
of X=F, Cl, Br and Cl orbitals in Ti;C-X, monolayer is larger than
the corresponding contribution in the Ti,C-X; monolayer.

3.2 Mechanical properties

Using the harmonic approximation, we explore the linear-elastic
properties of the proposed monolayers in terms of their in-plane
stiffnes and Poisson’s ratio values. The in-plane stiffness is known
as the measure of the rigidity of a 2D material. For the bare
monolayers of Ti,C and Ti;C,, the elastic constants are isotropic
and the in-plane stiffness values are found to be 130 N/m and
231 N/m, respectively, which correspond well with a previous
study®. This indicates that increasing the number of C and
Ti layers in the monolayer structure increases the stiffness of
the materials. After surface functionalization, it is found that
halide atoms increase the stiffness, while Se and Te chalcogenides

6| Journal Name, [year], [vol.],1—10

weaken the rigidity of the monolayer. Apparently, the highest
in-plane stiffness is calculated for oxygen-saturated monolayers
(272 and 375 N/m for Ti,C and Ti3C,, correspondingly). As
the atomic radius increases from O to Te, in-plane stiffness pos-
sesses a decreasing trend in both monolayers. In addition, a sim-
ilar trend is found when Ti,C and TizC, monolayers are satu-
rated with halide atoms. Notably, the fluorinated and oxygenated
monolayers of Ti;C, are stiff materials with in-plane stiffness val-
ues comparable to that of graphene (340 N/m). As a result, it is
important to mention that surface functionalization of Ti,C and
TizC, can tune their elastic properties depending on the type of

Table 2 The elastic parameters of bare and functionalized monolayers;
the in-plane stiffness, C; and Poisson’s ratio, v)).

C \%
(N/m)
Ti,C 130 0.23
Ti,C-0, 272 0.31
Ti,C-S, 176 0.24
Ti,C-Se, 89 0.20
Ti,C-Te, 17 0.93
Ti,C-F, 220 0.31

Ti,C-Cl, 177 0.27
TizC-BI‘z 177 0.25
Ti,C-I 167 0.22

TizCy 231 0.1/
Ti3Cy-02 375 0.29
TizCy-Sy 267  0.27
Ti3C2-S€2 161 0.59
Ti3C2-T€2 78 0.80
TizCy-Fy 349 0.25
TisC-Cl, 294  0.24
Ti3C2-BI‘2 294 0.24
Ti3Ca-In 276 0.22

This journal is © The Royal Society of Chemistry [year]



adatoms. On the other hand, we calculate the Poisson’s’s ratio,
which is defined as the ratio of the transverse contraction strain
to the longitudinal extension, and the results are presented in Ta-
ble 2. Our results for the Poisson’s ratio of bare Ti,C and Ti3;C,
monolayers are: 0.23 and 0.17, respectively, i.e., these values are
close to that of graphene (0.16) due to the presence of C atoms
in the structures. It is found out that as the atomic mass of the
halide atom increases from F to I, the Poisson’s ratio decreases
for both structures. In contrast, as the atomic mass of the chalco-
genide atom from S to Te increases, the Poisson’s ratio values
are found to increase due to less mechanical stability of the func-
tionalized monolayer. In both monolayers of Ti,C and Ti3;C,, the
Te-functionalized structures exhibit a very high Poisson’s ratio val-
ues, which are still in the 2D limit. The high Poisson’s ratios of
these monolayers indicate the high flexibility of the monolayers
along the unstretched direction.

4 Conclusion

We have investigated the structural, electronic, and mechanical
properties of functionalized Ti,C and Ti3;C, monolayers by means
of ab-initio calculations. Our results revealed that monolayers of
Ti,C and Ti3C, are dynamically stable metalic structures. Phonon
band dispersion calculations showed the two-surface function-
alization of Ti,C and Ti3;C, via chalcogenides (S, Se, and Te),
halides (F, Cl, Br, and I), and oxygen atoms results in dynami-
cally stable novel functionalized monolayer materials. Electronic
band dispersions and the corresponding density of states calcula-
tions have indicated that all the functionalized monolayer struc-
tures preserve the metallic nature of both Ti,C and Ti3;C, except
for Ti,C-0,, which possessess an indirect semiconductor behavior
via full-surface oxygen passivation. Moreover, it has been shown
that although, halide passivated TizC, structures are still metal-
lic, there exist multiple Dirac-like cones around the Fermi-level,
which indicates that semi-metallic behavior can be obtained upon
external effects by tuning the energy of the Dirac cones. More-
over, the calculated linear-elastic parameters indicated that the
functionalization plays a crucial role in tuning the mechanical
properties of stiff monolayers of bare Ti,C and Ti3C,. This theo-
retical study opens a new door for exploration and will stimulate
further experimental research on these exciting materials in fu-
ture.
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