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First-principles calculations are performed to investigate the effect of surface termination of MXenes.

In particular, we focus on the Hf;CO, and Janus Hf;COS MXene. The present study confirms that
the breaking of the structural symmetry generated by the chemical substitution of the O surface layer
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by S ones, promotes the tuning of the electronic properties. Hf,CO, behaves as a semiconductor
and its band gap is reduced, increasing the concentration of S atoms. Indeed, Hf,COS is metallic.
In short, the present study confirms that tailoring the surface termination of MXene emerges as

a suitable strategy to change the properties of MXene.

Additionally, such a change in surface

termination affects both vibrational frequencies and the rigidity of the Hf,CO, MXene.

1 Introduction

Low dimensional carbides and nitrides, known as MXenes, have
generated great expectations since their synthesis a bit over a
decade ago'~3. MXenes have shown extraordinary electronic, op-
tical, and mechanical properties, leading to applications covering
energy storage*, catalysis>-®, biomedical”, and electronic appli-
cations, to name a few®?. Not surprisingly, this broad landscape
of applications is directly connected with the atomic composition
of MXenes. These bidimensional materials are described with
the chemical formula (M, X, Ty, where n=1, 2, or 3) where
M, X, and T, stand for an early transition metal, carbon, or ni-
trogen, and the termination or functionalization of MXene (i.e.,
-0, -F, and -OH mainly). The synthesis of MXenes follows a top-
down procedure where the parental MAX precursor is selectively
etched, removing the A (i.e., p-block element) that connects the
MXene layers. Depending on the chemical agents %11 used dur-
ing the etching, the functionalization of MXenes is different. In-
deed, the properties of MXene materials could be modified by
modulating their surface chemistry. These terminating groups
were shown a random distribution over the surface with limited
experimental control over their composition?. Fortunately, com-
putational simulations 12 have shown that these surfaces can also
be covered by uniform terminations of T,.

Recently, MXenes have emerged as candidates as sulfur (S)
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hosts, making them suitable for sulfur battery applications 1314,

Topologically speaking, the new surfaces possess bonded inter-
mediate polysulfides via metal-sulfur interaction, which enhances
their conductivity. For instance, S/Ti,C constitutes a material
with a stable long-term cycling performance with a high spe-
cific capacity, due to the strong interaction of the polysulfide
species with the surface M atoms. Experimental investigations
have established that the habitual OH termination of this mono-
layer could be replaced by S atoms at high temperatures, pro-
moting new functionality for the resulting MXene-derived mate-
rial15. However, the former terminations (i.e., O, OH, and F)
dominate the surface chemistry, and aside from Nb and Ta MXene
carbides 10, the literature of S-terminated MXenes is limited.
Revising the literature, one finds that O-functionalized MXenes
like Ti,CO;, Zr,CO,, and Hf,CO; attained growing attention, due
to their moderate bandgap and high carrier mobility in compar-
ison to other MXenes!”. Among them, Hf-based MXenes have
been reported to be stable whether the termination surfaces are
fully replaced by the sulfur atoms!®. Indeed, the calculation of
S or O adsorption on the bare Hf,C monolayer was found fa-
vorable on its hollow site, allowing the construction of Hf,CO,
or Hf;,CS, MXenes. Furthermore, different functionalities have
been explored by considering the use of two different termina-
tions of the MXene, constituting Janus structures'?. The atomic
structure of these particular MXenes breaks the out-of-plane sym-
metry by different terminations (see Figure 1). Indeed, Ti;CST,
(Tx= O, Se) for example, was recently investigated for its valu-
able electrochemical properties and reasonable diffusion barriers
as a Li and Mg electrode application?C. This study reported that
Ti,CST, Janus-like Mxene structure is thermodynamically stable
exhibiting a high gravimetric capacity, which makes it a candi-
date to alternate conventional Li sources for rechargeable battery
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Fig. 1 (a) the top and (b) the side views of Hf,CO,
spheres represents Hf, O, C and S atoms, respectively.
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Fig. 2 Phonon dispersion and phonon density of states (DOS) curves of
Hf,CO, MXene monolayer at zero pressure. The partial DOS (PDOS)
projected onto C, Hf and O are also presented with black, red, and blue,
respectively. The out-of-plane acoustic (ZA), longitudinal acoustic (LA)
and transversal acoustic (TA) modes are colored with red, orange, and
green, respectively.

devices.

Actually, the spotlight is focused on low-dimensional materials
composed of Hf atoms in their atomic structure. Some studies
have suggested several candidate materials such as heterostruc-
tures, or monolayer systems21723. For instance, the highly stable
Hf,CO,is a semiconducting material with an energy gap of ~ 1.70
eV. Narrowing its energy gap makes it suitable for infrared or ther-
moelectric applications, whereas opening the gap makes power
electronics and optoelectronic functionality accessible. One way
to modulate the electronic properties is to use chemical strate-
gies by inducing the substitution of O-terminated atoms. Indeed,
this is the goal of the present study: tune the electronic proper-
ties of Hf,CO, MXene by replacing the O-termination atom with
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Mxene monolayer.

The (c) plot gives its Janus structure. Orange, white, black, and yellow

Table 1 Calculated optical frequencies (@) (in cm™!) of Hf,CO, and
Hf, COS MXene structures

Hf,CO, Hf,COS
mode w(cm™') w@(cm™)
Al 176.7 166.2
Al 506.4 341.8
Al 511.9 489.7
Al 714.6 659.1
E 284.1 178.1
E 421.6 314.6
E 512.2 478.9
E 83.9 85.0

the S-terminations. These termination exchanges will allow us
to modulate the electronic and optical properties of this MXene.
In addition, we will evaluate the stability of the MXene Janus by
analyzing its thermodynamical, mechanical, and dynamical prop-
erties.

2 Computational strategy

In the present study, first-principles calculations are performed
by using the projector augmented plane wave potential (PAW) 24
implemented in the Vienna Ab initio Simulation Package
(Vasp) 2526 For the exchange-correlation functional, we em-
ployed the generalized gradient approximation (GGA), proposed
by Perdew, Burke, and Ernzerhof (PBE)2’. The self-consistent
calculations were judged to have converged to a tolerance of less
than 10~% eV, and the Hellman-Feynman force on each relaxed
atom was less than 0.006 eV/A. Due to the presence of oxygen in
the investigated material, the set of plane waves was extended up
to a kinetic energy cutoff of 700 eV. The integrations over the Bril-
louin zone (BZ) were calculated with a dense gamma grid of spe-
cial k points with a mesh of 7x7x1. To overcome the limitations
of traditional density functionals to reproduce band gap value?8,
we used the Heyd-Scuseria-Ernzerhof (HSE) hybrid density func-
tional (HSE06)2° calculated over a single point calculation of the
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PBE structure. Furthermore, lattice-dynamics calculations were
performed by the means of PHONOPY3? open-source package in-
terfaced to VASP code. This code uses the density-functional per-
turbation theory (DFPT) 31 to estimate the force constant within
the supercell method. Thus, a large supercell p(2x2) of Hf,CO,
MXene containing 20 atoms (4 C, 8 Hf, and 8 O atoms) was mod-
eled within a 20 A vacuum along the z-axis to avoid interac-
tions between the adjacent molecules and slabs, respectively. Not-
ing that a similar supercell was used for the Hf2COS. Here, the
dispersion correction was assured by the use of the DFT-D3 ap-
proach of Becke-Jonson damping 3233, Finally, the thermal stabil-
ity was checked by carrying out molecular dynamics (MD) based-
simulations. The MD was performed within the NVT ensemble
and controlled by the Nose-Hoover method 343, with a time step
of 1fs within the microcanonical ensemble, i.e., the total energy
was conserved during the simulations. This energy conservation
was typically fulfilled to within +5 meV along an AIMD run.

3 Results and Discussion

3.1 Stability of pristine Hf,CO, MXene structure

Hf,CO, is a layered material composed of five atomic layers, in
which the carbon layer is sandwiched between two hafnium lay-
ers, and these are functionalized by oxygen atoms. In this study,
we consider only its more stable octahedral T1 structure a AB-
CAB stacking3”, and a space group P3m1 (No. 156), with a point
group of Cs, (Figures 1(a) and 1(b)). The optimized thickness
(t) and lattice constant (a) were found to be equal to 4.59 and
3.27A, being the latter in excellent agreement with the value re-
ported in the literature38:3%, The first analysis is the thermody-
namic, and mechanical stability. Thus, calculations of phonon dis-
persion, elastic constant, and molecular dynamic simulation are
carried out. Figure 2 depicts the phonon dispersion of the pristine
Hf,CO, material along the armchair (/M) and zigzag (I—K) di-
rections. The phonon spectrum of Hf,CO, in its 1T-type phase is
free of imaginary frequencies in the first Brillouin zone, indicating
the thermodynamic stability of Hf;CO, MXene, consistent with a
previous study3’. It is observed that the longitudinal acoustic
(LA) and transverse acoustic (TA) branches of MXene Hf,CO, are
linear when the wave vector g is close to the center of the Bril-
louin zone. However, the acoustic (ZA) branch in the z-direction
deviates from this trend owing to the sufficiently weak interplanar
interactions, which is in concordance with the microscopic elastic
theory, which is a generic feature of the monolayer material 4°.
The analysis of the zone center phonons gives the following me-
chanical decomposition : I, = 4A; + 4E, whereas, I';cousric =
Ay + 2E, resulting in 12 optical modes and three acoustic modes
at the center of the Brillouin zone, I'. It is also noticed that in the
phonon spectra, the modes for @(E)= 421.6 and 506.4 cm~! are
both doubly degenerated. The calculated modes are gathered in
Table 1.

Furthermore, it is important to understand the mechanical
properties of the Hf,CO, MXene structure by analyzing the elastic
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Table 2 Calculated elastic constants C;; (GPa) of MgPSe; monolayer.
The table gives also the Young modulus (E (GPa) ), Area modulus (K
(GPa) ), Shear modulus (G (GPa) ), Poisson ratio (V).

Cn Ci2 Coo E G K v
Hf,CO, 241.41 75.59 8291 217.74 8291 15851 0.31
Hf,COS 186.41 50.22 68.09 172.88 68.09 118.31 0.27

stiffnesses (C;;) matrix. Due to symmetry reasons, we have only
two elastic stiffness components, C;; and Cj;, the Cgs= (Cy; -
C12)/2. Given the bidimensional nature of the MXene structures,
the in-plane mechanical properties. This analysis is summarized
in Table 2, where one can see clearly that Hf,CO, MXene meets
the Born criteria of mechanical stability (C;; > 0 and Cgg > 0).
Further dynamical descriptors such as Young modulus (E), Area
modulus (K), Shear modulus (G), and Poisson ratio (v), which
are required to evaluate the material’s response to applied pres-
sure, were evaluated. The K, G, and E results, as summarized
in Table 2, show that the Hf,CO, MXene structure is rather rigid
and non-compressible, even if the response to shear direction is
weak. Therefore, applying constraint force on the transverse sec-
tion during uniaxial tension or compression will weakly affect the
compound. Furthermore, the value of the in-plane Poisson’s ratio
(v) indicates that the structural stability of the Hf,CO, MXene is
assured due to its greater thickness, higher than other bidimen-
sional monolayers, like the MoS, 4142, the Cy, is too large in
comparison to the Cj;. This indicates that axial compression re-
quires larger forces than shear and tensile deformations. From the
elastic constants the area (K), Young (E), and shear (G) moduli
can be obtained. We have found that £ > K > G is in agreement
with our previous conclusion. This MXene also shows a clear
isotropic feature along with the a and b directions. This state-
ment is compatible with the isotropic trend of the structure found
close to 1. Furthermore, the thermal stability of Hf, CO, was also
qualitatively tested at 300 K and 700 K by AIMD simulation with
the mole-volume-temperature (NVT) ensemble 34-36  The total
energy oscillation and temperature displayed in Figure 3 indicate
no bond-breaking or structural distortion of the Hf,CO, MXene
structure after 5 ps. This accurate analysis of the stability indi-
cates the noted stability of Hf,CO, MXene at room temperature
and even at high temperatures.

3.2  Structural, dynamical and mechanical properties of
Hf,COS MXene structure
Let us now deal with the substituted Hf,CO, MXene structure.
Our strategy is to study the properties of the Janus structure
(Hf,COS) first, and later analyze the effect of sulfur substitution
on the surface of the Hf,COS. By this, we will use the effect sym-
metry break to modulate the properties of Hf,COS. The Janus
structure is shown in Figure 1(c). We start analyzing the dynami-
cal stability of the Janus by performing phonon calculations. The
corresponding plot is displayed in Figure 4 along with the phonon
density of states. The dispersion plot is shown to be free of soft
modes, indicating Janus’s dynamic stability. Some differences are
noticed in comparison to the plot of the MXene Hf,CO, (Figure
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Fig. 3 MD simulation of temperature oscillations and energy fluctuations as a function of MD simulation time step at T= 300 and 700 K (a),(c) for
Hf,CO, and (b),(d) for Hf,COS structures
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2) ; namely, the ZA mode nearly coincides with the TA mode in
the armchair direction, differing from that along the zigzag di-
rection. Furthermore, the mode attributed to the sulfur atoms
fills the emptiness shown in Figure 2 between the Hf and oxygen
ones in the Hf,CO, MXene. We can identify the corresponding
mode for each atom by plotting its phonon eigenvector represen-
tation, see Figures 4(c)- 4(f). The vibration of atoms in the low
frequencies originates from the Hf atoms. This movement should
be weak due to the strong covalent Hf~C bonds. Also, the modes
at high frequencies are rather derived from the carbon of oxy-
gen atoms, and they do not appear to induce any distortion in
the polyhedra. However, the modes between 250 cm™~! and 350
em~! originate from the sulfur vibrations in a number of direc-
tions. They are related to stretching vibrations, which result in
the shearing of the S atoms around the Hf one, which could be
responsible for increasing the effect of the symmetry break. In-
deed, there are two frequencies with wavenumbers, 314.6 cm ™!
and 341.8 ecm~! that are "isolated" from the rest of the modes.
These correspond to normal motions of atoms inside the octahe-
dra forming the functionalized surfaces, while the other external
modes involve motions of rigid units against the C and Hf atoms.

Another interesting result is the lifting of the degeneracy of
some modes shown in the phonon dispersion plot of the Janus
structure. The new packed phonon branches could decrease the
rigidity of the material. To deeply investigate this behavior, we
also calculated elastic properties and the corresponding Young
and Shear modulus. The results are gathered in Table 2 together
with those of Hf,CO, MXene. It seems that in the Janus struc-
ture, both the Young and Shear values decrease by 20% and 18%,
respectively. The Poisson ratio is also affected; its value changed
from 0.31 to 0.27. This means that the breaking of symmetry
affects not only the vibrational modes of the structure but also
its chemical nature. The AIMD simulation of the Janus Hf,COS
structure reveals a periodic trend in both temperature and total
energy at ambient temperature, demonstrating that the structure
is thermodynamically stable (see Figure 3).

3.3 Analysis of the electronic and bonding properties

Substituting the oxygen atoms with the sulfur ones in the Mxene
compounds is a good choice in principle because S and O are the
nearest congeners in the Periodic Table. However, due to the dif-
ference in electronegativity (0)=3.5 and x(S)=2.5, we expect
some differences in electronic and bonding properties between
Hf,CO, MXene and its partially S-terminated structures. Accord-
ing to published work, fully sulfurized Hf,CS, '8 exhibits metallic
behavior, whereas pristine Hf,CO, has a theoretical band gap of
1.79 V43 and varies between 1.66 eV** and 1.59 eV#® with the
HSEO06 approximation. We have performed hybrid HSE06 calcu-
lations in order to analyze the band gap value change between
Hf,CO, MXene and Janus states. The obtained results are gath-
ered in Figure 5. The figures show band structures and partial
densities of states. The calculated band gap of Hf;,CO, MXene is
indirect, with a value of 1.64 €V, which is in excellent agreement
with the available results. One observes that the C-2p is the more
dominating orbital near the Fermi level of the pristine material,

Physical Chemistry Chemical Physics

Table 3 QTAIM analysis of Hf,CO;, and Hf;COS structures

Hf,CO, Hf,COS
atom 2 T 2 T
C -2.07 51.64 -0.96 23.95
Hf 2.39 59.96 1.86 46.58
(0} -1.35 67.65 -1.29 64.64
S - - -0.52 64.64

and the conduction band is attributed to Hf-d orbitals, while the
substitution of one T, surface makes the S-2p the major contribu-
tion of the energetic level in the more high band valence states.
We can state that in the case of semiconducting Hf,CO, MXene-
tion shifts the Fermi energy to the center of the gap between the
Hf d bands and the C p bands. However, when we make a non-
symmetric surface termination, the Fermi energy becomes located
at the d bands of transition Hf metal. The valence band maximum
states are located at the I"point and are primarily composed of C-
petp, Orbitals hybridized with O- 4, and Hf-y_,,4,. We remark
that the substitution of an oxygen atom with a sulfur one makes
the level of C-2p slightly flatten and shift downwards from the
Fermi level. This makes the electron come from sulfur atom-like
impurities intentionally added to a host semiconductor. The sub-
stitution builds an acceptor state above the valence band from the
S-2p level, which elevates the maximum of the valence band and
favors the photo-generated holes to maintain high mobility 4.

To emphasize the difference between the studied structures,
we performed additional calculations on bonding properties. We
do so by performing bander charge analysis*”-*® and using the
reduced gradient of the electron density (s)#%°° to reveal the
nature of interactions governing each monolayer, see Figure 6.
Hence, effective charges 2, charge transfer T were calculated
and summarized in Table 3. By simply adding the ratios of these
effective charges (2(2)) with respect to the corresponding nom-
inal oxidation states (OS({2)) for the N atoms of the formula unit,
we evaluate an index that measures the degree of ionicity of this
structure®!: o = %Z’}’Z:l %. While the Hf,CO, MXene has a
more ionic nature (= 61.37%), the Janus structure has a more
covalent nature (= 49.28%). As a result, replacing one surface
termination T, of the Hf,CO, MXene with sulfur atoms causes
not only metalization but also an increase in the number of in-
teractions due to the change in bonding length°2. Such interac-
tions, for example, can be observed in the s isosurface depicted
in Figure 6. For the sake of comparison, the plots for pristine and
Janus structures are displayed together. The fact that the green
electronic domain dominates the cell, is clear proof of strong van
der Waals interactions. Furthermore, we can clearly show that
blue/red spike isosurfaces govern the Hf-O bonds, whereas the
interactions around the Hf-S bonds are purely repulsive. The red
domains correspond to covalent bonding, while the blue domains
correspond to ionic bonding, implying that both structures have a
mixed bonding, but the covalency is stronger in the Janus struc-
ture.

Although the sulfurization of MXene’s surface was done by ex-
perience with nonuniform methods>3, theoretical studies>45°
demonstrate that the substitution of groups of surface can also
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Fig. 5 HSEO06 band structures and partial densities of states, left for Hf;CO, and right for Hf;COS structures

Fig. 6 views of NCl isosurfaces of Hf;CO, and Hf, COS structures

be done in a uniform way, giving rise to more stable structures.
Indeed, sulfur substitutions were uncommon; some preliminary
work was done using solvent effects with a focus on interlayer
intercalation®’. In this regard, and because the effect of T, termi-
nation can act as a standpoint to shift the value of the band gap,
we use three structural configurations to tune the electronic prop-
erties of the investigated compound: Hf,CO7 55 /5, HfCOg 355 5
and Hf;COs/3S3/3. However, the symmetric substitution of O
atoms with S was also tested in order to check the effect of break-
ing symmetry. In Figure 7(a), we summarize the calculated band
gap values for the three tested configurations. We found that the
band gap is strongly affected by the concentration of sulfur atoms.
We also notice that the substitution with a sulfur atom changes
the nature of the band gap to one that is direct (see Figure 7(b),
allowing a direct transition from the valence to the conduction
band. Thus, owing to the change in band gap values, we can
stipulate that passivation of Hf,C by functional groups like sulfur
atoms can activate this material for many applications 8, ranging

from storage applications to photovoltaic applications®?.

6 Journal Name, [year], [vol.], 1-9

4  Conclusions

In this paper, we demonstrate how the surface termination can
be used for tailoring the electronic properties of the Hf,CO, MX-
ene material by using DFT-based calculations. We focus on the
study of the Hf,CO, and Janus Hf,COS MXene. Our analysis was
done by performing phonon dispersion and calculating the elas-
tic components. We have shown that the vibrational frequencies
are affected by the sulfurization, even though the symmetry is not
changed. The breaking of symmetry by the T, surfaces causes a
decrease in rigidity. In addition, the band gap values are different
according to the surface group termination.

Indeed, the partial density of states shows that the T, group
can tune the position of Hf-d and the C-p states, resulting in either
semiconducting or metallic states. According to the Bader charge
calculation, changing the oxygen groups by sulfur ones increases
the covalency of the material, and this change is attributed to
an increase in repulsive interaction around the Hf-O, and Hf-S
bonds. Finally, our calculations show that the uniform substitu-
tion of an oxygen atom with a sulfur atom can be a useful tool for
tuning the band gap value of the investigated material, allowing
the Hf,CO, Mxene to be used in a variety of device applications.
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