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Employing first-principles electronic structure calculations, we investigate the stability, electronic, and
magnetic properties of ordered double transition metal-based two-dimensional maxene (MXene) compounds,
Ti3−xMoxC2 (x = 0.5, 1, 1.5, 2, 2.5). Both unpassivated and compounds passivated with -OH, -O, or -F are
considered. Based on this investigation, three narrow gap semiconducting compounds are identified, namely,
Ti2MoC2F2, TiMo2C2F2, and TiMo2C2(OH)2 for subsequent study of thermoelectric properties within the
formalism of Boltzmann transport. Our paper highlights the potential of Ti2MoC2F2 as a thermoelectric material
with a ZT value higher than 1 within a large temperature range of 300–800 K upon p-type carrier doping. The
ZT value of p-type Ti2MoC2F2 is found to reach a high value of 3.1 and an efficiency of ∼27% at 800 K. Our
exercise should motivate experimental study of yet-to-be synthesized double transition metal MXene compound,
Ti2MoC2.

I. INTRODUCTION

Thermoelectric (TE) materials allow the direct conversion
between thermal and electrical energies and can generate
electricity by recovering energy from the waste heat of en-
vironmental sources utilizing the Seebeck effect. This unique
capability makes them a promising candidate for renewable
energy harvesting technology [1–3]. However, the major dis-
advantage of TE devices is their low efficiency (≈10–12%)
compared to other energy harvesting devices (35% for com-
bustion engines). The efficiency of a TE device at a given
temperature T is estimated by a dimensionless quantity called
the figure of merit (ZT), where ZT = σS2T/κ, σ, S, κ =
κe + κl being the electrical conductivity, the Seebeck coeffi-
cient, and the total thermal conductivity having a contribution
from both electron (κe) and lattice vibrations (κl ). For practical
purposes, a thermoelectric material with a ZT value of 3 to
4, which is comparable to home refrigeration with 30% of
Carnot efficiency, is desired [4]. Clearly, a good TE material
must conduct electricity well but poorly transport heat to keep
the temperature gradient between the hot and the cold sides
of the device intact while charge carriers are transported.
The transport properties of materials are, however, strongly
coupled, and complex inter-relation exists among them, mak-
ing the search for TE materials with enhanced ZT values a
challenge. The best thermoelectric materials available today
operating near room temperature are doped semiconductor
alloys of antimony and bismuth telluride, having ZTs of about
1 [5].
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Efficiency, stability, production cost, and environmental
effect are the key factors determining the applicability of
a thermoelectric material. Heavy or rare elements, such as
tellurium are expensive ($552/500 gr, Kojudo Chemical Lab-
oratory Co., Ltd., 2013) and toxic, limiting their usage. On
the other hand, significant improvement on the performance
of TE devices has been achieved in nanostructured TE mate-
rials, such as layered two-dimensional (2D) materials, such as
hexagonal boron nitride, boron nitride oxide, black phospho-
rus, transition metal dichalcogenides (TMDCs), and maxenes
(MXenes) [1]. Among these, MXenes, a large family of tran-
sition metal (TM) carbides, nitrides, and carbonitrides having
the general formula Mn+1XnTx (n = 1–3), where M is an early
TM (Ti, Zr, Hf, Mo, Sc, etc.), X is C and/or N, and T is a
surface termination unit (OH, O, or F) has drawn the attention
of the scientific community due to its unique electronic prop-
erties ranging from metallic to semiconducting, depending on
the nature of M, X , and T [6,7]. Due to its excellent thermal
stability in air [8–10], MXene has been studied as a high-
temperature TE material. TE properties of MXenes with a
single TM have been studied extensively using the Boltzmann
transport theory and first-principles electronic structure calcu-
lations. Khazaei et al. [11] predicted the electronic transport
properties of more than 35 kinds of different functionalized
MXene monolayers and multilayers of the type M2CT and
M2NT, M = Cr, Ti, Mo, Zr, and Hf, etc., and T = O, F, and
OH. Gandi et al. [12] calculated the lattice thermal conduc-
tivity (κl ) of O-passivated Ti-, Zr-, and Hf-based MXenes and
found the highest figure of merit for Ti2CO2 (ZTmax = 0.45).
The study by Kumar and Schwingenschlögl [13] predicted
the semiconducting Sc2CT2 (T = OH) MXenes with ZTmax

values of 0.5 at T = 900 K.
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The discovery [14] of ordered double transition metal
2D carbides in 2014 and subsequent successful synthesis
[15] of ordered double transition metal 2D MXenes, such as
Mo2TiC2, Mo2Ti2C3, and Cr2TiC2 in 2015 provided a fur-
ther opportunity on expanding on the possible list of MXene
compounds with potential TE properties. The presence of two
transition metals instead of a single one as in conventional
MXene compounds, offer even better flexibility in tuning
of properties. Kim et al. [16] reported the measured elec-
tronic transport properties of Mo-based double TM MXenes
(Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx; Tx: mixed termina-
tion of the O, the F, and the OH group). Jing et al. [17]
predicted the thermoelectric performance of semiconducting
Cr2TiC2 and Cr2TiC2T2 (T = F or OH) MXenes and found
large Seebeck coefficients of ∼800, 700, and 600 μV K−1,
respectively. The figure of merit of p-type Cr2TiC2(OH)2 was
predicted to reach as high as 3.0 at 600 K.

Motivated by the above, in the present paper we focus on
Mo- and Ti-based double transition metal MXenes, namely,
Ti3−xMoxC2T2 with T = -O/-F/-OH. The Mo concentration
is varied over a wide range with x = 0.5, 1, 1.5, 2, and 2.5
in order to understand the systematic evolution of properties
upon increasing (decreasing) Mo (Ti) concentration. x = 1
and 2 of the series correspond to stoichiometric composi-
tions of Ti and Mo in 2:1 and 1:2 ratios, out of which
x = 2 is the experimentally synthesized Mo2TiC2T2 compo-
sition [18]. MXenes with ordered double TM can exist in
two different forms [19,20], (a) optical (O) MXene: out-of-
plane ordering of M ′- and M ′′-rich layers. For stoichiometric
compounds, this results in layers containing M ′ or M ′′ TMs
only as observed in Mo2TiC2, Mo2Ti2C3, Cr2TiC2 [15,18],
and (b) in-plane (I) MXene: in-plane ordering of M ′ and M ′′
TMs, which is repeated in the out-of-plane direction, such
as (Mo2/3Sc1/3)2C [21]. Employing first-principles calcula-
tions, we study the relative structural stability of O-MXene
and I-MXene phases, which uncovers the role of magnetism
and passivation on the nature of chemical ordering exhibited
by the compounds. Investigation of the electronic structure,
results in three semiconducting MXenes in the series sta-
ble in the O phase, namely, TiMo2C2F2, TiMo2C2(OH)2,
and Ti2MoC2F2 with band gaps of 0.56, 0.06, and 0.12 eV,
respectively, whereas the rest are found to be metallic.
Usually, the metallic MXenes possess excellent electrical
conductivities, although their Seebeck coefficients are almost
negligible resulting in a poor ZT [2]. Semiconducting MX-
enes with small band gaps, on the other hand, may exhibit
high Seebeck coefficients and reasonable electrical conduc-
tivity thereby exhibiting large power factors (PFs) leading to
enhanced ZT depending on κ . Following the understanding
of the structure, electrical and magnetic properties of the
five Ti-Mo-based double transition metal carbide MXenes,
we, thus, investigate the lattice and electron transport proper-
ties of the compounds exhibiting semiconducting properties.
The thermoelectric properties are studied based on Boltz-
mann theory under the relaxation time approximation. The
goodness of the calculations is validated by computing the
electronic transport coefficients for TiMo2C2O2, TiMo2C2F2,
and TiMo2C2(OH)2 as well as mixed passivated compounds,
and comparing with the experimental data of TiMo2C2Tx

[16]. Interestingly, the PF of Ti2MoC2F2 is found to show

one or two order of magnitude enhancements compared to
TiMo2C2Tx, encouraging experimental synthesis and investi-
gation of Ti2MoC2Tx. Among the studied compounds, p-type
doped Ti2MoC2F2 is found to exhibit a highest figure of
merit with a value larger than 1 (1.5) at a carrier concentra-
tion of 1019 cm−3 at room temperature (300 K) and found
to reach a ZT value of 3.1 at 800 K with a TE conver-
sion efficiency of 27%, comparable to that predicted for
Cr2TiC2(OH)2 [17]. This strongly suggests that Ti2MoC2Tx

would be a potential candidate material for the solution of
the low-cost high-temperature thermoelectric. Our computa-
tional prediction should motivate future experimental studies
on Ti2MoC2Tx.

II. COMPUTATIONAL DETAILS

A. Electronic structure calculation

The first-principles electronic structure calculations are
performed within the framework of density functional theory
using projector augmented-wave pseudopotentials as imple-
mented in the plane-wave-based Vienna ab initio simulation
package (VASP) [22]. The exchange-correlation functional is
chosen to be that of the generalized gradient approximation
(GGA) as implemented in the Perdew-Burke-Ernzerhof GGA
formalism [23]. The cutoff energy of the plane-wave basis
is chosen to be 520 eV, which is found to be sufficient for
achieving necessary convergence in self-consistent energy.
To take into account the correlation effects beyond GGA in
d orbitals of TM atoms, simulations are performed using a
spin-dependent GGA with a supplemented Hubbard U (GGA
+ U) [24]. The U values for the d orbitals of Ti and Mo atoms
are set to 4 eV as used by Anasori et al. [19] for Mo2TiC2,
Mo2Ti2C3 MXenes, and a value also widely applied for Ti
and Mo oxides [25,26]. For the semiconducting compounds,
the obtained band gaps are further checked by repeating
the calculations with HSE06 (Heyd-Scuseria-Ernzerhof) func-
tional [27]. The HSE06 band-gap values are found to be in
good agreement with GGA + U values, differing at most
by 0.02–0.03 eV, justifying the goodness of our calculation
scheme.

To create the studied MXene compounds, we first exfoliate
Mo2TiC2 MXene from its corresponding maximum phase
Mo2TiAlC2 with hexagonal space-group P63/mmc. In order
to consider Ti3−xMoxC2 2D alloy structures of varying com-
positions, x = 0.5, 1, 1.5, 2, and 2.5, a 6 × 6 × 1 supercell
of the optimized Mo2TiC2 structure is considered. To enable
calculation of 2D structures within periodic setup, a vacuum
space of ∼18 Å is considered between the periodic im-
ages, minimizing the artificial interaction between 2D images.
Structural relaxation of the constructed structures is achieved
with respect to lattice constant and internal atomic coordinates
using a convergence threshold of 10−5 eV for total energy
and 10−3 eV/Å for maximum force/atom. For Brillouin-zone
sampling, a 10 × 10 × 2 Monkhorst-Pack mesh [28] is em-
ployed. The experimentally synthesized Mo2TiC2 compound
forms an O-MXene structure with the Mo atoms sandwiching
the middle Ti-C layer. Following this input, we consider two
different possible ordered structures of Ti3−xMoxC2 in O-
MXene and I-MXene forms. For the former, the Mo(Ti)-rich



FIG. 1. (a) The Ti3−xMoxC2 MXenes in the O and I phases,
viewed along the b axis with the c axis oriented vertically. The prob-
able hollow sites that may host the passivating atoms are marked.
(b) The difference in formation energy of the I and O phases plotted
as a function of Mo concentration x as obtained in non-spin-polarized
calculations. The inset shows the difference in bond energy (see the
text) of the I and O phases plotted as a function of Mo concentration
x. (c) Same as (b) but results obtained in spin-polarized calculations.

outer layers sandwich Mo(Ti)-poor layers, whereas for the
latter, the Mo and Ti atoms form an ordered layer, which
repeat between outer and middle layers. Figure 1(a) shows
the Ti3−xMoxC2 compounds in O-MXene and I-MXene struc-
tures, upon varying concentration of Mo(Ti). The number of
Mo and Ti atoms in the outer and middle layers in O- and
I-MXene structures are listed in Table I.

When F, OH, or O atoms are adsorbed on top of the TM
surface, they usually move to hollow sites during the structural
relaxation calculations. There are two types of hollow sites
on MXene surfaces [cf. Fig. 1(a): site A—the sites having no
C atom available below them, and site B—the sites having C
atoms below them. In our optimized structures, -O, -F, and OH
groups are found to occupy site A, sitting above the TM atoms
of the middle layer. Anasori et al. predicted [18] the same con-
figuration for passivated Mo2TiAlC2 and Mo2Ti2AlC3. Stable
structures for each passivation (-O, -F, and -OH) and each
concentration is determined, using a convergence threshold

TABLE I. Number of Mo and Ti atoms in TM layers of
Ti3−xMoxC2 MXenes within a 6 × 6 × 1 supercell.

Alloy O phase I phase

Outer layers Middle layer Outer layers Middle layer
Ti0.5Mo2.5C2 36Mo 18Mo 30Mo 30Mo

+ 18 Ti + 6 Ti + 6Ti
TiMo2C2 36Mo 36Ti 24Mo 24Mo

+ 12 Ti + 12 Ti
Ti1.5Mo1.5C2 12Mo 30Mo 18Mo 18Mo

+ 24 Ti + 6Ti + 18Ti + 18Ti
Ti2MoC2 36Ti 36Mo 24Ti 24Ti

+12 Mo + 12 Mo
Ti2.5Mo0.5C2 36Ti 18Ti 30Ti 30Ti

+ 18 Mo + 6Mo + 6Mo

of 10−5 eV for total energy and 10−3 eV/Å for maximum
force/atom. To investigate the influence of magnetism, cal-
culations are carried out for nonmagnetic as well as magnetic,
ferromagnetic (FM), and five antiferromagnetic (AFM) con-
figurations.

B. Boltzmann transport theory:
Electrical transport calculations

Electronic transport properties, namely, electron conduc-
tivity (σ/τ ), Seebeck coefficient (S), and electronic thermal
conductivity (κe/τ ) are determined within the framework of
Boltzmann theory under the rigid band and constant relaxation
time (τ ) approximation as implemented in the BOLTZTRAP2
code [29]. Relaxation time approximation is a widely used
approximation in a number of studies to solve the Boltzmann
equation, which basically transforms the integrodifferential
equation to a numerically simpler differential equation. The
applicability of the relaxation time approximation has been
demonstrated in good comparison between the calculated
mobility and the experimental one in bulk semiconductors
[30–32] as well as in 2D materials [33]. For MoS2, the com-
parison of Monte Carlo transport simulations instead of the
relaxation time was found to be provide very similar results,
supporting the use of the computationally much easier and
more efficient relaxation time approximation [34]. Based on
the above, in the present case we calculate the temperature
and carrier-concentration-dependent relaxation time using a
calculated deformation potential and use it in solving the
Boltzmann equation for electronic transport.

Transport coefficients are evaluated from the group veloc-
ity,

vα (i, k) = 1

h̄

∂εi,k

∂kα

, (1)

of the band electrons, corresponding to the ith energy band
and the αth component of the wave-vector k, generated as the
output of the first-principles calculation.

Under the relaxation time approximation, the electrical
conductivity tensor and Seebeck coefficient tensor is ex-
pressed as follows:

σαβ (T, μ) = 1

	

∫
σ̄αβ (ε)

[
−∂ f (T, ε, μ)

∂ε

]
dε, (2)

Sαβ (T, μ) = 1

eT 	σαβ (T, μ)

∫
σ̄αβ (ε)(ε − μ)

×
[
−∂ f (T, ε, μ)

∂ε

]
dε, (3)

and

σ̄αβ (ε) = e2

N

∑
i,k

τvα (i, k)vβ (i, k)δ(ε − εi,k ), (4)

where α and β are tensor indices, 	, μ, and f are the volume
of the unit cell, chemical potential, and the Fermi-Dirac dis-
tribution function, respectively, and e is the electron charge.
N indicates the number of k points sampled. vα (i, k) (α =
x, y, z) is the αth component of the group velocity of carriers.



1. Electrical relaxation time

To determine the electron relaxation time we use the model
[35] as implemented in the BOLTZTRAP code [36], where

τ (E , T ) = τ0

(E − EV BM/CBM

kBT

)r−1/2(T0

T

)l

. (5)

Here, EV BM/(CBM ) is the valence-band maximum
(conduction-band minimum) for the p-type (n-type)
conduction. τ0 is the reference lifetime, specified at some
reference temperature T0, kB is the Boltzmann constant. The
reference lifetime is calculated as

τ0 =
(

π√
mxmy

)(
h̄

2π

)(
h̄2

|〈 f |H ′|i〉|2
)

. (6)

mx and my are the principal directional effective masses,
〈 f |H ′|i〉 is the matrix element of the perturbation Hamiltonian
between the initial-state |i〉 and the final-state | f 〉. mx and
my are determined by fitting the band along the � → M and
the M → K k path, respectively, at valence-band maximum
for electrons and the conduction-band minimum for holes.
The matrix element is given by the deformation potential of
the material. The material and carrier-type-dependent defor-
mation potentials are calculated by following the change in
valence-band maximum (conduction-band minimum) for the
p-type (n-type) conduction as a function of applied strain [37].
The exponent of energy r and the exponent of the temperature
dependence l are known as the scattering parameters. The
scattering parameters are chosen to be r = 3

2 and l = 0, typi-
cal values for the deformation potential scattering by alloys of
2D material [38].

2. Phonon calculations

Phonon calculations are carried out within the formulation
of density functional perturbation theory as implemented in
VASP using a 2 × 2 × 1 supercell on a 8 × 8 × 2 k mesh of the
Brillouin zone (BZ) of the hexagonal cell. The dynamical ma-
trices are computed using the PHONOPY code and the phonon
band structures, obtained by Fourier interpolation of the real-
space force constants, are plotted along the high-symmetry k
points of the BZ.

3. Phonon Boltzmann equations

To estimate the lattice thermal conductivity tensor(κl ), one
needs: (a) second-order harmonic interatomic force constants
(IFCs) and (b) third-order anharmonic IFCs. Second-order
IFCs are calculated from the phonon dispersion using the
PHONOPY code. To calculate the third-order IFCs we use
“thirdorder.py” python script. First we generate different
configurations with displaced atoms taking up to fourth-near-
neighbor interaction after checking the convergence in terms
of number of near neighbors. The atomic displacement cutoff
is set to 0.31, 0.29, and 0.33 nm for Mo2TiC2F2, Ti2MoC2F2,
and Mo2TiC2(OH)2, respectively. The total number of
configurations generated for Mo2TiC2F2, Ti2MoC2F2, and
Mo2TiC2(OH)2 are 960, 924, and 3492, respectively. Third-
order IFCs are evaluated using the same supercell size and
k-mesh size as that of the second-order IFC calculation. Fi-
nally κl is determined by solving the phonon Boltzmann

transport equation as implemented in the SHENGBTE code [39]
using 8 × 8 × 1 k mesh. The convergence in terms of k mesh
has been checked.

III. RESULTS AND DISCUSSIONS

A. Formation energy and stability analysis

To evaluate the stability of the alloyed structures, we first
compute the formation energy for the unpassivated com-
pounds Ti3−xMoxC2 in ordered O and I phases expressed as

E f orm(Ti3−xMoxC2) = E (Ti3−xMoxC2) − (3 − x)E (Ti)

−xE (Mo) − 2E (C),

where, E (Ti3−xMoxC2) is the total energy of the MXene.
E (Mo), E (Ti), and E (C) are the chemical potentials of Mo,
Ti, and C atoms, respectively, determined from the total en-
ergy of the corresponding solid-state structures, hcp Ti, bcc
Mo, and graphite. Formation energies are calculated for non-
magnetic as well as magnetic states in order to explore the
influence of magnetism on chemical ordering.

First of all, we find E f orm is negative for all the structures
indicating their stability. Relative stability between the I phase
and the O phase for particular concentration x is expressed as

E f orm(x) = E f orm(I MXene) − E f orm(O MXene). (7)

Figures 1(b) and 1(c) show the variation of EF (x) with
the concentration of Mo (x) for non-spin-polarized and spin-
polarized calculations, respectively. We note that whereas in
the non-spin-polarized calculation, upon increasing Mo con-
centration the relative stability shows a change from O MXene
to I MXene and again to O MXene, the I-MXene phase is
always favored in the spin-polarized calculation, indicating
a profound role of magnetism on chemical ordering. The
magnetic state is found to be energetically lowered compared
to the nonmagnetic state for all the concentrations with a
magnetic moment of 1 to 2μB on Mo atoms, 0.6–0.2μB on
Ti atoms, and small moment on C atoms (<0.1 μB) due to
covalency.

In order to understand the trend in formation energy, we
further calculated the bond energy, expressed as the sum of
energy of individual bonds,

Eb =
∑

nMo-MoεMo-Mo + nTi-TiεTi-Ti

+nTi-MoεTi-Mo + nMo-CεMo-C + nTi-CεTi-C,

where εMo-Mo, εTi-Ti, εMo-Ti, εMo-C, and εTi-Mo are energies of
the Mo-Mo, Ti-Ti, Mo-TI, Mo-C, and Ti-C individual bonds,
n’s being the corresponding number of such bonds in a struc-
ture for a particular x value. εMo-Mo, εTi-Ti, εMo-Ti, εMo-C,
and εTi-Mo show a 165-3% increase in bond strength between
the non-spin-polarized and the spin-polarized calculations,
explaining the stability of the magnetic state over the non-
magnetic state. The largest increase (165%) is observed for
Mo-Mo bond energy followed by Mo-Ti bond energy (92%),
due to the strong magnetism of the Mo atoms, and the smallest
decrease (3%) is found to for the Ti-C bond energy. As ex-
pected the number of Mo-Mo bonds increases monotonically
upon the increase in Mo concentration, whereas the number of
Ti-Ti bonds show a monotonic decrease for both I-MXene and



(a)

(b)

FIG. 2. (a) The FM and five different AFM spin arrangements in passivated Ti3−xMoxC2 MXenes with passivated atoms shown as small
balls and magnetic TM atoms shown as large balls. (b) The energetic of different magnetic configurations of different spin arrangements of
passivated Ti3−xMoxC2 MXenes together with the nonmagnetic case. The energies for O MXenes and I MXenes are shown with solid and
open symbols, respectively. The lowest-energy magnetic configuration (AFM-1) is encircled.

O-MXene phases. For both I and O MXenes, the number of
Mo-Ti bonds show a nonmonotonic dependency with x, being
maximum for x = 1.5. The number of Mo(Ti)-C bonds shows
a monotonic increase(decrease) with x for I MXene, whereas
that in O MXene is found to be nonmonotonic. This makes
the bond energy of the I-MXene magnetic phase energetically
stable compared to the magnetic O MXene for all x’s, but
the interplay makes stability of nonmagnetic I MXene over
nonmagnetic O MXene nonmonotonic in x as shown in the
insets of Figs. 1(b) and 1(c).

The stability changes remarkably when passivated com-
pounds Ti3−xMoxC2T2 (T = -O/-F/-H), which is the situa-
tion in reality, are considered. Considering several possible
collinear magnetic structures, ferromagnetic and five different
antiferromagnetic structures [cf. Fig. 2(a)], AFM-1: ferromag-
nentic along a and c and antiferromagnetic along b, AFM-2:
ferromagnetic along b and c and antiferromagnetic along
a, AFM-3: antiferromagnetic along b and c and ferromag-
netic along a, AFM-4: antiferromagnetic along a and c and
ferromagnetic along b, AFM-5: antiferromagnetic along all
directions, and the nonmagnetic structure, the relative stability
of O MXene and I MXene is computed for the passivated
compounds. The obtained results are summarized in Fig. 2(b).
The passivation is found to favor the O-MXene configuration
for all x’s with the stabilization of the AFM-1 magnetic state.

Among the studied compounds, Mo2TiC2Tx has been
experimentally synthesized [15], and the stability of unpas-

sivated Mo2TiC2 and Ti2MoC2 has been theoretically studied
[15] by considering the energetic of the O-MXene phase with
Mo/Ti-only outer layers, sandwiched between Ti/Mo-only
layers with respect to different mixed Ti-Mo layer config-
urations. This theoretical study [15] concluded that Mo is
strongly preferred in the outer layer for Mo2TiC2 and only
marginally for Ti2MoC2. This observation agrees with our
result obtained on the basis of nonmagnetic calculations.
Our results taking into account the effect of magnetism by
considering different possible magnetic structures as well as
passivation, however, provides a more complete understand-
ing of the stability, which are found to significantly influence
the nature of stability as elaborated above.

To further ascertain the thermodynamic stability of the
studied Ti3−xMoxC2 compounds, we calculate the convex
hull. The results are shown in the Appendix, which proves the
thermal stability of the compounds of importance Ti2MoC2

and TiMo2C2.

B. Electronic structure

We find that all unpassivated structures of studied alloyed
MXenes show metallic behavior (not shown) with hybridized
C 2s and TM d states positioned around 12-10 eV below the
Fermi level (EF ), hybridized C 2p and TM d states situated
from 7 to 3 eV below the EF , and nonbonding TM d states
around EF giving to finite density of states (DOS) at EF .



(a)

(b)

FIG. 3. (a) The density of states in O-passivated Ti3−xMoxC2 MXenes, projected to Ti d (red), Mo d (blue), C p (green), and O p (magenta)
states. The zero of the energy is fixed at Fermi energy (EF ). (b) The corresponding band structure plotted along the high-symmetry points of
the BZ, �-M(1/2, 0, 0)-K (2/3, 1/3, 0)-�.

The electronegative termination -F, -OH, and -O receives one
and two electrons from the outer TM layers, respectively, and
gives rise to new bands below the Fermi energy, hybridized
with the TM d states. This reduces the DOS at the Fermi
surface and can open up a band gap resulting in nonmetallic
MXenes, depending on the strength of covalency and ionicity
of the bonds between the transition metal and the attached
chemical groups. The computed DOS projected to Mo d
states, Ti d states, C d states, and T (T = -O/-F/-OH) states
along with band structures in the AFM-1 magnetic structure
in the O phase for all x values are shown in Figs. 3, 4, and 5
for T = -O, -F, and -OH, respectively. The states close to EF

are strongly contributed by transition metal d states as found
for unpassivated structures. The d levels of transition metal
get split by the ligand field of the bonded carbon atoms and
the passivating atoms, making the passivated structures either
metallic or semiconducting with small band gaps.

All O-passivated Ti3−xMoxC2O2 compounds are found to
be metallic, although low DOS values at EF are observed
in all cases except for TiMo2C2O2. Band-gap engineering
through straining may be explored for these low DOS value

compounds. Fluorination is found to be effective in opening
band gaps in TiMo2C2F2 and Ti2MoC2F2 with band-gap val-
ues 0.56 and 0.12 eV, respectively. Upon passivation with OH,
a small gap of 0.06 eV is found to open for TiMo2C2(OH)2,
and a low DOS situation is achieved for Ti0.5Mo2.5C2(OH)2.
The electronic structure, thus, shows a strong dependency
on the choice of passivating ions and may drive metal to
semiconductor transition, a feature which is often seen in
transition metal-based compounds with octahedral or trigonal
symmetries [40,41].

The band structures show nontrivial changes upon change
in x as well as change in passivation. The magnetic moments
on Mo, Ti, C, and T atoms for nonmetallic MXenes are
listed in Table II. We find magnetic moments of both Mo and
Ti atoms show a strong variation with x values. Mo atoms
are strongly magnetic with a large moment of ≈2.4μB for
Mo-rich compounds and a reduced moment of ≈1.8μB for
Mo-poor compounds, whereas Ti moments show a large vari-
ation from essentially nonmagnetic in Mo-rich compounds to
magnetic with a moment of about 0.9μB for Mo-poor com-
pounds. The induced moments on C, O, and F atoms are tiny

(a)

(b)

FIG. 4. (a) The density of states in F-passivated Ti3−xMoxC2 MXenes, projected to Ti d (red), Mo d (blue), C p (green), and F p (magenta)
states. The zero of the energy is fixed at Fermi energy (EF ). The band gaps for semiconducting TiMo2C2F2 and Ti2MoC2F2 are marked. (b) The
corresponding band structure plotted along the high-symmetry points of the BZ, �-M(1/2, 0, 0)-K (2/3, 1/3, 0)-�.
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(b)

FIG. 5. (a) The density of states in OH-passivated Ti3−xMoxC2 MXenes, projected to Ti d (red), Mo d (blue), C p (green), and OH
(magenta) states. The zero of the energy is fixed at Fermi energy (EF ). The band gap for semiconducting TiMo2C2(OH)2 is marked. (b) The
corresponding band structure plotted along the high-symmetry points of the BZ, �-M(1/2, 0, 0)-K (2/3, 1/3, 0)-�.

(0.04–0.01μB) whereas that on H atoms are even smaller (not
listed).

C. Electrical transport coefficients

In the next step, we examine the electrical transport proper-
ties, such as temperature and carrier concentration-dependent
scaled electron conductivity (σ/τ ), S, Seebeck coefficient (S),
and power factor PF/τ on the basis of Boltzmann theory under
relaxation time (τ ) approximation taking the first-principles
band structure as input.

Electronic relaxation time is a constant in the calcu-
lation which needs to be estimated. The temperature and
carrier density-dependent relaxation time is estimated using
the model described in the section on Computational details.
The effective masses, deformation potentials, and EV BM/ECBM

employed in the calculation for relaxation time are tabulated
in Table III for representative compounds. The computed re-
laxation time for T = 300 and 800 K and carrier concentration
of 1019 cm−3 are also listed in Table III. The relaxation times
as presented in Fig. 6 for representative compounds, show
strong dependency on temperature as well as the value and
nature (p type or n type) of carrier concentration. The cal-
culations reported in the following are carried out with these
computed relaxation times. The goodness of calculated values
of relaxation times are cross-checked with AMSET: ab initio
scattering and transport package [42].

TABLE II. Magnetic moments in μB on Mo, Ti, C, and T atoms
for nonmetallic passivated Ti3−xMoxC2T2 MXenes.

Atom TiMo2C2F2 TiMo2C2(OH)2 Ti2MoC2F2

Mo 2.44, 2.37 2.43, −2.41 1.77, −1.77
2.44, −2.37 2.43, 2.41 1.77, −1.77

Ti 0.00, 0.00 0.00, 0.00 0.92, −0.92,

0.88, −0.88
C −0.02, 0.04 −0.02, 0.03 0.02, −0.02,

0.03, −0.03
O/F 0.03, −0.01 0.03, −0.01 0.01, −0.01,

0.01, −0.01

Among the studied compounds, only electrical transport
properties of passivated TiMo2C2 MXene has been measured
which may serve as a reference [16]. In that work [16] the
temperature variation of electron conductivity, Seebeck co-
efficient, and power factor were measured, and the n-type
Seebeck coefficient was observed. To compare with the ex-
perimental measurement, we compute the variation of these
transport coefficients with temperature for TiMo2C2T2 with
the n-type charge carrier. In absence of precise information of
the nature of passivation in the measured sample, we consider
uniform passivation by -O, -F, -OH, as well as mixed passiva-
tion of OOH and OF. The results are presented in Fig. 7, and
the values at 800 K are listed in Table IV, in comparison to
experimental values. The best agreement between computed
and measured values is obtained for TiMo2C2(OH)2, validat-
ing our methodology.

In the next step we compute the temperature-dependent
electrical transport properties of three semiconducting com-
pounds Ti2MoC2F2, TiMo2C2F2, and TiMo2C2(OH)2 for
both p-type and n-type dopants with a carrier concentration
of 1019 cm−3. The results are shown in Fig. 8. Following the

(a) (b) (c)

FIG. 6. (a) The calculated electronic relaxation time shown
for representative cases of Ti2MoC2F2, TiMo2C2F2, and
TiMo2C2(OH)2 MXenes, plotted as a function of carrier density for
different temperatures. The n-doped and p-doped carrier density
1019 cm−3 are marked.



TABLE III. Effective masses, relaxation times, and deformation potential (Ed ) of nonmetallic compounds at 1019-cm−3 carrier concentration.

Direction Electron Hole EV BM

/τ (s) eff. mass eff. mass /ECBM

TiMo2C2F2 � → M 2.817 1.106 0.127
M → K 1.524 2.715 0.267
Ed (eV) 6.90 0.56

τ (300 K) 2.19 × 10−13 1.41 × 10−12

τ (800 K) 3.29 × 10−14 6.43 × 10−14

TiMo2C2(OH)2 � → M 2.215 1.594 0.0118
M → K 1.438 2.047 0.0589
Ed (eV) 5.28 0.90

τ (300 K) 1.58 × 10−13

τ (800 K) 5.91 × 10−14

Ti2MoC2F2 � → M 2.680 1.814 0.0701
M → K 1.234 2.986 0.506
Ed (eV) 5.16 0.48

τ (300 K) 8.06 × 10−14 1.37 × 10−12

τ (800 K) 4.63 × 10−14 8.41 × 10−14

expression, ZT can be maximized when the power factor is
maximized, and the thermal conductivity is minimized. There
exist different possible means to minimize the thermal con-
ductivity by engineering enhanced the phonon scatterings by
the introduction of edges, interfaces, grain boundaries, etc.
[43]. However, maximizing S2σ is nontrivial. Both S and σ

are strongly coupled to the electronic structure of the system
and may behave inversely. Therefore, a balance between the
Seebeck coefficient and the electrical conductivity at a partic-
ular p- or n-type carrier concentration is needed to maximize
the power factor.

As found from Fig. 8(a) variation of σ with temperature
is more or less similar between different compounds. The
conductivity of p-type TiMo2C2F2 is found to be lower than
the n-type counterpart, although the conductivity for p-type
Ti2MoC2F2 exceeds its n-type counterpart and attains maxi-
mum conductivity among all. Among the n-type compounds,
the conductivity of TiMo2C2(OH)2 is found to be largest.

The Seebeck coefficient is a measure of induced TE voltage
in response to a unit temperature gradient across the material.
S can be used to determine the type of majority charge carrier
of the material. A negative S value corresponds to an electron,

and a positive S value corresponds to hole for a semiconduc-
tor. For n-type compounds as seen in Fig. 8(b), we find that the
absolute value of S increases with temperature in all the cases.
Among the n-type doped compounds, S is found to be largest
for n-type Ti2MoC2F2, followed by n-type TiMo2C2F2, and
n-type TiMo2C2(OH)2. This observation may be rationalized
by the effect of the band gap on enhancement of s as explained
in Ref. [5]. A large Seebeck coefficient of 300–400 μV K−1 is
observed for p-type compounds, although that of Ti2MoC2F2

also shows strong temperature dependence, the temperature
dependence being inverse to that observed for conductivity
[cf. Fig. 8(a)].

We note that for n-type compounds the PF value in-
creases with temperature, the reverse being for p type. A
maximum power factor is observed for p-type Ti2MoC2F2

MXene, being about two orders of magnitude larger com-
pared to that of p-type TiMo2C2F2. As mentioned above,
for p-type Ti2MoC2F2, the Seebeck coefficient show a de-
crease with temperature, which gets delicately balanced by
the corresponding increase in conductivity thereby maximiz-
ing the power factor. For n-type Ti2MoC2F2 also, the power
factor is found to be two orders of magnitude larger than

(a) (b) (c)

FIG. 7. Electrical transport properties of n-type passivated TiMo2C2, considering uniform passivation by O2, F2, (OH)2 as well as mixed
passivation by OF and OOH. Shown are results for temperature-dependent conductivity (a), Seebeck coefficient (b) and power factor (c). The
experimentally measured power factor is shown for comparison.



(a) (b) (c)

FIG. 8. Electrical transport properties of -O-, -F-, or -OH-passivated semiconducting Ti2MoC2 and TiMo2C2. Shown are the results for
temperature-dependent conductivity (a), absolute value of Seebeck coefficient (b), and power factor (c).

that of TiMo2C2F2. These strongly suggest effectiveness of
Ti2MoC2 as a promising thermoelectric material over synthe-
sized TiMo2C2 MXene.

IV. DYNAMICAL STABILITY

Figure 9 shows the phonon dispersion plotted along the
high-symmetry points of the hexagonal Brillouin zone for
nonmetallic O MXenes in the AFM-1 configuration. We
note that phonon frequencies are real and positive indicat-
ing dynamical stability of the structures. Three lowest-energy
phonon modes are the acoustic modes corresponding to
long-wavelength vibrations, classified as ZA, TA, and LA,
respectively, and the rest are optical modes (O). The ZA mode,
also known as the flexural mode, governs the out-of-plane
transverse vibration and shows the quadratic dispersion close
to � point under zero strain condition, which is a characteristic
feature of 2D materials. Other two acoustic branches TA and
LA govern the in-plane transverse and longitudinal vibra-
tion, respectively, and show linear behavior near the � point.
Unlike Ti2MoC2F2, no frequency gap is observed between
LA and optical modes for TiMo2C2F2 and TiMo2C2(OH)2,
leading to finite hybridization between LA and optical modes.
From partial phonon DOS, we note that around the acous-
tic frequency region phonon density exists only for the TM
ion and density of states for acoustic modes is greater in
Ti2MoC2F2 MXene compared to the other two.

Knowledge of phonon dispersion also allows us to incorpo-
rate the entropy effect [18] in the stability analysis. Following
this, we estimate the free-energy difference between the I
phase and the O phase, which confirms the stability of O
phases over I phases for passivated compounds in the AFM-1

TABLE IV. Comparison of electrical transport coefficients of n-
type doped passivated TiMo2C2 at 800 K.

σ (S cm−1) S (μV K−1) PF (μW cm−1 K−2)

TiMo2C2O2 11000 −24 4.80
TiMo2C2F2 2200 −60 7.85
TiMo2C2(OH)2 5800 −28 4.24
TiMo2C2OOH 1840 −33 2.08
TiMo2C2OF 3021 −13.3 0.53
TiMo2C2Tx (expt) 1380 −47 3.09

magnetic phase at finite temperatures. The stability of the O
phase over the I phase is found to increase with an increase
in temperature. In particular, the O phase for Ti2MoC2F2 is
found to be stable over the I phase by 9 meV/f.u. at 300 K
and 20 meV/f.u at 800 K. For TiMo2C2F2, the corresponding

(a)

(b)

(c)

FIG. 9. The phonon dispersion (left) and phonon density of
states (right) shown for TiMo2C2F2 (a), TiMo2C2(OH)2 (b), and
Ti2MoC2F2 (c). In phonon dispersion, the branches corresponding
to acoustic branches, namely, LA, TA, and ZA are marked.
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FIG. 10. The temperature-dependent electronic and lattice thermal conductivities (a). (b)–(d) Normalized lattice thermal conductivities as
a function of temperature for different phonon branches.

stability of the O phase over the I phase is found to be 16
meV/f.u. at 300 K and 45 meV/f.u. at 800 K.

V. LATTICE TRANSPORT COEFFICIENT: LATTICE
THERMAL CONDUCTIVITY

Phonon dispersion plays a vital role in investigation of
the lattice thermal conductivity. Our calculations are carried
out considering intrinsic scattering events that involved three
phonons. The Taylor series expansion of the potential energy
in terms of displacement is infinite, so scattering events in-
volving more then three phonons are possible. The importance
of four-phonon scattering has been discussed [44,45]. As with
three-phonon processes, the four-phonons must satisfy con-
straints related to their wave vectors and energies. Calculation
of the scattering rate requires the fourth-order (i.e., quartic)
force constants. The BTE can be solved under the relaxation
time approximation. The main challenge associated with in-
cluding four-phonon scattering events is their sheer number.
Although there have been reports of the calculation of thermal
conductivity including four-phonon scattering [46], they are
primarily based on a model potential-like Tersoff potential,
which is quite outside the scope of the present paper.

The calculated electronic and lattice thermal conductivi-
ties for nonmetallic O MXene as a function of temperature
are shown in Fig. 10. For all cases, we note that electronic
thermal conductivity is almost an order larger compared
to lattice thermal conductivity. This indicates that the heat
is mainly transported through a charge carrier. A similar
trend has been observed for Cr2TiC2(OH)2 [17]. κe for
TiMo2C2(OH)2 is found to be quite smaller compared to that
of Ti2MoC2F2 and TiMo2C2F2. Highest thermal conductivity

is observed for Ti2MoC2F2 followed by TiMo2C2X2 (X = OH
and F). At 800 K, κl of TiMo2C2F2 and TiMo2C2(OH)2

are found to be 0.20 and 0.15 W m−1 K−1, respectively,
whereas that of Ti2MoC2F2 is found to be 0.30 W m−1 K−1

as compared to ∼6.5 W m−1 K−1 reported for Cr2TiC2(OH)2

[17].
To study the contribution of acoustic and optical phonon

modes to κl separately, we compute mode decomposed κl

(normalized by the total κl ) as a function of temperature,
shown in the bottom panels of Fig. 10. The lattice thermal
conductivity in the functionalized MXenes is found to be
predominated contributed by the optical phonon modes except
for Ti2MoC2F2. The contribution from optical modes to the
total value is found to increase with temperature whereas that
of acoustic modes (ZA + LA + TA) is found to be remain
more or less constant throughout the temperature range with
the exception of Ti2MoC2F2. For F-passivated TiMo2C2 MX-
ene, the total weight of the optical mode is 65% whereas
for OH passivation it is slightly greater than 50% at T =
800 K. Among the acoustic modes, ZA and TA contributes
equally but less than LA mode (∼20%) for OH passivation,
whereas for F passivation, the contribution of the TA mode
(∼25%) is greater than the ZA and LA modes. Distinctly, for
F-passivated Ti2MoC2 MXene, the weight of the optical mode
and LA mode are 40% and 32%, respectively, indicating a
simultaneous contribution of acoustic and optical mode to κl .

We note that the thermal conductivity for different mate-
rials, which differ in termination and/or composition of (Ti
and Mo) are different and deviates from more commonly
observed 1/T behavior [47]. The large deviation from the
1/T law appears to stem from the optic phonon branch,
whose contribution to total thermal conductivity increases
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FIG. 11. Thermoelectric figure of merit (ZT) and TE conversion
efficiency for passivated Ti2MoC2T2 and TiMo2C2T2 (T = F, -O, and
OH): (a) ZT between 300 and 800 K and (b) TE conversion efficiency
in the same temperature range.

with the temperature increase and eventually dominates the
phonon transport by overwhelming the acoustic phonon
branches. Such surface termination-dependent thermal con-
ductivity with varying nature of temperature dependence
has been observed in Ti3C2Tz MXenes [48] as well as in
Cr2TiC2T2 (T = OH or F) [17]. The material variation has
been argued to stem from interplay of the varying degree of
specific heat, group velocity, and scattering rate.

Thus, to better understand how different composition and
surface termination result in such a large variation in the
thermal conductivity of Ti3−xMoxC2T2 MXenes, we calculate
three effective parameters that predominantly contribute to the
thermal conductivity, namely, specific heat, group velocity,
and scattering rate of phonon modes. The results are shown
in the Appendix.

VI. FIGURE OF MERIT AND TE EFFICIENCY

Temperature dependence of two thermoelectric figure of
merit, namely, ZT and efficiency are shown in Fig. 11. We
note that among the three compounds, Ti2MoC2F2 has the
highest ZT followed by TiMo2C2(OH)2 and TiMo2C2F2. In
particular, for p-type Ti2MoC2F2 at a carrier concentration of
1019 cm−3, ZT remains above 2 for temperatures above 400 K.
The ZT value of p-type Ti2MoC2F2 is found to be 1.5 at T =
300 K and reaches a ZT value of 3.1 at T = 800 K. The supe-
rior performance of Ti2MoC2F2 stems from the higher power
factor compared to TiMo2C2 compounds, which supersedes
the higher thermal conductivity of Ti2MoC2F2 compared to
TiMo2C2 compounds. The ZT values of some of the com-
pounds in this paper, in comparison of those of single TM
and double TM MXenes are listed in Table V.

Finally, the TE performance of MXenes can be evalu-
ated by computing their TE conversion efficiencies, related
to Carnot efficiency and ZT value as follows:

η = Th − Tc

Th

√
1 − ZT − 1√

1 − ZT + Tc/Th
, (8)

where Th and Tc are the hot and cold ends of the TE devices,
respectively, and Carnot efficiency is given by Th−Tc

Th
. We take

Tc = 300 K and Th to range from 300 to 800 K. Temperature
dependence of the TE efficiency of nonmetallic O MXenes is
shown in Fig. 11(b). We note that, maximum efficiency for p-

TABLE V. ZTmax for different MXene compounds at different
temperatures.

Compound (T ) Charge carrier ZTmax Reference

Sc2C2O2 (900 K) p type 0.35 [13]
Sc2C2F2 (900 K) n type 0.45 [13]
Sc2C2(OH)2 (900 K) p type 0.5 [13]
Cr2TiC2 (600 K) n type 0.75 [17]
Cr2TiC2F2 (600 K) p type 1.5 [17]
Cr2TiC2(OH)2 (600 K) p type 3.0 [17]
TiMo2C2F2 (800 K) n type 0.20 Present paper
TiMo2C2F2 (800 K) p type 1.28 Present paper
TiMo2C2(OH)2 (800 K) n type 0.62 Present paper
TiMo2C2F2 (800 K) n type 1.20 Present paper
TiMo2C2F2 (800 K) p type 3.14 Present paper

type Ti2MoC2F2 is ∼27%, stressing one possible applicability
of this material as efficient thermoelectric.

VII. CONCLUSION

Motivated by the experimental synthesis of ordered double
transition metal MXene compounds, we study the magnetic,
electronic structure, and transport properties of Ti-Mo-based
compounds employing first-principles density functional the-
ory and Boltzmann transport formalism. For this purpose,
we consider five ordered alloyed structures Ti3−xMoxC2 with
x = 0.5, 1, 1.5, 2, 2.5 in two possible ordered forms, I MXene
and O MXene. First we take the unpassivated structures and
study the relative stability between I and O phases. This un-
covers the role of magnetism on chemical ordering. To capture
the realistic situation, we next consider the Ti-Mo MXenes,
passivated by -O, -F, or -OH, which is found to stabilize the
O phases. Passivated Ti-Mo MXenes show an antiferromag-
netic AFM-1 ground state with ferro-ordering of TMs along
the a axis, antiferro-ordering of TMs along the b axis, and
ferro-ordering of TMs along the c axis. Among all the studied
MXenes, Ti2MoC2F2, TiMo2C2F2, and TiMo2C2(OH)2 are
found to be semiconducting, opening up the possible use
of these compounds as thermoelectric materials. In order to
validate our scheme of transport calculation, we first inves-
tigate the electrical transport properties of passivated n-type
TiMo2C2 for which experimental results are available [16].
Since the precise nature of passivation in experimental study
is not known, we consider uniform as well as mixed passi-
vation by -O, -F, or -OH. The calculated results are found to
show good agreement with experimental data for the choice
of passivation with O and OH. Calculated electrical transport
properties on systems of interest, Ti2MoC2F2, TiMo2C2F2,
and TiMo2C2(OH)2, show superior electrical transport prop-
erties of Ti2MoC2 compared to TiMo2C2 with a power factor
of 104 μW cm−1 K−2 at 300 K for a p-type carrier density of
1019 cm−3. This leads to an exceptional thermoelectric figure
of merit of ZT of 1.5 at 300 K and 3.1 at 800 K, the latter with
a 27% efficiency thereby reaching close to the desired target.

Our theoretical prediction should motivate study of passi-
vated Ti2MoC2 compounds, exploring their usage as potential
thermoelectric materials. Although TiMo2C2 MXene has been
experimentally synthesized [15], the 2:1 composition of the



FIG. 12. A ternary composition-formation enthalpy phase dia-
gram of the TixMoyCz compounds. Each structure is colored by the
distance from the convex hull in an eV/atom, see the color bar legend
on the right.

double transition metal Ti-Mo series is yet to be synthe-
sized. Our computational exercise shows that Ti2MoC2 is
both thermodynamically and dynamically stable. Further-
more, passivated Ti2MoC2 with two Ti-C layers sandwiching
the middle Mo-C layer, the so-called O phase, should be
thermodynamically and dynamically stable over the in-plane
ordered phase, and should remain stable in the O phase even
at high temperatures. This should encourage synthesis of
Ti2MoC2 MXene, the sister compound of synthesized double
transition metal MXene TiMo2C2.

Several strategies may be followed for p-type doping of
Ti2MoC2 MXene as followed for the monolayer and few-layer
TMDCs which include substitutional doping during growth
[49], backgate or top liquid gate [50], gas molecule adsorption
[51], etc. Creation of vertical heterostructures between MX-
ene and TMDCs have been established as an effective means
for p-type doping [52].
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APPENDIX: CONVEX HULL

The construction of the ternary convex hull requires the
knowledge of the stable phases of pure elemental compounds
at the corners and stable binary compounds on the boundaries
of the convex hull. Therefore, the following phases labeled
by space-group symmetry are used [53], hcp Ti, bcc Mo, and
graphite, Fm3̄m TiC, Fd 3̄m Ti2C, Im3̄m (Ti and Mo), P6̄m2
MoC. The resultant ternary composition-formation enthalpy

FIG. 13. Calculated (a) volumetric specific heat, (b) group ve-
locity, and (c) scattering rate of Ti2MoC2F2, TiMo2C2F2, and
TiMo2C2(OH)2.

phase diagram of the TixMoyCz compounds is depicted in
Fig. 12, which shows the convex hull construction for the
TixMoyCz ternary compounds. Structures with lower (nega-
tive) formation enthalpy are closer to the convex hull and,
therefore, are colored by the darker color.

Specific heat, group velocity, and scattering rate

To provide microscopic understanding of the differen-
tial lattice thermal conductivity of the three compounds
Ti2MoC2F2, TiMo2C2F2, and TiMo2C2(OH)2, three decid-
ing parameters, volumetric specific heat, group velocity, and
phonon scattering rate are calculated. The results are summa-
rized in Fig. 13. The calculated volumetric specific heat of
all three compounds within the temperature range of 300–
600 K, show that whereas specific heat of Ti2MoC2F2 and
Mo2TiC2F2 are comparable, it is appreciably larger compared
to that of TiMo2C2(OH)2. The group velocity of phonons,
which is the spatial derivative of frequency with respect to
the wave vector, indicate that the average group velocity is
largest for Ti2MoC2F2. Furthermore, we obtain three-phonon
scattering rates of q points for three compounds. The scat-
tering rate is found to be the highest for TiMo2C2F2. Thus,
based on our results since the specific heat of Ti2MoC2F2

and TiMo2C2F2 are in the same range, lower conductivity of
TiMo2C2F2 compared to Ti2MoC2F2 is attributed to its lower
average group velocity of phonons and higher scattering rates
compared to Ti2MoC2F2. On the other hand, the higher ther-
mal conductivity of Ti2MoC2F2 compared to TiMo2C2(OH)2

may be attributed to its higher specific heat and dominant
contributions of both optic and acoustic modes in Ti2MoC2F2.
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and G. A. Sawatzky, Density-functional theory and nio photoe-
mission spectra, Phys. Rev. B 48, 16929 (1993).

[25] M. Nolan, S. D. Elliott, J. S. Mulley, R. A. Bennett, M.
Basham, and P. Mulheran, Electronic structure of point de-
fects in controlled self-doping of the TiO2 (110) surface:
Combined photoemission spectroscopy and density functional
theory study, Phys. Rev. B 77, 235424 (2008).

[26] G. Hautier, S. P. Ong, A. Jain, C. J. Moore, and G. Ceder,
Accuracy of density functional theory in predicting formation
energies of ternary oxides from binary oxides and its implica-
tion on phase stability, Phys. Rev. B 85, 155208 (2012).

[27] J. Heyd, G. E. Scuseria, Hybrid functionals based on a screened
coulomb potential, J. Chem. Phys 118, 8207 (2003).

[28] H. J. Monkhorst and J. D. Pack, Special points for brillouin-
zone integrations, Phys. Rev. B 13, 5188 (1976).

[29] G. K. H. Madsen, J. Carrete, and M. J. Verstraete, Boltztrap2, a
program for interpolating band structures and calculating semi-
classical transport coefficients, Comput. Phys. Commun. 231,
140 (2018).

[30] O. D. Restrepo, K. Varga, and S. T. Pantelides, Appl. Phys. Lett.
94, 212103 (2009).

[31] O. D. Restrepo and W. Windl, Phys. Rev. Lett. 109, 166604
(2012).

[32] J. Pernot, C. Tavares, E. Gheeraert, E. Bustarret, M. Katagiri,
and S. Koizumi, Appl. Phys. Lett 89, 122111 (2006).

[33] R. D’Souza and S. Mukherjee, Thermoelectric transport
in graphene/h-bn/graphene heterostructures: A computational
study, Physica E 81, 96 (2016).

[34] K. Kaasbjerg, K. S. Thygesen, and K. W. Jacobsen, Phys. Rev.
B 85, 115317 (2012).

[35] M. Zahedifar and P. Kratzer, Band structure and thermoelectric
properties of half-heusler semiconductors from many-body per-
turbation theory, Phys. Rev. B 97, 035204 (2018).

[36] G. K. H. Madsen and D. J. Singh, Boltztrap. a code for cal-
culating band-structure dependent quantities, Comput. Phys.
Commun. 175, 67 (2006).

[37] Z. Huang, W. Zhang, and W. Zhang, Computational search
for two-dimensional MX2 semiconductors with possible high
electron mobility at room temperature, Materials 9, 716 (2016).

[38] R. D’Souza, S. Mukherjee, and S. Ahmad, Strain induced
large enhancement of thermoelectric figure-of-merit (ZT ∼ 2)
in transition metal dichalcogenide monolayers ZrX2 (X= S, Se,
Te), J. Appl. Phys. 126, 214302 (2019).

https://doi.org/10.1016/j.physrep.2019.12.006
https://doi.org/10.1126/science.285.5428.703
https://doi.org/10.1002/anie.200900598
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1021/nn204153h
https://doi.org/10.1016/j.mseb.2014.10.009
https://doi.org/10.1021/acsomega.7b02001
https://doi.org/10.1039/C9NR03020D
https://doi.org/10.1039/C4CP00467A
https://doi.org/10.1021/acs.chemmater.5b04257
https://doi.org/10.1103/PhysRevB.94.035405
https://doi.org/10.1111/jace.12731
https://doi.org/10.1021/acsnano.5b03591
https://doi.org/10.1021/acs.chemmater.7b02056
https://doi.org/10.1021/acs.jpclett.9b01827
https://doi.org/10.1063/1.4929640
https://doi.org/10.1039/C5NH00125K
https://doi.org/10.1021/acsami.8b14325
https://doi.org/10.1038/ncomms14949
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.48.16929
https://doi.org/10.1103/PhysRevB.77.235424
https://doi.org/10.1103/PhysRevB.85.155208
https://doi.org/10.1063/1.1564060
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1016/j.cpc.2018.05.010
https://doi.org/10.1063/1.3147189
https://doi.org/10.1103/PhysRevLett.109.166604
https://doi.org/10.1063/1.2355454
https://doi.org/10.1016/j.physe.2016.03.006
https://doi.org/10.1103/PhysRevB.85.115317
https://doi.org/10.1103/PhysRevB.97.035204
https://doi.org/10.1016/j.cpc.2006.03.007
https://doi.org/10.3390/ma9090716
https://doi.org/10.1063/1.5125191


[39] W. Li, J. Carrete, N. A. Katcho, and N. Mingo, ShengBTE:
a solver of the Boltzmann transport equation for phonons,
Comput. Phys. Commun. 185, 1747 (2014).

[40] L. F. Mattheiss, Band structures of transition-metal-
dichalcogenide layer compounds, Phys. Rev. B 8, 3719
(1973).

[41] W. Sun, Y. Xie, and P. R. C. Kent, Double transition metal
mxenes with wide band gaps and novel magnetic properties,
Nanoscale 10, 11962 (2018).

[42] https://hackingmaterials.lbl.gov/amset/.
[43] L. D. Hicks and M. S. Dresselhaus, Effect of quantum-well

structures on the thermoelectric figure of merit, Phys. Rev. B
47, 12727 (1993).

[44] X. Yang, T. Feng, J. Li, and X. Ruan, Stronger role of
four-phonon scattering than three-phonon scattering in thermal
conductivity of iii-v semiconductors at room temperature, Phys.
Rev. B 100, 245203 (2019).

[45] X. Yang, T. Feng, J. S. Kang, Y. Hu, J. Li, and X. Ruan,
Observation of strong higher-order lattice anharmonicity in
raman and infrared spectra, Phys. Rev. B 101, 161202(R),
(2020).

[46] T. Feng and X. Ruan, Phys. Rev. B 97, 045202 (2018).

[47] G. Qin, Q.-B. Yan, Z. Qin, S.-Y. Yue, M. Hu, and G.
Su, Anisotropic intrinsic lattice thermal conductivity of
phosphorene from first principles, Phys. Chem. Chem. Phys. 17,
4854 (2015).

[48] Z. Hemmat, A. Salehi-Khojin, H. Gholivand, S. Fuladi, and
F. Khalili-Aragh, Effect of surface termination on the lattice
thermal conductivity of monolayer ti3c2tz mxenes, J. Appl.
Phys 126, 065101 (2019).

[49] Z. Hu, Z. Wu, C. Han, J. He, Z. Ni, and W. Chen, Two-
dimensional transition metal dichalcogenides: interface and
defect engineering, Chem. Soc. Rev. 47, 3100 (2018).

[50] C. Cong, J. Shang, Y. Wang, and T. Yu, Adv. Opt. Mater. 6,
1700767 (2016).

[51] Z. Wang, Z. Dong, Y. Gu, Y.-H. Chang, L. Zhang, L.-J. Li, W.
Zhao, G. Eda, W. Zhang, G. Grinblat, S. A. Maier, J. K. W.
Yang, C.-W. Qiu, and A. T. S. Wee, Nat. Commun. 7, 11283
(2016).

[52] Y. Liu, H. Zhao, and W. A. Goddard III, J. Am. Chem. Soc. 138,
15853 (2016).

[53] D. Bandyopadhyay, B. Haldar, R. C. Sharma, and N.
Chakraborti, The Ti-Mo-C (titanium-molybdenum-carbon)
system, J. Phase Equilib. 20, 332 (1999).

https://doi.org/10.1016/j.cpc.2014.02.015
https://doi.org/10.1103/PhysRevB.8.3719
https://doi.org/10.1039/C8NR00513C
https://hackingmaterials.lbl.gov/amset/
https://doi.org/10.1103/PhysRevB.47.12727
https://doi.org/10.1103/PhysRevB.100.245203
https://doi.org/10.1103/PhysRevB.101.161202
https://doi.org/10.1103/PhysRevB.97.045202
https://doi.org/10.1039/C4CP04858J
https://doi.org/10.1063/1.5094294
https://doi.org/10.1039/C8CS00024G
https://doi.org/10.1002/adom.201700767
https://doi.org/10.1038/ncomms11283
https://doi.org/10.1021/jacs.6b10834
https://doi.org/10.1361/105497199770335857

