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Abstract: Liquid water under nanoscale confinement has attracted 
intensive attention due to its pivotal role in understanding various 
phenomena across many scientific fields. MXenes serve an ideal 
paradigm for investigating the dynamic behaviors of nanoconfined 
water in a hydrophilic environment. Combining deep neural networks 
and an active learning scheme, here we elucidate the proton-driven 
dynamics of water molecules confined between V2CTx sheets using 
molecular dynamics simulation. Firstly, we have found that the Eigen 
and Zundel cations can inhibit water-induced oxidation by adjusting 
the orientation of water molecules, thus proposing a general 
antioxidant strategy. Besides, we also identified a hexagonal ice 
phase with abnormal bonding rules at room temperature, rather than 
only at ultralow temperatures as other studies reported, and further 
captured the proton-induced water phase transition. This highlighted 
the importance of protons in the maintaining stable crystal phase and 
phase transition of water. Furthermore, we discussed the 
conversions of different water structures and water diffusivity with 
changing proton concentrations in detail. The results provide useful 
guidance in practical applications of MXenes including developing 
antioxidant strategies, identifying novel 2D water phases and 
optimizing energy storage and conversion. 

Introduction 

Liquid water in low-dimensional systems exhibit unique 
properties that have attracted broad scientific interests for their 
potential applications in various fields including materials science 
[1], cell biology [2], and condensed matter physics [3]. The 
nanoconfinement can significantly alter the dynamic behaviors of 
water molecule and promote distinctive structure arrangements 
unseen in bulk systems. For example, both theoretical 
calculations [4] and experiments [5] have demonstrated that 
nanoconfined water is able to form two-dimensional ice with 
hexagonal, pentagonal, square and many other structures that 
have different rules of hydrogen bonding compared to the bulk 
ice. In addition, nanoconfined water often shows abnormal 

physicochemical properties, such as ultralow dielectric constant 
[3b] and high proton conduction [3d], and may exist in a superionic 
state [4c]. Advanced understanding of nanoconfined water will 
facilitate progress across many scientific disciplines, enabling 
exploration of novel physicochemical mechanisms and 
broadening the boundaries of science. 

Among various two-dimensional (2D) materials containing 
nanoconfined water, transition metal carbides/nitrides [6], known 
as MXenes, offer an ideal paradigm for investigating the 
distinctive properties of nanoconfined water at hydrophilic 
interfaces. MXenes are a large family of 2D materials with the 
chemical formula of Mn+1XnTx, where M stands for early transition 
metals, X for C/N, Tx for -O, -OH or other groups, and n=1, 2, 3 
or 4 represents the number of C/N layers. [7] The -O/-OH groups 
on MXene surface result in super hydrophilicity. [8] Nanoconfined 
water in MXene sheets is intricately linked to many practical 
applications. [9] For example, the polarization of nanoconfined 
water within 2D titanium carbide sheets can enhance the 
capacitance of electric double-layer capacitors. [10] Our previous 
research reveals that the MXene oxidation rate decreases with 
the increase of the nanoconfined water layer thickness. [11] 

In addition, protons are widely present in MXene systems. The 
proton redox process (-O and -OH convert to each other) and the 
transport mechanism of hydrated protons play a crucial role in 
energy-related applications. [12] The proton-dependent process 
also complicates the dynamic behavior of nanoconfined water in 
MXenes. For example, Petit et al. [12b] observed discrete vibration 
patterns arising from the reduced coordination number of protons 
in nanoconfined water through operando infrared spectroscopy, 
which suggested that protons could dramatically modulate the 
nanoconfined water molecules. An in-depth study of 
nanoconfined water in MXene systems could not only guide their 
practical applications in various fields but also facilitate the 
understanding of nanoconfined water, especially at hydrophilic 
interfaces. 

In this work, we develop a deep neural network potential (NNP) 
for nanoconfined water in vanadium carbide MXene with mixed -
O/-OH terminal groups and different proton contents. Utilizing the 
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NNP, we unveiled the intricate proton-driven dynamic behaviors 
of large-scale monolayer nanoconfined water within hydrophilic 
MXene sheets. These findings have illuminated several novel 
phenomena including the MXene oxidation rate regulated by 
hydrated protons, the formation of a hexagonal ice phase 

exhibiting unconventional bonding patterns at room temperature, 
and a significant reduction in water diffusivity, which can largely 
be attributed to the proton effect and the MXene hydrophilic 
surface.  

 

Figure 1. The flowchart in developing the NNP for V2CTx-H2O-H systems with the active learning approach. 

Results and Discussion 

NNP training. Our NNP is constructed by using the Deep 
potential scheme [13] that incorporates active learning methods. 
As shown in Figure 1, the flowchart starts with 6507 initial DFT 
data for the monolayer nanoconfined water in V2CO2 
interlamination (V24C12O24-10H2O systems) reported in our 
previous work. [11] The dataset includes information about atomic 
positions, potential energies, and atomic forces. An iterative 
active learning process is carried out utilizing the deep neural 
network algorithm. The whole process could be divided into four 
stages: training, exploration, labeling, and correction. In the 
training stage, different NNPs are trained with diverse random 
parameters. Next, we perform molecular dynamics (MD) 
simulation in the isothermal-isobaric (NPT) ensemble to explore 
the nanoconfined water within V2CTx sheets at different proton 
concentrations (V24C12Ox(OH)24-x-10H2O systems). During the 
labeling stage, we evaluate the deviations of different NNPs 
according to the maximal atomic force deviation (!!"#$) and label 
the MD snapshots as accurate, candidate or failed based on 

!!"#$  < !% , !%  ≤	!!"#$  < !& , or !!"#$  ≥ !& , where !%  and !& 
correspond to the lowest and highest trust levels, respectively. In 
the correction stage, we calibrate the NNPs by adding the DFT 
results from the candidate snapshots into dataset. The iterative 
active learning process concludes once almost all snapshots are 
labeled as accurate. A high-quality NNP was obtained by using 
29823 pieces of DFT data collected from 98.78 million snapshots 
after 14 iterations. The final NNP achieves a root-mean-square 
error of 1.39 meV/atom for energy and 83 meV/Å for force on the 
test dataset. The detailed training process, NNP accuracy testing, 
and parameter settings are listed in Supporting Information. 

Leveraging the NNP, we performed large-scale MD 
simulations to investigate the dynamic behaviors of 
nanoconfined water in V2CTx sheets (~10 nm in thickness 
containing 1000 H2O molecules) under different proton 
concentrations. Specifically, NPT MD simulations were 
conducted for 12 systems with the initial proton concentration at 
0% H, 1% H, 3% H, 5% H, 10% H, 15% H, 20% H, 25% H, 30% 
H, 40% H, 50% H, and 80% H (versus H2O molecules). For all 
systems, considering the actual MXene surface with mixed O/-
OH, [14] the corresponding protons are randomly added to the -O 
groups on the V2CTx surface at the initial condition. 
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Figure 2. The kinetics of MXene oxidation. (a) The variation of the amount of vanadium oxides on the V2CTx surface with simulation time. (b) The degree of V2CTx 
retention versus simulation time. The solid lines are the corresponding exponential fitting results using the double exponential function. (c) The oxidation rate of the 
V2CTx sheets versus the simulation time, from the fitting results using the double exponential function. (d) The variation of the percentage of hydrated protons in 
water with simulation time. (e) Schematic diagram of the proton regulation on V2CTx oxidation. (f) The probability distribution of the angle θ for the 0% H system at 
different simulation durations (from 0 ps to 100 ps). (g) The probability distribution of the angle θ at 1 ps for initial 0% H, 1% H, 3% H, 5% H and 10% H systems. 
The amount of vanadium oxides, the V2CTx retention degree, and the percentage of hydrated protons all take the average value from three independent simulations 
(n = 3) and the pale shade represents the error bars that stand for the standard deviation of the results. The exponential fits are obtained from the average V2CTx 
retention degree and the fitted parameters and the determination coefficient R2 are shown in the Table S1 in Supporting Information. Figure 2f and Figure 2g are 
obtained by the kernel density estimate methods through counting the angle θ of each water molecule in three independent simulations at the corresponding times 
and systems. 

The MXene oxidation rate regulated by protons. As shown in 
Figure 2a and 2b, the statistical amount of vanadium oxides and 
the degree of V2CTx retention (i.e., the unoxidized V2CTx area) 
follow the exponential rule with time. We found a significant 
reduction of the oxidation rate when the initial proton 
concentration increases from 0% H to 10% H, indicating that the 
oxidation reaction is regulated by protons. Particularly 
noteworthy is the absence of the observable oxides on the 
surface in systems with more than 15% H, as shown in the brown 
horizontal line of Figure 2a. The subsequent discussion related 
to the oxidation will be carried out in the systems with initial 
proton contents from 0% H to 10% H. 

Further, we performed the fitting on the relationship between 
the retention degree of V2CTx sheets and the simulation time by 
following the double exponential decay function: 

 
where  represents the retention degree of V2CTx sheets, 

, , , are parameters to be fitted, and  and  are 
the simulation time and the natural constant respectively. The 
fitting parameters and determination coefficient R2 are shown in 
the Table S1, and all the R2 are greater than 0.95, showing that 
the function can well reflect our simulation results. From results 
shown in Table S1, we can see that the  parameters are 
extremely large (> 1026), suggesting that this parameter only 
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works after a long enough simulation time. As the simulation time 
approaches infinity, the retention degree of V2CTx sheets is close 
to 0. This is consistent with the experimental observation that 
MXenes are fully oxidized over a duration ranging from a few 
weeks to several months, rather than in hundreds of picoseconds. 
That is why we originally chose the double exponential function. 
But in analyzing the results from simulations of the hundreds of 
picoseconds subsequently, the second term on the right side of 
Eq. (1) can be treated as a constant . Hence 
the Eq. (1) is simplified as the single exponential function: 

 

which indicates the oxidation kinetics of V2CTx is similar to the 
first-order reaction. Then we can calculate the oxidation degree 
of V2CTx from: 

 

Accordingly, the oxidation rate of V2CTx, , can be obtained 
as follow: 

 

where k0 stand for the time-independent rate constants of the 
first-order reaction. The rate constants of the systems initially 
with 0% H, 1% H, 3% H, 5% H, and 10% H are shown in Figure 
S4. As the initial proton contents increase, the rate constants 
decrease monotonously, indicating the significant role of protons 
in inhibiting oxidation of MXenes. Figure 2c represents the 
relationship of the oxidation rates and the simulation time for 
different systems. The oxidation rate of V2CTx decays 
exponentially with simulation time for all systems. The 
exponential decay results from the increasing hydrated protons 
due to the oxidation reaction. At the early stage, the oxidation 
rate significantly decreases as the initial proton concentration 
increases, indicating the significant role of hydrated protons in 
inhibiting oxidation of MXenes. With the simulation time 
increases, the oxidation rate decreases rapidly with the 
simulation time and eventually reach a similar value when all 
systems have similar hydrated proton concentrations (Figure 2d). 
In 1% H, 3% H, 5% H, and 10% H systems, the hydrated protons 
sharply increase within the initial 1 ps (the embedded figure in 
Figure 2d) because of the rapid cleavage of the -OH groups 
(Figure S5) on the MXene surface. After that, the hydrated 
protons continue to increase with time because of the proton 
release in the oxidation reaction. Considering the inhibition of the 
hydrated protons on the oxidation rate, the systems with a low 
initial proton concentration (such as 0% H, 1% H, and 3% H) will 
undergo rapid oxidation reaction, resulting in a quick increase in 
the number of hydrated protons, whereas systems with a higher 
initial concentration of protons (5% H and 10% H) have a 
relatively slower rate in generating hydrated protons due to the 
lower oxidation rates. At the late period of the simulation, the 
concentrations of hydrated protons converge to a similar value 
for all systems and the oxidation rate becomes basically the 
same. Further the relationship between the oxidation rate and 
the hydrated proton concentration is given in the Figure S6. The 

oxidation rate of all systems decreases with increasing hydrated 
protons, again emphasizing the significant proton effect on 
oxidation rate of MXenes. 

Besides, we also selected the single exponential function, 
, as the initial fitting function and performed 

the same kinetics analysis. The relevant results are shown in 
Table S2 and Figure S7. These results are in good agreement 
with the previous results from the double exponential functions, 
proving the robustness of the above conclusions. 

To elucidate the underlying mechanism of MXene oxidation 
regulated by hydrated protons, we first consider the differences 
in the orientations of water molecules between those involved in 
the oxidation reaction and those in the hydrated protons. For the 
oxidation reaction, the critical step is H2O adsorption (Figure 2e), 
in which the oxygen atoms of the water molecules attach to the 
MXene surface. While for solvated hydrated protons, whether in 
the Zundel-type or in the Eigen-type structure, the oxygen atoms 
in the surrounding water molecules are always located near the 
proton at the center. The water molecules in these two situations 
are mutually exclusive. Once the proton is hydrated, the water 
molecules in the solvation structure will not participate in the 
oxidation reaction. Based on the above analysis, we deduced 
that the hydrated protons could essentially inhibit the MXene 
oxidation through reducing the amount of water molecules 
involved in the oxidation reaction. 

To validate the conjecture, we constructed an angle descriptor 
θ, which is defined as the angle of the bisector of each H2O 
molecule and the basal normal, to describe the water orientation 
with respect to MXene surface. When the O atoms of water 
molecules are attached to the MXene surface with an acute 
angle, θ < 90°. By contrast, for water molecules associated with 
the hydrated protons, the H atoms tend to contact with the 
MXene surface, leading to θ > 90°. In this case, their O atoms 
have been captured by the central proton and no longer directly 
interact with the MXene surface. We first considered 0% H 
system to validate the conjecture because its hydrated protons 
can increase from 0 % to about 15% as well as the oxidation rate 
decreases monotonically (Figure S6). Figure 2f presents the 
probability distribution of the angle θ at different durations in the 
0% H system. It can be seen that, as time progresses up to 100 
ps, the probability distribution for θ < 90° gradually decreases, 
while that for θ > 90° increases. This shift indicates that the 
increasing hydrated protons results in the transformation in the 
water orientation from the O atom adsorption to the H atom 
adsorption on the MXene surface and the decrease in the 
amount of water molecules involved in the oxidation reaction, 
thus reducing the oxidation rate. 

To further prove the reliability of our simulation results, we 
analyzed the probability distribution of the angle θ for systems 
initially with 0% H, 1% H, 3% H, 5% H, and 10% H at 1 ps. As 
shown in Figure 2g, the probability density decreases for θ < 90° 
and increases for θ > 90° as the initial proton concentration 
increases from 0% H to 10% H. Meanwhile, the oxidation rate of 
these systems decreases (Figure 2c) at 1ps. These observations 
provide compelling evidence that hydrated protons indeed 
modulate the oxidation rate through regulating the orientation of 
water molecules relative to the MXene surface. 

!"
# ! !

! !" " # "!= "

!"
# !$ % &$'%! !! " "#! "= +

!"
# !! $ % ! &&$'%! !! " "#! "" = " "

! "! "

! !" "!
# !

!

$%! % && $% % &&% & '%(&! ! ! !"! !# ! A # "A
%! %! !
! ! " ""

= = " = =

!"
# !$ % ! !! " " #! "= +



5 
 

 

Figure 3. The evolution of protons, a hexagonal ice phase and water structures. (a) The existence forms and percentage of protons in the V2CTx systems 
containing different initial proton concentrations (from 0% H to 80% H). The oxygen-oxygen pair distribution functions and the lateral water structure in unsaturation 
(b), saturation (c), and oversaturation (d) systems. Other gO-O(r) from the independent MD simulations are shown in Figure S8. (e) The top and side views of 2D 
hexagonal ice between V2CTx sheets. (f) The percentage of different types of water structures as the initial proton concentration increases. The percentage of 
hydroxyl groups, hydrated protons, and water structures all take the average value from three independent MD simulations, and each MD simulation takes into 
account the average value at the last 1ps. The error bars are shown in the relevant region and stand for the standard deviation of the results. Statistical analysis, 
*p < 0.05, **p < 0.01, ***p < 0.001. 

Hexagonal ice between hydrophilic MXene sheets. For the 
sake of clarity in further discussion, we divide the twelve systems 
(from 0% H to 80% H) into three groups based on the forms of 
proton existence: unsaturation, saturation, and oversaturation 
(Figure 3a). In the unsaturation systems, there exists no -OH 
groups, and the final hydrated proton concentrations are almost 
the same for the systems ranging from 0% to 10% H, indicating 
that the excess protons come from the oxidation reaction. In the 
saturation systems (15%-25% H), there is no oxidation occurring, 
and all protons exist in the form of hydrated protons. In the 
oversaturation systems (30%-80% H), the surface -OH groups 
rise with the increasing initial proton concentration. The disparate 

forms of proton existence may lead to different distributions of 
water molecules in these systems. 

To further illustrate the distribution patterns of the monolayer 
water, Figure 3b-3d present the oxygen-oxygen pair distribution 
functions, go-o(r), for all 12 systems. For the unsaturation systems, 
two distinct peaks are observed in the go-o(r), signifying the 
presence of first- and second-nearest neighbors of O atoms in 
the hexagonal ice phase (Figure 3b). Similar phase have been 
identified in other nanoconfined water systems at ultralow 
temperature, such as about 120 K for Au(111)/Pt(111) surfaces 
[1a, 5a] and below 200 K in graphene [4b, 4c]. The unsaturation 
systems display similar go-o(r) profiles due to the uniform final 
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hydrated proton concentration in these systems. As the proton 
concentration increases, the hexagonal ice phase gradually 
disappears, although major six-membered ring structures persist 
(Figure 3c). In the oversaturation systems (Figure 3d), the 
second peak of the go-o(r) vanishes along with the complete 
disruption of the 2D hexagonal ice phase. 

Figure 3e represents the top and side views of the leaving 
three six-membered rings after removing the excess water 
molecules from the whole hexagonal ice phase (Figure 3b). It is 
evident that the ordered six-membered rings are composed of 
water molecules or hydrated protons, with the water molecules 
oriented vertically or parallelly to the MXene surface. The 
formation of six-membered rings is attributed to the synergistic 
effect of the in-plane hydrogen bonds among water molecules 

and the surface hydrogen bonds between water molecules and 
the MXene surface. In particular, the unique surface hydrogen 
bonds in the hydrophilic systems restrict the movement of water 
molecules and thus sustain the hexagonal ice phase. This 
phenomenon elucidates why the hexagonal ice could be 
observed in MXene sheets at room temperature, rather than 
ultralow temperatures. In addition, the hydrated protons present 
in the six-membered ring act as a lubricant and help mitigate the 
vigorous movement of water molecules, thereby preserving the 
six-membered ring configuration. These results indicate that the 
formation mechanism of the hexagonal ice phase for the 
monolayer water in hydrophilic MXene sheets is completely 
different from that of the common hexagonal ice phase in other 
water systems. 

 

Figure 4. Spatial orientation of water structures. The density distributions of nanoconfined water with angle φ for (a) unsaturation systems, (b) saturation systems, 
and (c) oversaturation systems. The relative number of different water structures in the systems with initial (d) 10% H, (e) 25% H, and (f) 50% H. Figure 4a-4f are 
obtained by counting the angle φ of each water molecule for systems with different initial proton contents in the last 1ps of three independent MD simulations and 
then acquired the angle φ distribution using the kernel methods. The relative number of different water structures in 10% H, 25%H, 50% H systems are shown here. 
See Figure S9 for that for other systems. 

Spatial orientation of water structures. Given that the 
presence of the hexagonal ice phase relies on the surface 
hydrogen bonds, the disappearance of this phase in the 
saturation and oversaturation systems likely indicates the 
changes in the interaction between water molecule and MXene 
surface. In fact, we may identify three structures according to the 
relationship between MXene surface and water molecules, 
namely -O··H2O, -OH··OH2, and -O·H·OH2 (Figure 3f). Only -
O··H2O structure exists in the unsaturation systems, and the 
percentages are largely consistent across different proton 
concentrations. For the saturation systems, increasing the proton 
concentration results in a higher percentage of -O··H2O structure, 
indicating a stronger hydrogen bond interaction between the 
water layer and the MXene surface. It is worth noting that the -
O·H·OH2 structures gradually emerge during this stage, serving 
as the transition state for the transformation of the hydrated 

proton to the -OH groups. With the further increase of proton 
concentrations, many hydrated protons transform into -OH 
groups in the oversaturation systems. Consequently, we observe 
a decrease of -O··H2O structures and an increase in -OH··OH2 
structures. The transition among the three H2O structures 
reflects the evolving interactions between water molecule and 
MXene surface, which is an important factor contributing to the 
disappearance of the hexagonal ice phase. 

Then the distribution of water molecules is investigated 
through constructing another angle descriptor, denoted as φ, 
which is defined by the angle between the H-O-H plane normal 
of H2O and the basal normal. Water molecules tend to align 
vertically and parallel to the MXene surface when φ is greater 
and less than 45°. Figure 4 presents the density distributions of 
nanoconfined water with angle φ under different proton 
concentrations and the relative number of different water 
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structures, which can stand for spatial orientation of water 
molecules. The density distributions are virtually identical for the 
unsaturation systems (Figure 4a), characterized by abundant -
O··H2O structures vertical to the surface and a moderate amount 
of water molecules or hydrated protons parallel to the surface 
(Figure 4d). The result is consistent with previous observation 
from the top and side view of the hexagonal ice phase. For the 
saturation systems, as the proton concentration increases, the 
part of the curve less than 45° decreases while that greater than 
45°increases (Figure 4b). This trend indicates a shift in the 
majority of water molecules from a parallel to a vertical 
orientation with respect to the surface, ultimately leading to the 
destruction of the hexagonal ice phase. The transition structures 

(-O·H·OH2) begin to emerge and gradually rise during this stage 
as shown in Figure 4e. In the oversaturation systems, the portion 
of the curve less than 45° increases while that greater than 45° 
decreases (Figure 4c). Although the shape of the curve is 
identical to that of the unsaturation systems, the portion of the 
curve less than 45° for the oversaturation systems is mainly 
contributed by water molecules that strongly hydrogen bonding 
to -OH groups on the MXene surface (Figure 4f). The above 
results reveal that the spatial orientation of the monolayer 
nanoconfined water with respect to the MXene surface could be 
achieved by adjusting the proton concentration. The proton 
modulation elucidates the fundamental reason for the 
appearance and disappearance of the hexagonal ice phase. 

 

Figure 5. Diffusivity and hydrogen bond lengths of nanoconfined water. (a) The oxygen diffusion coefficients at different proton concentrations. (b) The surface 
hydrogen bond lengths in the -O··H2O and -OH··OH2 structure, respectively, at different proton concentrations. (c) The percentage of -O··H2O and -OH··OH2 
structures and their average surface hydrogen bond lengths at different proton concentrations. The oxygen diffusion coefficients are obtained by linearly fitting 
between 20 ps and 60 ps for the mean square displacement (MSD) using the Einstein relation in three independent simulations (n = 3). The relevant MSD are 
shown in Figure S10 and the determination coefficients R2 of the fitting results are all greater than 0.99. Figure 5b and Figure 5c all take the average value from 
three independent MD simulations (n = 3), and each MD simulation takes into account the average values at the last 1ps. The error bars are shown in the relevant 
region and stand for the standard deviation of the results. Statistical analysis, *p < 0.05, **p < 0.01, ***p < 0.001. 

Diffusivity of nanoconfined water. Figure 5a illustrates the 
oxygen diffusion coefficient of nanoconfined water under 
different proton concentrations. For the unsaturation systems, 
the oxygen diffusion coefficient increases gradually with the 
initial proton concentration. The rising diffusion coefficient in the 
unsaturation systems is attributed to the inhibited water-induced 
oxidation reaction with the increasing proton concentrations. The 
oxide formation requires the participation of plentiful water 
molecules that are confined to a small region during the oxidation 
process, thus reducing the mobility of the water molecules. 

Conversely, the diffusion coefficient falls rapidly with the 
proton concentration in the saturation and oversaturation 
systems, which is closely related to the water structures, -O··H2O 
structure and -OH··OH2 structure. For the saturation systems, 
the decreasing diffusion coefficient with rising proton 
concentration is attributed to by the increasing the -O··H2O 
structures (Figure 3f) and their shorter hydrogen bonds (blue line 
in Figure 5b). This enhanced surface interaction weakens the 
mobility of water molecules. The formation of -OH··OH2 
structures, along with much shorter hydrogen bond lengths 
(green line in Figure 5b) compared with that in the -O··H2O 
structure, leads to the further reduction in the diffusion coefficient 
for oversaturation systems. 

Figure 5c shows the sum percentage of the -O··H2O and -
OH··OH2 structure and their average surface hydrogen bond 

lengths between these water structure and the MXene surface. 
More water molecules are incorporated into -O··H2O and -
OH··OH2 structures as the initial proton concentration increases. 
In other words, more and more water molecules are hydrogen 
bonded with the MXene surface instead of being free to exist in 
the water layer, suggesting the increasingly important role of the 
surface hydrogen bond lengths on the diffusion coefficient. 
Therefore, the variation of the average surface hydrogen bond 
lengths with proton concentration (black line in Figure 5c) have 
a trend highly consistent with that for oxygen diffusion coefficient 
(Figure 5a) from 15% H to 80% H, indicating that the average 
surface hydrogen bond lengths could serve as a good descriptor 
to represent the change in the water mobility for the saturation 
and oversaturation systems. The shorter the average surface 
hydrogen bond lengths, the lower the water diffusivity. It is worth 
noting that for 80% H system, the average surface hydrogen 
bond lengths are slightly longer than 40% H system due to its 
longer hydrogen bond lengths in the -OH··OH2 structure (green 
line in Figure 5b) caused by a higher water coverage on the 
MXene surface. But for the 80% H system, almost all water 
molecules are hydrogen-bonded with the MXene surface, and 
the 40% H system still has a certain amount of the free water 
(about 15%). Therefore, compared with the 40% H system, the 
80% H system has almost no positive contributions of the free 
water to the diffusion coefficient. As a result, its diffusion 
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coefficient is still lower than that in the 40% H system even with 
a little longer average surface hydrogen bond. 

These results indicate that the decrease in the mobility of 
water molecules in saturation and oversaturation stage is all 
essentially due to the enhanced surface interaction between 
MXene and water layer. 
Discussion. Using V2CTx as an example, we have elucidated 
the detailed dynamic behaviors of the monolayer nanoconfined 
water in MXene sheets. If there are no protons in the system, 
strenuous water molecules will spontaneously attack the MXene 
surface, resulting in the formation of tetrahedron-shaped 
transition metal oxides. The oxidation rate decreases with the 
increase of the initial proton concentrations because the solvated 
Eigen and Zundel cations change the water molecule orientation, 
thus inhibiting the oxidation rate.  

We further found that when more protons are added to the 
already oxidized system, a reduction reaction begins to occur, as 
shown in Figure S11. In this case, the top O atom of the oxide is 
reduced to water by the synergistic effect of the adjacent 
hydrated protons and the bottom hydroxylated oxygen atoms 
and then the protruded vanadium atom returns to the original 
position. The amount of vanadium oxides decreases over time 
under 150%, 180%, 210%, and 240% proton concentrations 
(Figure S11). The result is in line with the experimental reports 
that the oxidation degree of the oxidized Ti3C2Tx films could be 
reduced by hydrogen annealing.[15] 

Considering that alkali metals in the main group as same as H 
element also have positive charges in hydration environments, 
we supplemented the data of V2CTx-H2O-Li/Na/K systems on the 
original dataset, and trained NNPs capable of describing the 
dynamics of Li/Na/K ions in MXene aqueous system. And then 
100 ps NPT MD simulations at 300 K and 1 bar were conducted 
for V2400C1200O2400-1000H2O systems with 0% Li/Na/K, 1% 
Li/Na/K, 5% Li/Na/K, 10% Li/Na/K. As shown in Figure S12, the 
amount of vanadium oxides decreases with the increase of 
Li/Na/K concentrations in range of 0%-10%, which is consistent 
with the experimental results. [16] Therefore, we conclude that 
using solvent cations (not just H+, Li+, Na+, K+) to attract water 
molecules is a universal strategy to inhibit the MXene oxidation 
and extend the preservation time. In fact, this is not only 
applicable to MXenes, but also to all materials that suffer from 
water-induced oxidation. 

Under a specific proton concentration, monolayer water 
confined in MXene sheets could spontaneous assembly into a 
2D hexagonal ice phase, which is also similar with the self-
assembly of D2O observed in previous experiments after doping 
D+ ion at 120 K. [1c]. To prove the reliability of this results, we 
performed ab initio MD (AIMD) simulation at 300 K based on a 
large model, V96C48O96-40H2O-6H system with the 15% proton 
content. The simulation results show that a hexagonal ice phase 
could indeed be formed (Figure S13). For the ice phase, the 
hydrated protons and surface hydrogen bonds, reducing the 
movement capacity of the original liquid water, are important for 
maintaining stability of the hexagonal ice phase at 300 K rather 
than at extremely low temperature, like the monolayer hexagonal 
ice phase formed in graphene sheets below 200 K. [4b, 4c] 

Notably, there gradually appears some water holes during the 
transition from the hexagonal ice phase to the amorphous phase 
(Figure 3b-3d). Figure S14 shows the top view of the amorphous 
phase in the oversaturation systems. It is worth noting that some 

rhombic or trigonal water structures are identified on the MXene 
surface. The similar atomic arrangement (yellow line in Figure 
S14) illustrates that the positions of these water molecules are 
strongly affected by the MXene surface lattice due to the strong 
interaction between the water molecules and the MXene surface. 
This part of the rhombic or trigonal areas has a much higher 
density than the hexagonal water area, thus resulting in a lower 
density of water for the other area (green shading in the Figure 
S14). We may attribute this to the appearance of water holes and 
the nature of transition from the ice hexagonal phase to the 
amorphous phase with an increasing proton concentration. The 
rhombic or trigonal water usually formed under pressure of up to 
several or even ten gigapascal [4b, 4c], beyond the ability of the 
developed NNP at the standard atmospheric pressure. 
Nevertheless, the formation of such structures also shows the 
intense hydrogen bond interaction between MXene surface and 
water molecules. This result also suggests the possibility of more 
ice phases between the MXenes layers after considering the 
more extreme water density and a wider range of pressure and 
temperature conditions. 

In addition, we observed the surprising the total depletion of 
protons in the water layer for 80% H systems. This is because 
the formation of the -OH··OH2 structure cause O atoms in water 
molecule of this structure attaching to the V2CTx surface (Figure 
3f) rather than participating in the formation of hydrated protons. 
Therefore, the more hydroxyl groups there are, the more water 
molecules are occupied by -OH··OH2 structure, and the less 
capacity there is to hold protons in the water layer, ultimately 
resulting in the phenomenon. Further, we confirmed that the 
similar proton transfer and hydroxylation are also presented in 
Ti3C2Tx through the AIMD simulations on Ti3C2Tx systems 
containing monolayer water and different proton content from 10% 
H to 80% H. As shown in Figure S15, the ratio of hydroxyl group 
and hydrated proton for Ti3C2Tx have similar evolutionary trend 
with V2CTx, which reveals that the relevant results obtained in 
this work can be qualitatively extended to other MXenes. We also 
introduced the equivalent molar concentration of H2SO4, HCl and 
HF for characterize the hydrated proton content in the system, 
as shown in Table S3. It can be seen that the hydrated protons 
content presented in our model can be easily achieved 
experimentally, [14b] facilitating comparison with experimental 
works. 

For saturation and oversaturation systems, the diffusivity of 
nanoconfined water steadily declines, reaching its lowest value 
in the system with 50% H. The abundant water molecules 
strongly hydrogen-bonded with the MXene surface, thus 
reducing the surface activity and hampering ion insertion and 
transport process. This is why the MXene with high -OH groups 
ratio shows poor performance in various energy-related 
applications.[17] Therefore, it should be noted, when designing 
MXene-based energy materials, special attention should be paid 
to the surface groups in MXene sheets and pH value of the 
environments. 

It should be noted that this work mainly focused on the relevant 
properties of nanoconfined water in V2CTx sheets. Given the 
same oxidation mechanism in nanoconfined water and bulk 
water systems, the proton effect on the MXene oxidation and the 
proposed antioxidant strategy are also applicable to the bulk 
water-MXene interface. But other phenomena driven by the 
proton concentration and the hydrophilic surface, such as the 
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identified hexagonal ice phase and the reduction of water 
diffusivity, may only apply to the nanoconfined water systems. In 
addition, the surface effects of MXenes remain still quite complex 
because the surface groups are not limited to -O/-OH groups. 
For example, it has been reported that utilizing new synthesis 
methods such as the Lewis acidic and molten salts could modify 
the MXene surface with high coverage of halogen groups. [18] 
Different termination may result in different surface effects and 
proton dynamics. Developing large atomic models [19] covering 
the MXene family will bring new prospects to further clarify these 
issues and solve more practical problems through describing the 
universal characteristics of MXene with complex surface groups 
in various solvent environments. Finally, the nuclear quantum 
effects are particularly important in systems involving water. [20] 
Coupling machine learning potential with path-integral MD 
simulation [21] [4d] will also provide hopeful prospects for 
understanding the complete proton-driven dynamic behaviors in 
MXenes. 

Conclusion 

Here, we have elucidated the proton-driven dynamic behaviors 
of monolayer water confined between V2CTx sheets utilizing MD 
simulation based on the NNP and explored the microscopic 
mechanisms underlying MXene oxidation regulated by protons, 
the formation of the hexagonal ice phase at room temperature, 
and the reduction of oxygen diffusion coefficient caused by the 
water molecule strongly bound to the surface. These unusual 
behaviors all could be attributed to the water interaction with 
hydrophilic surfaces and the proton effect, offering valuable 
insights for the practical applications of MXenes across various 
fields such as developing antioxidant strategies, identifying novel 
2D water phases and optimizing energy storage and conversion. 
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We reported the detailed proton-driven dynamic behaviors of nanoconfined water between hydrophilic MXene sheets using molecular 
dynamics simulation based on the active learning machine learning potential trained by deep neural network algorithms. These findings 
have illuminated several novel phenomena including the MXene oxidation rate regulated by protons, the formation of a hexagonal ice 
phase exhibiting unconventional bonding patterns at room temperature, and a significant reduction in water diffusivity. 
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