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Abstract. MXenes are versatile 2D materials demonstrating outstanding electrochemical and physical 

properties, but their practical use is limited because of fast degradation in an aqueous environment. To 

prevent the degradation of MXenes, it is essential to understand the atomistic details of the reaction and 

identify active sites. In this letter, we provided a computational analysis of the degradation processes at the 

interface between MXene basal planes and water using enhanced sampling ab initio molecular dynamics 

simulations and symbolic regression analysis. Our results indicate that the reactivity of Ti sites toward water 

attack reaction depends on both local coordination and chemical composition of the MXene surfaces. 

Decreasing the work function of Ti3C2Tx surfaces and avoiding Ti sites that are loosely anchored to the 

subsurface (e.g., O-coordinated) can improve surface stability. The developed computational framework 

can be further used to investigate other possible culprits of degradation reaction, including the role of 

defects and edges. 
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MXenes belong to the class of two-dimensional (2D) transition metals carbides or carbonitrides with 

the general formula of Mn+1XnTx (n = 1-4), where M stands for a transition metal, X for carbon and/or 

nitrogen, and T for surface termination groups (e.g., −OH, −O, and −F). 2D MXene nanosheets are 

synthesized by the selective removal of metal atoms (e.g., Al) from precursor materials that belong to a 

large family of layered carbides/nitrides called MAX phases.1,2  The wide range of possible compositions 

and rich surface chemistry distinguishes MXenes from other commonly studied 2D materials such as 

graphene and transition metal dichalcogenides.3,4 In the past few years, experimental studies of the physical 

and chemical properties of various MXenes have revealed their great promise for a broad spectrum of 

applications including electrochemical energy storage,3,5–8 flexible and transparent electronics,9,10 chemical 

and biosensing applications,11–13 water desalination and purification,14,15 electromagnetic shielding,16,17 and 

catalysis.18–20  

Despite their intriguing performance, rapid degradation limits the practical applications of MXenes. 

Their 2D nanosheets tend to undergo rapid degradation in aqueous media or humid environments, resulting 

in the formation of their respective metal oxides. 21–24 Even the most stable and the most studied Ti3C2Tx 

MXenes show notable degradation after being dispersed in water for a week.21,25 While the lifespan of dried 

freestanding Ti3C2Tx-MXene layers can be extended even for years,26  films of different compositions can 

degrade when stored at ambient conditions.27 Recent studies have identified two major culprits causing the 

degradation of MXenes: water28  and oxygen molecules.29 The reported exponential decay in the rate of 

oxidation of MXenes exposed to a humid environment29,30 suggests the existence of active sites catalyzing 

the oxidation reaction. While these sites are saturated, the reaction slows down. Several studies 

hypothesized that edges of MXenes are more prone to oxidative degradation,29,31 while others suggested 

that degradation starts at the basal plane of MXenes and that the presence of defects should be considered 

a possible source of instability.32 Since the conflicting opinions on the origin of material degradation can 

lead to different degradation prevention strategies, revealing the active sites catalyzing the degradation 

process is pivotal for the effective design and implementation of MXene-based materials. 

Termination groups are exposed to the environment and can be one of the key factors determining the 

stability of MXenes. Although MXenes are known for rich and tunable surface chemistry, the role of 

termination groups in degradation processes remains poorly understood. Moreover, the rich surface 

chemistry of MXenes represents a significant challenge for ab-initio-based simulations due to a large 

combinatorial space of surface compositions. Therefore, most of the previous simulations were focused 

mainly on fully O-, OH-, or F-terminated MXene, which cannot be realized experimentally. Several 

computational studies quantified the role of termination groups in the stability of MXenes by employing ab 

initio thermodynamic analysis (i.e., by constructing Pourbaix diagrams33,34 and calculating defect formation 

energies35). These studies indicated that O-terminated MXenes are the most stable, while the presence of 
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hydroxyl and fluorine termination groups decreases the stability, promoting the formation of Ti vacancies.35 

More recent studies employing ab initio molecular dynamics (AIMD) simulations revealed spontaneous 

degradation of O-terminated surface MXenes surfaces  (e.g., Ti3C2O2
36,37

 and V2CO2
38) in contact with an 

aqueous environment. These works emphasize the need for advanced computational methods to evaluate 

the stability and understand the atomistic mechanism of MXene degradation. 

In this computational study, we investigated the degradation reactions at the interface between 2√3 x 

4 surface cells of Ti3C2Tx (Tx = OH, O, Cl, F, and their mixture) and aqueous solution (Figure S1), revealing 

sites that are the most prone for degradation reaction. (see SI for more details) To quantify the kinetic 

aspects of MXene stability in contact with water, we used AIMD simulations complemented with enhanced 

free energy sampling. These methods have been successfully used by us and others to study catalytic and 

degradation reaction mechanisms at solid-water interfaces.39–43 To evaluate activation energy associated 

with Ti atoms oxidation at MXene-water interfaces, we divided the trajectories obtained from the slow-

growth method44 into simulation windows separated by 0.1 Å and performed Blue-Moon sampling 

simulations,45 collecting energy gradients acting on Ti atom during at least 5 ps and further integrating the 

trajectory to get free energy surface. The distance between Ti and C atoms was chosen as a reaction 

coordinate, and the simulations were carried out until the gradients acting on Ti reached zero. 

 
Figure 1. (a) Representative snapshots of AIMD trajectory demonstrating Ti release from Ti3C2O2 

surface and its reaction with water; (b) Free-energy gradients (right-hand scale) and free energy landscape 

(left-hand scale) along the reaction coordinate (distance between Ti atom and C atoms), where EA is the 

activation energy of Ti release.  
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 As shown in Figure 1a, the release of Ti from the subsurface to the MXene surface is followed by the 

attack of H2O molecule, leading to the stabilization of Ti-OH complex above the termination groups. We 

further calculated the activation energies (EA) of the described reaction by integrating the energy gradients 

along the reaction coordinate. The process is possible to occur spontaneously at the O-terminated Ti3C2 

surface36 due to a low EA of 0.28 eV, as shown in Figure 1b. However, the release of the second Ti atom 

on the same surface was found to be much less favorable, with EA of 1.04 eV (see Figure S2). This result 

is in qualitative agreement with recent simulations conducted for V2CO2.46 We attribute this behavior to 

changes in electrostatic potential associated with the formation of Ti(V)-OH dipole, as explained in more 

detail below. 

Figure 2. Ti atom vacancy formation energy (left-hand scale) and activation energy EA of Ti release 

and oxidation in contact with water (right-hand scale) for Ti3C2Tx with different terminations. The most 

commonly occurring coordination of Ti is shown for each surface. 

We further calculated EA for Ti sites at various Ti3C2Tx surfaces, including O-, OH, F- and their mixed 

terminations (see Table S2). Our simulations revealed that EA varies from 0.28 eV for the O-terminated 

surface to more than 3.9 eV for the OH-terminated surface, depending on the global composition of 

termination groups and the local coordination of Ti sites. For example, EA for 3O-coordinated Ti atom 

increases from 0.28 eV at O-terminated Ti3C2O2 to 1.58 eV for Ti3C2(OH)0.67O1.33 and becomes 2.15 eV for 

Ti3C2(OH)1.33O0.67.  Notably, the kinetics of Ti oxidation and defect formation energy of Ti vacancy for a 

variety of Ti3C2Tx surfaces demonstrate the opposite trends (see Figure 2). Although the formation of Ti 

vacancy is the least energetically favorable at Ti3C2O2 surface (vacancy formation energy of 8.39 eV in 

agreement with previous studies35), the small EA of 0.28 eV indicates that the O-terminated surface of 

Ti3C2O2 is intrinsically unstable. Based on these results, we propose that the degradation of MXene surfaces 
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is a kinetically limited process, and increasing the barrier (EA) associated with the initial step of degradation 

reaction (i.e., metal ion release above the surface) can be considered as an indicator of MXene stability. 

Activation energy (EA) values vary greatly depending on both the local coordination of Ti and surface 

composition, making the identification of Ti sites prone to oxidation for each specific surface composition 

rather challenging. In particular, the systematic exploration of the stability for vast space of MXene surface 

compositions is limited by time-consuming AIMD simulations. Establishing relations between EA values 

and descriptive properties of MXene surfaces can facilitate the identification of active sites for degradation 

reaction and accelerate the design of stable MXene chemistries. Below, we search for simple properties of 

Ti3C2Tx MXene surfaces associated with the kinetics of Ti atom oxidation in contact with water. We 

consider both local traits of Ti3C2Tx surfaces describing the specific Ti site: such as d-band center, C-Ti 

distance, out-of-plane Ti vibration frequency, and global properties of the surface: such as an average 

distance from Ti to water molecules and work function. The obtained correlations between the selected 

properties of MXene surfaces and activation energies are shown in Figures 3 a-f and Figure S3. 

 

Figure 3. The correlations between activation energies of Ti release (EA) and descriptive properties of 

Ti3C2Tx surfaces: (a) d-band center of Ti, (b) integrated COHP of Ti, (c) average distance from Ti to three 

adjacent C, (d) out-of-plane vibrational frequencies of Ti, (e) an average distance between the outer layer 

of Ti and O from water molecules, and (f) work function of the considered surface. Colors represent various 

terminations:  green – O, yellow – 1OH:2O, gold – 1OH:1O, orange – 2OH:1O, red – OH, blue – F.  
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We first explored local properties associated with specific Ti sites at Ti3C2Tx surfaces. Figure 3a shows 

the correlation between the EA and d-band center of Ti site, which characterizes d-orbital occupancy and is 

commonly applied in predicting the reactivity of transition metals.47–50 We propose that the d-band 

characterizes both the propensity of Ti for oxidation reaction (i.e., dissociation of water) and the strength 

of Ti bonds with the surface. Our simulations demonstrated that the lower values of the Ti d-band center 

indicate lower EA values, which is supported by the correlation coefficient R2 = 0.496. The bond strength 

between C and Ti atoms is another critical local feature affecting Ti activity toward water attack reaction. 

In Figure 3b, we used an average distance between Ti and three neighboring C atoms as a geometry-based 

indicator of bond strength. The shorter C-Ti bonds imply a stronger connection of Ti to the Ti3C2Tx surface 

resulting in a strong negative correlation between average C-Ti interatomic distance and EA. In Figure 3c, 

we also correlated the EA values associated with each Ti site with an average integrated Crystal Orbital 

Hamilton Population (iCOHP) between Ti and neighboring C atoms, which indicates the bond strength 

between the adjacent atoms and has been successfully used as a descriptor of catalytic activity51 and 

adsorption energy52,53 in the literature. Negative iCOHP values suggest stronger bonds, indicating greater 

resistance to bond breaking processes like oxidation. Therefore, a more negative iCOHP between Ti and C 

implies a stronger bond, leading to higher EA values of reactions involving bond disruption. The positive 

correlation between activation energies and Ti vibration frequencies (Figure 3d) was found to be the 

strongest among the studied local descriptors. The lower frequency corresponds to softer out-of-plane Ti 

vibrations, leading to a less steep energy surface for Ti release. In this work, we used the vibration 

frequencies of Ti along the c-direction, which can be calculated by displacing single Ti atom and fixing the 

rest atoms in the unit cell as implemented in the finite differences approach.54 This method is very 

computationally efficient, while the calculated frequencies demonstrate good agreement with a more 

accurate projection of the phonon band on Ti atoms (Figure S4). These findings highlight an important role 

of dynamic features, such as vibration frequencies and phonon modes, as promising descriptors associated 

with not only the conductivity of small ions,55–57 but also with surface reactivity and stability.  

We further explored correlations between EA and global properties of Ti3C2Tx surfaces, such as an 

average distance between Ti and water molecules and work function. We initially hypothesized that a short 

distance between outer Ti atoms and the first water layer (i.e., “wettability” of Ti3C2Tx surface) could 

promote a water attack reaction. We calculated the first peak position dTi-H2O of the radial distribution 

function (RDF) between water molecules and the outer Ti layer (Figure S5), which indicates the average 

distance between Ti and O atoms belonging to the first layer of water. However, our simulations revealed 

a relatively weak correlation between dTi-H2O and EA (Figure 3e), suggesting that the proximity of water to 

Ti is not a determining factor of reaction rate.  On the other hand, AIMD simulations revealed a strong 

negative correlation (R2 = 0.822) between EA and work function of Ti3C2Tx surfaces (Figure 3f). This 
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property describes the position of the Fermi level in relation to a vacuum level and is associated with the 

electrostatic potential of the surfaces. Several previous studies correlated work functions to the catalytic 

activity of metallic surfaces.58–60 However, the effect of work function on surface stability has not been 

explored. In this work, we discovered that the stability of Ti3C2Tx surfaces is linked to their work function: 

Ti3C2Tx surfaces with lower work functions generally demonstrate higher stability (Figure 3f). As discussed 

earlier, we also observed that the subsequent oxidation and release of Ti atoms raised the EA for future 

reactions, hindering the degradation. We now attribute this behavior to the alteration in work function (6.26 

eV vs 6.07 eV after the release of Ti) due to the formation of a Ti-OH dipole on the surface of Ti3C2O2. 

After establishing the structure-stability relationships, we utilized the selected above descriptive 

properties to predict the stability of Ti3C2Tx with various compositions of termination groups and to identify 

sites catalyzing the degradation reaction.  In order to build a predictive model and identify the best 

combination of descriptors, we employed symbolic regression machine learning algorithms as implemented 

in SISSO code.61 The best performing model obtained after dimensionality reduction (see Figure S6) relies 

on two descriptive properties: 

                                         𝐸𝐸𝐴𝐴 =  −0.45Φ + 0.03𝜔𝜔2 + 1.43,      (1) 

where EA is the predicted activation energy of Ti release, Φ is the work function (eV) and ω stands for 

the vibrational frequency of Ti along the c direction (THz). Our results suggest that decreasing the work 

function of Ti3C2Tx surface and avoiding Ti sites that are loosely anchored to the subsurface (as 

characterized by soft phonon modes) can improve the surface stability. These surface properties can be 

rapidly calculated for MXene of any selected composition and therefore, can be used for computational 

screening and the selection of surface chemistries impeding degradation reactions.   

Figure 4 presents the performance of the derived analytical equation in predicting EA for several 

surface compositions previously unseen by the model. The testing dataset includes complex surfaces 

terminated with a mixture of O, OH, and F groups and Ti2CTx compounds. The predicted and calculated 

values of EA for the testing dataset, along with associated descriptors, are provided in Table S3. As seen in 

Figure 4a, the constructed analytical formula exhibits excellent performance in predicting EA with a low 

mean absolute error of 0.24 eV and a high R2 score (R2 = 0.95) on the testing dataset.  The model can be 

used for the identification of sites prone to degradation reaction at the surface of any composition without 

performing time-consuming AIMD calculations. Figures 4b and 4c illustrate the application of our model 

to identify sites catalyzing the degradation reaction at surfaces with mixed termination: O:F:OH 

composition of 1:1:1 and 5:2:1, the last one was obtained experimentally.62 These preliminary results 

indicated that O-coordinated Ti sites have the lowest EA values (i.e., 1.77 eV and 1.15 eV) for Ti release 

and further oxidation in contact with H2O molecules, suggesting that avoiding these sites can impede the 

initial steps of degradation reaction.  
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Figure 4. (a) Comparison of AIMD-calculated energy barriers (AIMD EA) and energy barriers 

predicted with SISSO machine learning model (SISSO EA); Predicted EA for Ti3C2Tx surfaces of different 

composition: O:OH:F = 1:1:1 (b) and O:F:OH = 5:2:1 (c). Bold labels indicate the active sites of 

degradation reaction (i.e., the lowest EA). 

In summary, our simulations demonstrated that the kinetics of the initial steps of the degradation 

reaction plays a key role in determining surface stability. For the first time, the role of termination groups 

in the stability of MXenes in contact with water was quantified using enhanced sampling ab initio molecular 

dynamics. According to our calculations, Ti reactivity toward water attack reaction depends on both the 

local coordination of Ti sites and the chemical composition of the MXene surface. We found strong 

correlations of EA barrier associated with the initial steps of degradation reaction starting at the basal plane 

of Tin+1CnTx (n=1,2) MXenes with local properties of Ti sites, such as d-band center, out-of-plane 

vibrations, and average C-Ti distance, and with work function, characterizing the electrostatic potential of 

the surface. Using machine learning algorithms, we combined physics-based descriptors into the analytical 

formula, allowing us to predict EA for the reaction of Ti with H2O molecules at Tin+1CnTx (n=1,2) surfaces 

with different terminations (Tx = O, OH, F, and their mixture) and to identify the active sites of degradation 

reaction based on simple DFT calculations. The computational framework developed in the present work 

can be further used to investigate other possible culprits of degradation reaction, including the role of 

defects35 and edges,25,63,64 and would shed light on the instability of  MXenes beyond Ti3C2Tx. 
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Supporting Information. Supporting Information contains additional detail about simulation parameters, 

including the detailed description of static DFT calculations, parameters of ab initio molecular dynamics, 

Ti3C2Tx descriptors calculations, and data analytics model.   
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S1. Static DFT calculations 

Geometry optimization and vacancy formation energy calculations were performed using DFT 

and the all-electron frozen-core projected augmented wave (PAW) method1 as implemented in 

the Vienna ab initio simulation package (VASP)2. As exchange−correlation energy 

approximation, we used the revised Perdew−Burke−Ernzerhof for solids (PBEsol) version of the 

generalized gradient approximation (GGA)3. k-points mesh 4×4×1 was used for relaxation; 

cutoff energies were 400 eV. The geometry optimization threshold was 0.02 eV/Å. Orthogonal 

cells of MXenes (Figure S1) were obtained from hexagonal unit cell by setting [1010] direction 
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of hexagonal cell to be b-direction of a new cell. Vacuum of 14Å was created along c-direction. 

Optimized unit cell parameters for MXenes with different terminations are provided in Table S1. 

Figure S1. Representative simulation supercell of Ti3C2Tx MXene (2√3a × 4a) with 50 water 

molecules between MXene layers.  

Table S1. Simulation cell parameters of studied MXenes. 

MXene Formula 
Surface cell parameters 

a, Å b, Å 

Ti3C2O2 10.479 12.093 

Ti3C2O0.67(OH)0.33 10.486 12.102 

Ti3C2O(OH) 10.499 12.124 

Ti3C2O0.33(OH)0.67 10.530 12.155 

Ti3C2(OH)2 10.573 12.199 

Ti3C2F2 10.522 12.136 
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 3 

 To calculate the Ti vacancy formation energy for Ti3C2T2, unit cells with one removed Ti 

atom were prepared, cells parameters were fixed, and atomic positions were relaxed. The Ti 

vacancy formation energy was defined as 𝐸V  =  𝐸defect – 𝐸perfect  +  𝜇Ti, where 𝐸V stands for 

the Ti vacancy formation energy, 𝐸defect is the free energy of system with vacancy, 𝐸perfect is 

the free energy of the original MXene.  

S2. AIMD simulations 

 The optimized MXene cells with different terminations were used for further molecular 

dynamics calculations. To achieve a water density of about 1g/cm3, the vacuum gap was filled 

with 50 H2O molecules. The gamma-point-only version of VASP was used for molecular 

dynamics simulations, cutoff energies were set to 400 eV, convergency threshold was ΔE = 10-4 

eV. Van der Waals interactions have den considered with the use of DFT-D3 Grimme’s scheme.4 

To simulate the rare event of water dissociation we employed constrained molecular dynamics 

algorithm5 with the Blue Moon approach for free energy gradients extraction6.  The distance 

between C layer and Ti atom was used as the reaction coordinate. All AIMD simulations were 

performed in the Nose-Hoover NVT ensemble7 with the temperature of 300 K. To estimate the 

activation energy of water dissociation reaction of water molecule reaction free-energy curves 

were integrated by trapezoidal method with dissociation distance upper limit. Activation energies 

of Ti release (EA) for Ti3C2Tx with different terminations are provided in Table S2.  
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Table S2. Activation energies of water dissociation reaction on Ti atom for Ti3C2T2 with 

different terminations T. 1.04 eV value corresponds to barrier of second Ti release (Figure S2). 

Termination 
Ti 

coordination 
EA, eV 

O 3O 0.28 

3O 1.04 

1OH:2O 3O 1.58 

1OH, 2O 1.82 

2OH, 1O 2.76 

1OH:1O 3O 2.15 

1OH, 2O 2.53 

2OH, 1O 2.85 

3OH 3.38 

2OH:1O 1OH, 2O 2.34 

2OH, 1O 3.02 

3OH 3.41 

OH 3OH 3.98 

F 3F 2.08 

 

 
Figure S2. (a) EA of the first Ti release and (b) EA of the second Ti release from the Ti3C2O2 

MXene surface. 
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S3. Analysis of descriptors 

Correlations between all calculated descriptors are illustrated in Figure S3.   

 

Figure S3. Correlation matrix (R score) for activation energy (EA) with work function Ф, Ti 

vibration frequency ω, Ti d-band center and distance between Ti and water (dTi-H2O). 

d-band center. The density of states (DOS) was computed utilizing a refined k-points 

mesh within the Monkhorst-Pack scheme, specifically set to a 6×6×1 grid, to ensure high-

resolution data. We implemented a tetrahedron method with Blöchl corrections for smearing. To 

ascertain the d-band centers projected on various Ti sites, we employed the Python Materials 

Genomics (pymatgen) library8, a robust tool for materials analysis. 

Vibrational Frequency. To assess the vibrational behavior of titanium atoms in MXenes, 

we utilized two distinct computational strategies. The first involved a finite difference approach9, 

employing the Phonopy software10,11, which enables the calculation of force constants through 
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finite ionic displacements. The average phonon center for Ti atoms with different coordination 

for surface with O:F:OH = 5:2:1 was calculated as a projection of the MXene’s phonon band 

structure along c-direction with the use of Phonopy software. Despite its accuracy, these phonon 

band center calculations are notably resource intensive. To expedite our analysis, we 

alternatively adopted a more time-efficient approach, where all atoms in the simulation cell 

except for Ti were fixed. The Ti atom was then permitted to oscillate along the c-axis with 

defined displacements (±0.01 Å and ±0.02 Å). Comparisons between these methods revealed a 

strong correlation in their resultant vibrational frequency data, as depicted in Figure S4. This 

agreement validates our decision to adopt the faster 'frozen surface' approach for subsequent 

calculations. 

 

Figure S4. Correlation of vibrational frequencies of Ti along c direction calculated with a 

frozen surface with the projected Ti phonon band center calculated for Ti3C2T2, O:F:OH = 5:2:1. 

Labels indicate local coordination of each Ti atom. 
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Work function. Work functions Ф for each MXene were calculated as the difference 

between vacuum potential and Fermi level of the MXene layer. The dipole correction was added 

along c-direction. Calculated values are in agreement with previously obtained values of work 

function for Ti3C2Tx.
12 

iCOHP. Integrated crystal orbital Hamiltonian populations, projected on C-Ti vector, 

were calculated as implemented in the LOBSTER code13 using pbeVaspFit2015 basis set14. Input 

files for LOBSTER were generated using VASP. 

 dTi-H2O To quantify wettability, we calculated radial distribution function (RDF) of 

oxygen from water molecules relative to outer Ti atoms for each MXene surface and extracted 

first peak position of RDF (Figure S5). The dTi-H2O value represents an average distance between 

Ti atom and the closest water layer. 

 

Figure S5. RDF function of outer Ti atoms and oxygen from water molecules for 

Ti3C2O1.32(OH)0.66 surface. 
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S4. Data Analytics model 

 Symbolic regression analysis was performed with SISSO code15. The training dataset 

consisted of 14 datapoints, the testing dataset includes 6 datapoints, which are provided in Table 

S3. The best model’s dimensionality was chosen based on several accuracy parameters, namely 

mean absolute error, maximum error, R2 score and root of mean squared error (RMSE) (Figure 

S6). Based on the accuracy scores, two-dimensional equation was chosen. 

 

Figure S6. Performance of the SISSO model (MAE, Max Error, R2 score and RMSE) as a 

function of descriptor dimensionality. 
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Table S3. Testing data. SISSO-predicted EA in table corresponds to 2D SISSO model. 

 

References 

(1) Blöchl, P. E. Projector Augmented-Wave Method. Phys. Rev. B 1994, 50 (24), 17953–

17979. https://doi.org/10.1103/PhysRevB.50.17953. 

(2) Kresse, G.; Furthmüller, J. Efficient Iterative Schemes for Ab Initio Total-Energy 

Calculations Using a Plane-Wave Basis Set. Phys. Rev. B 1996, 54 (16), 11169–11186. 

https://doi.org/10.1103/PhysRevB.54.11169. 

(3) Perdew, J. P.; Ruzsinszky, A.; Csonka, G. I.; Vydrov, O. A.; Scuseria, G. E.; Constantin, L. 

A.; Zhou, X.; Burke, K. Restoring the Density-Gradient Expansion for Exchange in Solids 

and Surfaces. Phys. Rev. Lett. 2008, 100 (13), 136406. 

https://doi.org/10.1103/PhysRevLett.100.136406. 

(4) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and Accurate Ab Initio 

Parametrization of Density Functional Dispersion Correction (DFT-D) for the 94 Elements 

H-Pu. J. Chem. Phys. 2010, 132 (15), 154104. https://doi.org/10.1063/1.3382344. 

(5) Carter, E. A.; Ciccotti, G.; Hynes, J. T.; Kapral, R. Constrained Reaction Coordinate 

Dynamics for the Simulation of Rare Events. Chem. Phys. Lett. 1989, 156 (5), 472–477. 

https://doi.org/10.1016/S0009-2614(89)87314-2. 

(6) Bucko, T. Ab Initio Calculations of Free-Energy Reaction Barriers. J. Phys. Condens. Matter 

2008, 20 (6), 064211. https://doi.org/10.1088/0953-8984/20/6/064211. 

(7) Hoover, W. G. Canonical Dynamics: Equilibrium Phase-Space Distributions. Phys. Rev. A 

1985, 31 (3), 1695–1697. https://doi.org/10.1103/PhysRevA.31.1695. 

(8) Jain, A.; Hautier, G.; Moore, C. J.; Ping Ong, S.; Fischer, C. C.; Mueller, T.; Persson, K. A.; 

Ceder, G. A High-Throughput Infrastructure for Density Functional Theory Calculations. 

Comput. Mater. Sci. 2011, 50 (8), 2295–2310. 

https://doi.org/10.1016/j.commatsci.2011.02.023. 

Surface 

termination 

Ti 

coord. 

EA 

AIMD 

EA 

SISSO 

DFT- calculated descriptors 

Ф ω d-band  dTi-H2O iCOHP C-Ti 

Ti3C2T2 

T = O:F:OH              

5:2:1 

2O, F 1.59 1.64 5.15 9.07 -2.06 4.83 -3.18 2.11 

3O 1.18 1.15 5.15 8.15 -2.23 4.83 -3.10 2.16 

Ti3C2T2 

T = O:F:OH              

1:1:1  

O, F, OH 3.07 2.58 3.72 9.58 -1.96 4.21 -3.62 2.10 

2O, OH 2.35 2.18 3.72 8.88 -2.01 4.21 -3.28 2.13 

Ti2CO2 3O 0.23 0.72 5.83 7.90 -2.52 4.33 -2.43 2.17 

Ti2C(OH)2 3OH 4.07 4.19 0.89 10.136 -1.68 4.65 -2.53 2.09 

https://doi.org/10.26434/chemrxiv-2024-121k1 ORCID: https://orcid.org/0009-0002-6585-3138 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-121k1
https://orcid.org/0009-0002-6585-3138
https://creativecommons.org/licenses/by/4.0/


 10 

(9) Gonze, X.; Lee, C. Dynamical Matrices, Born Effective Charges, Dielectric Permittivity 

Tensors, and Interatomic Force Constants from Density-Functional Perturbation Theory. 

Phys. Rev. B 1997, 55 (16), 10355–10368. https://doi.org/10.1103/PhysRevB.55.10355. 

(10) Togo, A. First-Principles Phonon Calculations with Phonopy and Phono3py. J. Phys. Soc. 

Jpn. 2023, 92 (1), 012001. https://doi.org/10.7566/JPSJ.92.012001. 

(11) Togo, A.; Chaput, L.; Tadano, T.; Tanaka, I. Implementation Strategies in Phonopy and 

Phono3py. J. Phys. Condens. Matter 2023, 35 (35), 353001. https://doi.org/10.1088/1361-

648X/acd831. 

(12) Ibragimova, R.; Puska, M. J.; Komsa, H.-P. pH-Dependent Distribution of Functional 

Groups on Titanium-Based MXenes. ACS Nano 2019, 13 (8), 9171–9181. 

https://doi.org/10.1021/acsnano.9b03511. 

(13) Nelson, R.; Ertural, C.; George, J.; Deringer, V. L.; Hautier, G.; Dronskowski, R. 

LOBSTER: Local Orbital Projections, Atomic Charges, and Chemical-Bonding Analysis 

from Projector-Augmented-Wave-Based Density-Functional Theory. J. Comput. Chem. 

2020, 41 (21), 1931–1940. https://doi.org/10.1002/jcc.26353. 

(14) Maintz, S.; Esser, M.; Dronskowski, R. Efficient Rotation of Local Basis Functions 

Using Real Spherical Harmonics. Acta Phys. Pol. B 2016, 47, 1165. 

https://doi.org/10.5506/APhysPolB.47.1165. 

(15) Ouyang, R.; Curtarolo, S.; Ahmetcik, E.; Scheffler, M.; Ghiringhelli, L. M. SISSO: A 

Compressed-Sensing Method for Identifying the Best Low-Dimensional Descriptor in an 

Immensity of Offered Candidates. Phys. Rev. Mater. 2018, 2 (8), 083802. 

https://doi.org/10.1103/PhysRevMaterials.2.083802. 

 

https://doi.org/10.26434/chemrxiv-2024-121k1 ORCID: https://orcid.org/0009-0002-6585-3138 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-121k1
https://orcid.org/0009-0002-6585-3138
https://creativecommons.org/licenses/by/4.0/

	Supporting_Information.pdf
	S3. Analysis of descriptors


