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A B S T R A C T

Two-dimensional Ti4C3 MXene has recently emerged as a promising electrode for Lithium-ion 
batteries (LIBs) because of its outstanding ion-transport abilities and high Li-absorbability. This 
study employed molecular dynamics simulation to explore the mechanical stability of Ti4C3 
MXene subjected to various temperatures, strain rates, and vacancy concentrations. A slightly 
superior tensile strength and elasticity modulus have been observed along zigzag directions, 
measuring 148.14 GPa and 29.17 GPa, respectively. On the other hand, armchair-oriented Ti4C3 
MXene shows a considerably greater fracture strain of 0.259 due to its strain-hardening tendency 
at lower temperatures. Elevated temperature decreases both fracture strength and fracture strain, 
which is opposite to the effect of strain rate. Armchair loading has been revealed to be more 
sensitive to strain rate than its counter direction. Unlike temperature and strain rate, point va
cancy significantly deteriorates the elastic modulus of Ti4C3 MXene. Carbon vacancies are more 
probable than titanium vacancies, which have less formation energy. The atomistic deformation 
profile supports the predicted values of fracture strain from stress-strain behavior. This in-depth 
study offers a detailed understanding of the mechanical behavior of Ti4C3 MXene under diverse 
circumstances, which will aid further experimental study and be beneficial for adopting Ti4C3 as 
anode materials in LIBs.

1. Introduction

Humankind’s future on earth and its increasing economic prosperity largely depend on our ability to sustainably utilize the 
remaining fossil fuel to produce sophisticated energy harvesting technologies [1]. The ever-increasing popularity of portable elec
tronics has increased the prominence of storing energy efficiently [2]. Efficient energy storage and conversion technologies, in turn, 
demand the advanced development of highly effective electrode materials and electrocatalysts [3]. Li-ion batteries (LIBs) are 
considered one of the most popular portable energy devices due to their higher energy density, long shelf life, and reasonable cost [4,
5]. The functionality of LIBs is highly dependent on the efficiency, specific capacity, and mechanical stability of the electrode material 
[6–8]. Numerous studies have been conducted in recent years in search of credible anode materials for LIBs, and given their intrinsic 
physical and electrochemical attributes, two-dimensional (2D) nanomaterials have emerged as the most promising alternatives [9–11]. 
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Graphene, primarily used in 2D materials, has been observed to possess excellent conductivity and structural stability as an anode 
material. However, its poor ion transfer rate, low volumetric density, and safety concerns undermine its commercialization [10].

In recent years, several researchers have focused on newly invented two-dimensional transition metal carbides and nitrides called 
MXenes and their derivatives. The chemical formula of MXenes is Mn+1Xn, and its derivative is expressed as Mn+1XnTx, where M is a 
transition metal (such as Ti, Nb, V, or Ta), X stands for either C or N, and T denotes the surface terminator (O, H, F or OH) [12–14]. 
MXenes are synthesized from their three-dimensional (3D) counterpart, known as MAX phases (A is a group IIIA or IVA element), by 
etching out the A elements [15]. In recent years, MXenes have been the subject of several experimental as well as theoretical studies, 
and it has been reported that they offer ground-breaking prospects to be employed as anode materials in LIBs and other electro
chemical devices owing to their unique structural and electrochemical properties [16–18]. Due to its exceptional structural flexibility, 
high charge densities, excellent reversibility, and ability to withstand prolonged cycle life, Tin+1Cn (n = 1,2,3) MXenes is the most 
promising anode material [19,20].

Since it is nearly impossible to experimentally characterize the mechanical properties of exceptionally thin MXenes sheets, most 
works on their characterization are based on computational methods [13]. Utilizing molecular dynamics investigation, Borysiuk et al. 
calculated the bending rigidity of all the Tin+1Cn MXenes and revealed outstanding bending qualities comparable to graphene and 
MoS2 [21]. According to a recent study based on DFT, the elastic constants of Ti2C, Ti3C2, and Ti4C3 were anticipated to be 636 GPa, 
523 GPa, and 512 GPa, respectively [22]. With a third-generation COMB potential and classical molecular dynamics simulation, 
Hatam-Lee et al. [23,24] implemented a more reasonable approach to investigate the elastic properties of titanium carbide and nitride 
MXenes. In the armchair and zigzag loading directions, the estimated elastic modulus of Ti2C was 203 GPa and 207 GPa, respectively. 
Elastic modulus values for Ti3C2 were reported to be lower than those for Ti2C, measuring 130 and 135 GPa in the armchair and zigzag 
directions, respectively. With increasing MXene’s thickness, a decreasing trend in the elastic modulus of Tin+1Cn MXene has also been 
reported [23].

Recent first-principles computations by Huang et al. [25] revealed that Ti4C3 MXene possesses excellent electron transport 
properties, high Li-ion absorbing abilities, and good thermal stability to be fitted as a high-quality anode for LIBs. However, the 
mechanical stability of Ti4C3 MXene in various environmental circumstances inside the battery cells is still to be ensured when 
designing anode materials for practical implementations. Temperature, loading rates, loading directions, and vacancy concentrations 
have all been found to profoundly affect the mechanical behavior of layered 2D systems [26–28]. It has been reported that elevated 
temperature has a detrimental effect on the mechanical performance of monolayer systems, resulting from thermal vibration, which 
causes a declining trend in tensile strength [29]. Contrary to temperature, increases in strain rates have been found to increase the 
structure’s fracture strength and failure strain [30]. Along with temperatures and strain rates, mechanical properties have also been 
affected by various structural defects [31,32]. Different kinds of defects, including point vacancies and edge defects, are inevitable in 
manufacturing nanosheets from their ternary counterpart [27,33]. Hence, several studies have been carried out in recent years to 
explore the influence of various types of defects on the tensile mechanical characteristics of 2D monolayers, including graphene [33], 
MoS2 [34], and Ti3C2 MXene [35]. According to reports, vacancies and imperfections profoundly decrease the monolayers’ fracture 
strength, strain, and even elastic modulus. Therefore, investigations into the mechanical properties of layered systems that consider all 
of these factors—temperature, strain rate, and vacancies—are of the utmost importance.

This study aims to implement classical molecular dynamics simulation to comprehensively and systematically evaluate how the 

Fig. 1. Atomic structure - (a) XY plane view, and (b) side view of the developed structure of Ti4C3.
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temperature, applied loading rates, loading orientations, and concentration of point vacancies would affect the mechanical charac
teristics of Ti4C3 MXene. We applied uniaxial strain and computed the modulus of elasticity, tensile strength, and fracture strain of the 
Ti4C3 MXene using the large-scale simulation software LAMMPS [36]. Developed structures were simulated at different temperatures 
ranging from 100 K to 900 K and strain rates from 0.0001 ps− 1 to 0.0125 ps− 1 to investigate the effects of temperature and strain rates. 
The radial distribution function (RDF) at various temperatures was utilized to understand the structural stability of the MXene sample. 
Strain rate sensitivity was investigated to determine the significance of applied loading rates on the tensile-mechanical behaviors of the 
Ti4C3 MXene. The detrimental influence of Ti and C point vacancies has also been extensively explored, taking vacancy concentrations 
ranging from 0.5 % to 3 %. The cohesive energy was approximated for each atom of the sample to qualitatively comprehend the 
influence of two types of point vacancies on the mechanical characteristics of Ti4C3 samples. The visualization software was also 
utilized to demonstrate how the fracture mechanism altered regarding loading direction, temperature, and induced vacancy 
concentration.

2. Computational details

In this study, atomistic Molecular Dynamics (MD) simulation tool LAMMPS was used to analyze the mechanical properties of Ti4C3 
MXene and the effects of temperature, strain rates, loading directions, and point vacancies on its behavior. The Ti4C3 structure 
employed to simulate this study was computationally prepared by eliminating the Al atoms from its ternary MAX phase, Ti4AlC3. The 
atomic configuration of the prepared nanostructure is given in Fig. 1. The developed structure of Ti4C3 has a dimension of 8.54 nm by 
7.4 nm along the XY plane and contains 5376 atoms. Seven atomic layers comprise the structure, four of which are made of titanium 
and three of carbon, as shown in Fig. 1(b). It is also apparent from the illustration in Fig. 1 that both Ti and C atoms in the structure 
have a coordination number of 6, except in the top and bottom layers. Depending on its synthesizing environment, top and bottom- 
layered Ti atoms can be bonded with appropriate surface terminators. However, this study utilized only the bare Ti4C3 MXene structure 
since it is chemically stable because its cohesive energy is lower than the corresponding MAX phase [37–39].

Empirically generated interatomic potentials play a crucial role in MD simulations for consistently and accurately predicting system 
behavior. Our simulated compound Ti4C3 has three possible interatomic interactions: Ti-Ti, Ti-C, and C-C. The optimized Tersoff 
potential, which has been found to replicate interatomic interactions and subsequent mechanical properties of many 2D monolayer 
systems, including graphene and h-BCN, was implemented in this study to describe all three interatomic interactions in the nanosheets 
[40,41]. Of late, an optimized bond order potential was developed for the hexagonal MAX phase of Ti3C2 MXene [42], which was 
found to replicate the interatomic interactions in layered hexagonal structures, including Ti2C and Ti3C2 MXene as well. The calculated 
cohesive energy of Ti4C3 MXene utilizing this potential was also found to be closely fitted with both MD [43] and DFT-based com
putations [37,43]. Therefore, this bond order potential [42] was used for this study to describe the interactions between Ti-Ti, Ti-C, 
and C-C. According to this bond order potential, the total energy of the system, E, can be denoted as a function of rij, which represents 
the distance between two atoms, i and j. 
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In Eq. 2, R and D are typically defined so that only neighboring atoms within a specific range are included. Four free parameters- A, B, 
λ1 and λ2 are used in the employed bond-order potential as a form of Morse potential to approximate the two-body attractive and 
repulsive interactions for Ti-Ti, C-C, and Ti-C. 
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ξij is approximated using a free parameter, λ3 which is the only three body terms associated with the bond lengths. θijk is used to 
approximate bond angles, which include four free parameters denoted as γ, c, d, and h. Since this bond order potential incorporates 
two-body and many-body interactions, it enhances the possibility of correctly emulating bond stretching and breaking bonds. To 
describe each interaction between Ti-Ti and C-C in the MXene, 11 free parameters were utilized, whereas 14 parameters were required 
to describe Ti-C interactions. 36 free parameters were used to describe all of the interactions in Ti4C3 MXene.

For the uniaxial tensile loading, periodic boundary conditions were applied in the X, Y, and Z directions. Although the simulation 
employed only 7.2 Å thick monolayers of Ti4C3, an 8 Å vacuum layer along both sides of the Z direction was taken into account to 
prevent atomic interactions in this direction. At various temperatures and strain rates, the velocity Verlet algorithm was employed to 
integrate the equations of motions to generate system evolutions. The system was allowed to equilibrate for a suitable number of MD 
timesteps at 300K with a time step of 0.001 ps at the beginning of the simulation. Canonical (NVT) ensembles were applied for 100 ps 
in conjunction with the conjugate gradient (CG) minimization method to minimize the system’s energy. Once total energy had dropped 
to its minimum, an isothermal-isobaric (NPT) ensemble was employed to stabilize the volume and pressure for an additional 80 ps.

Tensile loading with a constant strain rate of 0.001 ps− 1 was applied when the system reached equilibrium and thermodynamical 
parameters were steady. Tensile loading can be implemented in MD simulations using several methods [44,45]. The work adopted 
uniaxial tensile loading, which applies a constant loading rate across two opposing directions. The tensile properties of Ti4C3 systems 
were examined utilizing the resulting stress from the virial theorem [46]: 

σij =
1
V
∑N

β=1
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In Eq. 8, ij stands for Cartesian coordinates, atom indexes are denoted as α and β, whereas ri
αβ is the interatomic distance of the 

corresponding atoms. Interatomic force is indicated as f j
αβ, m is atomic mass, and the volume of the considered simulation box is V. To 

determine the effects of different chiral directions, temperatures, strain rates, and point vacancies, the developed MXene samples were 
simulated repeatedly, adopting specific parameters. Finally, the deformation profile and bond breakage were depicted using a visu
alization package OVITO [47].

3. Results and discussion

3.1. Equilibration results

At the start of the simulation, the nanosheets were brought into equilibrium by employing the optimization procedures of two 
ensembles, NVT and NPT ensembles. At first, the system’s total energy was minimized to 100 ps, combining the NVT ensemble with the 
CG energy minimization approach. The temperature, which is closely associated with kinetic energy, also stabilizes in tandem with the 
stabilization of the overall energy. Fig. 2(a) demonstrates the minimization of the system’s total energy with time. After several ups and 
downs, the system’s temperature relaxed to 300 K. In addition, the temperature took 90 ps to stabilize at 300 K, although the total 
energy of the system reached its minimum value at around 22 ps. Similarly, all the systems were relaxed at their intended temperature 
before being placed under strain. Once the temperature had stabilized, the pressure and volume of the system were equilibrated 
employing the NPT ensemble, as illustrated in Fig. 2(b). Unlike temperature, volume and pressure relaxed quite fast. However, the 
system was relaxed for 60 ps to achieve complete equilibrium. The system’s equilibrated pressure was 0 Bar, as shown in Fig. 2(b), and 

Fig. 2. Equilibration of (a) temperature and energy, and (b) volume and pressure of the Ti4C3 nanosheet as a function of time.
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this value was maintained for all simulated systems. Because there is more negative potential energy than positive kinetic energy, the 
total energy of all the systems is eventually minimized to a negative value.

3.2. Effect of temperature

In order to use Li-ion batteries safely, proper control of the operating temperature is crucial, and the thermal stability of the 
electrode and separator at the intended temperature range must be guaranteed [48,49]. Therefore, investigating the electrode ma
terial’s temperature-dependent mechanical behavior and thermal stability plays a significant role in designing LIBs. In this section, we 
examined the mechanical behavior of Ti4C3 MXene, simulating under various temperature conditions ranging from 100 K to 900 K 
with an increment of 100 K at the constant strain rate of 0.001 ps− 1. Once the system had reached absolute equilibrium, the uniaxial 
tensile strain was applied along armchair and zigzag orientations, and the consequent stress-strain response is presented in Fig. 3(a and 
b). However, the obtained stress-strain curves are unusual, unlike typical stress-strain behavior, they show three different regions 
before breaking down marked as I, II, and III in the curve. Especially this untypical stress-strain behavior is more prominent up to 500 
K. For instance, the first part, which is up to the strain value of 0.07 and 0.08 in armchair and zigzag respectively, is completely linear 
due to the uniform bond elongation. The second part is observed in the strain range of 0.07–0.125 in the armchair and 0.08 to 0.15 in 
the zigzag direction, where there is a region of non-linear elasticity due to the conjugate influence of bond angle variation and bond 
elongation. After that, a second liner portion is observed which is known as ‘second linearly elastic deformation (SLED)’ [30]. This 
phenomenon is observed due to the applied cut-off distance in the potential and phase transformations as previously reported in 2D 

Fig. 3. Effect of temperature on stress-strain behavior of Ti4C3 nanosheet depending on (a) armchair loading and (b) zigzag loading direction, and 
resulting variations of the (c) fracture strength, (d) strain and (e) modulus of elasticity with temperature.

W.R. Sajal et al.                                                                                                                                                                                                       Heliyon 10 (2024) e38854 

5 



SiGe [30], Ti2C MXene [50], Ti3C2 MXene [35], and h-BN [51]. Thus, it appears that the phase transition and cut-off distance in the 
potential may be the source of this inconsistent stress-strain behavior.

To evaluate the mechanical performance of the Ti4C3 MXene in natural environmental conditions, we have taken the values of 
Young’s modulus, fracture strength, and fracture strain from the stress-strain curve at 300 K, as shown in Table 1. At 300 K, the Ti4C3 
structure orientated in the zigzag direction exhibits a comparatively better elastic modulus and fracture strength than armchair- 
oriented. The armchair-directed structure’s elastic modulus and fracture strength are 146.94 GPa and 27.27 GPa, respectively, 
while the zigzag-directed structure displays the corresponding values of 148.14 GPa and 29.17 GPa. Elastic modulus and fracture 
strength are 0.82 % and 6.51 %, respectively, higher in the zigzag direction than in the armchair direction. On the other hand, the 
armchair-oriented nanosheet can sustain substantially higher strain before failing, measuring 0.259, which is 19.31 % greater than its 
counter orientation. As illustrated in Fig. 3(a and b), every strain-stress curve in the armchair and zigzag-directed loading have the 
same patterns, with an initial linear section demonstrating the presence of elasticity. The stress grows in proportion to the applied 
strain till the yield point is reached. The yield point was achieved immediately after the linear region along the zigzag direc
tion—however, the armchair-directed samples at 100–500 K show substantial strain hardening before failing.

Fig. 3(c–e) shows the resulting values of fracture strength, fracture strain, and elastic modulus of Ti4C3 nanosheet with increasing 
temperature. It is evident from the plot that rising temperatures cause fracture strength and strain to decline. Higher temperatures 
produce thermal trembling inside nanosheets, reducing the bonds’ rigidity and corresponding nanosheets. Resultingly, chemical bonds 
between atoms may rupture at a lesser value of stress, causing a reduction in fracture strength and fracture strain. Maximum fracture 
strength was obtained for the minimum value of temperature 100 K, measuring 29.21 GPa and 30.98 GPa, respectively, across 
armchair and zigzag directions. However, with increasing temperature from 100 K to 900 K, fracture strength reduces by about 21.08 

Table 1 
Calculated Young’s modulus, tensile strength, and fracture strain of Ti4C3 at 300 K.

Property Armchair Loading Zigzag Loading

Young’s Modulus (GPa) 146.94 148.14
Fracture Strength (GPa) 27.27 29.17
Fracture Strain 0.259 0.209

Fig. 4. Partial RDF of the nearest nighbours (a) Ti-Ti, (b) C-C, and (c) Ti-C of Ti4C3 MXene with increasing temperature.
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% and 15.07 %, respectively, to reach 23.05 GPa and 26.31 GPa. Unlike fracture strength, fracture strain values at the lowest simulated 
temperature of 100 K are substantially more remarkable in the armchair direction than in the zigzag, as shown in Fig. 3(d). Armchair- 
oriented Ti4C3 nanosheet can withstand the highest fracture strain of 0.282 at 100 K, 24.82 % higher than the fracture strain of 0.212 in 
the zigzag-directed sample. The atomic arrangement of the Ti4C3 MXene sample shown in Fig. 1 can explain this unusual strain-taking 
ability in an armchair orientation. Following the atomic structure, each cell of the MXene structure contains four parallel bonds out of 
the 12 strain-carrying bonds along the armchair direction. Contrarily, the zigzag orientation has eight strain-carrying bonds, reducing 
the nanosheet’s capability to carry strain along this orientation. The stress-strain diagram in Fig. 3(a, b) demonstrates that a significant 
strain hardening occurs after the linear elastic period at lower temperatures for armchair loading, whereas this does not happen for 
zigzag loading. For armchair and zigzag loading, fracture strain decreases by about 36.17 % and 13.20 %, respectively, with increasing 
temperatures from 100 K to 900 K. The considerable drops in the armchair direction due to the tendency of the strain hardening 
gradually diminish with temperature and are not observed beyond 500 K.

To examine the effect of temperature on the elastic modulus of Ti4C3 MXene, the values of elastic modulus were determined from 
the linear fit of the stress-strain diagram shown in Fig. 3(e). The linear fitting was performed for the entire elastic region up to the yield 
point in each of the stress-strain curves, following the approach used in previous studies [30,35]. As illustrated, the elastic modulus of 
Ti4C3 MXene is not significantly affected by temperature in the range of 100 K–900 K, changing by 1.16 % and 1.32 % in the armchair 
and zigzag directions, respectively. The stress-strain diagram in Fig. 3(a and b) also demonstrates that temperature has a negligible 
effect on elastic modulus because all of the curves’ initial linear sections align up. According to the investigation, temperature 
significantly affects the Ti4C3 nanosheets’ fracture strength and strain, but the elastic modulus is almost unaffected. The obtained 

Fig. 5. Atomistic deformation profile of Ti4C3 nanosheets with increasing strain along armchair direction at temperature of (a–d) 300 K, and (e–h) 
900 K.
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orientation-dependent anisotropic behavior of the Ti4C3 nanosheet is comparable with the previously studied 2D monolayers [22,27,
31].

The current study examined the radial distribution function (RDF) at two distinct temperatures to further understand how tem
perature affects the mechanical behaviors of the Ti4C3 nanosheets. In Fig. 4(a–c), the partial radial distribution functions (RDFs) of the 
three nearest neighbors of the Ti4C3 structure, namely Ti-C, C-C, and Ti-Ti, are displayed. RDF at the temperature of 0 K should 
typically reflect delta-like functions. However, higher temperatures cause atoms to oscillate in and out, making it difficult to find a 
particular kind of atom at or around its ideal sites. Therefore, RDF shows a peak broadening and reduced peak intensities when the 
temperature increases. As displayed in Fig. 4(a–c), with the increase in temperature, RDF shows a gradual decrease in peak magnitude 
and widening of peaks for all of the nearest neighbors of Ti-Ti, C-C, and Ti-C. Observed peak positions for the first, second, and third 
nearest neighbors of Ti4C3 are 2.163, 3.066, and 3.0663 Å, respectively.

For a complete understanding of the impact of temperature, atomic level representation of the deformation profile is helpful. This 
study observed the atomistic fracture evolution at different temperatures for the simulated Ti4C3 nanosheet, including crack initiation, 
propagation, and rupturing. For simplicity, the fracture evolution profile at only 300 K and 900 K for armchair and zigzag loading, as 
illustrated in Figs. 5 and 6, respectively.

The patterns of all the deformation profiles are almost identical. The cracking initiation is observed at the stress-intensifying sites, 
usually at the edge or corner of the nanosheets. As the strain rises, the formed crack grows and quickly breaks down the nanosheets. 
Since all of these cracking initiations, propagations, and sample breaking take place fairly immediately (within a few ps), the Ti4C3 
nanosheet exhibits brittle fracture phenomena. Figs. 5 and 6 show that cracking starts at 300 K when the strain is 26.26 % and 20.76 %, 
respectively, in the armchair and zigzag directions. However, when the temperature rises, cracking is observed to begin at lower values 
of applied strain. The equivalent values for 900 K are 17.80 % and 18.22 %, respectively, in the armchair and zigzag directions. This 
occurrence can be clarified because bond-rupturing occurs with greater frequency at elevated temperatures than at lower tempera
tures, which causes the nanosheets to break apart at higher temperatures despite lower strain values [30].

Another factor is the gradual growth of thermal vibration as temperature increases. The Ti4C3 system experiences extreme thermal 
trembling at 900 K. Thermal trembling causes atomic bonds to break and facilitates stress concentration at significantly reduced strain 
values. As a result, cracks are observed to appear inside the nanosheets at about 900 K, whereas free-edge acted as crack-initiating sites 
at 300 K. However, the cracking typically appears to propagate vertically to the direction of loading, which is comparable to the 
reported fracture phenomenon of different monolayers and 2D systems [34,52]. At the point of fracture strain, as found in the 
stress-strain illustration in Fig. 3(a and b), complete breaking of the nanosheet is precisely observed.

Fig. 6. Atomistic deformation profile of Ti4C3 nanosheets with increasing strain along zigzag direction at temperature of (a–d) 300 K, and (e–h) 
900 K.
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3.3. Effect of strain rate

Li-ion battery electrode materials are subjected to many charging and discharging cycles throughout their lifetime. So, exploring 
the loading rate-dependent mechanical performance of anode material is of the utmost importance in developing safe and efficient LIBs 
[53]. This study examined the effects of strain rate on the tensile mechanical behavior of Ti4C3 MXene by subjecting the nanostructure 
to strain rates of 0.0001, 0.0005, 0.0025, and 0.0125 ps− 1 at 300 K temperature throughout the entire simulation. The resulting 
stress-strain relationship across two chiral directions of the Ti4C3 sample at different strain rates is shown in Fig. 7(a, b). The initial 
sections of the curves in Fig. 7(a, b) coincide, indicating that the strain rate does not affect the elastic modulus of the structures in both 
directions. The effect of various strain rates on fracture strength and fracture strain is depicted in Fig. 7(c and d). As illustrated, the 
tensile strength and fracture strain both show an increased trend when the loading rate rises from 0.0001 ps− 1 to 0.0125 ps− 1 across 
directions. When a material undergoes loading at high speed, the stress and strain cannot be distributed identically throughout the 
entire volume; instead, they strike the rigid, substantial, and uncracked portion. As a result, with increasing loading rates, fracture 
strength and strain at failure exhibit an upward trend in both directions.

For the lowest loading rate of 0.0001 ps− 1, Ti4C3 nanosheets have the lowest tensile strength, measuring 25.33 GPa and 29.16 GPa 
across both directions. When strain rates increased from 0.0001 ps− 1 to 0.0125 ps− 1, fracture strength increased by about 7.89 % and 

Fig. 7. Stress-strain diagram of Ti4C3 MXene depending on strain rates along (a) armchair and (b) zigzag directions. Strain rate dependent (c) 
fracture strength, (d) strain, and (e) strain rate sensitivity across directions.
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1.32 % in the armchair and zigzag direction, respectively, to reach 27.50 GPa and 29.55 GPa. Regardless of the applied strain rate, 
fracture strength along zigzag directions is higher than those along armchair directions. However, armchair-directed samples can 
withstand more significant failure strain than counter direction. Fracture strain in the armchair direction was 0.2356 when a minimum 
strain rate of 0.0001 ps− 1 was applied, 15.19 % higher than the fracture strain along the counter direction of 0.1998. However, when 
the strain rate was raised to 0.0125 ps− 1, the fracture strain in the zigzag and armchair directions increased to 0.2875 and 0.2375. The 
corresponding percentage increments along the armchair and zigzag directions are approximately 18.05 and 15.87, respectively. The 
above analysis shows a significant impact of strain rate in the failure strain of Ti4C3 nanosheets, whereas the effect on fracture strength 
is not that significant. This significant strain rate impact on the mechanical performance of 2D Ti4C3 follows the reported data on 
previously studied 2D monolayers [26,54].

This study additionally explored the strain rate sensitivity, which is the variations in fracture strength of the sample as a linear 
function of the subjected loading rates, to investigate the strain rate sensitivity on the mechanical behavior of Ti4C3 MXenes. To 
determine the strain rate sensitivity, we employed Arrhenius’ exponential relationship [55], which is represented as follows: 

ε̇ =Aσ
1
m exp

(

−
Q
RT

)

(9) 

where,
ε̇ = Applied loading rate
σ = Fracture strength
Q = Activation energy.
R = Universal gas constant.
T = Temperature in K scale
m = sensitivity of strain rate.
A = Arrhenius constant.
Eq. (9) becomes simpler if logarithms are used on both sides and temperature is set at a constant value since the simulation 

temperature was constant at 300 K. The Simplified equation is as follows: 

ln(ε̇)= ln(A)+
1
m

ln(σ) − Q
RT

(10) 

The slope of Eq. (10) can be denoted as strain rate sensitivity, as follows. 

m=
∂ln(σ)
∂ln(ε̇) (11) 

Fig. 7 (e) shows the logarithmic plot of the fracture strength with applied strain rates. From the plot, strain rate sensitivity in the 
armchair and zigzag directions are 0.01345 and 0.0238, respectively. So, the strain rate in the armchair loading is more sensitive than 
the zigzag loading. The atomic structure of the MXene, as shown in Fig. 1, can be utilized to clarify this characteristic. In each unit cell 
of the structure, four parallel bonds are present in the armchair direction, but none are in the contrary direction. Due to this 
configuration, the strain rate in the armchair direction has a more significant effect than the zigzag direction.

3.4. Effect of vacancy

It is practically impossible to synthesize crystal structures that are perfect or free of defects. Any experimentally produced crys
talline 2D materials will unavoidably possess a variety of defects and imperfections. The most prominent and inevitable defect during 
the production and manufacturing of nanocrystals is point vacancy (PV) [30]. There are two possible kinds of point vacancies in Ti4C3 
MXene: Ti (TV) and C vacancy (CV). The vacancy-induced Ti4C3 structure is demonstrated in Fig. 8, where carbon vacancy is created 

Fig. 8. Structural configuration of Ti4C3 with Titanium vacancy (TV) and Carbon vacancy (CV).
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by removing a carbon atom from the second layer, and titanium vacancy is made by removing an atom from the third layer. However, 
the vacancy-induced structure subjected to simulation in this study contains random vacant sites of respective atoms.

The energy required to facilitate the formation of a specific vacant site is a crucial component in determining the susceptibility of a 
material to point vacancies. Vacancy formation energy refers to the particular quantity of energy required to remove an individual 
atom from a perfect crystal. The vacancy-forming energies of these two types of vacancies were computed to better understand the 
likelihood of C- and Ti-vacancies occurring in Ti4C3 nanocrystals. The formation energy of a specific type of PV, denoted as Ef

v, is 
calculated in this work using the formula [56] as follows: 

Ef
v =Ef −

[
(N0 − 1)

N0

]

× Ei (12) 

Where,
Ei = Initial energy of defect-free Ti4C3 sample

Table 2 
Potential energy per atom value for defect-free Ti4C3 structure; Ti and C vacancy formation energy of the MXene with the comparative plot of the 
previous study; % Diff = percent difference.

Parameters This Study DFT [43] % Diff MD (BOP) [43] % Diff

PE/atom (eV/atom) − 6.87 − 6.90 − 0. 43 % − 6.79 1.18 %
EfTi1 (eV) 10.96 12.21 10.24 % 11.28 2.84 %

EfC1 (eV) 8.82 9.47 6.86 % 9.55 7.64 %

Fig. 9. Stress-strain diagram of Ti4C3 MXene depending on CV concentrations along the (a) armchair, and (b) zigzag orientations. Effect of carbon 
vacancy on (c) fracture strength, (d) strain, and (e) elasticity modulus.
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Ef = Final energy after vacancy created
N0 = Number of atoms in a defect-free sample
Table 2 shows this study’s calculated values of the Ti and C vacancy formation energy and previously reported corresponding 

values using DFT and MD employing self-developed bond order potential [43]. We calculated formation energy for Ti-vacancy and 
C-vacancy, removing the corresponding atom from the third and fourth layer, respectively, and obtained values of 10.96 eV and 8.82 
eV, respectively. Carbon point vacancy has lesser formation energy, meaning it is more probable to form inside the Ti4C3 structure, 
which agrees well with previously explored data [43].

This study meticulously explored the influence of CV and TV on the tensile mechanical behavior of Ti4C3 MXene. Temperature and 
strain rate were kept constant at 300 K and 0.001 ps− 1, respectively, while CV and TV’s vacancy concentration varied up to 3 %. The 
stress-strain response of the Ti4C3 structure with induced carbon and titanium vacancy is shown in Fig. 9 (a, b) and Fig. 10 (a, b) for two 
loading directions. Corresponding stress-strain responses of pristine samples are also provided to easily comprehend the impact of both 
types of vacancies. All the stress-strain behavior has a remarkably comparable pattern in both directions. Each stress-strain curve 
begins out linearly, reflecting the sample’s elastic features, and then abruptly breaks at the fracture strain point due to the brittle failure 
of the nanosheets. However, the strain-hardening tendency of armchair-oriented Ti4C3 structure is no longer observed in vacancy- 
induced samples. Extracted values of fracture strength, fracture strain, and elastic modulus of the vacancy-induced structure along 
two loading directions are illustrated in Fig. 9(c–e) and Fig. 10(c–e). The Young’s modulus was determined using the whole elastic area 
up to the yield point. It is evident from the illustration that all of the fracture strength, fracture strain, and Young’s modulus are in a 
downward trend with increasing CV and TV concentration.

The fracture strength of pristine Ti4C3 MXene was previously determined as 27.27 GPa and 29.17 GPa, respectively, in armchair 

Fig. 10. Stress-strain diagram of Ti4C3 MXene depending on TV concentrations along the (a) armchair, and (b) zigzag orientations. Effect of ti
tanium vacancy on (c) fracture strength, (d) strain, and (e) elasticity modulus.
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and zigzag direction. These values decrease significantly with increasing vacancy concentrations of each type. Along armchair di
rection, fracture strength reduced at about 19.69 % and 22.55 %, respectively, in 3 % CV and TV-induced samples, to reach 21.9 GPa 
and 21.12 GPa, respectively. Along the zigzag direction, the estimated fracture strength of 3 % CV and TV-induced samples are 24.25 
GPa and 25.12 GPa, respectively, with a corresponding decrement of 16.87 % and 13.88 % from the pristine sample. With increasing 
concentrations of CV and TV up to 3 %, fracture strain along both directions has also been found to be in decreasing order. Along the 
armchair direction, fracture strain decreases from the pristine sample’s value of 0.259 to 0.171 and 0.161 for respective increases in 
concentrations of CV and TV. The corresponding decrements for CV and TV-induced samples are 33.89 % and 37.84 %, respectively.

On the contrary, the zigzag-oriented structure shows a decrement of 15.79 % and 14.35 % in fracture strain, as it drops from 
pristine samples value of 0.209 to 0.176 and 0.179, respectively, in 3 % of CV and TV. The significant drops in fracture strain value for 
the armchair-directed MXene sample can be comprehended from Figs. 9(a) and 10(a). It is apparent from the depiction that strain 
hardening tendency diminishes significantly with increasing vacancy concentrations of any type and is no longer observed beyond 0.5 
% vacancy concentrations. As a result, fracture strain shows a significant drop in this direction.

Fig. 11. Linear fit of the resulted (a, b) fracture strength, (c, d) strain, and (e, f) modulus of elasticity in point vacancy-induced Ti4C3 MXene along 
two loading directions.
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In striking contrast to temperature and strain rate, both point vacancies have significantly influenced the elastic modulus of Ti4C3 
MXene. It is also apparent from the stress-strain plot that the initial linear segments of the stress-strain diagram do not align precisely. 
The modulus of elasticity of the armchair-oriented MXene demonstrates a decrement of 5.90 % and 6.37 %, respectively, for the 
corresponding increase in CV and TV percentages from pristine state to 3 %. The elastic modulus of the pristine sample is 146.74 GPa in 
the armchair direction, which ended up at 138.08 GPa and 137.39 GPa, respectively, in 3 % carbon and titanium vacancy-induced 
samples. Contrarily, the elastic modulus in the zigzag orientations of the MXene drops from the pristine state’s value of 148.14 
GPa–139.6 GPa and 136.99 GPa, respectively, for the increase in carbon and titanium vacancy percentages up to 3 %. In percentage, 
the corresponding drops along the zigzag direction are measured as 5.76 and 7.53, with respective increases in CV and TV 
concentrations.

To compare the corresponding impact of each vacancy type, extracted tensile strength, fracture strain, and modulus of elasticity 
values resulting from these two vacancy-induced samples were plotted in the same curve with corresponding values of the pristine 
sample. The linear and polynomial fitted illustration in Fig. 11 makes it simple to comprehend how CV and TV have different impacts 
on the mechanical characteristics of Ti4C3 MXene in both directions. From the illustration in Fig. 11, fracture strength and fracture 
strain are fitted as a quadratic function of vacancy concentration, whereas elastic modulus is expressed as a linear function. The 
fracture strength and strain values decrease significantly in 0.5 % of vacant samples compared to the value of pristine samples. When 
vacancy concentrations increase further, the corresponding decrements are insignificant and follow an almost linear trend. This non- 
linear trend of vacancy-dependent fracture strength and fracture strain was reportedly observed in monolayer h-BCN [57]. Due to this 
non-linearity, quadratic polynomial expressions were required to depict the overall changes in fracture strength and fracture strain as a 
function of vacancy percentage. On the other hand, the elastic modulus of the samples was found to follow a linear function of vacancy 
concentrations, as previously reported in Ti2C MXene [50].

As shown in Fig. 11(a and b), the changes in fracture strength of the Ti4C3 MXene as a function of vacancy concentrations can be 
expressed as follows:

Along armchair direction, 

σf = − 3.679x2 + 0.6917x + 26.9706; R2 = 0.9723 [where x=CV%] (13) 

σf = − 3.734x2 + 0.6242x + 26.9238; R2 = 0.9812 [where x=TV%] (14) 

Along zigzag direction, 

σf = − 2.236x2 + 0.254x + 28.84; R2 = 0.9582 [where x=CV%] (15) 

σf = − 1.962x2 + 0.234x + 28.53; R2 = 0.949 [where x=TV%] (16) 

From Eqs. 13–16, it is evident that titanium vacancy has a more impactful role in armchair loading, whereas carbon vacancy has a 
greater impact on fracture strength in zigzag loading.

Fracture strain also shows a similar decreasing trend, which is evident from the quadratic correlation of the fracture strain as a 
function of vacancy concentration, as illustrated in Fig. 11(c and d). It is observed from the correlation that titanium vacancy in the 
armchair direction and carbon vacancy in the zigzag direction have a comparatively more significant impact on fracture strain than 
their corresponding counter types. As shown in Fig. 1, carbon takes part in each ups and downs along the zigzag direction, being more 
critical than titanium, symmetry breakdown due to induced vacant carbon sites causes more damage in fracture strength and strain 
along this direction.

The linear fitted plot of elasticity modulus in Fig. 11 (e, f) reflects the detrimental impact of point vacancies on the elastic modulus 
of Ti4C3 MXene. The corresponding relation between elastic modulus and vacancy concentrations can be written as:

Along armchair direction: 

E= − 2.8878x + 146.43; R2 = 0.9537 [where x=CV%] (17) 

E= − 3.1957x + 146.4221; R2 = 0.9508 [where x=TV%] (18) 

Along zigzag direction: 

E= − 2.8864x + 148.2553; R2 = 0.9897 [where x=CV%] (19) 

E= − 3.6357x + 147.9451; R2 = 0.9906 [where x=TV%] (20) 

Carbon vacancy has been observed to show lesser impact along both directions with corresponding slopes of − 2.8878 and − 2.8864, 
respectively, in armchair and zigzag loading directions. Contrarily, titanium vacancy is observed to cause more impactful deterioration 
of elastic modulus, which is evident from its greater slope of − 3.1957 and − 3.6357, respectively, in the armchair and zigzag 
orientations.

Previous investigations on 2D materials showed that cohesive energy, also known as potential energy per atom (PE/atom), is a 
reliable measure of defective materials’ alterations in mechanical functionality [44,58]. In order to understand the influence of point 
vacancies on the mechanical behavior of the Ti4C3 structure in a qualitative way, the potential energy for each atom (PE/atom) has 
been computed in this study. An ideal pristine crystal should have the least PE/atom value at the lowest strain value. However, the 
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value increases as the defect concentration in the crystal rises. This rise in potential energy is accelerated by the robust regularity 
failure effect caused by the induced vacancies. We have computed PE/atom for a random point vacancy-induced Ti4C3 structure along 
both loading orientations, which is shown in Fig. 12. As of the plot, the pristine sample shows minimum values of initial PE/atom than 
any of the vacancy-induced samples. According to the plot, the initial value is calculated as − 6.87 eV/atom for the defect-free Ti4C3 
crystal, which shows an excellent fit with that obtained from the previous study [43] However, the values increase due to increasing 
irregularities inside the structure with increasing vacancy concentrations. Apart from these, all the PE/atom plots show an identical 
pattern with a continuously increasing trend up to the fracture strain, followed by an abrupt drop as the nanosheet breakdown occurs.

In order to figure out the nature of the fracture, the atomistic deformation profile must be examined with increasing applied strain. 
This study also examined the impact of different vacancy concentrations on the atomistic deformation profile of the Ti4C3 nanosheets. 
The atomistic deformation profile for 1 % and 3 % of point vacancy-induced nanosheets along two loading directions are displayed in 
Figs. 13 and 14.

All the deformation profiles share similarities with the pristine state, except that point defects act as stress-rising sites here. It is 

Fig. 12. Calculated values of Potential energy for each atom in pristine and random point-vacancy induced sample in the (a) armchair chirality, and 
(c, d) zigzag chirality.

Fig. 13. Atomistic deformation profile of Ti4C3 nanosheets with increasing strain along zigzag direction for (a–d) 1 % of PV, and (e–h) 3 % of PV 
concentration.
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evident from the atomistic configurations that point vacancies acted as stress-intensifying sites and initiated cracks to form. In 1 % of 
point vacancy-induced nanosheets, cracks are observed to begin from the vacancies located at the corner of the sheet. In contrast, the 
initiation of cracks appears inside the nanosheets for 3 % of point vacancies. This is because 1 % of PV-induced samples do not have 
enough vacant sites to initiate cracks within the nanosheet, and 3 % of vacancy-induced samples contain sufficient vacant sites inside 
the structure. However, once a crack initiates, a considerable amount of stress concentration is apparent at the crack tip from the color 
coding, facilitating the crack to propagate and rupture the nanosheets quickly.

Another thing to observe is that rupturing of the nanosheets in the 1 % PV-induced sample does not necessarily take long (within 
10–12 ps). In contrast, in the 3 % PV-induced sample, cracks propagating takes longer when crack initiates inside the structure. 
Nevertheless, all vacancy-induced nanosheets exhibit the exact brittle fracture mechanism as the pristine sample. Fracture strain value 
has also been found to decrease with increasing vacancy concentrations, supporting the data obtained from the stress-strain behavior 
of vacancy-induced Ti4C3 MXene.

4. Conclusion

In this study, we thoroughly investigated the tensile mechanical behavior and deformation profile of Ti4C3 MXene under different 
chiral directions, temperatures, strain rates, and vacancy concentrations using a classical molecular dynamics (MD) simulator, 
LAMMPS. Stress-strain behavior along two chiral orientations was utilized to determine the modulus of elasticity, tensile strength, and 
fracture strain of Ti4C3 MXene. At 300 K, the zigzag-directed Ti4C3 structure shows a slightly superior fracture strength and elastic 

Fig. 14. Atomistic deformation profile of Ti4C3 nanosheets with increasing strain along armchair direction for (a–d) 1 % of PV, and (e–h) 3 % of PV 
concentration.
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modulus than its counter direction. The fracture strength and elastic modulus values in the zigzag directions are 29.17 GPa and 148.14 
GPa, respectively, which are 6.51 % and 0.81 % greater than its counter direction. Competitive elastic modulus and fracture stress data 
in the armchair and zigzag orientations confirm the insignificant anisotropy of Ti4C3 MXene. However, armchair-oriented Ti4C3 has 
been observed to possess a considerably greater fracture strain due to its strain-hardening tendency at lower temperatures. Fracture 
strain along the armchair direction at 300 K has been measured to be 0.259, 19.31 % greater than its counter direction. Temperature 
and strain rate cause opposite fracture strength and strain trend, whereas elastic modulus is nearly unaffected. Increasing temperature 
shows the most significant impact on fracture strain along armchair direction since the strain hardening tendency diminishes with 
increasing temperature and does not occur beyond 500 K. Obtained RDF data at different temperatures show a decrease in peak in
tensity and peak broadening at elevated temperature. From the slope of the logarithmic plot of the fracture strength-strain rate, 
armchair-oriented Ti4C3 is more sensitive to the applied strain rate than zigzag-oriented. Carbon vacancy possesses less formation 
energy than titanium, indicating it is more likely to form in the Ti4C3 structure. Potential energy per atom calculations also made the 
influence of point vacancies more understandable. Atomistic deformation profiles support the findings from stress-strain behavior and 
help to gain an improved comprehension of fracture phenomena. This deformation profile also made apparent the effect of thermal 
trembling at elevated temperatures and the tendency of vacancies to act as stress-intensifying sites. This comprehensive study provided 
detailed mechanical behavior and fracture phenomena of Ti4C3 MXene under various environmental circumstances. This will facilitate 
its employment in the safe and efficient designing of anode materials for Li-ion batteries.
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