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Functionalization of the MXene Sc,C, which has the rare property to realize semiconducting states for various
functionalizations including O, F, and OH, is studied with respect to the electronic and thermal behavior. The
lowest lattice thermal conductivity is obtained for OH functionalization and an additional 30% decrease can
be achieved by confining the phonon mean free path to 100 nm. Despite a relatively low Seebeck coefficient,
Sc,C(OH), is a candidate for intermediate-temperature thermoelectric applications due to compensation by a
high electrical conductivity and very low lattice thermal conductivity.
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I. INTRODUCTION

A large family of two-dimensional materials, the MXenes,
can be prepared from the MAX phases by exfoliation in
aqueous hydrofluoric acid using ultrasonic methods [1].
The bulk materials have a layered structure (space group
P63/mmc) with chemical formula M,,.;AX,, where n =
I, 2, or 3; M is an early transition metal; A is a group
13/14 element; and X = N or C. MXenes contain M and
X atoms in (n 4 1):n ratio. During the exfoliation process
the A atoms are replaced by O, F, and/or OH, leading to
functionalized MXenes M,,11X, T, with termination T. So
far functionalization has been demonstrated for the MXenes
Ti2C, Ti3C2, Ti3CN, Ta4C3, Nb2C, VQC, (Ti]/szl/g)zc, and
(V1,2Cr12),C, being of interest for a variety of applications
in energy storage and capacitive devices [2,3]. A change
in resistance on selective intercalation additionally indicates
potential in chemical sensing [4].

Thermoelectric devices can provide clean solutions to
energy demands by power generation out of waste heat
and electrical cooling, for example [5]. The thermoelectric
efficiency of a material is given by the dimensionless figure
of merit, zT = SZUT/K, where T is the temperature, S is
the Seebeck coefficient, o is the electrical conductivity, and
Kk is the thermal conductivity with electronic (x.) and lattice
(x;) contributions. In contrast to the metallic M, ; AX,, phases,
most MXenes show finite band gaps and high S values [6]. Op-
timization of zT often suffers from interdependence between
o and k, through the Wiedemann-Franz relation, x, = Lo T,
L being the Lorenz number. While typically the power factor
(S%0) is used to evaluate the thermoelectric potential of a
material, a complete picture requires studying the electronic
as well as thermal transport. We adopt this approach to address
Sc,C, as this MXene realizes semiconducting states for various
functionalizations including O, F, and OH.

II. THEORETICAL APPROACH

We use density functional theory based on a plane-wave
basis and the projector augmented wave approach, as imple-
mented in the Vienna ab initio Simulation Package [7]. A
kinetic-energy cutoff of 500 eV and the generalized gradient
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approximation [8] for the exchange-correlation potential are
used. Employing a I'-centred 12x12x1 k mesh, the model
structures are relaxed until the atomic forces have declined
to less than 5 meV/ A with an energy convergence of
107® eV. Three-dimensional periodic boundary conditions
combined with a 15-A-thick vacuum region along the z
direction give rise to monolayer structures. A 48x48x1
k mesh and the tetrahedron method are used to compute
the density of states (DOS). The thermoelectric transport
is studied using semiclassical Boltzmann theory and the
rigid band approach (BOLTZTRAP code) [9] with the constant
relaxation-time approximation [10]. The electronic structure
is recalculated on a dense 60x60x 1 k mesh (3972 points) for
the Fourier interpolation of the Kohn-Sham eigenvalues that
is used to obtain derivatives. The only empirical parameter in
our approach is the electronic relaxation time, which has been
estimated in Ref. [6] to be about 7 = 10 fs by comparing
theoretical values of o/t to experimental values of o for
a range of MAX phases. Its weak temperature dependence
is neglected. In this sense, the calculated figures of merit
constitute upper bounds.

The thermal transport by phonons is studied by means of
the Boltzmann transport equation [11,12] with the second- and
third-order interatomic force constants as input (SHENGBTE
code) [13-15]. Crystal symmetry and translational invariance
are enforced in the determination of the harmonic force con-
stants. Harmonic phonons are calculated using the PHONOPY
code [16] with a 4x4x1 supercell and 3x3x1 k mesh. For
the third-order force constants a finite displacement method
is used, where two atoms in the supercell are displaced
simultaneously and the forces on the remaining atoms are
calculated (imposing translational invariance). Interactions up
to fourth nearest neighbors are considered for calculating
the cubic force constants. The lattice thermal conductivity is
evaluated as

1
af 2 apB
< = ran % folfo+ Do PVeFS, (1)

where kp is the Boltzmann constant, T is the temperature,
2 is the volume of the unit cell, N is the number of points
used to sample the q space, fy is the equilibrium phonon
distribution function, % is the reduced Planck constant, A is the
phonon mode (comprising the phonon branch index and wave
number), w, is the angular frequency, v, is the group velocity,
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TABLE 1. Structural parameters (A or deg) and band gaps (e V).

a C-T Sc-C Sc-T ZTScT ZCScC Band gap
Sc,CO, 3.430 1.65 2.20 2.10 110 102 1.84 (indirect, I'-K)
Sc,CF, 3.281 3.10 2.28 221 96 92 1.03 (indirect, I'-M)
Sc,C(OH), 3.305 3.15 2.29 2.28 93 93 0.44 (direct, I")

and F; is the mean free displacement [15]. In the following
we will discuss k; = k" = k;”. A 60x60x1 q mesh (3600
points) is employed and shows a tolerance of less than 0.5%
for «; of Sc,CO, with respect to a 100x100x 1 q mesh, for
example. The Dirac § functions for energy conservation in
phonon processes are approximated by Gaussian functions
with local adaptive broadening [14]. To calculate €2, layer
thicknesses of 5.73, 6.76, and 7.40 A are used for Sc,COs,
Sc,CF,, and Sc,C(OH),, respectively [17].

III. RESULTS AND DISCUSSION

Studying O, F, and OH functionalization on both sides of
Sc,C, we find that T = O results in a qualitatively different
structure than T = F or OH with short C-T distance (see
Table I and Fig. 1). This difference is also reflected by
shorter Sc-C and Sc-T bond lengths and larger ZTScT and
ZCScC bond angles in Sc,CO,, because the proximity of
O to C results in a charge redistribution that strengthens
the Sc-C bond. Both the band-gap size and character differ
significantly between the three functionalizations; see the
right column of Table I and the electronic band structures

FIG. 1. Atomic structure: Side and top views of monolayer Sc,C
functionalized by (a) O, (b) F, and (c) OH. Color code: Sc pink, C
brown, O red, F blue, and H yellow.

in Fig. 2. Since for O/F functionalization the conduction-
band minimum is formed by the Sc 3d bands and for OH
functionalization by the O 2p bands, we obtain in the latter
case a direct band gap with significantly reduced size. We
note that the electronic dispersion relations of functionalized
Sc,C previously have been determined in Refs. [6,17], showing
qualitative agreement with our results. Beyond, the sizes of our
band gaps agree with Ref. [6], except for Sc,C(OH),, while
the hybrid functional calculations of Ref. [17] result in higher
values but reproduce the trends observed in our study.

Flat bands at the Fermi level are favorable for thermoelectric
purposes as they lead to high S values [18]. Table II indicates
that the average heat carried per hole (a measure of S) is larger
for O/F than for OH functionalization. According to Figs. 3(a)—
3(f), S decreases for increasing carrier concentration, which
agrees with the Pisarenko relation [19]

s T ;
().

where m* and p are the effective mass and carrier concen-
tration, respectively. We note that a temperature of 900 K
should be well accessible for MXenes [20]. The value of
p is calculated by integrating the DOS up to the required
chemical potential for some doping at a given temperature.
While high temperature should favor S, we find for low
carrier concentration a reduction due to bipolar conduction
(significant amount of minority carriers). The smaller the band
gap, the larger is this effect. Table Il includes a comparison with
the transition-metal dichalcogenides MoSe, and WSe, [21].
Heavier holes (majority carriers) in Sc,CO, and Sc,CF; than in
MoSe, and WSe; enhance S. For Sc,C(OH), the holes are also
heavier but at the same time the size of the band gap is strongly
reduced, which together results in comparable values of S. As
expected, o grows with p [see Figs. 3(g)-3(1)]. Comparison
to the third and fourth columns of Table II shows that the
relative magnitudes obtained for different functionalizations
are influenced by details of the band dispersions and cannot be
predicted from the effective masses alone. The degenerate hole
pockets at the I" point enhance o without negatively affecting
S [22]. According to Figs. 4(a)—4(f) the three compounds show
similar values of S?0 and according to Figs. 4(g)—4(l) the
trends of «, reproduce those observed for o in Figs. 3(g)-3(1).
Phonon dispersion relations along the high-symmetry
directions of the Brillouin zone are shown in Fig. 5. We
find no imaginary frequencies, indicating stability of the
functionalizations. T = O leads to lower frequencies than T =
F or OH (especially for the acoustic branches determining the
thermal transport) as expected from the lattice constants given
in Table I. The acoustic branches show large group velocities
(given in Table III for the flexural, transversal, and longitudinal
branches) and similarity of the I'-M and I'-K directions,

_ 872k3
3eh?

035405-2



THERMOELECTRIC PERFORMANCE OF FUNCTIONALIZED ...

PHYSICAL REVIEW B 94, 035405 (2016)

® Sc3d
Hm C2p
O/F 2p
5¢,CO, Sc,CF Hls Sc,C(OH),
-\ -
1
- 1 -4
1
d
L= 11.84eV ] ;
S | | | :
\Q_)/ 1 1
- ' :
LIIJ Y fE
53]

M

K rr

FIG. 2. Band structures with orbital weights.

representing isotropic in-plane elastic response. The special
structure of Sc,CO, is reflected by deviations in vza and vya
from the other two functionalizations.

The values of «; calculated in the single mode relaxation
time approximation (SMRTA) are found to be smaller than
those obtained from the iterative approach based on self-
consistent phonon lifetimes [see Figs. 6(a)-6(c)]. The differ-
ence amounts to around 15% at room temperature, indicating
dominance of Umklapp processes over normal processes.
In each case the difference decreases when the temperature
increases, because the weight of Umklapp processes in
k; grows for decreasing phonon wavelengths. The normal
processes, however, provide indirect resistance to the thermal
flow by modifying the distribution of the Umklapp processes
and therefore lower «; [23]. As the iterative procedure is more
accurate than the SMRTA, it is used to calculate zT'.

The finite band gaps lead to appreciable Born effective
charges (Z*) and dielectric constants (€4,) (see Table III). The
resulting long-range electrostatic interactions cause a splitting
of the longitudinal optical (LO) and transverse optical (TO)
branches. However, this splitting modifies «; only slightly (less
than 3%). It may be noted that T = OH leads to high-frequency
optical branches near 3760 cm™! (close to the O-H infrared
frequency [24]), a feature that can be used to characterize the

TABLE II. Seebeck coefficients at room temperature without
doping (VK™ and effective masses (m,).

S Electron Hole
Sc¢,CO, 1022 0.86 (K) 1.06 (I'")
Sc,CF, 1036 0.92 M) 2.35 ()
Sc,C(OH), 372 0.57 (I') 1.87 (I')
MoSe, 427 0.54 (K) 0.64 (K)
WSe, 350 0.34 (K) 0.44 (K)

level of OH functionalization (as typically various functional
groups are present simultaneously [2]).

Separating the acoustic and optical contributions to «;, we
find the former to be smaller than in other two-dimensional
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FIG. 3. Seebeck coefficients and electrical conductivities.
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—— 300K TABLE III. Group velocities of the acoustic branches (km s™')
Se,CO), Se,CF, — gggi Se,C(OH), in the long-wavelength limit, in-plane Born effective charges (elec-
15 SENEE S - SR S— - trons), and dielectric constants.
_z oL @pope 1L @ pype [ @ptype via v v Zh  Zh Zhe Zh e
rvi i 1701 i Sc,CO, 1.8 3.1 87 357 =277 -2.18 2.51
3 5 __ __ __ __ Sc,CF, 1.2 51 87 429 -521 -1.69 3.34
0 . . Sc,C(OH), 1.0 52 89 446 -569 —-190 0.28 4.62
- 12 LRAALE IR B LALLE LELLLLE L LALRLLEN DL B
z oL ®n-type | (d)n-type | (D n-type
= | | (1.3 Wm~' K~!) [28], because the involved elements are less
s 5L L heavy.
”E L L The dependence of zT on p as shown in Fig. 7 is
0 ol Tl ol characterized by maxima around 4x10~"* cm™2. For both
o T T p- and n-type carriers the values grow from Sc,CO, to
9 201~ (o) p-type ™ (i) p-type ™ (k) p-type Scy,C(OH), at high p as «; is reduced. The opposite trend
s i ) is observed at low p, since k, grows from T = F to OH
g 10 J [see Figs. 4(g)—4(1)]. We note that the mixed grain approach
ol o J—C_—J// can be used to lower «, [29]. Being close to C/N in the
0 periodic table, O is the most probable substitutional dopant for
e e e MXenes, which is well known for the MAX phases [30,31].
o 207 (h) n-type | (j) n-type | (1) n-type Since the thermoelectric response can be enhanced (without
= altering the chemical composition) by restricting the phonon
z 10+ - B wavelength via grain boundaries [32], we calculate the cumu-
< | ’ / lative lattice thermal conductivity, xf =}, . -4 ki, Where
il A is the maximum phonon mean free path. Restriction of the
W0t 100 000 107 100 Wit 100 100 " phonons to 100 nm, for example, leads to a 30% reduction
0 (cm?) 0 (em?) 0 (cm?) of k;, at room temperature for all the functionalized MXenes

FIG. 4. Thermoelectric power factors and electronic thermal
conductivities.

materials such as graphene [25], blue phosphorene [26],
MoS, [27], and MoSe; and WSe, [21] at room temperature
(see Table IV). Overlap of the acoustic and optical branches
for T = F and OH (see Fig. 5) enhances three-phonon
interactions and thus lowers ;. We note that additional optical
branches appear at high frequency for OH functionalization
but give negligible contributions to «; (<0.4%). Relatively
high anharmonic phonon scattering rates for T = OH [see
Figs. 6(d)-6(f)], calculated using Fermi’s golden rule, also
lower k;, as the phonon relaxation times are reduced (slow
thermal transport). It turns out that in the materials under study
k; is significantly higher than the in-plane value of BiyTes
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FIG. 5. Phonon dispersion relations. Additional optical branches
appear at higher energy for OH functionalization.
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FIG. 6. Lattice thermal conductivities, room-temperature anhar-
monic scattering rates (black, red, blue, and green color refers to
the ZA, TA, LA, and optical branches, respectively), and cumulative

lattice thermal conductivities.
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TABLE IV. Lattice thermal conductivity and contribution of the
acoustic phonon branches (W m~' K~!). Data for graphene (10-um
sample), blue phosphorene, MoS, (10-um sample), MoSe, (1-um
sample), and WSe, (1-pm sample) at room temperature are given for
comparison.

acoustic

K K;
Sc,CO, 59 48
Sc,CF, 36 30
Sc,C(OH), 10 8
Graphene 3600 3564
Blue phosphorene 78 76
MoS, 108 98
MoSe, 69 69
WSe, 43 42

under consideration [see Figs. 6(g)—6(i)]. We note that the
maximal electronic mean free path in the materials under
study is below 11 nm, so that x, will not be affected by such
nanostructuring.

IV. CONCLUSION

The thermoelectric behavior of the MXene Sc,C function-
alized by O, F, and OH groups has been investigated taking
into account the electron and phonon dynamics by density
functional theory and the Boltzmann transport formalism. The
functionalization significantly affects the structural properties
and electronic band structure. In particular, the small direct
band gap in the case of OH functionalization is attributed to
the fact that O 2p states form the conduction-band minimum.
Though the Seebeck coefficient is significantly smaller for
OH than for O/F functionalization at high temperature, the
power factor remains significant due to compensation by a
high electrical conductivity. Moreover, the Seebeck coefficient
for OH functionalization can be enhanced by suppressing the
bipolar conduction at elevated temperature, for example, by
tuning the band gap via strain. The large electronic contribution
to the thermal conductivity obtained for OH functionalization

PHYSICAL REVIEW B 94, 035405 (2016)
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FIG. 7. Figures of merit.

at small carrier concentration can be reduced by the mixed
grain approach.

Since the acoustic phonon branches turn out to contribute
less than in graphene, blue phosphorene, MoS,, MoSe,, and
WSe,, for example, the lattice thermal conductivity is small.
For O and F functionalization the figure of merit can be
strongly enhanced by lowering the lattice thermal conductivity,
since the power factor is high. The fact that the best
thermoelectric response is obtained for OH functionalization
is due to the lowest lattice thermal conductivity in this case
(largest anharmonic phonon scattering). Finally, the possibility
to enhance the figure of merit by means of phonon confinement
has been addressed from a quantitative perspective.
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