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ABSTRACT: The phonon, elastic, and thermoelectric properties of Ti,CO, are investigated by first-principles calculations. The
dynamic and mechanical stabilities of Ti,CO, are confirmed. The Ti,CO, monolayer exhibits strong acoustic—optical coupling with
the lowest optical frequency of 122.83 cm™". The TA mode originates from the contribution of Ti(XY) vibrations and has the largest
gruneisen parameter at the I' point; the LA mode has the main contribution of O(XY) and Ti(XY) vibrations and has the lowest
gruneisen parameter at the M point. The analysis of the phonon spectrum indicates that the vibration contributions from C, O, and
Ti atoms are mainly located in the low-, middle-, and high-energy regions, respectively. The Seebeck coefficient and electronic
conductivity increase with increasing carrier concentration under room temperature. The analysis of mechanical properties shows
that Ti,CO, possesses a larger Young’s modulus and bending modulus, which has a better ability to resist deformation. Thermal
properties are further investigated.

1. INTRODUCTION atom. Compared with bare MXene, functionalized MXene

Two-dimensional (2D) materials have attracted great interest showimant)fl}ntil'gumg‘ physmocher?ncal prop ert1e§t andlé)roadci

because of the superior performances caused by the reduced ens 1tS ULUAZAHON I SENSOLS, — SUpercapacitors, — an
optoelectronics.

dimension since 2004." Theoretical investigation indicates that
2D materials have superior properties such as high elastic
stiffness, electronic properties, and energy storage character-
istics.””® Their atomically thin character also offers an excellent
platform to design high-performance devices and develop next-
generation technology.””

Graphene is a 2D material with superior mechanical and
biological properties. It has wide applications in high-strength
materials, energy storage, and transistors.” ! However, its
zero-band gap character greatly hampers applications in highly
integrated electronic components. Extensive efforts are focused
on exploring and designing 2D materials beyond graphene.
Recent experiments show that MXene with the formula of Received:  October 28, 2023
M, X, belongs to a family of 2D materials and is obtained by Revised:  November 20, 2023
removing A atoms from MAX materials."”'* F, O, and OH Accepted:  November 24, 2023
groups are often attached on the MXene surface during Published: December S, 2023
etching. So MXenes are expressed as M,,, X, T,, where M is a
transitional metal, T, is a termination group, and X is a C/N

MZXenes with O and OH terminations are the most stable,
and the OH group can change into O terminations at high
temperature.'® Therefore, the applications of O-functionalized
MXenes are more promising when compared with MXenes
with F and OH terminations. Ti,CT, was successfully
fabricated from the Ti,AlC phase,13 and Ti,CO, was obtained
by treating Ti,C(OH), at high temperature.'®

Ti,CO, has a semiconductor feature and is widely
investigated. Our previous works investigated the influence of
different O-vacancy concentrations and C-vacancy-line defects
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Figure 2. FM and AFM states of Ti,CO, (a) and the energy of Ti,CO, without magnetism during the simulation (b).

on electronic properties and quantum capacitance of
Ti,CO,."”* The adsorption of NH; on Ti,CO, with a
vacancy is further studied.”’ Ti,CO, is an effective photo-
catalyst for CO, reduction.”” Band-gap modulation of Ti,CO,
by strain is explored.”’ The electronic structure of Ti,CO, is
also studied by changing the layer thickness and strain.”*
Ti,CO, has the carrier mobility of 10* cm? V™! s7!
experimentally.” To date, an investigation of the phonon,
elastic, and thermoelectric properties of MXene with O

termination is still lacking.
In this article, Ti,CO, is selected to explore the phonon,

elastic, and thermoelectric properties by first-principles
calculations. This study can provide useful information for
experimentalists to have an explicit physical mechanism of the

related properties of MXenes.
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2. COMPUTATIONAL METHODS

All calculations were performed by VASP code.’® PAW
and Perdew—Burke—Ernzerhof (PBE)
functionals”® were utilized. An energy cutoff of 700 eV was

pseudopotentials”’

used. A large vacuum space of 25 A was set to simulate the
isolated monolayer. A 12 X 12 X 1 k-mesh was used for
structural relaxation. The phonon calculation was performed
by PHONOPY code” through the finite-displacement
method.™® A 4 X 4 X 1 supercell was constructed. The
quasi-harmonic approximation (QHA) method®' was used to
investigate the lattice constant, bulk modulus, and thermal
expansion of Ti,CO, at different temperatures. Thermoelectric
properties of the Ti,CO, monolayer were further explored by
using the BoltzTrap program.”” A 25 X 25 X 1 k-mesh was
used for transport coefficients of the Ti,CO, monolayer.
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Figure 3. Phonon dispersions (a) and PhDOS and fat bands of the Ti,CO, monolayer (b—d).

3. RESULTS AND DISCUSSION

3.1. Structure of the Ti,CO, Monolayer. There are three
possible configurations for the Ti,CO, monolayer. That is, an
O atom directly above a Ti atom as model 1, above a C atom
as model 2, and model 3 with one O atom above a Ti atom and
the other one above a C atom on each side. Figure 1 exhibits
the three models. The result indicates that model 1 of the
Ti,CO, monolayer has the lowest energy, indicating that
model 1 is the most stable for Ti,CO,. The lattice constant of
Ti,CO, is 3.045 A, which is in accordance with ref 23.

The ferromagnetic (FM) and antiferromagnetic (AFM)
states of Ti,CO, are explored. First, for the FM state, the initial
spins for Ti atoms all point in the same direction. Second, for
the AFM state, we consider two possible magnetic orderings
on Ti atoms, that is, AFM-stripy ordered (AFM1) and AFM-
Neel (AFM2). Figure 2(a) plots the FM and AFM states of the
Ti,CO, monolayer. Results show that the energy of the system
without magnetism (—400.1824 eV) is lower than those of FM
(-400.1822 eV), AFMI1(—400.18235 V), and AFM2
(—400.18238 eV), which indicates that Ti,CO, without
magnetism is the most stable. The nonmagnetic character of
the Ti,CO, monolayer is in agreement with previous
findings.”> > The following investigation is focused on
Ti,CO, without magnetism.

Molecular dynamics was performed by the DMOL3
program®® to investigate the experimental stability of the
Ti,CO, monolayer. Figure 2(b) presents the total energy of
Ti,CO, without magnetism during simulation. The total
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energy of the Ti,CO, monolayer oscillates around the same
energy, indicating that Ti,CO, is thermally stable at room
temperature.

3.2. Phonon Spectrum. Figure 3 presents the phonon
dispersion curves along the ' = M — K — I' and partial
atomic phonon density of states (PhDOS) of the Ti,CO,
monolayer. From Figure 3(a), the totally positive frequencies
confirm the dynamic stability of Ti,CO,. The acoustic modes
are labeled ZA, TA, and LA, which are responsible mainly for
heat transport in a narrow-gap semiconductor. ZA is the
flexural acoustic mode with the atomic vibrations along the Z
direction. LA and TA are the longitudinal and transverse
acoustic modes, respectively, with the atomic vibrations both
in the XY plane. The cross of TA and LA of Ti,CO, is similar
to that of the MoS, monolayer.””

Similar to other 2D systems,‘q'g’39 the LA and TA modes of
the Ti,CO, monolayer exhibit linear dispersions near the I'
point and denote in-plane rigid-body motions, while its ZA
mode denotes out-of-plane vibration and has quadratic
dispersion. The highest optical phonon frequency of the
Ti,CO, monolayer is 730 cm™', slightly smaller than that for
V,CF,.*" The optical branches with low energy soften and
overlap with the acoustic branches, which induces strong
acoustic—optical interactions. The lowest optical mode
boundary frequency of the Ti,CO, monolayer is 122.83
cm™!, which is larger than those of GeSe (64.19 cm™') and
SnSe (52.04 cm™').*! This indicates that the optical mode
softening of Ti,CO, is not so severe. From the PhDOS in
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Figure 4. Volume (a), bulk modulus (b), thermal expansion (c), and isovolume heat capacity (d) at different temperatures and pressures. The inset
in (c) is the thermal expansion coefficient at different temperatures and pressures in the energy range from 0 to 60 eV.

Figure 3(a), the contributions from C and O vibrations are
located in the high- and middle-energy regions, respectively.
The contributions from Ti vibrations are located in the low-
energy region.

The fat bands for Ti(XY), Ti(Z), O(XY), O(Z), C(XY), and
C(Z) vibrations are presented in Figure 3(b—d), along with
their PhDOS. It is noted that the ZA mode mainly consists of
Ti(Z) vibrations at the I" point. O(XY) vibrations provide the
increasing contribution of the fat band when getting away from
the I" point, which results in the covalent bonding character-
istic. This is similar to graphene* and MoS,.”” The TA mode
is mainly from Ti(XY) vibrations, and the LA mode has the
main contribution of the O(XY) and Ti(XY) vibrations.
C(XY) and C(Z) vibrations have the main contribution to the
high-energy regions.

3.3. Thermal Properties. The thermal properties can
provide information on materials about strength, phase
stability, etc. Research shows that Ti,CO, is stable at 1100
°C,* so the thermal properties of Ti,CO, at temperature (T)
up to 1300 K are studied at pressure (P) ranging from 0 to 50
GPa. Figure 4 presents the effect of T and P on the primitive
cell volume (V), bulk modulus (B), thermal expansion
coefficient (a), and heat capacity (Cy).

From Figure 4(a), the volume has little change with
increasing temperature at 0 GPa. For a given temperature,
the volume decreases with increasing pressure. At 300 K and 0
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GPa, the Vis 156.04 A’. Figure 4(b) presents the temperature
dependence of B of the Ti,CO, monolayer. At 0 GPa, B has a
very slight change with increasing T. For a given temperature,
B increases with increasing P, so Ti,CO, has a strong ability to
resist volume change. The B is 48.7 GPa at 300 K and 0 GPa.

Figure 4(c) presents the thermal expansion coefficient a of
Ti,CO,. a increases sharply at low T and then decreases for a
low pressure such as 0 and 10 GPa, while a gradually increases
for a high pressure larger than 20 GPa. For a given T below
300 K, the higher the P, the lower the a. For a given T larger
than 300 K, the higher the P, the higher the a. a is 1.6554 X
107 K™ at 300 K, 0 GPa and a is 3.9 x 107> K™" at 700 K, 0
GPa. They are larger than that of Ti,AIC (1.19 x 107> K™').**
The Ti,CO, monolayer has a thermal contraction (negative o)
below 50 K (the inset of Figure 4(c)) because of the activation
of low-lying ZA modes. The Ti,CO, monolayer changes to
thermal expansion (positive a) with increasing temperature.

Figure 4(d) plots the heat capacity of Ti,CO,. One fully
activated phonon branch will provide nearly 1.0 kg to Cy at a
high temperature and 0 GPa. At 300 K and 0 GPa, 74% of the
phonon branches are activated. With increasing pressure, the
activated phonon branches at 300 K decrease, with 63, 53, 45,
38, and 31% for 10, 20, 30, 40, and SO GPa, respectively. At a
lower temperature, Cy increases drastically and is proportional
to T°. For a given temperature, Cy decreases gradually as the
pressure increases.

https://doi.org/10.1021/acsomega.3c08540
ACS Omega 2023, 8, 4854948556


https://pubs.acs.org/doi/10.1021/acsomega.3c08540?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08540?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08540?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08540?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08540?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
10*E
“ %
- S
>3 s 10
oS =
Nb
w
10°F
0 1 1 L L L L L L L L LA
150~ 300 450 600 750 0 150 300 450 600 750
T (K) T (K)
(a) (b)
2200
10° 3
400t ]
I 10°F E
> 2
2 =
“ 600 | 1 o
o 10°F 5
800 F §
21 I22 I23 I24 102 . X ' g
10 10 10 10 10* 10% 10% 10*

. : 3
Carrier Concentration (cm™)

(©)

. . -3
Carrier Concentration (cm™)

(d)

Figure 5. Thermoelectric properties of the Ti,CO, monolayer: The Seebeck coefficient (a) and powder factor (b) as a function of temperature.
The Seebeck coefficient (c) and electric conductivity (d) as a function of carrier concentration.

3.4. Thermoelectric Properties. Figure S presents
thermoelectric properties such as the Seebeck coefficient S,
electrical conductivity 6, and powder factor S’s. Figure 5(a)
plots S under different temperatures at a fixed concentration of
1 X 10** cm™. The Ti,CO, monolayer shows p-type behavior
because of the positive S. S has a positive correlation with T
and increases with increasing T. However, S of Mo,CF, has a
negative correlation with T."> The electronic relaxation time 7
of Ti,CO, was estimated by Khazaei et al.** to be 10 fs. Figure
5(b) presents the powder factor S?¢ of Ti,CO, with a fixed
concentration of 1 X 10** cm™. The powder factor drastically
increases at low temperatures and has an oscillating increase at
temperatures larger than 200 K. Figure 5(c,d) presents S and ¢
at different carrier concentrations under 300 K. S and o
increase with increasing carrier concentration under room
temperature, which is consistent with Appala’s results.** No
experimental data are available for the Ti,CO, monolayer.

3.5. Elastic Properties. Elastic constants can reflect the
stiffness and evaluate the mechanical behavior of materials
against external stress within elastic limits. The mechanical
stability and elastic properties of Ti,CO, are explored by the
elastic constant C;. C; is scaled by C;; = C;j ooy (¢/ d;),"”*® where
¢ is a lattice constant in the z-axis direction and d; is the layer
thickness. C;; = C,, and Cg = (C;; — C 1,)/2 because of the
hexagonal structure of Ti,CO,. The Born criteria of
mechanical stability are C;; >~ C;,> > 0 and Cg > O for a
2D material.*’ Young’s modulus Y, Poisson ratio v, shear

modulus G, area modulus K, intrinsic strength o;,, bending
modulus D, and critical buckling strain &, are obtained by

Yy = CiiCy — CiuCyy U= &
C22 C22
C11 B C12
Gy =Co=—7— 0
3x(1—-22) ™ 9 12(1 — %)
e = _4712D
c YI? (2)

For the hexagonal structure of Ti,CO,, C;; = C,, and Cy, =
C,;. The calculated C;;, C;,, and Cgq are 274, 85, and 94 N/M,
respectively, which agree with Yorulmaz’s results.”’ This shows
that Ti,CO, is mechanically stable. Larger C,; than C,, for
Ti,CO, indicates that a larger force is needed for axial
compression when compared with shear and tensile
deformations. Table 1 lists the Y, v, G, K, 6y, D, and €. of
the Ti,CO, monolayer.

Y of Ti,CO, is 247.6 N/m, lower than that of graphene (342
N/m)°" and h-BN (270 N/m),*” but larger than that of MoS,
(180 N/m).>® This indicates that Ti,CO, can resist
deformation and has bitter rigidity, so it belongs to an
incompressible material. v of Ti,CO, is 0.31, smaller than

https://doi.org/10.1021/acsomega.3c08540
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Table 1. Y (N/m), v, G (N/m), K (N/m), 6,,, (N/m), D
(eV), and ¢, of the Ti,CO, Monolayer

parameter value parameter value
Y 247.6 Gt 27.5
v 0.31 D 28.5
Gy 94.5 €. ~0.067
K 217.5

those of AIN, FAINH, and HAINH.>* The bending modulus is
important for 2D materials and has a great effect on potential
flexible and stretchable electronic applications.> The D of
graphene and MoS, are 1.2 and 9.61 eV, respectively.”® The D
value of Ti,CO, is 28.5 eV, much larger than that of graphene
and MoS,. A larger bending modulus indicates that Ti,CO, has
a better ability to resist bending deformation.

3.6. Gruneisen Parameters. Gruneisen parameters ()
can be used to describe the anharmonic interaction of a crystal,
which is useful for analyzing the physical nature of lattice
thermal conductivity (k). Larger y values indicate strong
anharmonicity, which gives rise to low k;. Figure 6 presents the

14

A
74

-144

214

M K r

—

Figure 6. Gruneisen constant of the Ti,CO, monolayer.

Gruneisen parameters (y) of acoustic modes of the Ti,CO,
monolayer. It is noted that the ZA mode near the I" point has
large ne§ative values, which is often found in other 2D
systems " and consistent with the result of Sevik et al.”’ It
can be attributed to the membrane effect:*’ contraction
(expansion) always makes a membrane easier (harder) to
bend, and then softens (stiffens) the Z-direction flexural
vibration. The large negative values of the ZA mode near the I"
point also indicate that the acoustic branches of the Ti,CO,
monolayer are strongly anharmonic and crucial to the phonon
transport in materials. The conversion of the positive 7(Z0)
and negative y(ZA) near the I' point is due to the strong
hybridization between XY and Z vibrations. The TA mode has
the largest y at the I" point and the LA mode has the lowest y
at the M point.

4. CONCLUSIONS

In summary, we have theoretically performed the investigation
of the phonon, elastic, and thermoelectric properties of
Ti,CO,. The Ti,CO, monolayer is dynamically stable because
of the totally positive phonon frequencies. Results indicate that
the highest optical phonon frequency of Ti,CO, is 730 cm™"
and that its lowest optical frequency is 122.83 cm™'. A strong
acoustic—optical interaction is found. Through the analysis of
PhDOS, O(XY) vibrations far away from the I point provide a
larger contribution, which results in the covalent bonding
characteristic. The TA mode has the largest y at the I" point

and the LA mode has the lowest y at the M point. The acoustic
branches of Ti,CO, are strongly anharmonic due to the large
negative values of the ZA mode near the I" point. The analysis
of thermal properties indicates that the Ti,CO, monolayer has
a thermal contraction (negative a) below S0 K because of the
activation of low-lying ZA modes and transforms into thermal
expansion (positive &) with increasing temperature. A larger
Young’s modulus and bending modulus indicate that Ti,CO, is
more incompressible. Good thermoelectric properties demon-
strate that Ti,CO, has good potential for future application in
the thermoelectric area.
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