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% Check for updates Significant efforts have been devoted to investigating the oxidation of MXenes

in various environments. However, the underlying mechanism of MXene oxi-
dation and its dependence on the electrode potential remain poorly under-
stood. Here we show the oxidation behavior of MXenes under the working
conditions of electrochemical processes in terms of kinetics and thermo-
dynamics by using constant-potential ab initio simulations. The theoretical
results indicate that the potential effects can be attributed to the nucleophilic
attack of water molecules on metal atoms, similar to that taking place in the
Oxygen Evolution Reaction. Building upon these findings, we deduced the
oxidation potential of the common MXenes, and proposed antioxidant stra-
tegies for MXene. Finally, we demonstrated that MBenes, the boron analogs of
MXenes, may undergo a similar nucleophilic attack in water and inferred that
molecule-induced Walden inversion is widely present in material reconstruc-
tions. This work contributes to a fundamental understanding MXene stability
at the atomic level, and promotes the transition in materials discovery from
trial-and-error synthesis to rational design.

MXenes are two-dimensional transition metal carbides and nitrides,
constituting probably the largest family of two-dimensional materials.
While extensive applications have been proposed in fields such as
energy, devices, and medicine, a common concern is whether MXenes
undergo oxidative degradation due to interactions with the
surroundings’. Maintaining the stability of MXenes is crucial, in parti-
cular for their integration into medical platforms and devices’. A com-
prehensive understanding of the oxidation mechanism of MXenes is
also important from the perspective of materials synthesis. In certain
cases, their performance requires the controlled oxidation of MXenes to
enhance the overall properties. For example, metal-oxide composites,
such as Ti02/Ti3C2TX, szOs/szch, szOS/Nb4C3TX, and VzOX/V2CTX,

can be constructed through oxidation. The materials can significantly
improve electrode cycling stability compared to pristine MXenes*".

In recent years, significant progress has been made in under-
standing MXene oxidation, encompassing both experimental and
theoretical approaches. Experimental studies have demonstrated the
pivotal role of water molecules in MXene oxidation and proposed
methods such as low-temperature oxygen isolation and the addition of
ascorbic acid’”’. Meanwhile, theoretical investigations also provide a
dynamic description description of water molecules attacking on the
surface of MXenes® ™.

However, in practical applications, such as electrocatalysis, bat-
teries, and supercapacitors, MXenes do not exist in their ideal storage
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conditions. Under these circumstances, the oxidation of MXenes is
distinctly correlated with the electrode potential, a critical factor that
is often ignored in previous studies. For example, Ti;C,T, electrode
will be easily oxidized beyond 0.1-0.2V vs. Ag/AgCI"”™, and V,CT,
exhibits noticeable oxidation in cyclic voltammetry tests™*'®. Under-
standing what happens to MXenes under the working conditions of
electrochemical processes is imperative to both the application and
development of MXene materials. But previous theoretical studies
have primarily focused on the superficial phenomenon of water
molecule attacks on MXenes. They have not adequately addressed
deeper aspects such as the electronic changes during the attack, the
potential-dependent oxidation behavior, and the implications of this
potential dependency for practical applications.

In this work, we employ the “constant-potential hybrid-solvation
dynamic model” (CP-HS-DM)"™™ and constant-potential implicit sol-
vent models® to study the oxidation behavior of MXenes in an oxygen-
containing aqueous environment from both dynamic and thermo-
dynamic perspectives. The dynamic analysis revealed that MXene
oxidation is influenced by the potential due to the nucleophilic attack
of water molecules on metal atoms, resembling the Oxygen Evolution
Reaction (OER). Through thermodynamic analysis, we obtained the
oxidation potential of MXenes and identified key factors influencing
MXenes oxidation under electrochemical working conditions, thereby
proposing antioxidation strategies. We also demonstrate that
MBenes” *, the boron analogs of MXenes, may undergo a similar
nucleophilic attack in water.

Results

Unconstrained AIMD simulations of MXene oxidation in pure
water and oxygen-containing environments

We first explore the oxidation behavior of MXenes in different envir-
onments by constructing confined environments with liquid water,
both with and without an oxygen molecule. The structural configura-
tions are illustrated in Supplementary Fig. Sla. Compared to the
common TizC,Ty, it has been experimentally observed that V,CTy is
more prone to oxidation?, and the degradation process of MXenes is
similar in a humid environment®'°. Therefore, V,CO, is chosen as the
main research object. An unconstrained AIMD simulation was carried
out at 300K for 50 ps.

17.031 ps

The simulation results reveal that, in pure water (Fig. 1a), V,CO,
undergoes nucleophilic attack by water molecules within about
1.430 ps. To simplify the discussion and distinguish different sources
of oxygen atoms involved in the oxidation process, we use different
subscripts: Oy stands for the oxygen atom from an attacking water
molecule, and Oy, for the oxygen from a functional group in MXene.
The water molecule is able to form a chemical bond with a V atom at
the MXene surface, similar to an Sy2 reaction in organic chemistry. The
attacked V atom undergoes Walden inversion, separating from the C
layer of the MXene. During this process, the attacking water molecule
is deprotonated, forming a protruding V-OywH structure. The key oxi-
dation steps of this process are shown in Fig. 1c. Around 1.521ps,
deprotonation occurs again, resulting in a V-Oy structure. At
~38.580 ps, a second water molecule begins to attack the V atom, fol-
lowed by a third deprotonation.

To investigate the stability of V oxides in a pure water environ-
ment, we conducted AIMD simulations at 1000 K. It was found that
the V oxides eventually stabilized on the surface in an octahedral
form, following three deprotonation steps (Supplementary Fig. S2).
We also conducted AIMD simulations for Ti;C,0, in pure water at
1000 K (Supplementary Fig. S3). Aligned with previous studies’', the
results indicate that simulation at high temperature effectively
accelerates the oxidation process. Ti;C,0, exhibits a pattern of water
attack very similar to V,CO,. However, notably, in the process of
TisC,0, being attacked, water molecules undergo deprotonation
only once.

Oxygen-related reactions, such as the oxygen evolution/reduction
reaction, have important applications in energy fields such as catalysis
and fuel cells. Therefore, it is necessary to consider the presence of
oxygen in the environment. The oxidation of MXenes in an oxygen-
containing environment is illustrated in Fig. 1b, which includes one
oxygen molecule. The water attack occurs within about 0.556 ps,
similar to that in pure water, leading to the formation of the protruding
V-Ow structure. Unlike oxygen atoms in water molecules, oxygen
molecules are nonpolar and thus have difficulty attacking metal atoms
protected by functional groups, as shown in Supplementary Fig. S4.
This explains why MXene is more stable in a pure oxygen environment
than in water’. However, for the V-Oy structure protruding from the
surface, the V atom loses the protection of functional groups. Figure 1b

17.102 ps 18.263 ps

H
DEPROTONATION o“ H H

NUCLEOPHILIC ATTACK

WALDEN INVERSION

Fig. 1| Snapshots from unconstrained dynamic simulations of V,CO, oxidation. a Pure water and (b) oxygen-containing environments. ¢ Schematic of the key

oxidation steps. V: purple; C: brown; O: red; H: white.
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shows that V-Oyy, is attacked by O, at about 14.227 ps, and subse-
quently, it undergoes a nucleophilic attack from a second water
molecule around 17.031 ps. At this point, the V-Oy; bonds in the MXene
begin to break, exposing the C layer through the opening of vacancies
and forming V oxide suspended on the surface. This observation
underscores the highly promotive role of O, in the MXene oxidation
process, aligning well with experimental findings®.

Through the energy analysis of the reaction process (Supple-
mentary Fig. S5), we identified three processes that cause significant
energy changes: the first water molecule attack, the oxygen molecule
attack, and the vacancy opening. The vacancy opening is not a mole-
cular attack process but rather a spontaneous surface reconstruction.
Therefore, we propose that MXene oxidation takes place in two key
stages: first, the nucleophilic attack of water molecules on metal
atoms, forming the protruding V-Oy structure; and second, the sub-
sequent attack of oxygen molecules and the rupture of V-Oy bonds.
Next, we will explore the potential dependency of MXene oxidation
through these two reaction steps.

Constrained AIMD simulation of water’s nucleophilic attack on
metal atoms

To obtain the variation of free energy during the reaction process
under working conditions, we carried out MD simulation using the
CP-HS-DM. All simulated temperatures not otherwise stated below
are 300 K. The slow-growth approach is implemented to collect the
free energy along the reaction path. The model, principles, and the
choice of collective variables (CV) used in this section are described
in Supplementary Fig. S1b, the “Methods” section, and Supplemen-
tary Fig. S6a, respectively. The forces during the sampling process
are shown in Supplementary Fig. S7. Since MXenes undergo oxida-
tion spontaneously in their natural state but are stable at low applied
electrode potentials'“*°, we simulated the open-circuit (OC) state
(the natural state without an applied external potential) and the state
with an electrode potential of OV to explore the relationship
between surface potential and MXenes oxidation. Figure 2 compares
the water nucleophilic attack process under these two different
states.
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Fig. 2 | Reaction mechanism for the potential-dependent MXene oxidation

in Water. Free energy profile during the process of V atom being attacked by water
under the condition of (a) open-circuit and (b) zero electrode potential (U=0V).
The structures at the initial state (IS), transition state (TS), and final state (FS) are
shown at the top of the figures. The following evolutions throughout the reaction
are depicted in Figure (c-f): (c) distance between V and Oy atoms, where dots

indicate the TS position and the dash-dot lines represent the V-Oy bond length at

- e e e o e e - —

— +

FS; (d) system potential relative to the standard hydrogen electrode (SHE), with the
yellow dash-dot lines indicating the potential at IS and FS under the open-circuit
condition and the blue dash-dot line marking the average potential during the OV
simulation; (e) net charge of Oy, atom; and (f) net charge of the V atom. g Schematic
diagram of potential-dependent MXene oxidation in water. Source data are pro-
vided as a Source Data file.
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The reaction dynamics under the OC state is illustrated in Fig. 2a
and c. The free energy increases at the start of the reaction, reaching a
reaction barrier of 0.451eV when the V-Oyy distance is 2.456 A. As the
reaction further progresses, proton dissociation occurs spontaneously
(Supplementary Fig. S8a), as evidenced by the reduction of the free
energy. When the V-Oy distance is 1.66 A, the free energy drops to
-1.125 eV, signaling the formation of the V-Oy structure. Under the
condition of OV, as shown in Fig. 2b and c, the free energy profile is
significantly increased. Proton dissociation initiates after the energy
barrier reaches 0.744 eV at a V-Oy, distance of 2.054 A (Supplementary
Fig. S8b). The oxidation reaction attains its final state when the V-Ow
distance is 1.817 A, with a free energy of 0.269 eV. Notably, only one
proton is released throughout the process, ultimately forming the
V-OwH structure. The longer V-Oy bond lengths in the transition state
and final state, combined with less deprotonation, indicate that a low
potential hinders the reaction progression and outcome. Clearly,
MXene oxidation is an electrochemical process regulated by the
potential.

Next, we explore the reasons why the free energy is influenced by
the applied electrode potential at both the transition state and the final
state. To identify the factors influencing the free-energy change, we
performed simulations for the reaction process at U=2.0V and ana-
lyzed the orientation distribution of water molecules in the inner
Helmholtz plane under a wide range of conditions (Supplementary
Fig. S9). We found that the electrode potential significantly alters the
orientation of water molecules. At low potential, the water molecules
tend to align with their dipoles pointing toward the basal plane (H-
down), making the Oy atoms difficult to get close to the surface for
nucleophilic reactions. Conversely, at high potential, the water mole-
cules tend to align with Oyw-down, facilitating their attack on metal
atoms. Furthermore, regardless of the potential, after the formation of
the V-Oy structure, we observed that the orientation of the water
molecules changed from Oy-down to H-down. This suggests that the
V-Oy structure hinders the subsequent attack of water molecules on
metal atoms at the surface. Additionally, the potential also affects
charge distribution of each atomic layer in MXenes (Supplementary
Fig. S10). The low potential reduces the positive charge of the metal
layer and enhances the negative charge of the functional group,
making the nucleophilic attack of water molecules difficult. Therefore,
lowing the electrode potential can increase the reaction barrier,
impeding reaction progress.

The change in the final state free energy can also be analyzed
from the perspective of electron transfer. As shown in Fig. 2d for
MXene oxidation at the OC state, the system potential continuously
reduces from the initial state of 1.701V to the final state of 1.320V,
indicating electron injection into the MXene. The Bader charge
analysis (Supplementary Fig. S8c-e) confirms this observation, which
is evident in the loss of electrons from both O,, and the attacked V
atoms. Under the OC condition, the net charge of Oy (Fig. 2e) at
the final state is -0.852 |e|, and under U=0YV, it is -1.115 |e].
Clearly, the different potentials lead to different oxidation states of
Ow atoms. Interestingly, the V atom maintains a consistent net
charge of approximately 2.1 |e] under both OC and OV conditions,
suggesting that the potential influences the oxidation degree of
Ow rather than MXene. Regardless of the potential, V atoms are
oxidized to the same extent, approximately in the positive pentava-
lent state (Supplementary Table. S1), consistent with experimental
measurements”.

The above analysis indicates that the process of MXene being
attacked by water involves the oxidation of O atoms (electron transfer)
and proton generation (proton transfer). The relationship between the
entire process and potential is shown in Fig. 2g. The proton-coupled
electron transfer (PCET) process can be understood by considering the
attacked V atom as the dynamic reaction site and using *O to represent
V,CO, with the V-Oy structure. In essence, the reaction can be

represented by the following equation:
H,0+ x(MXene) - xO+2(H" +e™) @)

In terms of reaction kinetics, the reaction should be divided into
two processes:

H,0+ % (MXene) - *OH+H" +e~ — xO+2(H" +e") 2)

Hence, the relationship between water attacking MXenes and the
OER becomes evident. The involvement of electrons (e") in the reac-
tion equation signifies the influence of the applied electrode potential
and explains why MXene is highly stable at low potential. We used the
OER-like reaction pathway (Supplementary Fig. S6b) to resample the
process of water attacking V,CO, under OC conditions. The results
(Supplementary Fig. Slla) were consistent with previous findings,
confirming the accuracy of this reaction pathway. We also performed
the process of water attacking TizC,0, using the same pathway under
OC conditions (Supplementary Fig. S11b). It was observed that the final
state of Ti;C,0, has a free energy about 0.2 eV higher than the initial
state, indicating that Ti;C,0, is more stable than V,CO,. Additionally,
through unconstrained AIMD simulations, we found that the oxidized
portion of TizC,0, is reduced back to a perfect surface at OV around
1ps (Supplementary Fig. S12). This indicates that, under low potential
conditions, a certain degree of MXene oxidation is reversible.

Constrained AIMD simulation for the subsequent oxygen attack
We employed the enhanced sampling method to analyze the sub-
sequent attack of oxygen molecules on V oxides at OC and OV con-
ditions in oxygen-containing environments (Supplementary Fig. Sé6c).
The forces during the sampling process are shown in Supplementary
Fig. S13. Since oxygen molecules are nonpolar and difficult to react
with metal atoms protected by the functional groups, our analysis
starts with the protruding V oxide (V-OwH) as the initial state. As shown
in Fig. 3a, b, under the OC condition, the reaction barrier is only
0.026 eV, and the free energy at the final state is —0.610 eV. During the
reaction, water molecules attack V atoms spontaneously, accom-
panied by proton detachment to form V-O-OH-OOH. We have con-
ducted additional simulations to demonstrate that spontaneous water
molecule adsorption during this process does not affect the sampling
results, as shown in Supplementary Fig. S14. Under OV, the reaction
barrier is 0.115 eV. Subsequently, as the V-OO bond length shortens, it
reaches a final state with a free energy of -0.565 eV. No attack by water
molecules was observed during the process, and there was no proton
detachment. The free energy diagram suggests that oxygen molecules
attack V-OwH spontaneously, little impacted by the potential.

Based on the results from unconstrained AIMD simulations
(Fig. 1b and Supplementary fig. S5b), surface reconstruction occurs
spontaneously after the O, attack. Therefore, we used the final state
structure as the input to conduct 2 ps unconstrained AIMD simulation,
as shown in Fig. 3c, d. In the OC case, two out of the three V-Oy; bonds
experienced fluctuations of -0.8 A. Around 1.2 ps, these two V-Oy
bonds broke completely, leaving only one V-Oy; bond connecting the V
oxide to the MXene surface. In line with our previous simulations, the
surface loses the protection of oxides. In the 0V case, around 0.5 ps, a
water molecule adsorbed onto the V atom without proton detach-
ment, forming the V-OH-OH2-0O0 structure. Eventually, all three V-Oy
bonds were stabilized at around 2 A, and the V oxide on the MXene
surface maintained a stable octahedral coordination structure.

In summary, spontaneous interactions of V oxides with water
molecules were observed throughout the entire simulation of the
oxygen attack. While two protons were detached from V oxide (V-
OwH) under the OC condition, the deprotonation process did not take
place under O V. The more the desorption of protons, the less stable
the oxide, indicating a close association between the stability of V
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potential. The total refers to the sum of the three V-Oy; bond lengths. The snapshot
displays the simulated final state. Source data are provided as a Source Data file.

oxide and proton detachment. From an energetic perspective, the
reaction of V oxide with oxygen molecules is less sensitive to the
applied potential than the PCET steps. A low potential hinders the
PCET process and hydrogen detachment, thereby ultimately promot-
ing the stability of V oxide. This suggests that, in an oxygen-containing
environment, the stability of the metal oxide is similarly primarily
governed by the nucleophilic attack of water.

The relationship between MXenes oxidation and applied elec-
trode potential

Thus far, we have identified the nucleophilic attack of water molecules
as the crucial step leading to MXenes oxidation. Furthermore, we
demonstrated that this process is an OER-like reaction. Next, we search
for the relationship between MXenes oxidation and the electrode
potential. Supplementary Fig. S15 presents the structural models used
for the investigation of the potential dependence of the OER-like
reaction process. The double-reference method*® was adopted to
simulate the energetics of MXene surfaces (“Methods” section). The
chemical potential of the solvated proton and electron pair (H* +e~) is
calculated as 1Gy, +eUgy; at standard conditions. As the potential
increases, the grand canonical free energy of the system during oxi-
dation changes as follow:

Gy(slab)+ G(H,0) — Gy(x OH)+ %G(HZ) +eUgyr — Gy(x 0)+G(Hy) +2eUsy;
3)

Figure 4a presents the energy-potential relationship for V,CO,,
referenced to the Standard Hydrogen Electrode (SHE) scale. All energy
—-potential points exhibit a well-fitted quadratic trend. Detailed para-
meters from the fitting process are provided in Supplementary
Table S2. Combining the reaction mechanism and using
Gy(slab)+ G(H,0) as the reference state, according to Eq. 3, we can
derive the grand canonical free energy curves for each part of the
reaction, as shown in Fig. 4b. The equilibrium potential (oxidation

potential) for the first proton detachment process is -0.217V. The
MXene tends to maintain a stable surface when the electrode potential
is below this equilibrium potential. When the electrode potential is
higher than this equilibrium potential, the MXene is prone to oxidation
due to the protruding structure. The equilibrium potential for the
second proton detachment process is 0.625V, explaining why, in
previous simulations, only the V-OwH structure was generated at O V.

To derive a general trend, we also investigated the relationship
between the oxidation behavior with the electrode potential for TizC,,
one of the most extensively studied MXenes. Figure 4c shows the fitted
energy—potential functions for each part. The potential of zero charge
(PZC) for Ti3C,0, in water, obtained through fitting, is 1.088 V, with a
surface capacitance of 1.465 e/V (32.910 pF/cm?). These values are
consistent with previous studies?, thereby validating our simulation
protocols. Compared to V,CO,, Ti;C,0, has a weaker OH adsorption
energy, as shown in Supplementary Fig. S16, hence exhibiting a higher
oxidation potential. The grand canonical free energy curves for
Ti;C,0, oxidation are depicted in Fig. 4d, showing an oxidation
potential of 1.329 V. This potential is similar to the experimentally
obtained irreversible oxidation peak (1.094 V vs. SHE, pH = 0)"*. How-
ever, the oxidation potentials reported in some studies are sig-
nificantly lower than our theoretical values'*". We speculate that the
discrepancy might be caused by defects or oxygen-containing species
in the C layer®°. Supplementary Fig. S17 confirms this, indicating a
potential decrease of almost 1V due to these factors.

Supplementary Figs. S18 and S19 show the effect of defects in the
metal layer on the oxidation of MXenes, only about 0.1V. However,
water tends to attack the metal atoms around the defects, leading to
the expansion of defects. It should also be noted that defects often
facilitate metal deposition, responsible for the formation of “micro-
batteries” that accelerate electrochemical corrosion and cause
mechanical damage. As oxidation progresses, the defect expansion
leads to the exposure of the carbon layer. Because of the unknown
implications for material stability and performance, further research is
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potential, (@) V,CO, and (c) TisC,0,. Symbols represent computationally derived
values, and lines are fitted using a quadratic function (E(U)= —1C(U — UPZC)2 +
Epz¢). The potential of zero charge is marked with the short line. The free energies of

1 2
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the system as a function of potential, (b) V,CO, and (d) TisC,0,. Based on the free
energy equation (G (slab) + G(H,0) — Gy (x OH)+ 1G(H,) +eUgyr — Gy(x0) +
G(H,) +2eUgy), the x-coordinate of the first intersection between the stable state
(blue) and the oxidation states (*OH, yellow; *O, red) is marked as the oxidation
potential with a green dashed line.

(@)

Ushe(V)

Fig. 5 | Pourbaix diagrams of oxidation. a V,CO, and (b) Ti3C,0,. The effect of pH
on free energy was derived using the Nernst equation, AG,, = — 0.0592pH(eV), to
determine the relationship between equilibrium potential and pH for each system.
The stable state is represented in blue. The yellow and red represent different

®),

Usre(V)

6 8 10
pH

oxidation states. The dashed lines mark the position of the potential of zero charge
(PZC). The two dash-dot-dot lines are reference lines of the reduction potentials of
hydrogen and oxygen as reference, respectively.

needed to determine the role of defects in oxidation. Additionally, the
oxidation behavior at the edges of MXenes is also an area that requires
further theoretical investigation, as it may significantly influence the
overall stability and performance of these materials.

Based on the above results, it is crucial for antioxidation purposes
to minimize defects in MXenes through the utilization of optimal
synthesis methods® **. The Pourbaix diagrams for two perfect surface
MXenes are shown in Fig. 5. In an OC state, they tend to exhibit a
relatively high OC potential when in contact with an aqueous solution
due to the low Fermi level of MXenes***. For instance, Fig. 5a, the OC
potential of V,CO, in pure water (which is equal to PZC) is 1.765V,
indicating its thermodynamic inclination towards spontaneous

oxidation. In contrast, Fig. 5b, Ti;C,0, benefits from its high oxidation
potential and low PZC, rendering it more stable compared to V,CO,.
This also explains why only one proton desorption occurs in the AIMD
simulation of Ti;C,0, (Figure S3). Moreover, as pH increases, the dif-
ference between the oxidation potential and the PZC increases, lead-
ing to a stronger driving force for oxidation (Supplementary
Figs. S20 and S21). This explains why MXenes are more prone to
spontaneous oxidation under alkaline conditions®**".

In the presence of an external potential, the Pourbaix diagram can
be used to evaluate the suitability of different MXenes for specific
electrochemical applications. For example, when the blue region in
Fig. 5a is below the oxygen redox potential and hydrogen reduction
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Table 1| Comparison of the oxidation potentials of various
MXenes with respect to the standard hydrogen
electrode (SHE)

Name Oxidation potential (V vs. SHE)
V,CO;, -0.217

V4C30, -0.075

Nb,CO, -0.233

Nb4C30, -0.054

TiaCo0, 1.329

TisC30, 1.575

MOQCOQ 2.524

Mo,TiC,0, 2.550

Mo, Ti,C30, 2.773

potential, the actual structure of MXenes as an oxygen or hydrogen
electrocatalyst needs to be reevaluated. Although the oxidation of
MXenes under reactive conditions does not necessarily impede the
stable operation of MXene electrodes, neglecting this factor when
designing electrode, especially in DFT-based research, may lead to
significant discrepancies between theoretical predictions and actual
performance®. Through the Pourbaix diagram, we also discovered the
unique pH dependency of V,CO,, which becomes stable under alkaline
hydrogen evolution potentials. This highlights the importance of using
grand canonical energy calculations to uncover pH effects.

It should be noted that all the above discussions are based on the
case of pure O termination. A major uncertainty in linking theoretical
prediction of the MXene stability with the experiment is MXene ter-
mination, i.e., the composition of MXene surfaces. We have also stu-
died the influence of different functional groups on the oxidation of
MXenes. Supplementary Figs. S22, S23, and S24 illustrate the impact of
the -OH functional group on the oxidation of MXenes. The -OH func-
tional group can reduce the positive charge of surrounding metal
atoms, act as a site being attacked, and lower the PZC, thereby pro-
tecting the surface. Additionally, the impact of OH functional groups
becomes evident at low potentials®®. Therefore, in predicting the
properties of MXenes for specific applications, the primary functional
groups under actual working conditions should be considered for a
more accurate stability assessment.

Recently, the emergence of functional groups such as Cl, S, Se has
provided new opportunities to address the challenge of MXenes’ sus-
ceptibility to oxidation*. Taking V,CCl, as an example (see Supple-
mentary Figs. S25 and S26), the traditional F functional group is
replaced by -O when in contact with water, consistent with previous
studies*’. However, we found that -Cl can still be stabilized at 1500 K.
This is because the atomic radius of Cl is relatively large, providing
~1.7 A of shielding distance and reducing the positive charge on the
metal layer. Therefore, we consider functional group engineering as
the most effective means to prevent the oxidation of MXene.

The subsequent calculations also include the determination of
oxidation pOtentialS for V4C50,, szCOz, Nb4C302, Ti4C302, Mo,CO,,
Mo, TiC,0,, and Mo,Ti,C30,, and the results are shown in Table 1. It is
observed that in MXenes composed of the same elements, as the value
of n in (M,,.1XTy) increases, the oxidation potential tends to rise. For
instance, V,C;0, exhibits an oxidation potential of -0.075V, ~0.2V
higher than that of V,CO,. However, this increase in potential cannot
offset the differences caused by the type of elements. Mo,CO,
demonstrates a remarkably high oxidation potential of 2.524 V. The
van der Waals surface electrostatic potential maps also indicate that
Mo,CO, is more resistant to nucleophilic attack, as shown in Supple-
mentary Fig. S27. In fact, Mo,C is indeed more stable than Ti;C,". In
addition, the basal plane chemistry of double transition metal MXenes
is dominated by the outermost metal*>. When Mo is used as the out-
ermost layer of double-transition metal MXenes, it shows high

oxidation potentials. For instance, Mo,TiC,0, has an oxidation
potential of 2.550 V. This also provides an idea for the design of anti-
oxidant MXenes.

Besides the factors discussed above, the oxidation potentials of
MXenes are also influenced by the solution environment. For instance,
the presence of hydrated cations reduces the amount of free surface
water, leading to a significant increase in the working potential of
MXenes in high-concentration salt solutions™*>,

Oxidation/reconstruction of non-MXene materials

It is worth noting that the oxidation mechanism discovered in this
work is not exclusive to MXenes. MBenes, as boron analogs of MXenes,
have the potential to dissolve in water and undergo nonclassical
crystallization, leading to structural alterations**. Similar to MXenes,
MBenes exhibit O-functionalization as the primary mechanism under
high potential**, and O-functionalized MBenes also possess very high
work functions (Mo,B,0,: 7.25eV)*.. We observed a similar water
attack behavior in Mo,B,0; (see Supplementary Fig. S28), suggesting
that the structural changes due to the OER-like reaction may also exist
in other materials.

Notably, the generation of metal oxides under high electrode
potential is a common occurrence for transition metal non-oxides*®™*’,
especially when the potential exceeds 1.23V*°, implying that the
restructuring of some catalysts during the catalytic process may be
induced by the OER reaction. Recent studies have also documented
similar corrosion (reconstruction) behaviors in oxides’¥, further
underscoring the widespread implications of the OER-like mechanism.
Additionally, recent research has shown that CO-induced roughening
of Cu surfaces is also a Walden-type inversion®, suggesting that the
Walden inversion is not limited to the OER-like mechanism. Based on
these phenomena, we speculate that Walden inversion may be broadly
present in molecule-induced material reconstruction. Specifically,
when metal atoms are present in the subsurface layer, they are likely to
serve as sites for backside attacks by molecules, thereby inducing
structural changes.

Therefore, due to the universality of the oxidation (corrosion/
reconstruction) phenomenon, the findings of this study not only
contribute to the understanding of MXene oxidation but also present a
viable avenue for exploring the stability of catalysts under practical
working conditions.

Discussion

We investigated the oxidation behavior of MXenes using the CP-HS-
DM model and found a strong correlation between the oxidation state
of metal atoms and the oxidation state of oxygen atoms in water
molecules. The reaction mechanism bears similarity to that of the OER,
exhibiting clear potential dependence. Utilizing the constant-potential
implicit solvent model, we investigated the oxidation potentials of
common MXenes and studied the impact of structural factors such as
defect functional groups on oxidation. We discovered that the high
PZC is a crucial factor contributing to the spontaneous oxidation of
MXenes in aqueous solutions. To enhance the stability of MXenes, it is
crucial to employ effective synthesis methods to minimize defect
formation. Furthermore, functional group engineering offers addi-
tional possibilities for antioxidation. Notably, the structural changes
induced by molecule attacks are not exclusive to MXenes, as similar
phenomena are observed in MBenes, metal oxides, and even on cop-
per surfaces. This theoretical work provides insights and viable
approaches for corrosion research and anti-corrosion design of
MXenes and other electrode materials.

Methods

Model set-up of the MXene—water interfaces

In the simulations, we used two kinds of MXene-water interface
models. All models had an average water density of ~1g/ml. To
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investigate the oxidation process of MXenes, we adopted the
confined water model (Supplementary Fig. Sla). This choice was-
based on our previous demonstration that the oxidation
mechanisms between bulk water and confined water environments
are similar®. Selecting the confined water model helps to speed up
simulations. For exploring the influence of electrode potential, we
used the bulk water model (Supplementary Fig. S1b) to apply the
potential.

All oxygen-containing models were built by adding an oxygen
molecule to these two models. In the confined water model, the oxy-
gen concentration was -3 M, and in the bulk water model, it was about
2 M. Although this concentration is much higher than the natural
concentration of dissolved oxygen, it is realistic for oxygen-related
applications.

DFT settings of static and dynamic calculations

All calculations were carried out using density functional theory (DFT)
implemented through the Vienna ab initio Simulation Package®**. The
Perdew-Burke-Ernzerhof (PBE) functional, together with D3 van der
Waals correction, was employed in all calculations™ %, The plane-wave
basis cutoff energy is set to 500eV for all simulations. A 3x3x1
gamma-centered k-mesh was used in the relaxation, while the gamma
point of the Brillouin zone, with no consideration of symmetry, was
adopted in the ab initio molecular dynamic (AIMD) simulations. The
time step in all AIMD simulations was set to be 1.0 femtosecond, and
the Nose-Hoover thermostat® was used to maintain the system tem-
perature. Some of the data are processed using vaspkit®’. The surface
electrostatic potential data were processed using VESTA®.

Constrained ab initio molecular dynamic simulation

The “slow-growth” approach®® was adopted, as implemented in VASP,
to obtain the changes in free energy during the reaction process. In this
method, a suitable collective variable (CV), namely &, can be selected as
the reaction coordinate, which is linearly changed from the initial state
to the final state at a transformation velocity &. The work needed to
accomplish the transformation from the initial to final states can be

calculated as follows:
~&(FS) oF
w = — | - &dt 4
Is—Fs /s(ls) <a€> ( )

Where F is the evolving free energy with respect to time. The partial
derivative of F with respect to ¢, (%), is computed during constrained ab
initio molecular dynamics (cAIMD) using the blue-moon ensemble
implemented with the SHAKE algorithm®. Given the infinitesimally small
nature d¢, the needed work (W ,_r,) corresponds to the difference in
free energy between the initial and final states. For the “slow-growth”
sampling, a value of 0.0005 A for d¢ is employed for each cAIMD step,
determined after testing the effectiveness of a shorter step size. The
selected CV for this study is illustrated in Figure Sé.

Constant-potential hybrid-solvation dynamic model

A constant-potential hybrid-solvation dynamic model (CP-HS-DM)"""°
was used to implement the addition of constant potential to the
dynamic process. Under this model, the solvent effect of the system is
described using both explicit and implicit solvents. The electrons are
regulated by a fictitious constant potentiometer®*, causing the system
potential (Ugyr) to fluctuate at a preset potential. Where Ug is
defined by the following equation:

Usgyr= —4.6V+@,/e 5)
Where ¢, represents the work function of the system when the elec-

trolyte potential is zero. 4.6 V is the absolute electrode potential of the
SHE benchmarked in VASPsol®. In the ab initio molecular dynamics at a

constant-potential, we adjust the electron number every 10 MD steps
to correct the potential. At this point, VASPsol will be turned on to
calculate the system work function and keep the total system charge
neutral. The effective surface tension parameter was assigned to O in
VASPsol to neglect the cavitation energy contribution. The linearized
Poisson—-Boltzmann model with a Debye length of 3.04 A mimics the
compensating charge and the relative permittivity was set to 78.4 to
model the aqueous electrolyte. The validity of the model can be
referred to Fig. 2d.

Grand canonical free energy

The double-reference method was employed to model the electro-
chemical metal/solution interface and to evaluate the influence of
solvation and the applied potential on the reaction energetics*?%°¢8,
The aqueous environment in this part is modeled as a continuum
dielectric as implemented also by VASPsol with the same settings as
the CP-HS-DM. The grand canonical energy (E) of the system is defined
by the following equation:

E=Eprr — An(Vio — @g/€) (6)

Where E 7 is the DFT-calculated energy and V,, is the electrostatic
potential of the bulk electrolyte.

For each structure, we varied the excess charge of the unit cell
(An) from —0.5 e to +0.5 e in steps of 0.1e. The energy at different
charge values is then fitted as a quadratic function of the potential
dependence®, as shown in the following equations:

1
EW)= —5C(U - Upzc)* +Epzc @)

Where C, Upy¢, and Ep, are the fitted values of the potential of zero
charge (PZC), capacitance of the corresponding system, and the
energy of the system at the PZC, respectively. The grand canonical free
energy G(U) related to the potential can be obtained from the fol-
lowing equation.

G(U)=E(U)+ZPE — TS 8)

Therefore, based on the fitted quadratic function, we can obtain
the grand canonical free energy at both ends of the redox reaction as a
function of potential.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study have been included in
the main text and Supplementary Information. The structure models
used are provided in Supplementary Data 1. Source data are provided
with this paper.
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