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ABSTRACT. The discovery of strong materials is essential in materials science and 

engineering. It becomes more significant to the practical applications of two-dimensional (2D) 

materials. In this study, the mechanical properties of all known 2D titanium carbide-based 

MXene monolayers have been systematically investigated by means of the density functional 

theory computations. Both the impacts of the thickness of the MXenes and the surface 

functionalization have been considered. Our results reveal that the in-plane planar elastic 

constants, Young’s moduli and Shear moduli increase over the thickness. Moreover, they are 

enhanced by the terminal groups of surface functionalization. And the oxygen terminal group 

has the largest influence. As a result, the 2D Ti4C3O2 is the strongest one among all 2D titanium 

carbide-based MXene, which is even stronger than the graphene. Our prediction provides the 

theoretical foundation for the specific application of MXenes that demands superior 

mechanical properties. 
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Mechanical properties of two dimensional (2D) materials are essential for their 

applications since they determine their stiffness and stability [1-3]. The 2D materials with 

superior mechanical properties, e.g. graphene with the bulk Young’s modules of about 1 TPa, 

can be promising candidates as composite materials, protective coatings, fibers and energy 

storage materials [4]. To this end, numerous studies have been devoted to discovering strong 

2D materials. A recent study by Lipatov et al. experimentally demonstrates that the 2D Ti3C2Tx 

MXene monolayer is a novel strong 2D material, which possess the similar in-plane planar 

Young’s modulus of graphene. This work paved the avenue to search other strong 2D MXene 

monolayer for the similar applications. MXenes is a new family of 2D transition metal carbides 

and carbonitrides with more than 70 known species, which can be synthesized by the 

exfoliation of  MAX phases [5, 6]. MXenes have a general formula of Mn+1Xn, where M and X 

represent a metal and C/N, respectively. Whereas, n can be 1, 2, or 3 in the known MXene 

materials [5]. In practicality, MXenes are too chemically active, which can be synthesized 

through the surface functionalization using terminal groups including -OH, -O and –F. The 

terminal groups are termed as T. As such, the surface functionalized MXenes are labelled as  

Mn+1XnTx [7, 8]. The surface functionalized MXenes have further led to numerous 

technological applications, e.g. energy storage [9, 10], electromagnetic interference 

shielding,[11, 12] composite materials [13], catalysts [14] and sensors [15]. While the 

structural and electronic properties of Mn+1XnTx have been widely investigated [12, 16], their 

mechanical properties have not been systematically studied in detail due to the novelty of these 

materials.  

Most previous studies of the mechanical properties of 2D Mn+1XnTx are based on the 

first-principles density functional theory (DFT) calculations. This is because of the big 

challenge to synthesize high-quality large 2D single crystals for experimentally measurements 

[17, 18]. Additionally, the DFT calculations have the demonstrated capability to reproduce the 

mechanical properties of materials obtained from the experiments [4]. As such, the DFT 

simulation becomes a promising alternative approach to investigate the mechanical properties 

of materials. In 2012, a large elastic constant (C11) of some Ti-based carbides MXenes have 

been theoretically revealed based on the DFT calculations, which indicate that the Tin+1Xn may 

be a promising 2D compositional material [19]. In 2014, Wang et al. got the similar conclusions 

through DFT calculations of the elastic properties of Ti2C monolayer [20]. Later, Fu et al. 

predicted that the surface functionalization can remarkably improve the Young’s modulus and 

shear modulus of Ti3C2 [21], which was experimentally confirmed by a recent experimental 
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work conducted by Lipatov et al. [22]. However, the impact of surface functionalization on 

Ti2C and Ti4C3 are largely unknown. To obtain the holistic picture about the mechanical 

properties of surface functionalized 2D Tin+1Cn (n = 1, 2 or 3), the DFT method is employed to 

calculate their lattice parameter, in-plane planar elastic constant Cij, in-plane planar Young’s 

modulus E2D in x and y direction, in-plane planar shear modulus 𝐺𝐺𝑥𝑥𝑥𝑥2𝐷𝐷, and Poisson’s ratio ν in 

x and y direction. Our results suggest 2D Ti4C3O2 are the strongest materials among all the 

systems considered here, which in-plane planar Young’s modulus is 48% higher than that of 

graphene [23]. 

The structural, mechanical and electronic properties are calculated using the DFT as 

implemented in the Vienna ab initio simulation package (VASP) [24]. Electron- ion 

interactions were described using standard PAW potentials [25], with valence configurations 

of 3s23p64s23d2 for Ti, 2s22p2 for C, 2s23p4 for O and 1s1 for H. The generalized gradient 

approximation (GGA) with the format of Perdew-Burke-Ernzehof (PBE) was applied for the 

exchange-correlation functional [26]. Since traditional DFT calculations at the PBE level 

cannot correctly include the nonlocal van der Waals interactions [27], the calculations with 

dispersion corrections may affect the adsorption energies of small molecules [28]. In this 

regard, the DFT‐D3 method was used for dispersion corrections here [29]. A plane-wave basis 

set with the cut-off kinetic energy of 520 eV is used. The Monkhorst–Pack k-point meshes with 

a reciprocal space resolution of 2π × 0.04 Å–1 were utilized for structural optimization and 

static self-consistent calculations of Tin+1CnT2 monolayers. All the atoms were allowed to relax 

until the Hellmann-Feynman forces were smaller than 0.02 eV/Å. The convergence criterion 

for the self-consistent electronic optimization loop was set to 1 × 10-5 eV. To calculate the 

elastic constants of the MXene according to generalized Hooke’s law, the energies as a function 

of strain (ε) in the strain range -2.0 % ≤ ε ≤ 2.0% with increment of 0.5% were calculated. The 

elastic constants Cij were obtained by fitting a second-order polynomial to the change in the 

total energy versus applied strain by post-processing the VASP calculated data using the 

VASPKIT code (see Supplementary Material) [30, 31]. A spin-polarization calculation on 

Ti4C3O2 was conducted, which revealed that the system was non-magnetic. As such, the non-

spin polarization DFT calculations were performed throughout in this study. The Ti4C3O2 

system was also used to do the convergence test about the mechanical properties in terms to 

vacuum thickness, which demonstrated that a vacuum thickness of 15 Å is required (see Table 

S1). To ensure the vacuum was thick enough to avoid the interaction between 2D MXenen 
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monolayer with its repeated images along the z axis, we set the height of supercell to 35 Å with 

the vacuum thickness of more than 25 Å here. 

 

Figure 1. Models of 2D Tin+1Cn and functionalized Tin+1CnT2 (T = –F, –O, –OH; n = 1, 2, 3) 
and the calculated equilibrium inter-atomic distances in Å. Color code: Titanium, blue; 

Carbon, brown; Fluorine, grey; Oxygen, red; and Hydrogen, pink. 

 

The optimized lattice constant of 2D Tin+1Cn and Tin+1CnT2 (T = –F, –O, or –OH; n = 

1, 2, or 3) are listed in Table S2 along with the reported data. The similarity between our results 

and the reported data justifies the choice of the parameters used in this study. Fig. 1 illustrates 

the atomic models of 2D Tin+1Cn (a, e and i) and the corresponding Tin+1CnT2 systems (b, c, d, 

f, g, h, j, k and l). The relevant bond lengths are also provided in Fig. 1. It reveals that the Ti-

C bond lengths in the outmost layer increased after the surface functionalization in all the 

Tin+1Cn (n = 1, 2 or 3). However, the extent of the change of the corresponding Ti-C bond 

length is greatly affected by the terminal groups. The slight changes of Ti-C bond length in the 

systems with the –OH and –F (less than 0.04 Å) suggest the weak impact of these terminal 

groups on the structural properties. As a comparison, the corresponding Ti-C bond length 
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increased by ~0.1 Å when the terminal group is –O. It, therefore, indicates a relatively strong 

interaction between the surface Ti atoms and the –O terminal group. This matches the recent 

DFT results conducted by Fu et al. that the –O terminal group can most significantly stabilize 

the Ti3C2 due to the strongest interaction energies in terms to those of –OH and –F terminal 

groups [21]. The stronger interaction between the surface Ti atoms and the –O terminal group 

is also supported by the shortest Ti-T bond length in terms to other surface functionalized 

systems. 

The total density of states (TDOS) of Tin+1Cn and Tin+1CnT2 (T = –F, –O, –OH; n = 1, 

2, 3) are shown in Fig. 2a-c, which also agree with the reported data [32]. Almost all the 

systems show the metallic properties except Ti2CO2. However, the evolution at the Fermi 

energy level shifts downwards after the surface functionalization. The biggest shift was 

observed after the –O surface functionalization, followed by –F and the –OH. This trend of the 

shift amount is the same as the change of structural properties of Tin+1CnT2. It confirms that the 

–O terminal groups have the strongest interaction with the surface Ti atoms, which change the 

electronic properties of the systems most significantly. The adsorption energies of the different 

terminal group on Tin+1Cn are also calculated, which are listed in Table S3. Our results again 

greatly match previous data [21]. The –O terminal group has the strongest interaction with all 

Tin+1Cn. It confirms the deduction through the analyses of the structural and electronic 

properties of Tin+1CnT2 (T = –F, –O, –OH; n = 1, 2, 3). Moreover, the band structure of the 

most stable Ti4C3O2 is shown in Fig. 2d.  
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Figure 2. Densities of states (DOS) of (a) Ti2C and Ti2CT2, (b) Ti3C2 and Ti3C2T2, (c) Ti4C3 

and Ti4C3T2 (T = –F, –O, –OH) monolayers along with the corresponding evolution at the 

Fermi energy level and (d) band structure of Ti4C3O2. 

 

After understanding the influences of the termination groups on the structural and 

electronic properties, their impacts on the mechanical strengths are systematically studied 

through calculating the elastic constants based on the strain-energy method. There are two 

types of the elastic constants for 2D materials; in-plane planar elastic constants in N m-1 and 

in-plane bulk elastic constants in GPa. Since the calculation of in-plane bulk elastic constants 

faces the challenge to define reasonable thickness of the monolayer, only the in-plane planar 

elastic constants and other in-plane planar mechanical properties are discussed here. For 

(a) (b) 

(c) 
(d) 
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comparison, the calculated in-plane planar elastic constants Cij are listed in Table 1. The results 

for Ti3C2T2 are in a very good agreement with the reported DFT data [22]. Ti2C properties are 

also similar to the previous first principles results [20]. Therefore, it can be concluded that the 

present DFT method is able to provide reliable results for this new Tin+1Cn and Tin+1CnT2 

MXenes family.  

Table 1. Calculated in-plane planar elastic constants C11, C22, C12 and C66 (N m-1) of Tin+1Cn 
and Tin+1CnT2 (T = –F, –O, or –OH; n = 1, 2, or 3) monolayers in comparison with previously 
reported data from the literature (inside the brackets). 

 

The in-plane planar Young’s and shear moduli, Poisson’s ratio of Tin+1Cn and Tin+1CnT2 

(T = –F, –O, or –OH; n = 1, 2, or 3) monolayer can, then, be derived from the in-plane planar 

elastic constants as: 

𝜈𝜈𝒙𝒙𝑥𝑥𝟐𝟐𝟐𝟐 =
𝐶𝐶21
𝐶𝐶22

,    𝜈𝜈𝑥𝑥𝑥𝑥𝟐𝟐𝟐𝟐 =
𝐶𝐶12
𝐶𝐶11

, 

𝐸𝐸𝑥𝑥2𝐷𝐷 = 𝐶𝐶11𝐶𝐶22−𝐶𝐶12𝐶𝐶21
𝐶𝐶22

,    𝐸𝐸𝑥𝑥2𝐷𝐷 = 𝐶𝐶11𝐶𝐶22−𝐶𝐶12𝐶𝐶21
𝐶𝐶11

,    𝐺𝐺𝑥𝑥𝑥𝑥𝟐𝟐𝟐𝟐 = 𝐶𝐶66 

The calculated in-plane planar Poisson’s ratio, Young’s and shear moduli, values are 

listed in Table 2. The Poisson’s ratio reflects the mechanical ductility and flexibility. Our 

results are close to the reported data listed in the brackets in Table 2 except those of Ti3C2 and 

Ti3C2(OH)2. In our study, the Poisson’s ratio of Ti3C2O2 was 65% higher than that of Ti3C2, 

which is close to the corresponding value of 66% reported in the same paper [21]. The similar 

𝜈𝜈𝑥𝑥𝑥𝑥2𝐷𝐷 and 𝜈𝜈𝑥𝑥𝑥𝑥2𝐷𝐷  values suggest that Tin+1Cn and Tin+1CnT2 have the isotropic mechanical properties. 

The Poisson’s ratios of Tin+1Cn are increased after the surface functionalization, which suggest 

the better ductility and flexibility caused by the adsorption of the terminal groups. Interestingly, 

there is no clear change trend of in-plane Poisson’s ratios caused by the thickness and the 

terminal groups. Additionally, the variance of in-plane Poisson’s ratios of all Tin+1CnT2 is also 

 C11 (N m-1) C22(N m-1) C12(N m-1) C66 (N m-1) 
Ti2C 
Ti2CO2 
Ti2CF2 
Ti2C(OH)2 

151 (137[20]) 
272 
172 
173 

153 
274 
175 
176 

35 (32[20]) 
81 
77 
48 

54 
98 
56 
67 

Ti3C2 
Ti3C2O2 
Ti3C2F2 
Ti3C2(OH)2 

253 (241[21]) 
392 (379[21]) 
322 (316[21]) 
332 (282[21]) 

257 
398 
322 
335 

40 
101 
80 
74 

105 
145 
127 
133 

Ti4C3 
Ti4C3O2 
Ti4C3F2 
Ti4C3(OH)2 

312 
521 
458 
443 

306 
518 
456 
445 

49 
126 
97 

100 

132 
196 
178 
176 
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small (0.212-0.450). The biggest Poisson’s ratio is found in Ti2CF2, which suggest that Ti2CF2 

is more flexible than other Tin+1Cn and Tin+1CnT2 materials. 

Table 2. Calculated in-plane planar Young’s and shear moduli (N m-1), and Poisson’s ratio of 
Tin+1Cn and Tin+1CnT2 (T = –F, –O, or –OH; n = 1, 2, or 3) monolayers in comparison with 
previously reported data from the literature (inside the brackets). 

 𝝂𝝂𝒙𝒙𝒙𝒙𝟐𝟐𝟐𝟐 𝝂𝝂𝒙𝒙𝒙𝒙𝟐𝟐𝟐𝟐 𝑬𝑬𝒙𝒙𝟐𝟐𝟐𝟐(N m-1) 𝑬𝑬𝒙𝒙𝟐𝟐𝟐𝟐  (N m-1) 𝑮𝑮𝒙𝒙𝒙𝒙𝟐𝟐𝟐𝟐 (N m-1) 

Ti2C 
Ti2CO2 
Ti2CF2 
Ti2C(OH)2 

0.231 (0.23[20]) 
0.296 
0.443 
0.274 

0.233 (0.23[20]) 
0.298 
0.450 
0.278 

143 (130[20]) 
248 
138 
160 

144(130[20]) 
250 
140 
162 

54 
98 
56 
67 

Ti3C2 
Ti3C2O2 
Ti3C2F2 
Ti3C2(OH)2 

0.154 (0.227[21]) 
0.254 (0.291[21]) 
0.247 (0.258[21]) 
0.220 (0.304[21]) 

0.156 (0.226[21]) 
0.258 (0.291[21]) 
0.247 (0.258[21]) 
0.222 (0.309[21]) 

247 (228[21]) 
366 (347) 
302 (295) 
316 (256) 

251 (227[21]) 
372 (347[21]) 
303 (293[21]) 
319 (260[21]) 

105 (103[21]) 
145 (135[21]) 
127 (119[21]) 
133 (101[21]) 

Ti4C3 
Ti4C3O2 
Ti4C3F2 
Ti4C3(OH)2 

0.159 
0.243 
0.213 
0.224 

0.155 
0.242 
0.212 
0.225 

305  
490 
437 
420 

298 
488 
436 
422 

132 
196 
178 
176 

 

The difference of the in-plane plane Young’s moduli along the tension axis x and y 

directions are also almost identical. The variance is less than 7 N m-1. Again, it supports that 

both Tin+1Cn and Tin+1CnT2 exhibit good isotropy. As such, we use the 𝐸𝐸𝑥𝑥2𝐷𝐷 values for 

comparison here. The calculated 𝐸𝐸𝑥𝑥2𝐷𝐷 of Tin+1Cn (n = 1, 2 or 3) are 143, 243 and 305 N m-1, 

respectively. It suggests that the in-plane Young’s moduli of Tin+1Cn increase over the 

monolayer thickness (by increasing the n value of Tin+1Cn). The same trend was reported by 

the previous investigations in a comprehensive first principles study of Tin+1Cn [32, 33]. 

Young’s modulus is a parameter representing the stiffness of a solid. Our results suggest that 

the stiffness of both Tin+1Cn and Tin+1CnT2 is strengthened with the increase of their n value or 

thickness of the monolayer. Furthermore, the current study demonstrates that all the 

termination groups improve the stiffness of Tin+1Cn. This is because Young’s modulus is a 

function of atomic bond strength. The strong adsorption energy of the terminal groups can 

effectively enhance the overall atomic bond strength, which leads to the improved Young’s 

moduli after the surface functionalization. Moreover, the functionalization by -O terminal 

group leads to the largest enhancement of the Young’s moduli, which can be ascribed to the 

strongest interaction between Tin+1Cn and the -O terminal group in terms to -OH and -F (see 

Table S3). Consequently, Ti4C3O2 has the largest in-plane planar Young’s modulus (490 and 

488 N m-1 in the x and y directions, respectively) due to the combined influences of the 

thickness of the monolayer and the terminal groups. Accordingly, the in-plane planar shear 

moduli show a similar trend over the thickness of the monolayer and the terminal groups. The 
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in-plane share modules represent the plastic deformation of a 2D material. As such, the 

Ti4C3O2, which exhibits the largest 𝐺𝐺𝑥𝑥𝑥𝑥2𝐷𝐷 value of 196 N m-1, has the largest resistant to shape 

change.  

 Graphene was once regarded as the strongest materials known due to its large Young’s 

modulus (~ 1TPa and ~340 N m-1 for in-plane bulk and planar Young’s moduli, respectively) 

[34]. The recent experiments demonstrate that the Ti3C2T2 has the comparable in-plane planar 

Young’s modulus (337 ± 35 N m-1). Based on our calculations, it can be found that the in-plane 

planar Young’s modulus can be further improved by increasing the n value from 2 to 3 in 

Tin+1CnT2. As such, all the surface functionalized Ti4C3T2 exhibit the in-plane planar Young’s 

moduli higher than 400 N m-1 along both the tension axis x and y directions, as shown in Fig. 

3a and b. Specifically, the Ti4C3T2 has the largest in-plane planar Young’s modulus among all 

systems considered here, which is about 40% higher than that of graphene. As evidenced by 

Fig. 3c, Ti4C3 and Ti4C3T2 also have a larger in-plane shear moduli in terms to that of graphene 

(~140 N m-1) [34]. Additionally, the Poisson’s ratios of all the Ti4C3T2 (0.21-0.24) are similar 

as that of the graphene (~0.24). It suggests that they have the similar mechanical ductility and 

flexibility. To this end, all Ti4C3T2, especially Ti4C3O2, are promising materials for the 

applications that requires 2D materials with superior mechanical properties. 

 

 

(a) (b) 

(c) 
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Figure 3. (a) In-plane Young’s moduli E2D (N m-1) in x direction, (b) in-plane Young’s 

moduli E2D (N m-1) in y direction and (c) in-plane shear moduli of bare 2D Tin+1Cn (n = 1, 2, 

3) and functionalized Tin+1CnT2 (T = –F, –O, –OH; n = 1, 2, 3) monolayers. The red dotted 

lines show the corresponding values of graphene. 

 

  In summary, our first-principles DFT calculations have been conducted to 

systematically investigate the mechanical properties of Tin+1Cn and Tin+1CnT2 (T = –F, –O, or 

–OH; n = 1, 2, or 3). It is found the Poisson’s ratio increase after the surface functionalization. 

However, the change of Poison’s ration is almost independent to the n value of Tin+1Cn and 

terminal groups. As a comparison, the significant dependence of the in-plane planar Young’s 

and shear moduli on the n value has been theoretically identified. Tin+1Cn and Tin+1CnT2 become 

stiffer with the increase of the n value. Additionally, the larger interaction between the –O 

terminal group with the Tin+1Cn leads to –O functionalized MXene exhibit stronger mechanical 

properties. Consequently, Ti4C3O2 is the strongest material among all the considered systems. 

More importantly, all Ti4C3T2 have larger n-plane planar Young’s and shear moduli in terms 

to those of graphene, which was once thought to be the strongest materials known. As such, 

Ti4C3T2 can be the alternative to graphene for the applications which need 2D materials with 

considerably high stiffness and large resistant to shape change. It is worth noting that the recent 

theoretical study reveals more possible surface-functionalized MXene configurations, 

especially with the Janus characteristics.[35] To this end, the comprehensive studies on the 

impact of different metal, non-metal and terminal groups will be imperative to identical 

materials with the desired mechanical properties. 
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