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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 to 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 the water attack reaction depends on both local coordination and chemical composition
of the MXene surfaces. Decreasing the work function of the Ti;C,T, 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 the degradation reaction, including the role of defects and edges.

Xenes belong to the class of two-dimensional (2D)
transition metal carbides or carbonitrides with the
general formula of M,,, X, T, (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, -0, 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."”
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,”~*
flexible and transparent electronics,”' chemical and biosens-
ing applications,"'~"* water desalination and purification," "'
electromagnetic shielding,'®"” and catalysis.'®*°
Despite their intriguing performance, their low stability
limits the practical applications of MZXenes. Their 2D
nanosheets tend to undergo rapid degradation in aqueous
media or humid environments, resulting in the formation of
their respective metal oxides.”' ">° Even the most stable and
the most studied Ti;C,T, MXenes show notable degradation
after being dispersed in water for a week.”"”’” While the
lifespan of dried freestanding Ti;C,T,-MXene layers can be
extended even for years,” films of different compositions can
degrade when stored at ambient conditions.”” Recent studies
have identified two major culprits causing the degradation of
MXenes: water’’ and oxygen molecules.’’ The reported
exponential decay in the rate of oxidation of MXenes exposed
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to a humid environment’"** suggests the existence of active
sites catalyzing the oxidation reaction. While these sites are
saturated, the reaction slows down. Several studies hypothe-
sized that edges of MXenes are more prone to oxidative
degradation,”"** 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.”* 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 their 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 termi-

Received: January 4, 2024
Revised:  February 19, 2024
Accepted: February 21, 2024
Published: March 28, 2024

https://doi.org/10.1021/acs.jpclett.4c00045
J. Phys. Chem. Lett. 2024, 15, 3698—3704


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valentina+Nesterova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vladislav+Korostelev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Konstantin+Klyukin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.4c00045&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00045?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00045?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00045?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00045?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00045?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/15/13?ref=pdf
https://pubs.acs.org/toc/jpclcd/15/13?ref=pdf
https://pubs.acs.org/toc/jpclcd/15/13?ref=pdf
https://pubs.acs.org/toc/jpclcd/15/13?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

nation groups in the stability of MXenes by employing ab initio
thermodynamic analysis (i.e, by constructing Pourbaix
diagrams35’36 and calculating defect formation energies37).
These studies indicated that O-terminated MXenes are the
most stable, while the presence of hydroxyl and fluorine
termination groups decreases the stability, promoting the
formation of Ti vacancies.”” More recent studies employing ab
initio molecular dynamics (AIMD) simulations revealed
spontaneous degradation of O-terminated surface MXenes
surfaces (e.g., Ti,C,0,°%* and V,C0,*) 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
Ti;C,T, (T, = 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.”’ "’ To evaluate
activation energy associated with Ti atoms oxidation at the
MXene—water interfaces, we divided the trajectories obtained
from the slow-growth method*® into simulation windows
separated by 0.1 A and performed Blue-Moon sampling
simulations,*’ collecting energy gradients acting on the Ti
atom during at least 5 ps and further integrating the trajectory
to get a free energy surface. The distance between Ti and C
atoms was chosen as a reaction coordinate, and the simulations
were carried out until the gradient acting on Ti reached zero.
As shown in Figure 1a, the release of Ti from the subsurface
to the MXene surface is followed by the attack of the H,O
molecule, leading to the stabilization of the Ti—OH complex
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Figure 1. (a) Representative snapshots of the AIMD trajectory
demonstrating Ti release from the Ti;C,0, 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 E, is the activation
energy of the Ti release.
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above the termination groups. After Ti is exposed to the
solution, it reacts with two more water molecules, forming an
octahedral hydroxide complex attached to the MXene surface
(Figure S2). We further calculated the activation energies (E,)
of the first step of the described reaction by integrating the
energy gradients along the reaction coordinate. It is possible
for the process to occur spontaneously at the O-terminated
Ti;C, surface® due to a low E, 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 an E, of 1.04
eV (see Figure S3). These results are in qualitative agreement
with recent simulations conducted for V,CO,.>° We attribute
this behavior to changes in electrostatic potential associated
with the formation of a Ti(V)—OH dipole, as explained in
more detail below.

We further calculated E, for Ti sites at various Ti;C,T,
surfaces, including O-, OH-, and F- and their mixed
terminations (see Table S2). Our simulations revealed that
E, 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, E, for the 30-
coordinated Ti atom increases from 0.28 eV at the O-
terminated Ti;C,0, to 1.58 eV for Ti;C, (OH),4,0,3; and
becomes 2.15 eV for Ti;C, (OH), 330,6,- Notably, the kinetics
of Ti oxidation and defect formation energy of the Ti vacancy
for various Ti;C,T, surfaces demonstrate the opposite trends
(see Figure 2). Although the formation of the Ti vacancy is the
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Figure 2. Ti atom vacancy formation energy (left-hand scale) and
activation energy E, of Ti release and oxidation in contact with water
(right-hand scale) for TiyC,T, with different terminations. The most
commonly occurring coordination of Ti is shown for each surface.

least energetically favorable at the Ti;C,0, surface (vacancy
formation energy of 8.39 eV in agreement with previous
studies’”), the small E, of 0.28 eV indicates that the O-
terminated surface of Ti;C,0, is intrinsically unstable. Based
on these results, we propose that the degradation of MXene
surfaces is a kinetically limited process, and increasing the
barrier (E,) associated with the initial step of the degradation
reaction (i.e, metal ion release above the surface) can be
considered as an indicator of MXene stability.

Activation energy (E,) values vary greatly depending on
both the local coordination of Ti and the 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 the vast space of
MXene surface compositions is limited by time-consuming
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Figure 3. Correlations between activation energies of Ti release (E,) and descriptive properties of Ti;C,T, surfaces: (a) d-band center of Ti, (b)
average distance from Ti to three adjacent C atoms, (c) integrated COHP of Ti, (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, 10H:20; gold, 10H:10; orange, 20H:10; red, OH; and blue, F.

AIMD simulations. Establishing relations between E, values
and descriptive properties of MXene surfaces can facilitate the
identification of active sites for the degradation reaction and
accelerate the design of stable MXene chemistries. Below, we
search for simple properties of Ti;C,T, MXene surfaces
associated with the kinetics of Ti atom oxidation in contact
with water. We consider both local traits of Ti;C,T, surfaces
describing the specific Ti site, such as d-band center, C—Ti
distance, and 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 Figure 3a—f and in Figure
S4.

We first explored the local properties associated with specific
Ti sites at Ti;C,T, surfaces. Figure 3a shows the correlation
between the E, and d-band center of the Ti site, which
characterizes d-orbital occupancy and is commonly applied in
predicting the reactivity of transition metals.”' ~>* We propose
that the d-band characterizes both the propensity of Ti for the
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 E,
values, which is supported by the correlation coefficient R* =
0.496. The bond strength between C and Ti atoms is another
critical local feature affecting Ti activity toward the 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 Ti;C,T, surface
resulting in a strong negative correlation between average C—
Ti interatomic distance and E,. In Figure 3¢, we also correlated
the E, values associated with each Ti site with an average
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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 activity’ and
adsorption energy’®’ 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 E, 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 the single Ti
atom and fixing the rest of the atoms in the unit cell as
implemented in the finite differences approach.”® This method
is very computationally efficient, and the calculated frequencies
demonstrate good agreement with a more accurate projection
of the phonon band on Ti atoms (Figure S5). These findings
highlight the important role of dynamic features, such as
vibration frequencies and phonon modes, as promising
descrigtors associated with not only the conductivity of small
ions,””~®" but also with surface reactivity and stability.

We further explored correlations between E, and global
properties of Ti;C,T, 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 the
TiyC,T, surface) could promote a water attack reaction. We
calculated the first peak position dpy_p,o of the radial
distribution function (RDF) between water molecules and
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active sites of the degradation reaction (i.e., the lowest E,).

the outer Ti layer (Figure S6), which indicates the average
distance between Ti and the O atoms belonging to the first
layer of water. However, our simulations revealed a relatively
weak correlation between dp_i,o and E, (Figure 3e),
suggesting that the proximity of water to Ti is not a
determining factor of the reaction rate. On the other hand,
AIMD simulations revealed a strong negative correlation (R* =
0.822) between E, and the work function of Ti;C,T, surfaces
(Figure 3f). This property describes the position of the Fermi
level in relation to the 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.®? %" However, the effect of the work function on
surface stability has not been explored. In this work, we
discovered that the stability of Ti;C,T, surfaces is linked to
their work function: Ti;C,T, 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 E, 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 Ti;C,0,.

After establishing the structure—stability relationships, we
utilized the selected descriptive properties to predict the
stability of Ti;C,T, 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.®®
The best performing model obtained after dimensionality
reduction (see Figures S7 and S8) relies on two descriptive
properties:

E, = —045® + 0.030> + 1.43 (1)
where E, is the predicted activation energy of Ti release, ® is
the work function (eV), and @ stands for the vibrational
frequency of Ti along the ¢ direction (THz). Our results
suggest that decreasing the work function of the Ti;C,T,
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
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rapidly calculated for MXene of any selected composition and,
therefore, can be used for computational screening and the
selection of surface chemistries impeding degradation reac-
tions.

Figure 4 presents the performance of the derived analytical
equation in predicting E, for several surface compositions
previously unseen by the model. The testing data set includes
complex surfaces terminated with a mixture of O, OH, and F
groups and Ti,CT, compounds. The predicted and calculated
values of E, for the testing data set, along with associated
descriptors, are provided in Table S3. As seen in Figure 4a, the
constructed analytical formula exhibits excellent performance
in predicting E, with a low mean absolute error of 0.24 eV and
a high R* score (R* = 0.95) on the testing data set. The model
can be used for the identification of sites prone to degradation
reactions at the surface of any composition without performing
time-consuming AIMD calculations. Figure 4b,c illustrates the
application of our model to identify sites catalyzing the
degradation reaction at surfaces with mixed termination:
O:F:OH compositions of 1:1:1 and S5:2:1, where the last one
was obtained experimentally.”® These preliminary results
indicated that the O-coordinated Ti sites have the lowest E,
values (i.e, 1.77 and 1.15 eV) for Ti release and further
oxidation in contact with H,O molecules, suggesting that
avoiding these sites can impede the initial steps of the
degradation reaction.

In summary, our simulations demonstrated that the kinetics
of the initial steps of the degradation reaction play 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 the water attack reaction depends on both
the local coordination of Ti sites and the chemical composition
of the MXene surface. Our results also indicate that surface
transformation occurring during the degradation reaction (e.g.,
release of Ti atoms) can modify local and global traits of the
surface, significantly affecting the degradation reaction rate on
the adjacent sites. We found strong correlations of the E,
barrier associated with the initial steps of degradation reaction
starting at the basal plane of Ti,,,C,T, (n = 1, 2) MXenes with
local properties of Ti sites, such as the d-band center, out-of-
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plane vibrations, and average C—Ti distance, and with the
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 E, for the reaction of Ti with H,O molecules at
Ti,,1C,T, (n = 1, 2) surfaces with different terminations (T, =
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 the
degradation reaction, including the role of defects’” and
edges,””*>%” and would shed light on the instability of MXenes
beyond Ti,C,T,,
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