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Roles of electrons on the thermal transport of 2D metallic MXenes
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MXenes have many potential applications in electronics, energy storage, sensors, thermal management, and
biomedical catalysis. As one of the most widely explored two-dimensional (2D) materials, their transport
properties are of broad interest. Due to the difficulty in direct experimental measurements of their thermal
conductivity, existing works mainly rely on theoretical approaches. However, only lattice contribution to thermal
conductivity in MXenes was studied in previous works, while the role of electrons in thermal transport MXenes
has never been elucidated. Herein, we investigate the electron and phonon contribution to the thermal conduc-
tivity of three typical metallic 2D MXenes [Ti,CF,, Ti,CCl,, and Ti,C(OH),] with a first-principles approach,
in which the mode-level electron-phonon coupling is rigorously considered. The thermal conductivity values are
predicted to be 69.1, 104.7, and 54.3 W/mK for Ti,CF,, Ti,CCl,, and Ti,C(OH),, respectively. The contribution
of electron to total thermal conductivity (37.3-61.3%) is much larger than most existing 2D materials. We
find that the relatively large electron density in metallic MXenes leads to the considerable electronic thermal
conductivity. Moreover, due to large phonon-electron scattering phase space and matrix element, the phonon
thermal conductivity is largely suppressed by the scattering with electrons. Our results clarify the role of electrons
in the thermal transport in metallic MXenes and can provide a deeper understanding of the transport mechanism
in metallic 2D materials.
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I. INTRODUCTION

Two-dimensional (2D) materials, such as graphene, MoS,,
and phosphorene, possess exceptional mechanical, electrical,
and thermal properties, which have aroused tremendous re-
search interest in the past decade. MXene is a family of 2D
transition-metal carbides, nitrides, or carbonitrides, and was
first synthesized in 2011 [1]. Specifically, metallic MXenes
are believed to have outstanding electrical conductivity [2,3],
flexibility [3], and tunable work function [4]. Therefore, they
are expected to have wide applications in flexible triboelectric
nanogenerators [2], Li-ion storage materials [3,5], ion batter-
ies [6], gas sensors [7], and solar cells [4,8].

Recently, there has also been growing interest to use metal-
lic MXenes as a filler to enhance the thermal conductivity
of composite materials. For example, metallic Ti3;C, MXene
was shown to enhance the thermal conductivity of styrene-
butadiene rubber system by 1.5x with only 2% by weight,
holding great superiority compared to reduced graphene oxide
[9]. Also, the thermal conductivity of nitrile butadiene rubber
is found to increase by 1.88x with a 20% volume fraction
of metallic TizC,T, MXene filler [10]. All these studies im-
plied that MXenes should have high thermal conductivity.
Nevertheless, there are no direct measured intrinsic thermal
conductivities of pristine MXenes, likely due to the challenges
in experiments [11]. This has become the primary obstacle to
understand and further improve the heat dissipation ability of
MXene-based composite materials. On the other hand, ther-
mal transport in 2D materials generally show quite distinct
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behaviors. For graphene, the thermal conductivity reaches
~2700 W/mK [12] due to the decoupling of in-plane and out-
of-plane lattice vibrations [13]. In comparison, 2D tellurium
has thermal conductivity as low as 2.16 W/mK owing to its
strong lattice anharmonicity [14]. These observations are all
attributed to the diverse and complicated phonon transport
mechanism. In comparison to phonons, electrons can also
be important heat carriers in metallic MXenes. As far as
we know, the electron thermal transport mechanism for 2D
metallic materials has never been explored. Therefore, in or-
der to obtain the thermal conductivity of MXenes and further
understand the thermal transport mechanism in 2D metallic
materials, a thorough investigation of the thermal transport of
metallic MXenes is highly desirable.

In this work, we choose three metallic MXenes with
different functional groups, including Ti,CF,, Ti,CCl,, and
Ti,C(OH), as prototypes. Our investigations are carried out
using the state-of-the-art computational scheme with rigorous
consideration of the electron-phonon interactions [15-22].
The electron and phonon contributions to the thermal trans-
port are elucidated. Different from the previous cognition [23]
that phonons are the main heat carriers, the electrons are found
to contribute a significant amount of thermal transport, while
they reduce the phonon thermal conductivity by relatively
strong scattering with phonons. The thermal transport mech-
anisms in metallic MXenes are also compared with other 2D
materials and discussed.

II. METHODS

The electron and phonon thermal conductiv-
ity are calculated based on the relaxation time
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approximation of Boltzmann-transport equation [24], with
the expression of
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¢, v, and 7 are the heat capacity, group velocity, and relax-
ation time, respectively. A denotes the modes of electron and
phonon, with total of N points in the Brillouin zone. o and 8
denote the Cartesian directions. The modal heat capacity and
group velocity can be determined from the electronic band
structure and phonon dispersion. The detailed expressions for
electron and phonon relaxation times can be found in the
Supplemental Material [25].

To get the electronic transport properties, the Electron-
Phonon Wannier (EPW) package [26] is employed to de-
termine the mode-level electron relaxation times limited by
electron-phonon scatterings. The coarse k/q-points meshes
are interpolated into a dense mesh of 100 x 100 x 1 to ob-
tain the converged electrical transport properties using the
Wannier interpolation technique [27]. We then employ the
electron Boltzmann transport equation (BTE), with all the
inputs (electron energy, group velocity, and relaxation time)
from the first-principles calculations to obtain the electronic
thermal conductivity and electrical conductivity. Note that
the direct output electron lifetimes of the EPW package are
not used in our work. Based on the latest understanding
[18], energy relaxation times should be employed for elec-
tronic thermal conductivity while momentum relaxation times
should be used for electrical conductivity. Therefore, the EPW
package is modified based on electron relaxation time expres-
sions in Sec. S1 in the Supplemental Material [25]. To show
that electron-electron scattering can be neglected, we also
calculate electron-electron scattering rates with the GW ap-
proximation [28]. We implement the single-shot GW (GoWy)
in the YAMBO package [29] and use 30 x 30 x 1 k-points
mesh and 100 empty electron bands in the calculations.

We calculate the phonon transport properties with the
anharmonic lattice dynamics approach [30-32]. We use a
5 x 5 x 1 supercell with a cutoff of the sixth-nearest atom to
calculate the cubic force constants using the finite-difference
method [33]. Then, we employed the SHENGBTE package [33]
to calculate the phonon thermal conductivity with iterative
method. The g-points mesh is set to be 100 x 100 x 1. The
phonon-electron scattering is further considered to obtain the
effective phonon scattering rates using Matthiessen’s rule [34]
(1/7, = 1/t + 1/, where A denotes the phonon modes;
1/7}" and 1/} are the phonon-phonon and phonon-electron
scattering rates, respectively).

We carry out the first-principles simulation with the QUAN-
TUM ESPRESSO package [35]. To model 2D MXenes, a vacuum
layer of more than 10 A is introduced in the simulation domain
to eliminate the interactions between different layers. The
Perdew-Burke-Ernzerhof form of exchange-correlation func-
tional pseudopotential [36] is employed. The cutoff energy
of plane waves is set as 80 Ry. An 8 x 8 x 1 Monkhorst-
Pack k-points mesh is used for the self-consistent calculation
for Ti,CF, and Ti,C(OH),. The mesh for Ti,CCl, is set
to be 10 x 10 x 1 to ensure the convergence. The conver-
gence threshold of electron energy is set to be 107'° Ry. The

Broyden-Fletcher-Goldfarb-Shanno method [37-40] is used
to optimize the structure. The 10 x 10 x 1 mesh is set to q
points in the density-functional perturbation theory [41] cal-
culations to obtain the harmonic force constants and phonon
perturbations.

III. RESULTS AND DISCUSSION

A. Crystal structures, electronic band structures,
and phonon dispersions

We construct initial atomic structures of the three metallic
MXenes based on previous studies [42,43]. The crystal struc-
tures with the stable hexagonal phase are shown in Fig. 1(a).
MXenes studied here have monolayer T-Ti—-C-Ti-T (T =F,
Cl, OH) along the c¢ axis. The optimized lattice parameters
on the a axis for Ti,CF,, Ti,CCl,, and Ti,C(OH), are 3.06,
3.24, and 3.07 A, respectively, which are consistent with
previous first-principles simulations [23,43]. The optimized
thicknesses (d) for Ti,CF,, Ti,CCl,, and Ti,C(OH), are 4.78,
5.54, and 6.78 A, respectively. Note that the definition of
thickness of 2D materials can be arbitrary [44—46]. Different
definitions of thickness can affect the effective volume, re-
sulting in deviations in the calculated thermal conductivity of
2D materials. Here we define the thickness in MXenes to be
the distance between T atoms (for OH, the hydrogen atoms)
on the ¢ axis to keep consistent with the previous definition
[46—48]. Note that we only consider the thermal conductivity
k of monolayer MXenes. If the interlayer coupling effect can
be neglected, the thermal conductivity of multilayer MXenes
can be estimated by « - (d/d.s), where deg is the effective
layer thickness in real multilayer samples.

The calculated electronic band structure of Ti,C(OH), is
shown in Fig. 1(b). The band structures for the other two
MXenes are similar (see Fig. S1), and are not shown here for
clarity. All three MXenes are metallic since the Fermi level
intersects with the electronic bands. The phonon spectrum for
Ti,C(OH), is shown in Fig. 1(c). No imaginary frequencies
are observed, indicating that the structure is stable. Quadratic
flexural acoustic (ZA) phonon mode near the I' point is
observed, which is a typical characteristic of 2D materials
compared to 3D materials [49,50]. The high optical phonon
frequencies (>100THz) for Ti,C(OH), are due to the light
atomic mass of hydrogen atoms. The dispersions of Ti,CF,
and Ti,CCl, show similar characteristics and are shown in
Fig. S2. The electronic band structures and phonon spectra
are consistent with the previous first-principles work [48].

B. Total thermal conductivity

The total thermal conductivities of the MXenes are shown
in Figs. 2(a)-2(c). The values are, respectively, 69.1, 104.7,
and 54.3 W/mK for Ti,CF;, Ti,CCl,, and Ti,C(OH), at
300 K. Overall, the total thermal conductivities for metallic
MXenes are larger than the theoretical values of nonmetal-
lic MXenes including Ti,CO, (23 W/mK) and Zr,CO,
(61 W/mK) [46]. Since there are no direct experimental
results to compare with, we compare our predicted value
with the experimental data for MXene thin film (TizC,T.)
with a mixture of —O, —F, and —OH functional groups
[51]. Our calculated values for Ti,CF, and Ti,C(OH), are
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FIG. 1. (a) Top and side views of the crystal structure of the three metallic MXenes. The black boxes indicate the corresponding unit cells.
The thicknesses of monolayer MXenes are denoted by dashed lines in the second row. (b) The calculated electronic band structure and (c)

phonon dispersion of Ti,C(OH),.

comparable to the experimental thermal conductivity of
Ti3C, T, (55.8 W/mK) [51]. MXenes are often employed
as fillers to enhance the thermal conductivity of composite
materials. However, the thermal conductivity of metallic MX-
enes shown here are found to be much smaller than that of
graphene.

C. Electrical transport properties

To obtain a deeper understanding of the thermal trans-
port mechanisms in metallic MXenes, we further examine
the separated electron and phonon contributions to thermal
conductivity, as shown in Fig. 2. The electronic thermal con-

—
Q
N
—~~
O
N

ductivity values at 300 K are 42.4, 39.1, and 24.4 W/mK for
Ti, CF,, Ti,CCl,, and Ti;C(OH),, respectively. The electronic
thermal conductivities of the three MXenes are almost tem-
perature independent, resulting from the competition between
the decrease of electron relaxation time and the increase of
electron heat capacity with temperature [52]. There is still a
slight increase in the electronic thermal conductivity when the
temperature is higher than 400 K. This phenomenon is caused
by the increase of average electron group velocity at higher
temperatures (see Fig. S3). The contribution of electrons to
the thermal conductivity is relatively large (37.3-61.3% at 300
K). This considerable contribution is mainly induced by the
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FIG. 2. Electron thermal conductivity and phonon thermal conductivity from 200 to 800 K for (a) Ti,CF,, (b) Ti,CCl,, and (c) Ti,C(OH),.
The hollow scatters in (a) are the data for some other typical MXenes from first-principles calculation [46] (theory) and experiment [51] (exp.).
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TABLE 1. The electron properties of the MXenes and Cu at 300 K.

Material leCFz T12CC12 leC(OH)z Cu
Electronic volumetric specific heat (10* J/m? K) 5.52 3.77 4.60 3.10
Average electron group velocity (10° m/s) 2.89 227 2.10 6.52
Average electron relaxation time (fs) 8.14 16.4 8.42 27.7
Mean-free path (nm) 2.4 3.7 1.8 18.1

large electron carrier concentration, which is in the range of
2.6-5.8 x 10?> cm™ in metallic MXenes from first-principles
calculations [see Eq. (S13)].

To understand the differences between the three MXenes,
we calculate the specific heat, average group velocity, and
average electron relaxation time, as listed in Table 1. The
corresponding values for Cu are also listed for comparison.
Note that the average electron group velocity and average re-
laxation time are determined using the weighted average [53],
and the expressions are provided in the Supplemental Material
[25]. As shown in Table I, the smaller electronic thermal
conductivity of MXenes compared to Cu is due to the smaller
average electron group velocity and average relaxation time.
On the other hand, although the three MXenes have a similar
geometry, the electronic thermal conductivity of Ti,C(OH),
is only about half of the others. This can be attributed to the
small average electron group velocity and average relaxation
time in Ti;C(OH),. Even though the thermal conductivities
of Ti,CCl, and Ti,CF, are similar, the mechanism is dif-
ferent. Ti,CCl, has a larger average electron relaxation time
but a smaller electronic volumetric specific heat compared
to Ti;CF,. The larger average electron relaxation time in
Ti,CCl, is related to its smaller electron-phonon coupling
strength, which will be discussed later. The smaller volumetric
electronic specific heat of Ti,CCl, is caused by its larger unit
cell volume and smaller electronic density of states (DOS)
in the vicinity of the Fermi level among the three MXenes
(see Fig. S4). It is worth noting that the average relaxation
times (from 8.14 to 16.4 fs in Table I) clearly deviate from the
empirical value of 10 fs [54,55].

We further calculate the electrical conductivity of MX-
enes, as shown in Fig. 3(a). The magnitude of the electrical

(a) (b)

conductivity is on the order of 10°S/m, which is signifi-
cantly smaller than that of common metals such as Al and Cu
[18,56,57]. Our predicted electrical conductivity is larger than
the existing experimental data for metallic MXene thin film
Ti3C, T, with mixed functional groups (6.5 x 10° S/m) [58].
This difference may be related to the quality of the experi-
mental samples, such as the defects caused by impurities and
dislocations. Note that the electrical conductivity of Ti,CF,
and Ti,CCl, are very close, while Ti,C(OH), has the smallest
value. We also calculate the Lorenz ratio by L = «,;/oT. As
shown in Fig. 3(b), the Lorenz ratio increases with temper-
ature, which is consistent with the Bloch-Griineisen theory
[59]. The calculated Lorenz ratio calculated is smaller than
the Sommerfeld value (Lo= 2.44 x 1078 WQ / K?) at temper-
atures below 400 K. To understand this phenomenon, we
further show the scattering rates of electrons in Fig. 3(c).
The scattering rate is not a constant with respect to elec-
tron energy. Therefore, the deviation of the Lorenz ratio is
ascribed to the energy-dependent electron scattering rates in
the vicinity of the Fermi level [18,60]. To further understand
the electron scattering process, we decompose the scattering
into acoustic and optical phonon scattering. It is found that the
electron scattering in metallic MXenes is mainly induced by
optical phonons, different from common metals [52] in which
the acoustic phonon scattering is dominant. This is ascribed
to the large phonon density of states of optical phonons in
metallic MXenes shown in Fig. S2. It should be noted that
electron-electron scattering is another scattering channel in
metals. However, it is only important at extremely low and
high temperature [61,62], and thus can be neglected in the
temperature range we considered here [52]. To verify this
statement, we evaluate the electron-electron scattering rates
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FIG. 3. (a) Electrical conductivity and (b) normalized Lorenz ratio from 200 to 800 K for Ti,CF,, Ti,CCl,, and Ti,C(OH),. (c¢) The
electron scattering rates from phonons and the resolved scattering rates from acoustic phonons compared to that from optical phonons at

300 K for Ti,C(OH),.
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FIG. 4. (a) Phonon thermal conductivity without (solid lines)
and with (dashed lines) phonon-electron scattering. (b) The phonon-
phonon scattering rates (ph-ph, shown by shallow blue scatters)
compared to the phonon-electron scattering rates (ph-el, shown by
red scatters) at 300 K for Ti,C(OH),.

at 300 and 800 K for Ti,C(OH), with GW method in first-
principles calculation. It is two orders of magnitude smaller
than electron-phonon scattering, as shown in Fig. S6.

D. Phonon thermal conductivity

Next, we consider the phonon contribution to thermal
conductivity. Note that the phonon thermal conductivity is
affected by both the phonon-phonon scattering and phonon-
electron scattering. The thermal conductivity considering only
phonon-phonon (ph-ph) scattering, and that considering both
phonon-phonon and phonon-electron (ph-el) scattering are
shown in Fig. 4(a). When only the phonon-phonon scatter-
ing is considered, the temperature-dependent phonon thermal
conductivity follows the normal T~! trend. After consider-
ing the phonon-electron scattering, the thermal conductivity
values for the three MXenes significantly decrease. This is
ascribed to the strong electron-phonon coupling, as in metallic
carbides [63] and metallic nitrides [64]. Also, the phonon
thermal conductivity becomes less temperature dependent
when the phonon-electron scattering is included. This is be-
cause phonon-electron scattering is not strongly temperature

TABLE II. The phonon thermal conductivity contributed by dif-
ferent phonon branches of the MXenes at 300 K.

Material ZA (%) TA (%) LA (%) OP (%)
Ti,CF, 45.1 26.4 20.0 8.5
Ti,CCl, 39.1 249 18.1 17.9
Ti,C(OH), 44.5 274 14.8 13.3

dependent [63,64]. To show the effect of electron-phonon
coupling on the phonon thermal conductivity, we further
plot the phonon-electron scattering rates and phonon-phonon
scattering rates in Fig. 4(b). The phonon-electron and phonon-
phonon scattering rates are comparable, especially for the
phonon modes with frequencies below 10 THz. It is also
worthy to check the phonon branch contribution to the phonon
thermal conductivity. As shown in Table II, although there are
many optical phonon (OP) branches for MXenes, the acoustic
phonons still dominate the phonon thermal transport. The
flexural acoustic phonons contribute the most to the thermal
conductivity, while transverse acoustic (TA) and longitudinal
acoustic (LA) phonons are also important. The large contribu-
tion of the ZA branch is primarily due to the small scattering
rates compared to TA and LA phonons (see Fig. S8).

E. Analysis of the electron-phonon coupling

The phonon-electron scattering rates can be expressed as

(26]
ph —el an)‘Z/ |gmn(k q)i
2

% afk(l/v’ T)

kAT S (Emkq — Enk — @), 2
Be (Emk+q — Enk — @).) 2

where m and n represent the band indices of electrons, v de-
notes the phonon polarization, w is the phonon frequency, Q257
is the volume of the first Brillouin zone. ¢ and u are the elec-
tron energy and Fermi level, respectively. f¥ is the equilibrium
distribution of the electron. g is the electron-phonon cou-
pling matrix element. To gain further insights into the strong
phonon-electron scattering, we calculate the nesting function
[65] and electron-phonon coupling matrix elements [66]. The
nesting function is employed to describe the electron-phonon
scattering phase space for a specific phonon wave vector, with
the expression of [26]

gq—Z / —S(snk— 8 Emirq — ). (3)

Phonons modes with large nesting functions can
be severely scattered by electrons. In comparison,
the electron-phonon coupling matrix elements reflects
the coupling strength between electrons and different
phonon modes. Recently, the strong phonon-electron
scatterings are ascribed to the large nesting func-
tion in several metallic systems, including metallic
carbides [63], metallic nitrides [64], and two-dimensional
Nb,C [67].

We take Ti,C(OH), as an example. The phonon-electron
scattering rates, the nesting function, and electron-phonon
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FIG. 5. (a) The phonon-electron scattering rates at 300 K, (b) the nesting function, and (c) the electron-phonon coupling matrix elements
mapping onto the three acoustic phonon branches for Ti,C(OH),. Only the electron modes with electron energy 0.2 eV above/below the Fermi
level are considered in the calculation of the electron-phonon coupling matrix elements.

coupling matrix elements are mapped onto the phonon dis-
persion, as shown in Figs. 5(a), 5(b), and 5(c), respectively.
Since the acoustic phonons dominate the phonon thermal
conductivity, we only present the three acoustic branches
here. As the phonon-electron scattering rate is proportional
to the phonon frequency, shown in Eq. (2), the contribu-
tion from low frequency (<2THz) is relatively small. In
the following, we focus on the frequency range greater than
2 THz. LA branch has the largest phonon-electron scattering
rates, while the ZA branch has the lowest value with the
same frequency from 2 to 7 THz. This can be reflected by
the differences in the nesting function shown in Fig. 5(b).
However, for the phonon frequencies larger than 7 THz,
the relative magnitudes of phonon-electron scattering rates
for different phonon branches cannot be interpreted only
by the nesting function. This phenomenon can be eluci-
dated through the electron-phonon coupling matrix elements
shown in Fig. 5(c). Therefore, both the nesting function and
electron-phonon coupling matrix elements account for the
magnitude of phonon-electron scattering rates in metallic
MXenes. Ti,CF, and Ti,CCl, have similar mechanism and
the results are shown in Fig. S9.

IV. CONCLUSIONS

In summary, we conduct a comprehensive first-principles
investigation into the thermal transport properties of 2D
metallic MXenes. Both electron and phonon contributions
to thermal conductivity are considered. The total ther-
mal conductivities of the MXenes are in the range of
54.3-104.7 W/mK. Electrons are found to have a consider-
able contribution to the total thermal conductivity, i.e., 37.3—
61.3% at 300 K. This is found to be mainly induced by the
large electron carrier concentration. Acoustic phonons are the
main contributors to the phonon thermal conductivity. Their
lifetimes are severely limited by the strong phonon-electron
scattering, which is related to both the electron-phonon cou-
pling matrix element and the nesting function.
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