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ABSTRACT

MXenes are gaining importance for their novel properties and interesting behaviors. In this study, based on the pseudopotential
method and density functional theory, we present that the 35 feasible members of the Janus Mo,MC,X (M = Mn, W; X = O,, S,, OS)
family with seven possible structural models (i) AA’, (ii) AB’, (iii)) AC’, (iv) BB’, (v) BC’, (vi) CB’, (vii) CC’, are all stable. The
calculation results of the structural and elastic properties (elastic constants, Poisson’s ratio, Young modulus, etc.) show that the
Mo,MC,X is stronger than the other 2D monolayers such as graphene. The Mo,WC,S, is a valuable candidate for flexible
electronics and highly sensitive resonating mass sensors due to its very high Young’s modulus. The calculated electronic band
structures of considered MXenes are metallic. Our findings are anticipated to encourage the development of MXene-based devices.
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1. INTRODUCTION

The two-dimensional (2D) early transition metal (TM)
carbides and nitrides (MXene) have drawn growing
research interest owing to their extensive applications,
such as in sensors,”” energy storage,®® catalysis’
electromagnetism,’®** and other fields.* The general
formula of MXenes is M,.1X,, where M corresponds the
transition metal (Ti, V, Nb, Ta, Cr, Mo, etc.), X
represents C or N, and n = 1, 2, or 3.°'® The surface of
the MXenes can be easily passivated by diverse
functional groups, and the general formula for them is
M,.1 XNy, Where N denotes the terminating atoms'’.
Besides the fluorine, oxygen, and hydroxyl
functionalized groups,'®"® the surface terminations,
including NH, S, Cl, Se, Br, and Te, were synthesized
and show original structural and electronic properties.”’
While experimental and theoretical investigations
reported that pristine MXenes are metallic, the
functionalization of MXenes by various functional
groups changes their electronic properties to
semiconducting, for instance, Hf,CO,, Sc,CO,,
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Sc,C(OH),, Sc,CF,, Ti,CO,, and Zr,CO,”" **. Besides
the impact on the electronic structure, the functional
groups play critical roles in the assorted properties of
MXenes, such as the electronic and thermal transport,
thermodynamic stability, and elasticity of the MXenes”"
“8 For example, the diffusion barrier of the S-terminated
surface is lower than their O-functionalized
counterparts,”*" which is crucial data for the adequate
electrode material for batteries.

The double TM 2D carbide MXenes (M,"M*’C,) have
two different TM atoms M’(occupy outer layers) and
M’(fill the centeral layers). Recently, the double TM
2D carbide MXenes, such as Mo,TiC,T,, M0,Ti,C5Ty,
and Cr,TiC,T,, were also synthesized and validated
with the DFT predictions.**** Wang et al. demonstrated
that the pristine Mo,MC, (M = Sc, Ti, V, Zr, Nb, Hf,
Ta) and surface terminated Mo,MC,T, (T = H, O, F,
and OH) are convenient for use in lithium-ion batteries
(LIBs) as an anode material.**
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In Janus structure, the two different chemical surfaces
(i.e., two surfaces of material have other functional
groups) break the mirror symmetry of the system,
introducing an out-of-plane-structural symmetry, which
can make Janus structure special features such as an
intrinsic out-of-plane electric field.*

Following  experimental attainments of Janus
monolayers of TM dichalcogenides,®° the synthesis of
Janus MXenes is expected. The previous report has
theoretically shown that the energy gap of Janus
MXenes, containing Cr,C (Cr,CXX’, X, X' = H, F, ClI,
Br, OH) and V,CFOH, can be arranged by choosing
suitable functional elements.’” Liu et al. demonstrated
that the electronic structure of Hf,CO, changed from a
semiconductor to metal Hf,COT (T = -Br, -Cl, -F, -OH,
-P, -S, -Se) when terminating the atoms
asymmetrically.™

Understanding the structural and electronic properties of
MXene-based materials is necessary for designing
devices and advancements of these systems. This study
aims to contribute knowledge by studying all available
2D Janus systems based on the Mo,MC,X (M = Mn, W,
X =0, S, 0OS) MXenes through DFT approaches.

2. METHODS

Our calculations were performed within Density
Functional Theory (DFT) using the Vienna Ab initio
Simulation Package (VASP).*** The electron wave
functions are expanded based on a plane wave basis set
up to the cut-off energy of 30 Ry. The broadening width
is set to 0.05 eV with the Fermi level Gaussian smearing
methods. The valence electrons and the core interactions
were described using the projector augmented-wave
(PAW) method.””*  For electron exchange and
correlation  terms, the  generalized  gradient
approximation (GGA)" in its Perdew-Burke- Ernzerhof
(PBE)™ functional parametrized by Perdew—Zunger***
was adopted. Our calculations were refined using the
Heyd-Scuseria—Ernzerhof (HSE06) functional, which
has been proven to yield energy band gaps. To facilitate
Brillouin zone integration, we obtain the Self-consistent
solutions using the (15x15%2) Monkhorst—Pack47 mesh
of k-points. A vacuum layer of more than 10 A was
included for each considered structure to avoid any
possible artificial interactions arising from periodic
boundary conditions. The stress-strain approach™ was
used to calculate the elastic tensor of each MXene.

3. RESULTS and DISCUSSION

Mo,MC, (M = Mn, W) has a hexagonal structure with
space group symmetry Pm13 (space group number
164). Before studying functional groups on Mo,MC, (M
= Mn, W) MXene, all structures were fully relaxed. The
lattice constant of the relaxed unit cell is 2.96 (3.04) A
for the Mo,MnC, (Mo,WC,). These results are

135

comparable with the earlier theoretical studies that the
lattice constants of Mo,TiC,, Mo,TaC,, and Mo,VC,
are 2.97, 3.02, and 2.94 A, respectively.”’ After getting
the ground state crystal structure of pristine Mo,MC,
(M = Mn, W), we continued the functionalization of
Mo,MC, (M: Mn, W) MXene monolayer with X =0, S,
and OS. We considered seven configurations of O, and
S atoms according to the relative positions of the
functional groups attached to the top and the bottom of
the Mo,MC, (M = Mn, W) surface. As presented in
Figure 1, we labeled A (aligned with the M atom), B
(aligned with the Mo atom), C (aligned with the C
atom) for the top of the surface, and A’, B’, C’ for the
bottom of the surface. For example, in the CB” model of
Mo,MC,0S (M = Mn, W) MXene, the O atom sits on
the C, and the S atom is under the B’. AA’, AB’, AC’,
BB’, CB’, BC’, and CC’ type positions were optimized
to get the most stable model. We have calculated the
relative total energies concerning the most stable model
for each structure (AE) and tabulated them in Table 1.
We will concentrate on this geometry since the most
stable model is CB.

To assess the stability of all the structures, formation
energies (Ef) are calculated as below equations (1, 2):

@)

Ef = EMonCZOS - EMoncz —Ey — Es

Ef = EMonczy2 - EMonc2 — 2Ey 2
where Eno,mc,0s0 Emoymc,y, (Y = O 0r'S), Eyo,mc,
Ey,and Es (Ey = E, or Eg) are the total energy of the
surface terminated Mo,MC,0S (M = Mn, W),
Mo,MC,0,, or Mo,MC,S,, the total energy of pristine
Mo,MC,, and the total energy of (1/2) O, (gas
molecule), and S (stable bulk form), respectively. As
shown in Table 2, all the considered models' formation
energies are negative, which means synthesizing these
MXenes is extremely feasible (we represented more
negative formation energy, which denotes a more stable
structure). The investigation of the Born criteria we
present below also confirmed the stability of these
MXenes.

Figure 1. (a) Top and (b) side views of the Mo,MC,0S (M = Mn, W)
(CB’ model). We only exhibit the Mo,MC,0S structure because the
only change concerning Mo,MC,0, (M0,MC,Sy) is that the top and

bottom layers have different atoms instead of two same atoms.
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Table 1. Relative energies concerning the minimum energy for each model AE (in eV) for the Mo,MC,X (M = Mn, W; X =0, S,

0S) in the seven possible models.

Material AA° AB’ AC BB’ BC’ CcB’ cce
Mo,MnC,0, 0.96 0.36 2.00 143 3.00 0.00 1.45
Mo,MnC;S, 1.04 0.52 2.09 1.60 3.23 0.00 1.60
Mo,MnC,0S 0.97 0.42 2.13 1.43 3.14 0.00 1.60
Mo,WC,0, 0.76 0.36 4.27 0.98 0.99 0.00 2.67
Mo,WC,S, 1.15 0.55 3.44 6.50 3.34 0.00 1.43
Mo,WC,0S 0.98 0.42 2.48 2.40 2.81 0.00 4.55

Due to the transition of electrons from Mo atoms to X
(O or S), the Mo-X bond strengthens, and the Ef
becomes more negative. As seen in Table 1, the
Mo,MC,0, (M = Mn, W) has a shorter Mo-O bond
length (a strong Mo-O interaction) and more negative
Ef. The Mo,MnC,0S structure is more stable than
Mo,MnC,S,, which can be explained by the increasing
electronegativity of functional atoms (O more
electronegative than S) becoming more negative Ef.
The thickness of the Mo,MnC,0, (7.33 A) is close to
that of Mo,WC,0, (7.77 A), evidenced that the center
layer of the Mo,MC,X (M = Mn, W; X = O, S, OS)
MXenes has a negligible effect on the thickness. The
distance between the Mo-O atoms is shorter than the
Mo-S bond length. Consequently, the monolayer
thickness of Mo,MC,0, (M = Mn, W) is shorter than
the other considered MXenes.

Table 2. Calculated monolayer thickness (h (A)), bond
lengths between the Mo and the functional groups (d(Mo—X
(A) (d(Mo-X’) (A) for X#£X")), and formation energies Ef
(in eV) of Mo,MC,X (M =Mn, W; X =0, S, OS) MXenes.

Material h « (Mo‘_’)(('\,’)"’fj:)x x0) Ef

Mo;MnC,0, 7.3 2.10 743
Mo,MnC.S, 821 239 438
Mo,MnC,0S 777 2.10 (d(Mo-S)= 2.39) 5.93
Mo,WC,0, 7.6 212 7.05
Mo,WC,S, 850 241 464
Mo,WC,0S 804 212 (d(Mo-S)= 2.41) 5.88

The mechanical properties of 2D materials are crucial

for 2D nanodevice design. For this reason, the elastic
properties of this MXene family have been studied
according to the Born criteria®® (Equation 3) as follows;

“C11>0, Cge>0, 2*Cge= C11-Cyp, and Cyy >|Cro”  (3)

As seen in Table 3, all MXenes satisfy the Born
criteria, which implies that they are mechanically
stable.

We also calculated Young’s modulus Y, Poisson’s
ratio v, and the shear modulus G, derived from the

elastic constants of considered MXenes for
understanding other mechanical properties,” ™ as
below:

“Y = (C11-C1,)/Cyy,

V= C12/C11, (4)

G = (Cu-Cyp)12”

and tabulated in Table 3. The Young modules of the
Mo,WC,X, MXenes are higher than those of
Mo,MnC,X,, demonstrating that the middle layer
affects mechanical strength for our considered
MXenes. The Mo,WC,S, has the highest in-plane
Young's module of 481.311 Nm™, which means this
crystal is stiffer than the materials considered in this
study. We have calculated the Y values within the
range of 355.066 and 481.311 Nm™. These values are
higher than that of graphene (341 N m™),** which
indicates a strong mechanical strength, and other 2D
materials such as silicene (62 Nm™)* and germanene
(44 Nm™).”® The ultrahigh Young’s modulus values
make Mo,MC,X (M = Mn, W; X = 0,, S, 0S)
MXenes an ideal candidate for flexible electronic
applications.

The Poisson’s ratios of the Mo,MC,X (M=Mn, W;
X=0,, S,, OS) MXenes studied here range from 0.307
to 0.396, indicating the ductility of these materials, and
are comparable with the values obtained for MoS,
(0.25),> germanene (0.33),” stanene (0.39).>

Table 3. Elastic constants (Cj in Nm™), young’s moduli (Y in Nm™), shear moduli (G in Nm™), and poisson’s ratios (V).

Material Cu Cr Ces Y G v

Mo,MnC,0, 421.213 166.919 127.147 355.066 127.147 0.396
Mo,MnC,S, 516.077 186.922 164.577 448.374 164.577 0.362
Mo,MnC,0S 469.977 178.242 145.868 402.378 145.868 0.379
Mo,WC,0, 449,588 153.002 148.293 397.519 148.293 0.340
Mo,WC,S, 531.501 163.327 184.087 481.311 184.087 0.307
Mo,WC,0S 493.645 159.748 166.948 441,949 166.948 0.324
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Figure 2. Band structures for the most stable models of (a)
Mo,MnC,X and (b) Mo,WC,X monolayers (X =0,, S;, OS). The
Fermi level is set at zero.

To further understand the effect of O- and S- atom
functionalization and middle layer atom of the
Mo,MC,X (M = Mn, W) MXene, their band structures
and partial density of states (PDOS) are calculated and
plotted in Figures 2 and 3, respectively. While the
previous reports show that functionalization can cause
a changing the electronic properties (metal to
semiconductor) such as Ti,CO,, Zr,CO,, Hf,CO,,
Sc,CO,, Sc,C(OH),, and Sc,CF,” " as seen in Figure
2, Mo,MC,X (M = Mn, W; X=0,, S,, OS) MXenes
show metallic behavior.

Similarly, a previous report illustrated that the band
structures of the M,M'C,T, (M = Cr, Mo; M'= Ti, V)
MXenes are metallic.”

MoMnC,08

Energy (eV)
MoWC,0, Mo,WG,S, MoWC,08
-C(p -0 -C() —-S(p)
—Mo(d) —W(d) —Mo (d) —w (d) ;
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Figure 3. Calculated Projected Density of States (PDOS) of (a)
Mo,MnC,X and (b) Mo,WC,X monolayers (X = O,, S, OS). The
Fermi level is set at zero.
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The PDOS presented in Figure 3 reveals valuable
information about the contribution of specific
electronic states of these materials. While the states
around the Fermi level are mainly contributing from
the Mn (d) atom for Mo,MnC,X (X = O,, S,, OS), the
metallicity primarily derived from the d orbitals of the
W and Mo atoms for Mo,WC,X (X = O,, S,, OS). The
d orbital of the Mo atoms induced to the states above
the Fermi level (EF) (between 1 and 2 eV) and below
the EF (between -1 and -2 eV).

4. CONCLUSION

In the presented work, based on first-principles
computations, a systematic computational study has
been carried out to investigate the structural, elastic,
and electronic features of a new group of
functionalized MXenes, Mo,MC,X (M = Mn, W; X =
0,, S,, 0S). The materials' stability has been confirmed
by formation energy and the analysis of the Born
criteria. To further understand the other mechanical
properties of these materials, Poisson’s ratio v,
Young’s modulus Y and the Shear modulus G were
calculated and checked against other 2D materials. The
mechanical  property calculations confirm the
exceptional mechanical flexibility of functionalized
MXenes. Eventually, the electronic band calculation
results show that all MXenes are metallic.
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