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Abstract: The adhesive properties of new materials quasi-2D Mo,C, Ti;C, and V,C MXene flakes
play a crucial role (1) in the formation of highly efficient lubricants; (2) in the development of highly
sensitive gas sensors. This paper reports DFT modeling of adsorption of alcohol molecules onto the
surface of quasi-2D nanometer-thick flakes of MXenes. The parameters characterizing the adsorption
mechanism were the analyte+surface binding energy, Fermi energy, and electrical conductivity. Due
to the presence of water in the environment, MXene surfaces with varying degrees of humidity were
studied, and the patterns of analyte adsorption onto a wet surface were investigated. A different
approach to adhesion of alcohols for wet and dry surfaces has been established in this study.
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1. Introduction

Currently, MXenes that represent nitrides and carbides of transition metals are very
popular in their niche among promising 2D materials due to their unique properties and
broad field of application [1-4]. Griitzmacher et al. showed that titanium carbide-based
MXene deposited on stainless steel substrates could be a solid lubricant, exhibiting a
six-fold reduction in friction and an ultra-low wear rate over 100,000 sliding cycles [5].

Marian et al. [6] evaluated the effect of Ti3CpTx nanosheets on energy efficiency and
operating time when used as a solid lubricant in highly loaded rolling and sliding machine
elements. In this work, a decrease in the friction torque by up to 3.2 times, an increase in the
service life by a factor of 2.1, and a decrease in the linear cumulative wear rate by up to 2.9
were observed compared to studies without coating with TizC,Tx nanosheets. Researchers
have also examined the role of moisture when using MXenes as solid lubricants. The
paper [7] shows the outstanding anti-wear properties of Ti3C,Tx nanosheets operating
under conditions of moderate contact pressure and low humidity. The authors state that
end groups and the amount of intercalated water are the determining parameters for
interfacial strength and friction and wear characteristics. Another paper [8] highlights
the influence of humidity in tribological experiments. Compared to the polished steel
reference, the TizC,Tx nanoparticles caused a significant friction reduction of about 300%
at a very low humidity level of 4%. The authors also state that Ti3C,Tx nanoparticles
have demonstrated their effectiveness against various wear modes, including adhesive,
abrasive, and tribochemical wear. Mochalin et al. [9] investigated the stability of MXene
Ti3C,Tx and TipCTx in water and anhydrous colloidal solutions, and they showed that
water, rather than O,, plays a key role in the reactions leading to the decomposition
of MXene, and it is from water, not oxygen, that MXene must be protected. Li et al.
fabricated piezoresistive pressure sensors based on hydrophobic organic/inorganic hybrid
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films composed of the natural elastic poly (vinylidene fluoride) trifluoroethylene and
multilayer TizCTx [10]. Due to viscoelasticity and hydrophobic properties, the obtained
films demonstrated a very high gauge factor of 817.4 kPa~! in a range from 0.072 to
0.74 kPa, 2213.68 kPa~! from 0.74 to 3.083 kPa, and a rapid response time of 16 ms, as well
as long-term stability. At the same time, the problem of developing chemoresistive sensors
remains very relevant. In almost all areas of human activity, it is necessary to control
the air for the presence of harmful substances and gases, control humidity in residential
premises, and control the composition of the air during mining and, of course, in order to
ensure fire safety. In this respect, the two-dimensional layered morphology, tunable surface
through functionalization, low-noise metallic conductivity, and mechanical flexibility make
MXenes promising materials for chemoresistive sensors. The most suitable for sensor
application is TizC2Tx, which has high sensitivity to alcohols, ketones, and ammonia at
concentrations of less than 100 ppb [11-14]. Besides Ti3C;Tx, M0o,CTx and V,CTx MXenes
are also in demand. Mo,CTx can be successfully synthesized by selective removal of Ga
from Moy GayC [15]. Guo et al. studied Mo,CTx properties from the point of determination
of gas mixtures of hydrocarbons and volatile organic compounds [16]. In one study [17],
high-purity V2CTx MXenes were successfully synthesized using only NaF + HCI etchant
solution. The authors claim that NaF + HCl has better exfoliating power than NaF + HF
and KF + HCl. Furthermore, a suitable condition is etching in a solution of NaF + HCl
at 90 °C for 72 h. V,CTx MXenes also have a high rate of mixture detection [18-20]. An
ultra-sensitive gas sensor was designed based on V,CTx with a response for polar and
non-polar gases with concentrations of about 100 ppm [21].

As mentioned above, there is a lot of research on the impact of moisture on lubricants.
As can be seen, the development of gas sensors based on MXenes is an important branch of
modern science. However, at present, little attention has been paid to assessing the effect of
humidity on the chemoresistive response of various MXene compounds. In our work, we
performed a theoretical study of chemoresistive properties of MXenes based on titanium,
vanadium and molybdenum carbides in the presence of analyte (ethanol).

2. Materials and Methods

The ab initio study of MXenes was performed using density functional theory (DFT)
implemented in the Siesta 4.1.5 code [22,23]. To describe the exchange-correlation effects
taking into account the van der Waals interaction, the vdW-DF approximation with the
exchange—correlation functional of Berland and Hildgaard (BH) was used [24]. This func-
tional showed good accuracy for a wide range of materials [25]. For the ground state
optimization of MXenes, we applied a basis set of valence-split DZP (Double Zeta Plus
Polarization) orbitals including polarization functions. A 3D periodic box was used (in
the Siesta software package, all calculations can be performed only in a 3D periodic box).
The Brillouin zone was sampled by Monkhorst-Pack scheme 5 x 5 x 1 [26]. In the X and Y
directions, the lattice vectors were: 15.377 A for Ti2C; 14.741 A for V2C; and 14.425 A for
Mo2C. The size of the box in the third direction Z was taken as equal to 100 A to exclude
any interaction between the layers in this direction. Geometrical optimization of atom
coordinates and lattice vectors was performed, and the minimization of the total energy
was carried out using the Hellman-Feynman forces, taking into account the Bullet-type cor-
rections and using the modified Broyden’s algorithm [27], with the condition that the forces
acting on the atoms of the structure were no more than 0.04 eV/A, where the resulting
lattice vectors were: 15.377 A for Ti,C; 14.741 A for V,C; and 14.425 A for Mo,C.

The vacuum layer over the MXenes’ surface was about 100 A. The cutoff of the real
space grid was 350 Ry.

The binding energy was calculated using Formula (1):

EBinding energy — EMXene+HZO+Ethanol - (EMXene + EHZO + EEthanol) (1)
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To calculate the chemical resistive response, the Transiesta package was applied. The
calculation of conductivity was performed within the framework of the Landauer-Buttiker
formalism [28] in accordance with the formula below:

_2e [

=7/

T(E)Fr(E — Ep)dE 2
where Er—Fermi energy of contact material; e—electron’s charge; h—Planck’s constant;
Fr—function that determines the value of the temperature broadening; T(E)—transmission
function that can be calculated as follows:

T(E) = Tr [T (E)G(E)TR(E)G' (E) 3)

where G'(E), G(E) are the advanced and retarded Green matrices that describe the contact
of object with the electrodes, respectively, and I'.(E), I'r(E) are the level broadening ma-
trices for the source and drain, respectively. The level broadening matrices are calculated
as follows:

I /r(E) = i<2L/R(E) - Z{/R(E)) 4)

where ¥j r eigenenergy matrices of the left and right electrodes. Green’s matrices are

calculated as .

(ESc — He — X(E) — Er(E))
where Sc is the atomic orbital overlap matrix of the conducting channel; E—Energy of
conductive channel; H-—Hamiltonian of conductive channel.

The transport properties were calculated in several stages: (1) obtaining the surface
Green-Keldysh functions of the semi-infinite left and right electrodes; (2) calculating the
Hamiltonian of the scattering region. The electrodes belonged to the same atomic supercells
as the structure of the scattering region.

G(E) = ®)

3. Results and Discussion
3.1. Atomistic Models of MXene 2D-Films

In this study, three atomistic models of MXenes were considered: (1) Ti,C; (2) V,C;
(3) Mo,C (Figure 1). Structures of Ti;C and V,C represented 1T phase of MXenes, Mo,C—
2H phase. Initially, we considered the atomic configurations of the minimum possible
supercells with lattice vectors: 3.07 A for TiyC; 2.95 A for V,C; and 2.89 A for Mo,C. Then,
after geometric relaxation of atomic coordinates and lattice vectors, the structures were
expanded by enlarging the number of supercells. In the result, atomistic supercells with the
following lattice vectors were obtained: 15.377 A for TiyC; 14.741 A for V,C; and 14.425 A
for Mo,C. The increase in the area of the considered objects was caused by the required
landing of water and ethanol molecules on the MXenes’ surface. The paper considers the
case of landing on the surface of MXenes of one and seven water molecules. To assess the
effect of water molecules during gas adsorption, an ethanol molecule was located both
on a clean, anhydrous MXene surface and in the presence of water molecules. Further, in
order to evaluate the chemoresistive response, the transmission function calculations were
performed for each considered case including the calculation of the electrical conductivity
of pure MXene films. The electrodes and the scattering region were represented by the
same atomistic models corresponding to Figure 2. Later, the electrical conductivity of each
atomistic model was calculated by Equation (1).
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Figure 1. Atomistic models of pure MXene films: (a) Ti,C; (b) V,C; (c) Mo,C.
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Figure 2. The calculation of electrical conductivity for atomistic models of titanium carbide in the
presence of seven water molecules and an ethanol molecule. The electrodes are indicated on the left
and right, the scattering region is in the center.

3.2. Electronic Properties

This section examines the density of state (DOS) of MXene supercells (Figure 3). The
considered MXenes demonstrated a metallic type of conductivity with no band gap at
the Fermi level, which agrees with previous studies [29-31]. Ti,C MXene had the biggest
peak at the Fermi level with a value of 100 eV~!. A high value of DOS at the Fermi level
indicated good electric and conductive properties of this material, which will be furthered
confirmed by transmission function calculation. As seen from Figure 3a—c, landing of
analyte shifted the Fermi level. The landing of one water molecule practically did not
change the DOS of pure Ti;C MXene film. V,C and Mo,C MXenes were more sensitive to
the presence of the water molecule and the Fermi level shifted more. At the same time, DOS
plots of V,C and Mo,C MXenes with seven water molecules were close to pure films. It
should be noted that attachment of ethanol did not change the DOS plot of supercells with
seven molecules. Table 1 shows the Fermi level for all considered cases. The Fermi energy
of TiyC MXene in the presence of ethanol shifted to the valence band region by 89 meV,
while the Fermi energy of V,C and Mo,C MXenes shifted to the conduction band region
by 54 meV and 115 meV, respectively. Mo,C was more receptive to the ethanol molecule
in terms of resistance change, as compared to the Ti,C and V,C MXenes, as shown in
Figure 3d. For the case of one water molecule and one ethanol molecule, the Fermi energy
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of TipC shifted by 63 meV, while V,C showed an almost unchanged value for the Fermi
energy (~6 meV). Mo,C, on the contrary, showed the largest shift in Fermi energy, equal to
184 meV. As shown below, the shift of Fermi energy towards the conduction band does
not lead to an increase in electrical conductivity, since in this case, the number of electronic

states decreases.
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Figure 3. DOS plots of considered MXene molecules (a-c) and scale of resistance change after ethanol

attachment (d).

Table 1. Fermi level of MXene films after interaction with ethanol and water.

Structure Eg, eV (Ti,O) Eg, eV (V,0) Eg, eV (Mo0,C)
Pure MXene film —4.907 —4.941 —4.906
MXene + 1 water molecule —4.899 —4.992 —4.764
MXene + 7 water molecules —5.048 —5.094 —4913
MXene + ethanol molecule —4.996 —4.887 —4.791
MXene + 1 water molecule + ethanol molecule —4.970 —4.947 —4.722
MXene + 7 water molecules + ethanol molecule —5.050 —5.111 —4.918

To identify the patterns of Fermi level change after analyte landing, the distribution of
charge density along supercell atoms was calculated by Mulliken procedure [32] (Figure 4).
As the figure shows, the distribution of charge densities for one and seven water molecules
differed. With the presence of one water molecule and one ethanol molecule, the surface
of TipC and Mo,C MXenes demonstrated higher redistribution in place of water landing,
while the charge distribution on the V,C surface remained almost the same. This explains
the small change in the Fermi energy of MXene V,C during the simultaneous landing of
one water molecule and one ethanol molecule. With the presence of seven water molecules,
Ti,C and Mo,C MXenes still had a bigger charge redistribution on its surface than V,C
(Figure 4d—f) where vanadium atoms had an almost similar charge. In this case, Ti;C
donated 0.083e to the water molecules, Mo,C was 0.079¢, and V,C donated 0.009 electrons,
which is an order of magnitude less than Mo,C and Ti,C. Figure 5 shows the difference in
charge density of the MXenes under consideration. As can be seen from the figure, for all
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cases, an overlap of electron density is observed. Table 2 shows the charge transfer value
for all considered cases. Here, the negative value of the excess charge indicates that the
analyte or water molecule donates part of the charge to the MXene film. This charge is
distributed over the entire surface of the MXene. With a positive value of the excess charge,
the reverse process occurs: water molecules take on part of the charge from the MXene
film. As seen from Table 2, V,C has the lowest excess charge in the presence of the water
molecules, but for the pure surface, its charge transfer is maximal.

0.263¢ * 0.258¢ 0.274e
S ® ‘9’ ®

-0.125¢ -0.108e

-0.517¢ Hidie
0.268¢ -
-0.121¢ ey

0527 of f

Figure 4. Charge distribution along the supercells atoms according to Mulliken procedure:
(a) Ti,C + H,O x 1 + Ethanol; (b) V,C + H,O x 1 + Ethanol; (¢) Mo,C + H,O x 1 + Ethanol;
(d) TiC + HyO x 7 + Ethanol; (e) V,C + H,O x 7 + Ethanol; (f) Mo,C + H,O x 7 + Ethanol.

Figure 5. Charge Density Difference MXene: (a) Ti;C + H,O x1 + Ethanol; (b) V,C + HyO x 1 +
Ethanol; (c) Mo,C + H,O x 1 + Ethanol; (d) TioC + H,O x 7 + Ethanol; (e) V,C + H,O X 7 + Ethanol;
(f) Mo,C + HyO x 7 + Ethanol.
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Table 2. Charge transfer between MXene films and analyte.

Structure Excess Charge, e- (Ti;C) Excess Charge, e- (V,C) Excess Charge, e- (Mo,C)
MXene + 1 water molecule —0.010 —0.006 —0.021
MXene + 7 water molecules 0.014 0.011 0.054
MXene + ethanol molecule —0.007 —-0.015 —-0.011
MXene + 1 water molecule + (—0.01) 20 (—0.004) 120 (—0.006) 120
ethanol molecule (0.012) gthanol (0.006) Ethanol (—0.014) gthanol
MXene + 7 water molecules + (—0.008) 1120 x7 (—0.009) 1120 x7 (—0.079) 0 x7
ethanol molecule (0.006) Ethanol (0.0011) Ethanol (0.007) Ethanol

At the next change, a chemoresistive response was calculated for wet and dry surfaces

of MXenes (Table 3). It can be seen that for seven water molecules on the

surface of MXene,

the chemoresistive response to the gas under study (ethanol) is almost completely blocked.
In the presence of seven water molecules, the addition of ethanol changed resistance
at 0.01% for Ti,C, 0.022% for V,C, and 0.048% for Mo,C. The presence of seven water
molecules blocks a significant chemoresistant response. At the same time, the conductivity
of films changed quite significantly in the wet medium in comparison to the pure one.
For the Ti,C films, resistance increased at 11%, for V,C at 4.2%, and for Mo,C at 6.63%.
Figure 3d demonstrates the scale of resistance change after ethanol attachment for wet and

dry surfaces. The Ti,C film was the most significantly affected by a wet

surface, while for

the one ethanol molecule the chemoresistive response was only 0.45%. The chemoresistive
response of the V,C at the ethanol molecule was 1.83%, and at the water surface, it was
4.22%. The Mo,C MXene showed the best chemoresistive response for the ethanol (5.64%)
and the lower humidity influence than Ti;C. The results for Mo, C are in good agreement

with earlier studies [33].

Table 3. Resistance of MXene films after interaction with water and ethanol.

Structure R, Ohm (Ti,C) R, Ohm (V,C) R, Ohm (Mo,C)
MXene + 1 water molecule 886.1 2562.7 973.2
MXene + 7 water molecules 901.1 2604.8 1011.2
MXene + ethanol molecule 983.9 2670.3 1037.8
MXene + 1 water molecule + ethanol molecule 890.1 2609.5 1028.1
MXene + 7 water molecules + ethanol molecule 902.3 2613.3 10124

At the final stage the binding energy between MXenes and analyte was calculated
(Table 4). The values of binding energies show that chemical bonds between MXenes and
ethanol did not form and the main type of interaction is van der Waals. MXene Mo,C,

when one molecule of water was planted, showed the highest bindin

g energy equal to

—0.132 eV. The same trend persists for seven water molecules (—1.287 eV), as well as
seven water and ethanol molecules (—1.375 eV). The high binding energy explains the
high chemoresistive response of Mo,C compared to Ti;C and V,C. At the same time, the
binding energy of Ti,C equal to —0.129 eV does not provide advantages in chemisorption.

Of all the MXenes considered in this paper, TipC showed the worst

result in terms of

chemoresistive response. V,C has the lowest binding energy for both one water molecule
and seven water molecules, including the case of ethanol. When the surface is fully filled

with the water (seven molecules), the binding energies were maximal.

The low binding

energies indicate the renewable operation of sensors when they are purged with inert gases

for all the considered films. However, a wet surface can prevent the
working surface.

“cleaning” of the
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Table 4. Binding energies of MXene films after interaction with water and ethanol.

Structure Binding Energy, eV (Ti;C)  Binding Energy, eV (V,C)  Binding Energy, eV (Mo,C)
MXene + 1 water molecule —0.068 —0.054 —0.132
MXene + 7 water molecules —0.841 —0.601 —1.287
MXene + ethanol molecule —-0.129 —0.137 —0.051
MXene + 1 water molecule + ethanol molecule —0.226 —0.136 —0.109
MXene + 7 water molecules + ethanol molecule —1.132 —0.625 —1.375

4. Conclusions

Thus, a predictive study of the humidity effect on the chemoresistive properties of
MXene films on the base of titanium carbide, vanadium and molybdenum were performed
by using the ab initio method. It was established that the chemoresistive response was
caused by displacement of Fermi energy in relation to the initial position. In the case of
a one water molecule on the surface of MXenes, it promoted a chemoresistant response
comparable to that of an ethanol molecule. However, in the case of the landing of seven
water molecules, the sensory properties of the films for the test gas were almost completely
blocked due to the closure of access to the MXenes” working surface, despite the charge
redistribution between the MXene film, water, and ethanol. The results of the calcula-
tion of the binding energy also indicated an unfavorable effect of high humidity, since
water molecules are interconnected by hydrogen bonds, and prevent the resumption of
chemoresistive properties of films.
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