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Abstract: We investigate the structural, electronic, optical, and thermoelectric properties of three
compositions of Mo2C-MXenes (Mo2CF2, Mo2C(OH)2, and Mo2CO2) from monolayer to multilayer
by first principles calculation within Density Functional Theory (DFT) and Boltzmann transport theory.
Firstly, the atomic structures of Mo2C-MXenes are optimized, and their respective structures are
created with comparative research. Secondly, their electronic band structures and optical properties
are studied in detail. The estimation of the bandgap energy of Mo2C-MXenes with its functionalization
reveal that most Mo2CF2 and Mo2C(OH)2 layers are semiconductors, while Mo2CO2 behaves as a
metal. The electrical and optical properties can be altered by controlling the on-surface functional
groups and the number of layers. Computation of the thermoelectric (TE) properties of Mo2C-MXenes
reveals that, upon heating to 600 K, Mo2CF2 and Mo2C(OH)2 exhibit a high Seebeck coefficient and
a relatively high electrical conductivity. The Seebeck coefficient reaches ~400 µV K−1 at room
temperature for all layers of Mo2CF2 MXenes. Our results prove that Mo2CF2 is considered a
promising material for thermoelectric devices, while Mo2CO2 does not possess better thermoelectric
performance. Mo2C-MXenes from monolayer to multilayer have outstanding properties, such as
flexible bandgap energy and high thermal stability, making them promising candidates for many
applications, including energy storage and electrode applications.

Keywords: 2D materials; Mo2C-MXenes; electronic band structure; optical properties; thermoelec-
tric properties

1. Introduction

Since the first successful preparation of graphene in 2004 [1], two-dimensional (2D)
materials have attracted great attention owing to their unique properties and potential
applications in areas such as energy storage, catalysis, and electronics [2–4]. In 2011,
Gogotsi, Barsoum and other researchers [5] introduced a novel group of 2D transition metal
carbides, nitrides, and carbon nitrides known as MXenes, which has rapidly spurred the
exploration of new 2D materials in the field of materials science. In general, MXenes have
been synthesized by using strong acid or alkali solutions [6] and exfoliating their A-layers
in the MAX phases [7,8], where M is an early transition metal (M: Mo, Ti, Zr, Cr, W, . . .), A
is a group element (A: Si, Ga, Al, . . .), and X is a carbon and/or nitrogen atom (X: C, N).
This formed transition metal carbides and nitrides with the Mn+1XnTx formula, where T
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represents functional groups such as F, H, O, or OH and n = 1, 2, 3, or 4 [9,10]. To date, over
70 different synthesized MAX phases have been reported [11]. Thus far, the addition of
termination groups (T) on the MXene surface has resulted in more than 30 distinct MXenes
structures being experimentally obtained and theoretically predicted [12,13].

In recent years, 2D MXenes, including Ti3C2Tx, Nb2CTx, Mo2CTx [14–16], etc., have
been explored in every possible field, with particular attention paid to energy storage
applications, mainly due to their good electrical conductivity and ability to host of cations
(e.g., Li+ and Na+). Compared with the common MXenes, Mo2C-MXenes are new and
stand out from various MXenes. They were successfully obtained by the selective etching of
Ga layers from Mo2Ga2C MAX phases using hydrofluoric acid [16–18]. The current studies
show that Mo2C-structures have high storage capacity, excellent electrical conductivity,
chemical stability, and other properties, making them potential electrocatalysts [19], pho-
tocatalysts for photocatalytic H2 production [20,21], anode materials in batteries [9], and
materials for electromagnetic interference shielding [22]. Interestingly, among 35 different
functionalized MXenes, Mo2CTx functionalized with fluoride (F) has been reported to have
an excellent thermoelectric power factor [23]. Generally, the etching solution used in the
synthesis process is directly related to the type of surface termination. Therefore, the elec-
tronic and optical properties of MXenes are strongly dependent on the interaction between
the outer metal layer and the surface functional groups (F, OH, O, Cl, etc.). However, there
is a lack of information about the dependence of the electronic, optical, and thermoelec-
tric properties of Mo2C-based MXenes materials on the surface termination groups and
the number of layers. As a material with a small bandgap, knowing how the number of
layers affects the electronic, optical, and thermoelectric properties will greatly enhance its
potential. Therefore, we investigated these properties for three kinds of Mo-based MXenes,
namely, Mo2CF2, Mo2C(OH)2, and Mo2CO2, with different structures, from monolayer to
multilayer. Knowledge of the properties of Mo2C-MXenes resulting from this work will
guide experiments and the development of new applications using Mo2C-MXenes.

2. Computational Methods

All calculations were performed within the framework of density functional theory,
as implemented in the VASP code [24]. The generalized gradient approximation (GGA)
of Perdew–Burke–Ernzerhof (PBE) was used as the exchange correlation functional. The
plane wave cut-off energy was set to 520 eV. The electronic structures were calculated
using 41 × 41 × 1 Monkhorst-Pack k-point sampling for Mo2CT2, where T represents
surface functional groups (O, OH, and F). The 1 × 1 × 1 unit cell of a bulk crystal was
selected on the basis of previous calculations [23]. The monolayers and multilayers were
constructed by adding a layer into the 1 × 1 × 5 supercell in VESTA and were optimized
when a layer was added. The optimized lattice constants and bond lengths are shown in
Table 1. The electronic structures were calculated along the highly symmetric k-points line
G–A–H–K–G–M–L–H in the first Brillouin zone.

The optical properties of MXenes have a high dependence on the energy structure,
specifically on the bandgap energy and the type of bandgap (direct or indirect). In addition,
the optical properties are related to the dielectric function, which is described by the optical
frequency (ω), and the real and imaginary part as follows:

ε(ω) = ε1(ω) + iε2(ω)

The imaginary part is investigated based on the Fermi distribution and the crystal
wave function [25,26]:

ε2(ω) =
4π2e2

Ωm2ω2 ∑ knn′σ
〈
k, n, σ, |pi|, k, n′〉σ ×

〈
k, n′, σ, |pi|, k, n, σ

〉
kkn(1 − fkn′)δ(ekn′ − ekn − ℏω)
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Table 1. Band gap energy, lattice constants, and bond lengths of Mo2CF2, Mo2C(OH)2, and Mo2CO2.

MXenes Gap (eV) a = b
(Å)

c
(Å)

d Mo-C
(Å)

d Mo-(F, O, H)
(Å)

Monolayer

Mo2CF2 0.278 3.2786 35.7215 2.1148 2.3029

Mo2C(OH)2 0.117 3.3012 36.2148 2.1264 2.9868

Mo2CO2 - 2.8836 30.0007 2.1608 2.0678

Bilayer

Mo2CF2 0.258 3.2793 35.7128 2.1151 2.3032

Mo2C(OH)2 0.012 3.3013 36.2149 2.1264 2.9868

Mo2CO2 - 2.8837 30.0008 2.1609 2.0678

Trilayer

Mo2CF2 0.249 3.2798 35.7058 2.1154 2.3036

Mo2C(OH)2 - 3.3013 36.2149 2.1264 2.9868

Mo2CO2 - 2.8837 30.0008 2.1609 2.0678

Here e, m, and Ω are the electron charge, mass, and crystal volume, respectively. The
crystal wave function |knσ> is proportional to the eigenvalue nth, the crystal momentum k,
and the spin σ. By using the Kramers–Kronig transformation [27–29], the real part ε1(ω)
can be extracted from the imaginary part ε2(ω). Once the dielectric function ε(ω) has been
determined, based on the standard optical relationships, all other optical parameters, such
as the refractivity, reflectivity, and absorption or optical conductivity, can be estimated.

The Boltzmann’s transport equation (BTE) within the constant relaxation time (τ)
approximation is employed for calculating the thermoelectric (TE) properties of Mo2C-
MXenes based on the electronic structure results. The BoltzTrap code is a well-established
computational simulation tool for TE properties [30]. The dimensionless figure of merit
(ZT) describes the TE performance of a material, and is given as:

ZT =
S2σ

κ
T

where S is the Seebeck coefficient; σ is the electrical conductivity; κ is the thermal conduc-
tivity; and T is the absolute temperature [31].

It should be noted that the ideal TE material is defined as having a high ZT value,
in which the specifications include a high power factor with a high Seebeck coefficient
(S), high electrical conductivity (σ), and low thermal conductivity (κ). On the other hand,
these quantities depend on τ and are difficult to track down solely through band structure
analysis. However, all investigated Mo2C- have the same hexagonal structure, and they
initially all belong to the same material family as MAX phases. Therefore, the electron-
scattering mechanisms in Mo2C- can be predicted to be similar, and the comparison of
thermoelectric results is meaningful. The calculation results of the thermoelectric properties
are presented and compared at different temperatures in the range of 300–600 K for all
monolayer and multilayer structures.

3. Results and Discussion
3.1. Crystal Structure

Figure 1 illustrates the structure of monolayer and multilayer Mo2C-materials with
different functional groups. These materials have a structure consisting of Mo atoms
located in the outer layers, sandwiching the layers of C and two layers of Mo atoms
halogenated by atomic layers -F, -OH, and -O on each side, thus creating a similar surface
chemistry. In comparison, all MXenes with surface functional groups are more stable than
bare MXenes [11].
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Figure 1. Structure of monolayer and multilayer for Mo2CF2 (a), Mo2C(OH)2 (b), and Mo2CO2

(c) MXenes.

The lattice constants and bond lengths of Mo2CF2, Mo2C(OH)2, and Mo2CO2 are
summarized in Table 1. It should be noted that these parameters were nearly the same for
each structure because the number of layers increased while the lattice parameter along the
c axis remained unchanged. The results of structural optimization for Mo2CF2 are similar
to the previous report [32], with a difference of only less than 1 because the same simulation
package and pseudopotential were used. Experimental results on the band gap energy,
lattice constant, and bond length of different Mo2C-MXenes are still lacking.

3.2. Electronic Properties

Figure 2 show the energy band structures of monolayer and multilayer Mo2CF2,
Mo2C(OH)2, and Mo2CO2. Monolayer Mo2CF2 and Mo2C(OH)2 are semiconductor mate-
rials with indirect band gap energies of 0.278 eV and 0.117 eV, respectively. Meanwhile,
monolayer Mo2CO2 behaves like a metal, with no band gap energy. The peaks in the
valence bands of Mo2CF2 and Mo2C(OH)2 were shifted to zero energy. The valence band
maximum and conduction band minimum of these materials were located at the k point
between K and G. Our calculations of the band gap energies for monolayer Mo2CF2 and
Mo2C(OH)2 are similar to the previously reported 0.25 eV and 0.11 eV, respectively, which
were also calculated using the GGA-PBE function [23,32]. The calculation results indicate
that the band gap energy changed depending on the surface functional group.

Like the monolayer Mo2C-, the energy band structures of multilayer Mo2C-MXenes
showed similar band shapes, especially for the valence and conduction bands of each
material. Bilayer and trilayer Mo2CF2 still exhibited semiconductor properties with band
gap energy values of 0.258 eV and 0.249 eV, respectively. A semiconducting-to-metallic
behavior was observed in the multilayer Mo2C(OH)2 MXenes when increasing the number
of layers of the material. The bandgap changed from about 0.012 eV for the bilayer to
0 eV (no bandgap) for the trilayer Mo2C(OH)2. Our results show a reversal to the band gap
energy as the number of layers increased. The band gap energy reduction was related to
the coupling between layers, leading to the splitting of the bands [32]. The band splitting
had a high dependence on the number of layers. As can be seen in Figure 2, the interlayer
coupling was stronger from the monolayer to the trilayer, leading to an increase in the
band splitting and a decrease in the band gap energy. This indicates that the band gap of
2D layered Mo2C- can be tuned by engineering the number of layers and enhancing this
characteristic for electronic device applications. Mo2CO2 still exhibited a metallic behavior
in both the bilayer and trilayer structures.
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Figure 2. Electronic band structures of monolayer and multilayer for Mo2CF2, Mo2C(OH)2, and
Mo2CO2 MXenes.

The semiconducting or metallic state transition comes from the electron counting rule
between the dangling bond states and the additional states created at the Fermi level [33].
Typically, the transition metal d-electrons play an important role in the DOS near the Fermi
surface, whereas the p-electrons of the C atoms are composed below the Fermi surface.
Additionally, the electronic properties are mainly impacted by the surface terminations
bonded to the outer transition metal layers [34,35]. Therefore, a similar effect could be seen
in the surface terminal groups OH- and F-, which accept for only one electron, whereas the
O= group receives two electrons from the outer metal layers, representing a different effect.
This effect suggests that a new energy band can be formed below the Fermi surface, which
can spontaneously reduce the DOS at the Fermi surface (see Figure 3).

3.3. Optical Properties

The real part ε1(ω) and the imaginary part ε2(ω) of the dielectric function for Mo2CF2,
Mo2C(OH)2, and Mo2CO2 with different layers are presented in Figure 4. The calculated
values of ε1(0) were 5.76, 7.65, and 10.60 for the Mo2CF2, Mo2C(OH)2, and Mo2CO2
monolayers, respectively. Our calculation results for the real part ε1(ω) of all Mo2C-
structures show that, from 0 to 6 eV, the intensity of the peaks increased with the increasing
number of layers. The maximum value of ε1(ω) was achieved at about 0.67 eV, 0.21 eV, and
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1.48 eV for the 2D sublayers of Mo2CF2, Mo2C(OH)2, and Mo2CO2, respectively. Obtaining
higher values of ε1(ω) indicated a large polarizability of the incident photon energy as the
number of layers increased. The higher value of ε1(ω) for Mo2CO2 showed the greater
polarization ability of the -O functional groups compared to -F, -OH. In particular, when
moving toward higher incident photon energies, we observed inflection point positions,
where ε1(ω) began to take negative values. One inflection point was observed for the
Mo2CF2 material at about 6 eV, while two inflection points were observed for Mo2C(OH)2
at 1.28 eV and 4.76 eV and for Mo2CO2 at 1.78 eV and 4.15 eV. We found that increasing the
number of layers led to the magnitude of the ε1(ω) peaks decreasing and becoming more
negative starting at these inflection point values.
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The dependences of the imaginary part of the dielectric function ε2(ω) on the number
of Mo2C-MXene layers is also shown in Figure 4, whereby increasing the Mo2C-MXenes
layers led to an increase in the intensity of ε2(ω). The electronic band structure of Mo2C-,
especially the transition between the valence band and the conduction band, is related
to the imaginary component. Therefore, the optical band gap energy of the 2D Mo2C-
sublayer can be estimated from ε2(ω). Above the optical bandgap energy, we obtained
a sharp increase in the intensity of ε2(ω), with its maximum occurring at 1.12 eV and
0.78 eV for Mo2CF2 and Mo2C(OH)2, respectively. These results show that Mo2CO2 had a
relatively large visible-light absorption area under the ε2(ω) curve. In the photon energy
interval 1.5–3 eV, the intensity of ε2(ω) increased, with its peak occurring at 1.88 eV for
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both layers of Mo2CO2. The electron transition between the Mo-4d state to the Mo-5d state
was attributed to the peak, as represented in the density of states of Mo2CF2, Mo2C(OH)2,
and Mo2CO2 (see Figure 3). It was found that the =O functional group of Mo2C- had a
larger absorption coefficient than the -F and -OH terminated ones, making them suitable
for applications in the field of transparent electrodes [36]. These findings suggest that the
optical characteristics of the 2D layered Mo2C- can be engineered by the functional groups
and the number of layers [37].
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3.4. Thermoelectric Properties

In this section, the thermoelectric properties of monolayer and multilayer Mo2C-
are investigated because their structure has been shown to have good mobility [23]. In
general, at high temperatures and low chemical potential, charge carriers reduce the
Seebeck coefficient and the electrical conductivity and increase the thermal conductivity
of the Mo2CF2 and Mo2C(OH)2 semiconductors. The Seebeck coefficient S, calculated at
different temperatures as a function of the chemical potential, is shown in Figure 5. The
results show that at room temperature, monolayer Mo2C(OH)2 and Mo2CF2 attained high
Seebeck coefficients of about 285 µV K−1 and 400 µV K−1, respectively. This indicates
that, with the large transition of the DOS, large Seebeck coefficient values can be obtained.
Particularly, an interesting transition from p-type to n-type is shown for the Mo2CF2
and Mo2C(OH)2 semiconductors, representing the chemical potential transition from a
low carrier concentration to a high concentration. The calculation results for the Seebeck
coefficient of Mo2CO2 showed a drastic transition, especially at room temperature.
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Bilayer Mo2CF2 with a band gap of 0.258 eV still exhibited a large Seebeck coefficient
(~395 µVK−1) and a relatively high conductivity (~9 × 1019 Ω−1 cm−1 s−1) at low carrier
concentrations, and, therefore, a high power factor. Mo2C(OH)2 had a smaller band gap
(0.012 eV) with a smaller Seebeck coefficient compared to Mo2CF2 (~150 µVK−1), as well as
a small electrical conductivity near its band edges. Meanwhile, Mo2CO2 was still metallic
and did not exhibit better TE properties. The calculations demonstrate that Mo2CF2 and
Mo2C(OH)2 can be promising TE materials in the low- and intermediate-temperature
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regions. This is consistent with theoretical predictions [23], which found that Mo2CF2
nanosheets achieved larger power factors compared to other functionalized MXenes.

Figure 6 shows the electrical conductivity of Mo2C-structures as a function of chemical
potential at different temperatures. From −0.4 to −0.1 eV, the electrical conductivity de-
creased as the temperature increased from 300 K to 600 K. The monolayer Mo2CF2 obtained
the maximum electrical conductivity value at around −0.3 eV. Moving towards higher
chemical potential values, the observed temperature-dependent electrical conductivity was
reversible at around −0.15 eV for Mo2CF2 and Mo2C(OH)2 and −0.1 eV for the monolayer
Mo2CO2, in which the electrical conductivity increased as the temperature increased.
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The calculation results of electronic thermal conductivity as a function of chemical
potential at different temperatures are presented in Figure 7. For the electronic thermal
conductivity, a similar trend was observed for all three Mo2C-MXenes. At small chemical
potential values or at high temperature values, the electronic thermal conductivity was
higher, tended to be steeper, and gradually decreased to a minimum value at an energy
level equal to the Fermi level. Unlike the rapid change detailed above, the dependence
of thermal conductivity on temperature at large chemical potential values underwent a
slow change. At room temperature, Mo2CF2 and Mo2C(OH)2 exhibited a low electronic
thermal conductivity of 0 W m−1 K−1 s−1 at the Fermi level, while this value was around
10 W m−1 K−1 s−1 for Mo2CO2 at the same position. This is consistent with the classical
description that when the carrier density is small, the electronic thermal conductivity must
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be small. Particularly, the electronic and thermal transport [38,39] can be attributed to the
surface functional groups in MXenes, in which -F and -OH terminated showed the largest
electronic transmission compared to =O terminated MXenes.
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Overall, the results show that there was no significant difference between the mono-
layer structures and their corresponding multilayer structures in terms of electronic and
thermoelectric properties. This indicates that the interlayer interactions in Mo2C-multilayers
are relatively weak. Like the trend observed for electronic structure of Mo2CF2 and
Mo2C(OH)2 from monolayer to multilayer, where increasing the number of Mo2C-layers
led to a narrower band gap energy, the value of the Seebeck coefficient also decreased as a
function of the number of layers. The electrical conductivity and electronic thermal conduc-
tivity of all Mo2C-structure when the number of Mo2C-layers was increased. The electrical
conductivity and thermal conductivity of Mo2CF2 were higher than those of Mo2C(OH)2
due to its special energy band structure. As can be seen in Figure 2, the energy bands
below the valence band maximum were relatively flat, but there was a part from the A–H
midpoint to the K–G midpoint that was linearly dispersed. Such a band structure can create
a relatively large Fermi surface and Fermi velocity, and is desirable for high-performance
thermoelectric devices. Based on such special band shapes, a general rule for the design of
high-performance thermoelectric materials is proposed as follows: When the Fermi level is
near the energy boundaries, a combination of relatively flat and relatively dispersed parts
in the band structure can create a large Seebeck coefficient, a low resistivity, and, thus, a
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large thermal coefficient. It should be noted that it is not possible to directly compare the
electrical conductivity and electronic thermal conductivity of monolayers with multilayers
because these quantities depend on volume, and it is not possible to accurately determine
the thickness of the monolayer.

4. Conclusions

Using electronic structure calculations based on Density Functional Theory and Boltz-
mann transport theory, we investigated the electronic, optical, and thermoelectric properties
of the Mo2CF2, Mo2C(OH)2, and Mo2CO2 MXenes from their respective monolayers to mul-
tilayers. Our results show that Mo2CF2 and Mo2C(OH)2 are semiconductors with indirect
band gap energies of 0.278 eV and 0.117 eV for the monolayers Mo2CF2 and Mo2C(OH)2,
respectively. On the other hand, Mo2CO2 behaves like a metal with no band gap energy.
Increasing the number of layers results in narrower band gap energy of the 2D layered
Mo2CF2 and Mo2C(OH)2 due to interlayer coupling. The band gap energy of the bilayer
Mo2CF2 and Mo2C(OH)2 are 0.258 eV and 0.012 eV, respectively. These results indicate that
the band gap energy of the Mo2C-material can be adjusted by the number of layers.

For the optical properties of Mo2C-sublayers affected by different -F, -OH, and -O
functional groups, a higher value of dielectric function was obtained for Mo2CO2 com-
pared to Mo2CF2 and Mo2C(OH)2 (ε1(ω) ~60 at around 1.48 eV for the trilayer Mo2CO2),
indicating a greater polarizability and visible light absorption. Controlling the band gap
energy can manipulate the dielectric constant and optical properties of 2D layered Mo2CF2
and Mo2C(OH)2. This ability makes Mo2C- a promising material for applications in the
field of electronics.

Regarding thermoelectric properties, Mo2CF2 showed the best thermoelectric prop-
erties among the three types of Mo2C-MXenes considered in this study. The remarkable
thermoelectric properties of Mo2CF2 are a result of its semiconductor band gap and spe-
cial band shape near the energy boundaries, which has potential for high-performance
thermoelectric devices.

Opportunities and challenges for Mo2C-MXene application coexist, and future efforts
should pay more attention to the synthesis and study of other MXenes containing Mo, V,
Zr, etc. There is a lack of experimental studies on these materials with different numbers of
layers. Therefore, it would be ideal to further study the preparation method of MXenes
and combine computational calculations with experiments to enhance the predictions of
the characteristics and the properties of these materials. Currently, with the fabrication
of materials that control thickness according to the number of layers, research results
regarding flexible bandgap energy and high-temperature thermal stability demonstrate the
potential of Mo2C-MXene for many applications, including energy storage, solar cells, and
electrode applications, by optimizing the thin film layer.
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