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Electronic transport in titanium carbide MXenes from first principles
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We compute from first principles the electronic, vibrational, and transport properties of four known MXenes:
Ti3C2, Ti3C2F2, Ti3C2(OH)2, and Ti2CF2. We study the effect of different surface terminations and monosheet
thickness on the electrical conductivity, and show that the changes in conductivity can be explained by the
squared velocity density of the electronic state, as well as their phonon scattering lifetime. We also compare
the solution of the iterative Boltzmann transport equation (IBTE) to different linearized solutions, namely, the
self-energy relaxation time approximation (SERTA) and the momentum relaxation time approximation (MRTA),
and we show that the SERTA significantly underestimates the electrical conductivity while the MRTA yields
results in better agreement with the IBTE. The computed monolayer conductivity at 300 K is in reasonable
agreement with reported experimental measurements.
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I. INTRODUCTION

MXenes form a large family of two-dimensional transition
metal carbides and nitrides with interesting electrochemical
properties [1–7]. These layered materials have shown po-
tential for a wide range of applications in energy storage
and conversion [8–13]. Their high specific surface area and
electrochemical activity make them suitable for supercapac-
itors [9,13–16], lithium-ion batteries [17–19], catalysis [20],
photocatalysis [21,22], and hydrogen storage [23,24]. With
a suitable hydrophilic surface termination, MXenes also ex-
hibit electrocatalytic activity for the oxygen evolution reaction
(OER) [22,25], the oxygen reduction reaction (ORR) [26], and
the hydrogen evolution reaction (HER) [27,28].

The terminated MXenes have a general chemical for-
mula Mn+1XnTx (n = 1, 2, or 3), where M is a transition
metal (Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, etc.); X denotes
carbon and/or nitrogen; T represents the surface termina-
tions group, typically -O, -OH or -F [9,29,30]; and x is the
number of terminations. The surface termination of the two-
dimensional (2D) layers originates from their synthesis by
chemical etching [17,31–33], starting from three-dimensional
precursors known as MAX phases [29,34], of which nearly
100 compounds have been identified [1,2,35–37]. Previous
first-principles calculations have investigated how the surface
termination alters the electronic properties of the MXenes
[3,17,38,39]. Some MXenes become semiconductors when
terminated by oxygen, such as Ti2CO2, Zr2CO2, and Hf2CO2

[40], while others, like V2C, remain metallic for all surface
terminations [41].

Beyond their general classification as metals or semi-
conductors, a key property of these materials for most
applications is their electrical conductivity. The electronic
transport properties can be computed from first principles
within the framework of the Boltzmann transport equa-
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tion (BTE), assuming that phonon scattering is the dominant
scattering mechanism at room temperature and above, and
neglecting other scattering channels such as defects and
impurities [42]. Furthermore, one avoids solving the BTE
iteratively (IBTE) by using the self-energy relaxation time
approximation (SERTA) or the momentum relaxation time
approximation (MRTA) [43–45]. This framework has been
widely used to study the electrical transport semiconductors
and metals [44–49]. It has been recently shown, however,
that some of these approximations may underestimate sig-
nificantly the charge mobility in semiconductors, while the
IBTE can be achieved at virtually the same computational
cost [50].

In the present work, we study the phonon-limited electrical
conductivity of four MXenes: Ti3C2, Ti3C2F2, Ti3C2(OH)2,
and Ti2CF2. The choice of these MXenes is motivated by
the availability of experimental data for the conductivity of
Ti3C2(OH)2 and Ti3C2F2 [6,7,37,51–67], while the compari-
son with Ti3C2 and Ti2CF2 allows us to discern the influence of
surface termination and monosheet thickness on the scattering
lifetime of the charge carriers. We also compare the different
frameworks for computing the electrical conductivity, and find
that the conclusions of Claes et al. [50] do hold for this class
of two-dimensional metallic systems, namely, that the SERTA
approach underestimates the electrical conductivity while the
MRTA results are in better agreement with the IBTE. We show
that the predicted conductivity is consistent with experimental
measurements.

II. RESULTS AND DISCUSSION

A. Computational details

We perform density functional theory (DFT) and den-
sity functional perturbation theory (DFPT) calculations using
the ABINIT software [68,69] to obtain the structural, elec-
tronic, and vibrational properties of the materials. We
use the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
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TABLE I. Lattice parameters, fractional atom coordinates, and bond lengths obtained from structural optimization.

Material Lattice parameters (Å) Atomic positions Bond lengths (Å)

Ti3C2 3.098 Ti (0, 0, 0.5) Ti1-C 2.056
Ti (1/3, 2/3, 0.6227) Ti2-C 2.219
C (1/3, 2/3, 0.4307)

Ti3C2F2 3.076 Ti (0, 0, 0.5) Ti1-C 2.077
Ti (1/3, 2/3, 0.5934) Ti2-C 2.1952
C (1/3, 2/3, 0.4491) Ti1-F 2.171
F (0, 0, 0.3573)

Ti3C2(OH)2 3.086 Ti (0, 0, 0.5) Ti1-C 2.088
Ti (1/3, 2/3, 0.6278) Ti2-C 2.195
C (1/3, 2/3, 0.4309) Ti1-O 2.186
O (0, 0, 0.3039)
H (0, 0, 0.2518)

Ti2CF2 3.0587 Ti (1/3, 2/3, 0.3994) Ti1-C 2.1032
Ti (2/3, 1/3, 0.4756)
C (1, 1, 0.4375) Ti1-F 2.162
F (1, 1, 0.5171)

functional [70], with norm-conserving pseudopotentials from
the PSEUDO-DOJO database [71]. For all the structures consid-
ered, we use an energy cutoff of 35 Hartree to represent the
wave functions, and a 16×16×1 k-points grid to sample the
Brillouin zone when computing the ground state density, such
that the energy is converged within 10−6 eV/cell.

B. Structural parameters

All the 2D materials considered assume the space group
P63/mmc. We perform geometry optimization to relax the
forces below 10−5 eV/Å. The resulting lattice parameters,
atomic positions, and bond lengths are presented in Table I.
These structural parameters agree very well with those of
previous calculations [72,73]. The cell parameter in the
z direction is set to 20 Å, allowing for a vacuum distance of
at least 15 Å to avoid interactions between the periodic im-
ages of the monolayers. Several possible configurations exist
for the surface termination of Tin+1CnTx [30,72,74]. We use
the most energetically favorable configuration where surface
termination atoms (F or OH) are at the hollow site of three
neighboring carbon atoms.

C. Electronic bands

The band structure and the PDOS of the materials are pre-
sented in Figs. 1(e)–1(h). The PDOS is obtained by projecting
the electronic orbitals on the angular momentum of the last
valence orbital (s for H; p for C, O, and F; d for Ti), in a
sphere defined by the pseudopotential radius. All the materials
are metallic, with the electronic states near the Fermi level
mostly composed of Ti d orbitals. For the surface-terminated
systems, the band in the M–K direction is highly dispersive at
the Fermi level, suggesting a high electrical conductivity [75].
We note the presence of a valley and a flat band region along
the �–K direction, which contribute to singularities in the
density of states and represent potential scattering channels
for the charge carriers.

D. Phonon bands

In Figs. 1(i)–1(l), we present the phonon band structures
and the projected phonon density of states. These results were
obtained by employing a coarse q-points mesh of 8×8×1 for
Ti3C2, Ti3C2F2, and T3C2(OH)2, and 16×16×1 for Ti2CF2.
Every phonon frequency is real and positive, indicating that
the structures are stable with respect to atomic displacements
[76,77].

From the projected phonon density of states, we see a
clear energy separation between the phonon modes associated
with the different atomic species. The low-frequency bands
correspond to the vibrating motion of the metallic atoms,
the high-frequency bands are associated with the motion of
carbon atoms, and the surface terminations bring additional
phonon bands at intermediate energies. This general feature
has been observed in other MXene materials as well [10,41].

E. Electrical conductivity

The electrical conductivity can be computed by solving the
IBTE where the main scattering mechanism are the phonon
collisions, which are described by the electron-phonon cou-
pling matrix elements computed from first principles [45,78].
By making use of the relaxation time approximation, the BTE
can be linearized, avoiding the iterative procedure and writing
the electrical conductivity σα as

σα = −e

�

∑
n

∫
dk
�BZ

τnk(T )|vnkα|2 f ′(εnk ), (1)

where α is a Cartesian direction, � is the volume of the
unit cell, �BZ is the volume of the Brillouin zone, τnk(T ) is
the temperature-dependent scattering lifetimes of the electron
state, vnkα is the electron velocity, and f ′(ε) is the derivative
of the Fermi-Dirac distribution, which depends on tempera-
ture. Different approximations exist for the computation of
the electron scattering lifetime, including the SERTA [44,45]
and the MRTA [46,50]. In the SERTA, the inverse lifetime is
proportional to the imaginary part of the Fan-Migdal
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FIG. 1. (a)–(d) Structure of the monosheet materials. Titanium atoms are in blue, carbon in brown, fluorine in gray, oxygen in red, and
hydrogen in pink. (e)–(h) Electronic band structures along the high symmetry directions and projected density of states (PDOS). The energy
levels are referenced to the Fermi level at zero. (i)–(l) Phonon band structures along the high symmetry directions and projected phonon density
of states. Note that Ti3C2(OH)2 also possess two phonon branches associated with the motion of the hydrogen atoms at an energy of 449 meV.

self-energy:

τ−1
nk = 2π

∑
mν

∫
dq
�BZ

|gmnν (k, q)|2P(εnk, εmk+q, ωqν, T )

(2)
with

P(εnk, εmk+q, ωqν, T )

= (
1 − f 0

mk+q + nqν

)
δ
(
εnk − εmk+q − h̄ωqν

)
+ (

f 0
mk+q + nqν

)
δ
(
εnk − εmk+q + h̄ωqν

)
. (3)

Here, gmnν (k, q) is the electron-phonon coupling matrix
element, m is an electron state with energy εmk+q and Fermi-
Dirac occupation number f 0

mk+q, and ν is a phonon mode with
energy h̄ωqν and Bose-Einstein occupation number nqν . The
MRTA attempts to better describe the solution of the IBTE by
adding an efficiency factor to each electron-phonon scattering
event, writing [50]

τ−1
nk = 2π

∑
mν

∫
dq
�BZ

|gmnν (k, q)|2αMRTA
mn (k, q)

× P(εnk, εmk+q, ωqν, T ), (4)

where the efficiency factor

αMRTA
mn (k, q) =

(
1 − vnk · vmk+q

|vnk|2
)

(5)

accounts for the momentum direction of the final scattering
state relative to the initial one.

F. Convergence study

One of the main challenges in computing the electri-
cal conductivity is the fine sampling of electron (k-point)
and phonon (q-point) wave vectors required to converge the
transport properties [69,79]. A dense k-mesh is required
to achieve good sampling of the electronic states near the
Fermi level, while a dense q-sampling is required to con-
verge the electronic lifetimes [79]. This is especially true in
two-dimensional metals, where the density of states is ex-
pected to vary rapidly near the Fermi level, as can be seen in
Figs. 1(e)–1(h).

In order to optimize the overall computational cost, we
employ the Shankland-Koelling-Wood interpolation scheme
[80,81], a feature recently made available within the ABINIT

automated work flows [48,69]. The electronic energies and
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FIG. 2. Convergence of the electrical conductivity in Ti3C2F2

with respect to the Brillouin zone sampling of electron (k) and
phonon (q) wave vectors. Left: Varying k-point grids and fixed
q-point grid. Right: Varying q-point grids and commensurate k-point
grids.

wave functions near the Fermi level are interpolated from a
coarse k-grid onto a fine k-grid. We set the coarse k-grid to
16×16×1 and vary the fine k-grid to perform the convergence
study.

Figure 2 shows the convergence of the temperature-
dependent electrical conductivity of Ti3C2F2 with varying
k-point and q-point grids. From this figure, we conclude that
a 64×64×1 homogeneous grid for both k-points and q-points
is sufficiently converged, and we use these parameters for all
the studied materials. By comparing the two most converged
curves (green and brown on the graph to the right), we esti-
mate that the precision on the conductivity at 300 K and above
is better than 10%.

G. Results for the electrical conductivity

The temperature-dependent electrical conductivity of the
four MXenes with different approximations is presented in
Fig. 3. We note, again, that the IBTE calculation uses the same
computational cost as the SERTA and MRTA calculations.
We find that the SERTA underestimates the conductivity by
as much as 14% at T = 300 K and 4% at T = 800 K,
compared to the IBTE, while the MRTA is in somewhat better
agreement with the IBTE (9% at T = 300 K and 0.8% at
T = 800 K).

In Fig. 4, we decompose the SERTA electrical conductiv-
ity into functions separating the integrants of Eq. (1). The
derivative of the equilibrium Fermi-Dirac distribution func-
tion − ∂ f

∂ε
is peaked around the Fermi level and indicates the

FIG. 3. Temperature-dependent electrical conductivity of each
structures with the linearized (SERTA, MRTA) and iterative
Boltzmann transport equation (IBTE).

energy range where the electronic states may contribute to the
conductivity at a certain temperature. The squared velocity
density 〈v2〉 is defined as

〈
v2

α (ε)
〉 =

∑
n

∫
dk
�Bz

|vnkα|2 δ(ε − εnk ). (6)

This function is temperature independent and indicates both
the number of carriers available at a certain energy and their
squared velocity. It is a smooth function of energy, unlike
the density of states, which, for 2D materials, has a spiky

FIG. 4. The phonon self-energy lifetime at T = 300 K of each
electronic state near the Fermi level (green disks) and the squared
velocity density (blue) with α = 1, that is, the direction along a
primitive vector. The gray shaded curve represents the negative of
the derivative of the Fermi-Dirac distribution.
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TABLE II. Measured and computed electrical conductivity at
300 K: bulk conductivity (σ ), interlayer distance (Lz), monolayer
conductivity (σ2D).

Material σ (103 S cm−1) Lz (Å) σ2D (10−3 S) Reference

Ti3C2Tx 24.0 12.34 2.96 [64]
5.8 11.94 0.69 [64]

15.0 11.5 1.73 [67]
10.5 13.8 1.45 [67]
11.0 12.5 1.38 [55]
10.4 10.4 1.08 [51]

Ti3C2F2 23.33 20.0 4.67 This work
Ti3C2(OH)2 19.78 20.0 3.96

structure that requires a high number of k-points to sample.
By comparing the 〈v2〉 function of the different materials, we
note that the addition of either surface termination to the Ti3C2

sheet results in an increase of the squared velocity density.
This is due to the surface termination atoms pulling electrons
off the central layer and lowering the Fermi level to intercept
the highly dispersive Ti d-band along the M-K segment of the
band structures.

Looking at the electronic scattering lifetimes τnk shown in
Fig. 4, we note that Ti2CF2, being the thinnest monosheet, also
has the shortest lifetime. Among the terminated structures,
Ti3C2F2 and Ti2CF2 have shorter scattering lifetimes than
Ti3C2(OH)2, most likely due to the presence of flat bands
near the Fermi level in the �–K region for the fluorinated
structures. As a result, according to the SERTA calculation,
Ti3C2(OH)2 has the highest electrical conductivity. However,
the full IBTE calculation reveals instead that Ti3C2F2 has a
higher electrical conductivity than Ti3C2(OH)2 at tempera-
tures up to 500 K.

H. Comparison with experiments

Several conductivity measurements of layered Ti3C2Tx are
reported with a variety of experimental setups [37,51–67]. The
surface termination is either F or OH, but is generally un-
specified. In practice, the bulk conductivity of MXene flakes
depends on the synthesis method, which may yield different
concentrations of defects and impurities, as well as different
spacings between nanosheets.

From a dimensional analysis, the bulk conductivity must
be proportional to the density of MXene nanosheets as σ =
σ2D/Lz, where σ2D is the monolayer conductivity with units
of Siemens (S) and Lz is the interlayer distance. In the present
calculation, Lz is set arbitrarily to 20 Å, whereas in experi-
ments Lz is inferred from x-ray diffraction (XRD) spectra.

Table II presents a list of recent experimental measure-
ments of electrical conductivities. While the experimental
precision is on the fourth significant digit or better, the mea-
sured values among different samples vary by an order of
magnitude. The present calculation corresponds to a defect-
free system, in which electron-phonon scattering is the only
source of resistivity, and sets an upper bound on the conduc-
tivity. Comparing against the highest electrical conductivity
achieved for Ti3C2Tx, the computed IBTE value at 300 K is
indeed larger by 59% for Ti3C2F2 and 34% for Ti3C2(OH)2.

Aside from the k-points/q-points convergence, and un-
accounted scattering channels like defects, other sources of
error in our theoretical calculation include the thermal ex-
pansion of the lattice, the renormalization of the electron
velocities due to phonons [49], as well as the accuracy of
the exchange-correlation functional for the band structure [45]
and the electron-phonon coupling strength [82–84]. Overall,
an overestimation by about 50% represents a reasonably good
agreement, and an accuracy comparable to that of typical
mobility calculations in 2D materials [47].

III. CONCLUSION

In summary, we performed a comparative study of the
electronic transport of the pristine Ti3C2, terminated Ti3C2T2

(T = F, OH), and Ti2CF2 monosheets from first principles. We
computed the electrical conductivity of the MXenes with dif-
ferent relaxation time approximations, as well as with the iter-
ative Boltzmann transport equation. We found that the SERTA
underestimates the conductivity, while the MRTA is in better
agreement with the IBTE. However, the relative differences
among monosheets with different surface terminations can
only be resolved by the iterative procedure. Nonetheless, the
relaxation-time approximation provides a useful understand-
ing of the underlying physics by decomposing the electrical
conductivity into scattering lifetime and squared velocity den-
sity. The computed monolayer conductivities underestimate
the experimentally measured values by 30%–60%, a reason-
able agreement given that the conductivity may vary by orders
of magnitude depending on the structural details of the ma-
terials. The methodology presented in this work may thus be
used to further explore the conductivity of 2D compounds and
identify candidate materials for energy storage.
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