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Investigations on the thermoelectric and
thermodynamic properties of Y,CT, (T = O, F, OH)
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Using the first-principle calculations combined with the Boltzmann transport theory, we studied the
thermoelectric properties of Y,CT, (T = O, F, OH) MXenes. Specifically, the Seebeck coefficient, thermal
and electrical conductivities under constant relaxation time approximation were calculated. Results show
that for p-type carriers, Y,CO, has the largest power factor of up to 0.0017 W m~! K=2 when the carrier
concentration is 4.067 x 10 cm™2 at 900 K, at the same temperature, for n-type carriers, the
concentration is 9.376 x 10** cm™2, the power factor in Y>C(OH), is 0.0026 W m~* K=2. In particular, the

figure of merit in Y,CF, is 1.38 at 900 K because of its low thermal conductivity, indicating that it can be
Received 18th February 2022 idered tential dium-t t th lectri terial In additi the th d .
Accepted 8th April 2022 considered a potential medium-temperature thermoelectric material. In addition, the thermodynamics
properties within 32 GPa and 900 K, such as bulk modulus, heat capacity and thermal expansion, are

DOI: 10.1039/d2ra01077a also estimated using the quasi-harmonic Debye model. Our results may offer some valuable hints for the

rsc.li/rsc-advances potential application of Y,CT, (T = O, F, OH) in the thermoelectric field.
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1 Introduction

Due to the increase in energy consumption and severe envi-
ronmental problems, it is of great significance to explore
sustainable and ecologically sound energy resources. Thermo-
electric materials (TE) can realize the conversion directly
between heat and electricity." This unique feature makes the
expectation from thermoelectric materials deal with the global
energy crisis.”> The performance of thermoelectric materials is
evaluated by the dimensionless quality factor ZT, which is
2

defined as,ZT = S—KU T3 where S is the Seebeck coefficient, o is
the electrical conductivity, « is the sum of electronic thermal
conductivity k. and the lattice thermal conductivity «j, and T is
the temperature.*® The thermopower is evaluated by the power
factor $%6.%” Generally, both, high $%¢ and low « lead to secure
high ZT value.®*® In the past few decades, a series of high-
efficiency thermoelectric materials have been discovered.'
Among them, the typical thermoelectric materials with ZT > 1
have Bi,Tes;, Si;_,Ge,, and PbTe." Unfortunately, the Carnot
efficiency of thermoelectric materials is only 10% in practical
applications, which has a great difference from traditional
refrigeration with a Carnot efficiency of 30%." Although
scientists have developed many methods to improve the
performance of thermoelectric materials, they, however, still
face many challenges; ZT is difficult to increase due to the
coupling between thermoelectric factors.
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Nanostructuring is one of the effective ways to improve Z7.***
In 1993, Hicks and Dresselhaus expected that the quantum
confinement effect of electronic carriers in low-dimensional
materials can significantly improve the power factor," and they
found that there is a ZT value of up to 2.62 at 923 K** in a two-
dimensional SnSe single crystal, indicating it may be possible
that they may be promising thermoelectric materials.'®* MXenes
is a new type of two-dimensional material, which has been
extensively studied for its potential applications in the fields of
energy storage and conversion, environment and catalysis,
separation membranes, medicine, optics and electronics."”
MXenes are formed by etching the A element from the MAX
phase in an aqueous hydrofluoric acid solution.” MAX phases
with the chemical formula M,,.;AX,, (n = 1, 2 or 3) have a layered
structure, where M is an early transition metal, A is a group of
elements, and X is nitrogen or carbon.” During the etching
process, A atoms are usually replaced by O, F and/or OH groups,
resulting in functionalized MXenes M,,.,X,,T,.”° Research on the
thermoelectric properties of MXene materials mainly focuses on
MXenes with semiconductor properties, such as Sc,CT, (T = O,
F, OH)** and M,CO, (M = Ti, Zr, Hf),** and surface functionali-
zation can convert the metal abundance of MXenes into semi-
conductor properties,” and research shows that surface-
functionalized Y,C has semiconductor properties;** thus, in
this work, we mainly studied the electronic structure and ther-
moelectric properties of the surface-functionalized Y,C.

2 Calculation details

All calculations are performed based on the first principles. We
firstly performed the structural optimization of Y,CT, (T = O, F,
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OH) by using Vienna Ab initio Simulation Package (VASP).>>*®
The exchange-correlation functionals were treated by the
generalized gradient approximation (GGA) with Perdew-Burke-
Ernzerhof (PBE).*” The energy cutoff 500 eV and the Monkhorst-
Pack k-mesh 14 x 14 x 1 were adopted. The thresholds of
0.005 eV A~! for the force convergence and 10~® eV for the
energy convergence were used. After relaxing the geometry
structure, we calculated the band structure for Y,CT, (T = O, F,
OH) from the WIEN2k code, a full-potential linearized
augmented plane-wave method.?® The value of energy cutoff Ryt
X Kmax Was taken to be 7, where Ry is the smallest atomic
sphere radius in the unit cell of Y,CT, (T = O, F, OH), and Kj;ax
is the magnitude of the largest K vector. More-dense k-point
mesh of 15 x 15 x 1 was adopted in order to ensure the
convergence of the electronic transport properties.

We solved the semi-classical Boltzmann transport equation
within the constant relaxation time approximation (tr = 10~ **
s)* for calculating the Seebeck coefficient, electrical conduc-
tivity, and thermal conductivity. While the relaxation time t
generally depends on the electronic wave vector, energy, and
scattering mechanism, reliable results for the transport prop-
erties have been obtained within the constant relaxation time
approximation for a variety of materials.*** A rigid band model
was used to simulate doping by shifting the chemical potential
(BoltzTraP code).** For this purpose, the electronic band struc-
ture was calculated on a very fine 60 x 60 x 1 k-mesh.

3 Results and discussion

3.1 Electronic properties

First, we built the structural model Y,CT, (T = O, F, OH) as
shown in Fig. 1, the three-dimensional periodic boundary
conditions were combined with the 20 A thick vacuum region
along the ¢ direction to produce a single layer structure, and
optimize their structure to obtain the ground state. The lattice
parameters at equilibrium are presented in Table 1. It was
found that the O and OH functionalization leads to longer Y-C
in Y,CO, and Y-T in Y,C(OH), respectively, this difference is
also reflected in the smaller bond angle of 2 CYC in Y,CO, and
ZTYT in Y,C(OH),, because the proximity of O and OH to C
leads to the redistribution of charges, which weakens the bond
strength of Y-C in Y,CO, and Y-T in Y,C(OH),.

Since their structures are the same, the three functionalized
Y,C studied here have similar energy band structures, as shown
in Fig. 2. According to Fig. 2, an indirect band gap in Y,CO, and
Y,CF,was observed, the maximum valence band is at the I’
point, and the minimum conduction band was at the M point.
In Y,C(OH),, a direct band gap was found, and the maximum
valence band and the minimum conduction band were both at
I' point. For O, F and OH functionalization, the band gap
decreases sequentially. In addition, each compound exhibits
asymmetry between the valence band and the conduction band,
so the effective masses of p-type and n-type carriers are
different. For the three compounds, Y-d, the C-p and T-s states
form the valence band edge and the conduction band edge,
among them, C-p contributes the most to the valence band
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Fig. 1 Top and side views of the Y,CT, (T = O, F and OH).

Table 1 Calculated lattice constants (A), bond length (A), bond angle
and band gap (eV)

a Y-C C-T YT ZTYT /ZCYC Bandgap
Y,CO, 3.54 2.70 3.25 2.18 108.81 81.76 3.63
Y,CF, 3.58 2.48 3.28 2.18 108.80 92.38 1.17
Y,C(OH), 3.60 249 3.39 245 94.38 92.34 0.74

Y,C(OH),

i
Y
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Fig. 2 Electronic band structures of Y,CT, (T = O, F and OH).

edge, and Y-d contributes the most to the conduction band
edge, as shown in Fig. 3.

3.2 Thermoelectric properties

Flat bands near the Fermi level are beneficial to the thermo-
electric properties of the material because they lead to higher
§*, that is, the greater the effective mass of the carrier, the
greater is the S. The conduction band near the Fermi level of
Y,CO, is flatter than the valence band, which can be seen in
Fig. 2. Therefore, for Y,CO,, the effective mass of n-type carriers

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Total and orbital densities of states of Y,CT, (T = O, F and OH).

is greater than that of p-type carriers, while Y,CF, and Y,C(OH),
have opposite phenomena. As shown in Fig. 2 and Table 2. It
can be observed from Fig. 4(a)-(f) that S for Y,CO, n-type
carriers is larger than S for p-type carriers, while Y,CF, and
Y,C(OH), are opposite. For all compounds, S increases with.
Temperature and decreases with carrier concentration, which is
consistent with Pisarenko's relationship®

o)

where m* and p are the effective mass and carrier concentration,
respectively. However, for the Y,CF, and Y,C(OH),, although
high temperature should be beneficial to S, due to bipolar
conduction (a large number of minority carriers), the carrier
concentration will decrease as the temperature rises, and the
smaller the band gap, the greater this effect, this is consistent
with the reported results in ref. 20.

As expected, ¢ increases with p within a given temperature
(300-900 K) and concentration (10" to 10** cm™?), as shown in
Fig. 5(a)-(f). Obviously, for Y,CF, and Y,C(OH),, the

_ 8mky

3eh?

Table 2 Effective mass m* (m,) for p and n-types Y,CT, (T = O, F and
OH)

Y,CO, Y,CF, YZC(OH)Z
p-type 1.19 2.53 2.17
n-type 1.79 0.57 1.21
Y,C0, Y,CF, Y,C(OH),
1000
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Fig. 4 Carrier concentration dependence of Seebeck coefficients (S)
for (a)—(c) p-type and (d)-(f) n-type Y,CT, (T = O, F and OH).
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conductivity of n-type carriers is greater than that of p-type
carriers because n-type carriers are superior to p-type carriers
due to the dispersive conduction band near the Fermi-level
conductivity. For all compounds, the conductivity decreased
with increasing temperature. The change of «. is the same as
that of o, (see Fig. 5(g)-(1)). The difference is that . increases
with temperature. It can be clearly seen that for the three
substances, the electronic thermal conductivity increases
exponentially, this trend indicates that they have better thermal
conductivity and can be used for heat dissipation in electronic
devices. According to Fig. 6(a)-(f), the S*¢ of the three
compounds show similar trends. The $%¢ value increased with
increasing temperature. For the $%¢ of Y,CO, and Y,CF, p-type
carriers, the value is always greater than the S°¢ value of the n-
type carrier in a given carrier concentration (10'° to 10" cm™?)
and temperature (300-900 K), which is determined by the
effective carrier mass and the degree of dispersion of the band
at the Fermi level. For the Y,CO,, Y,CF, and Y,C(OH),, the
maximum values of $°¢ appear in the vicinity of 2.0 x 10", 8.0
x 10", and 6.6 x 10", respectively.

For the lattice thermal conduction, the most commonly used
method is solving the Boltzmann transfer equation (BTE),
which involves the calculation of phonon frequency, group
velocity, and harmonic and non-harmonic interatomic force
constants (IFCs).***” In order to consider the three phonon
scattering processes, which need to be used to calculate the
third-order anharmonic IFCs. Deinze et al*® used density
functional perturbation theory (DFPT) to obtain third-order
IFCs to study the phonon linewidth. In recent years, this
method has been successfully used to solve BTE and predict the
lattice thermal conductivity of materials.>**" This method
requires the calculation of the electronic structure of multiple
large supercells, and each supercell has a different set of atomic
displacements, so it requires a lot of computing resources. A
variety of simple and low-cost calculation methods have been
developed to calculate the lattice thermal conductivity of
materials. Among these, the Slack*? is one of the more effective
methods. In this work, the lattice thermal conductivity was
calculated using the method proposed by Slack using the Debye
temperature and the Griineisen parameter:

1
0.849 x 3v/4 kp®,\ > kg, V3
Kl(@a)

T 2001 — 0514y 1 10228y 2)  \ 7 %
(2)

where V is the volume of the unit cell, m, is the average atomic
mass and, vy is the Griineisen parameter. ®, is the acoustic-
mode Debye temperature,” which is different from the tradi-
tional Debye temperature @p, 0, is based on the assumption
that the optical phonon mode in the crystal does not contribute
to the lattice thermal conductivity, and only the acoustic mode
is taken into account. It can be calculated from the traditional
Debye temperature ©,*

1
@a = @Dl’l75 (3)

where n is the number of atoms in the primitive cell, the
thermal conductivity at temperature is estimated by**

RSC Adv, 2022, 12,14377-14383 | 14379
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Fig. 5 Carrier concentration dependence of electrical conductivities (o) for (a)—(c) p-type and (d)—(f) n-type Y,CT, (T = O, F and OH) and
electronic thermal conductivities (k) for (g)—(i) p-type and (j)—(1) n-type Y>CT, (T = O, F and OH).
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Fig. 6 Carrier concentration dependence of thermoelectric power

factors (5%¢) for (a)—(c) p-type and (d)—(f) n-type Y>CT, (T = O, F and
OH).

%>

(T) = xi(Op) T (4)

It can be seen from the above formula that the key to
calculating «, lies in the Griineisen parameter v and the acoustic
model Debye temperature @,. In this work, we used the elastic
constant to calculate the transverse and longitudinal sound
velocities, and finally obtain the Griineisen parameter v and the

14380 | RSC Adv, 2022, 12, 14377-14383

acoustic model Debye temperature ®,. The elastic constant,
bulk modulus, shear modulus, Young's modulus and Poisson's
ratio are shown in Table 3, in which the elastic constant satisfies
the Born stability criterion of Born-Huang's lattice dynamics
theory of hexagonal two-dimensional structure,” i.e., C11>|Cys|,
(C11 + C12)Cs3 > 2C13% and Cgg > 0. The transverse sound velocity
v and longitudinal sound velocity » can be calculated via the
following formulas.**

(5)

Y(1—-v)

p(1+v)(1 —2v) (6)

Vy =
average sound velocity v, can be calculated from v, and v,

1/2 1\]3 . .
Um = 3\ + = , replace v, v; and v, with expressions for
t 1
v and O@p:**1®

9 12(v/m)’
YT Y ayw)? 9

1
h ( 3n\3
Op = ka (m) Vm (8)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table3 Y,CT, (T =0, Fand OH) average atomic mass m,, cell volume
V, the number of atoms n in the primitive cell, elastic constant Cj, Bulk
modulus, Young's modulus, Shear modulus, Poisson’s ratio, transverse
sound velocity », longitudinal sound velocity », average sound velocity
vm, Debye temperature @p, acoustic Debye temperature ©,, Grineisen
parameter v and lattice thermal conductivity «, (at room temperature)

Y,CO, Y,CF, Y,CO,
n 5 5 7
m, (in amu) 44.36 45.56 31.98
V(A% 288.41 268.19 318.39
Cy; (GPa) 111.27 81.47 70.30
Cy, (GPa) 50.48 18.71 15.07
Cy; (GPa) 1.20 2.05 —2.41
Cs; (GPa) 2.97 0.87 1.60
Ce (GPa) 30.11 30.91 26.45
B (GPa) 19.56 12.12 8.88
Y (GPa) 32.29 19.00 16.44
G (GPa) 13.18 7.67 6.90
v 0.23 0.24 0.19
v (x10° m s™) 3.21 2.33 2.05
n (x10° ms™") 5.39 3.98 3.31
Vm (x10° ms™h) 3.56 2.59 2.26
65 (K) 274.16 204.17 211.33
0, (K) 160.33 119.40 110.47
¥ 1.39 1.45 1.25
K WmtK 7.16 2.70 2.20

Vi, V1, Vm, ¥ and Op are calculated as shown in Table 3. By
substituting these parameters into formula (4), the lattice
thermal conductivity at room temperature as shown in Table 3
and the k; at 300-900 K are shown in Fig. 7. From Fig. 7, for the
three compounds, the lattice thermal conductivity decreases
with increasing temperature, and the lattice thermal conduc-
tivity of Y,CO, is the largest at the same temperature (300-900
K), followed by Y,CF,, and Y,C(OH), is the smallest, which
means that for the phonon pair of Y,CO, at the same
temperature (300-900 K) the thermal conductivity has the
largest contribution and Y,C(OH), has the smallest
contribution.

Fig. 8 shows the characteristics of the dependence of ZT on
carrier concentration. For the n-type carriers, the maximum ZT
value at 900 K increases in the order of Y,CO,, Y,CF, and
Y,C(OH),. For the p-type carriers since PF is larger and « is
smaller, the ZT value of Y,CF, is larger than Y,CO, and
Y,C(OH),. For the Y,CO,, PF is larger than Y,CF, and Y,C(OH),,
but « is larger than Y,CF, and Y,C(OH),, so ZT is smaller than
Y,CF, and similar to Y,C(OH),.

Y,C(OH),

* (Wm'KT)
K (Wm'K ")

x (Wm'K")
O

T T T T T T T T T 0. T T T T T
300 400 500 600 700 800 900 300 400 500 600 700 800 900 300 400 500 600 700 800 900
T(K) T(K) T(K)

Fig.7 Lattice thermal conductivity (x)) as a function of temperature for
Y,CT, (T = O, F and OH).
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Fig. 8 Carrier concentration dependence of figures of merit (ZT) for
(a)—(c) p-type and (d)—(f) n-type Y,CT, (T = O, F and OH).

3.3 Thermodynamic properties

In Fig. 9(a)-(c), we show the volume of Y,CT, (T = O, F and OH)
as a function of temperature and pressure. It is found, that
under a given pressure, the volume increases with temperature,
and this trend decreases with the increase of pressure. On the
other hand, at a certain temperature, the volume decreases with
the increase of pressure, and this change decreases with
increasing pressure, we can understand that the pressure
compresses solids and temperature expand solids. The change
bulk modulus (B) under temperature and pressure. It can be
seen from the Fig. 9(d)-(f) that for the Y,CO,, Y,CF, and
Y,C(OH),, the change of bulk modulus with temperature and
pressure is opposite to the change in volume. The bulk modulus
of the three functional groups increases with pressure at a given
temperature, which means that the pressure increases the
hardness. For the Y,CO,, Y,CF, and Y,C(OH),, the bulk
modulus decreases with temperature, which means that the
temperature decreases the hardness.

In addition, the heat capacity (Cy) of Y,CT, (T = O, F, OH) is
calculated, which provides information about lattice vibration,
phase transition, and measurement of molecular motion, and

Y,C(OH),

0 200 400 600 800 0 200 400 600 800 0 200

Tempersore (K) Tempersore (K)

Fig. 9 Temperature dependence of (a)-(c) variations of volume (V)
and (d)—(f) bulk modulus (B) for Y,CT, (T = O, F and OH).
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Fig.10 Temperature dependence of (a)—(c) variations of heat capacity
(C,) and (d)—(f) thermal expansion (a) for Y,CT, (T = O, F and OH).

the changes in it with temperature and pressure are shown in
Fig. 10(a)—(c). It can be seen from Fig. 10(a)-(c) that Cy increases
rapidly at lower temperature values from 0 K to 400 K. Above 400
K, it can be observed that Cy slowly increases and becomes
constant at 700 K, and finally close to the famous Dulong-Petit
limit.*” Thermal expansion is the non-harmonic result of the
interatomic force explained by the quasi-harmonic approxima-
tion, where it is assumed that the vibration frequency of the
network has nothing to do with temperature, but depends on
the volume. Fig. 10(d)-(f) shows the change in Y,CT, (T = O, F,
OH) thermal expansion « under constant pressure. For low
temperatures up to 300 K, « at a given pressure (proportional to
T%) increases sharply with the increase in temperature (most
obvious at 0 GPa). Starting from 400 K, the increase becomes
gentle. It is obvious that the lower the pressure, the greater the
rate of increase. For the three functionalizations, in general, at
a given temperature, the thermal expansion decreases with the
increase in pressure.

4 Conclusions

We studied the thermoelectric properties of the two-
dimensional functionalized Y,C by considering the trans-
mission of electrons and phonons and studied their electronic
structures using first-principles methods, and the Boltzmann
transmission equation of electrons was solved. For the trans-
port of phonons, we use the Slack model considering the high-
temperature limit to study the contribution of phonons to the
thermal conductivity to quantify the study of electrons and
lattice pairs. The functional groups O, F and OH opened the
band gaps of 2.63 eV, 1.17 eV and 0.74 eV at the Fermi level of
Y,C, respectively. The effective masses of p-type and n-type
carriers were calculated through the band structure, thus con-
firming the difference in the Seebeck coefficient. For the p-type
carriers, when the carrier concentration was 4.067 x 10 cm ™2,
the maximum power factor of Y,CO, could reach 0.0017 W m™*
K2 at 900 K, and at the same temperature, for the n-type
carriers, the concentration was 9.376 x 10" cm™?, the power
factor in Y,C(OH), was 0.0026 W m ' K~ 2. Through the study of
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electronic thermal conductivity and lattice thermal conduc-
tivity, it was found that the contribution of phonons to thermal
conductivity occupies the main part. In particular, the quality
factor of Y,CF, was 1.38 at 900 K, because of its low thermal
conductivity, indicating that it can be considered as a potential
medium-temperature thermoelectric material. In addition, the
thermodynamic properties in the range of 32 GPa and 900 K,
such as bulk modulus, heat capacity, and thermal expansion,
are also estimated using the quasi-harmonic Debye model. Our
results may provide some valuable hints for the potential
application of Y,CT, (T = O, F, OH) in thermal electric fields. At
present, the experimental research on the thermoelectric
properties of MXenes materials is still in the research stage, this
paper provides a good theoretical basis for experimental
research.
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