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Nanoconfined water exhibits unique properties compared to bulk water due to limited quantities, frustrated hy-

drogen bonding, and surface interactions, which are fundamental for energy storage and transport applications.

We integrate machine learning-accelerated ab initio molecular dynamics with x-ray diffraction (XRD) and inelas-

tic neutron scattering (INS) to systematically analyze the thermodynamic and dynamic behavior of water con-

fined between functionalized (-F, -O, and -OH) two-dimensional (2D) TizC,Tx MXene layers. As water intercalates

between layers, the interlayer spacing exhibits layer-dependent staging characteristics. The water polarization

can be flipped by the count and morphology of intercalated molecules interacting with MXene surface groups,

resulting in varying electrostatic potential profiles. On the basis of interfacial electrostatic potential, hydrogen

bond lifetime, and molecular orientation, we establish a linear combination of exponential model describing

water diffusivity. These computational insights align well with experimental x-ray and neutron measurements,

suggesting strategies for tuning water morphology and transport by tailoring MXene surface chemistry and water

content for electrochemical energy storage and nanofluidic applications.

INTRODUCTION

Water, the most ubiquitous and indispensable substance for humans
and other organisms, plays a crucial role in various fundamental
biological and chemical processes. The confinement of water within
cavities or on surfaces at the nanoscale is prevalent in natural sys-
tems, resulting in unique physical properties compared to those of
bulk water (1, 2). One intriguing aspect of investigating water under
nanoconfinement is unraveling its anomalous behavior and the
unknown physics and chemistry behind the apparent phenomenon,
such as ultrafast flow (3), new structure and phase transitions (4, 5),
and exceptionally low dielectric constant (6). Moreover, the unique
states of water at the solid-liquid interfaces (SLIs), defined by the
structural, thermodynamic, and dynamic characteristics of water
near the interface (7), establish the foundation for a spectrum of
technological domains. These include, but are not limited to, elec-
trochemical energy conversion and storage systems (8), hydrovol-
taic power generation (9), sensor technologies (10), and corrosion
prevention strategies (11).
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The variable properties of solid substrates assembling the SLI,
including geometry, composition, and surface characteristics, can
considerably alter water behaviors under confinement, offering
opportunities for water manipulation. Particularly in layered two-
dimensional (2D) materials, where water molecules are trapped
between adjacent sheets, the degree of confinement and interfacial
chemistry together govern water’s configuration, mobility, and inter-
action with charge carriers (12, 13). Extensive research has revealed
the peculiar transport behavior of water confined within carbon-based
materials, ranging from carbon nanotubes (CNTs), graphene nano-
channels (14-16), to graphene oxide sheets (17). Transition-metal
dichalcogenides and hexagonal boron nitride (hBN) have been shown
to facilitate water flux through reducing hydraulic resistance (18, 19).
MXenes, a family of 2D transition-metal carbides, nitrides, and car-
bonitrides, offer unprecedented versatility of surface groups, from
conventional terminations such as T, = -E -O, and -OH (20) to re-
cently synthesized -Se, -Te, -Cl, and -Br via the molten salt method
(21-23). This wide range of surface chemistries renders MXenes an
ideal playground for altering the behaviors of water confined with
various types of SLIs.

Regulating the state of water confined between MXene layers
has emerged as a foundational strategy for controlling charge storage
kinetics and electric-double layer (EDL) formation at electrochemical
interfaces across diverse aqueous electrolytes (24-26). Particularly
for Ti3C,Ty, the first reported and most studied MXene, its high
electrical conductivity (up to 20,000 S cm™") and hydrophilicity en-
able excellent electrochemical energy storage performance, such as
high capacitance and great cycling stability (27-29). Enhancing the
nanoconfined water amount and mobility could largely boost the
proton diffusivity and accessibility, thereby improving the power
density and charge storage capacity (30, 31). The compact and well-
organized water layers facilitate the establishment of an intercon-
nected hydrogen bond (HB) network for rapid proton transfer (32).
Beyond proton redox activity in pseudocapacitors, confined water
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also critically governs the hydration structure of metal ions within
the EDL (33, 34). Gao et al. (35) emphasized that the capacitance of
Ti3C, T MXenes is notably influenced by the number of hydrated
water molecules and the position of the hydrated ion through a
blend of experimental and theoretical investigations. Hence, under-
standing the role of water at SLIs, particularly under confinement of
Ti3C, Ty, is profound for unlocking further improvements in super-
capacitor performance, but it remains elusive due to the complexity
and somewhat undetectable feature at atomic scale. Moreover, ma-
nipulating water molecules by the surface group and unraveling the
responsive mechanism to the MXene surface remain challenging,
necessitating a comprehensive understanding of SLI through sophis-
ticated and in-depth investigations.

Elucidating the atomic-scale structure and properties at SLIs, ei-
ther through direct characterizations or theoretical approaches, offers
a valuable opportunity to advance our understanding. This includes
tracking water molecule intercalations, understanding the evolution
of interlayer spacings, analyzing water polarization and diffusion, etc.
Shpigel et al. (36) quantitatively distinguished between the water
trapped in the Ti3C, T} interlayer spacings and that within the meso-
porous volume by using advanced in situ hydrodynamic spectroscopy.
Neutron scattering enabled the dynamic analysis of both weakly and
strongly confined water while simultaneously resolving the bonding
between Ti;C, T, MXene surfaces and hydrogenous molecules (37, 38).
In situ x-ray diffraction (XRD) revealed fluctuating expansion and
shrinkage of Ti;C, T, during the charging and discharging in a sul-
furic acid electrolyte, highlighting the key role of interlayer spacing
and water intercalation (26). Despite these experimental advances,
complementary theoretical modeling is indispensable in capturing
the full complexity of SLIs. Traditional ab initio molecular dynamics
(AIMD) methods can offer detailed insights into the atomic-level
interactions and dynamics of water molecules but are computation-
ally intensive and scale limited. Hou et al. (39) applied the deep
learning potential molecular dynamics to investigate the water
diffusivity in the monolayer (ML) form under different proton con-
centrations confined between V,CT, (T = -O and -OH) MXene layers.
The varying concentrations of protons can result in an adjustable
oxidation rate, the formation of a hexagonal ice phase at ambient
temperature, and a notable reduction in water diffusivity. The highly
correlated descriptors and clear mechanisms that underlie these
phenomena remain elusive, emphasizing the necessity for a com-
prehensive understanding of the interactions between MXene and
water, along with the factors influencing water diffusivity. The advent
of the on-the-fly machine learning force field (MLFF) techniques
(40) enables far more rapid and large-scale molecular dynamics
modeling with near ab initio accuracy without preparing a massive
training dataset, performing rounds of training process and vali-
dation, which might be a more suitable strategy to deeply investi-
gate the MXene-water interface and associated thermodynamic and
dynamic changes.

Here, we establish a multimodal investigation framework com-
bining density functional theory (DFT), machine learning-accelerated
molecular dynamics (MLaMD), and versatile experimental probes
[including XRD, inelastic neutron scattering (INS), and zeta poten-
tial measurements] to systematically decode the surface-dependent
properties of water confined in Ti3C,T, (T = -E -O, and -OH) MXenes.
Here, T, refers to the calculated models with a single termination, in
contrast to T, for experimentally synthesized MXenes with mixed ter-
minations. In particular, we show that MXene surface terminations

Tang et al., Sci. Adv. 12, eadz1780 (2026) 25 March 2026

and intercalated water loading jointly sculpt the local electrostatic
potential, which, in turn, dictates HB network connectivity and wa-
ter orientation. By correlating termination-dependent electrostatic
landscapes with water morphology, HB dynamics, and diffusion co-
efficients, we uncover key descriptors that govern water mobility
under nanoconfinement in an exponential manner. Notably, elec-
troactive water species can modulate the self-diffusion coefficient by
over an order of magnitude, profoundly affecting mass transport in
high-rate supercapacitors. Our study casts light on the fundamental
mechanisms of water diffusion within MXene layers, enhancing our
comprehension of MXene-based interfacial architectures and pro-
viding actionable guidance for improving the performance of ener-
gy storage devices.

RESULTS
Surface-dependent water intercalation and
structural response
The MXene-water SLI constitutes a complex system characterized
by intricate interactions between the MXene surface and water mol-
ecules, as well as among water molecules themselves. Such interde-
pendent interactions establish a unique environment that is decisive
to both the static and dynamic signatures of the confined water. The
tight arrangement of water molecules is found to facilitate the as-
sembly of well-aligned, isotropic MXene-bridged graphene nano-
platelets (41). As shown in Fig. 1A, surface groups of MXenes in
direct contact with water can restructure the morphology of the wa-
ter layer in response to hydration levels, thereby affecting the elec-
trostatic potential landscape and the diffusivity of water molecules.
Before delving into the nanoscale dynamics of confined water, we
first examine the energetics driving water intercalation with different
surface groups.

Here, the confined water content is found to affect the insertion
energetics, as reflected by the intercalation energy per water mole-
cule versus water content (Fig. 1B), expressed as

Eyi(Ti;C, T, - xH,0) — E (Ti;C,T,) — x - E (H,0) W
X

where E,, (TiyC,T, - xH,O)is the total energy of the hydrated MXene
system incorporating x water molecules, E, (Ti;C,T, ) is the energy
of dry Ti;C,T, bulk, and x - Emt(Hzo) is the energy sum of x iso-
lated water molecules. By definition, a positive (negative) value would
indicate an endothermic (exothermic) process for the intercalation,
respectively. The evolution of the intercalation energy of water in
Ti;C,F, and Ti3C,0, demonstrates consistency, as shown in Fig. 1B.
That is, the intercalation energy AE, , is positive below 0.31 ML and
then experiences a dip and reaches a plateau around ~—0.5 eV/H,0
as the intercalated water increases. In contrast, the -OH terminated
interface remains negative AE, , across the full range and stands below
the -F and -O terminated ones with a sizeable gap, demonstrating its
stronger energetic favorability.

Notably, the -OH system exhibits an anomalous elevation in AE;
at 1 ML, associated with lattice distortion and water layer reorgani-
zation, and another increase at 2 ML, primarily due to weakened
interfacial coupling (details in table S1 and fig. S3). This energetic
preference, however, diminishes at higher water content exceeding
2 ML, because once the hydration layer is completed, subsequent
water behaves nearly bulk-like, and AE,, approaches the cohesive
energy of bulk water (—0.57 eV/H,0), with only minor oscillations

AEint =
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Fig. 1. Evolutions of the water intercalation-related energy and the d-spacing. (A) Schematic illustration of the water confined between MXene sheets and the result-
ing changes in morphology, potential, and diffusivity. (B) Intercalation energy per H,O as a function of the water content. (C) Change of interlayer spacing d(go2) upon
water insertion into Ti3C,T, MXenes. The calculated and experimental values from (20, 43-48), identified as Cal. and Exp., are presented for comparison. (D) XRD patterns
of pristine, hydroxyl-rich, and variously dehydrated Ti3C,Ty. (E) High-resolution C1s and O1s XPS spectra of pristine and hydroxyl-rich TisC,T,. a.u., arbitrary units.

from discrete layering. Moreover, the entropy change (A S) of con-
fined water is also estimated and presented in fig. S4A. The entropic
contribution (T'AS) is nearly constant and about one order of mag-
nitude smaller than the corresponding AE,,, (fig. S4, B to D), con-
firming that entropy has only a minor influence on the free-energy
change and does not affect the intercalation behavior. Consistent with
this, Vaitheeswaran et al. (42) reported that water intercalation in
CNTs is primarily energy driven rather than entropy driven. The
present theoretical results robustly supports the experimental ob-
servation that an optimal proportion of -OH terminations facilitates
the initial intercalation of water molecules (32). Overall, via eluci-
dating intercalation energetics, we provide fundamental insights
into the role of surface functional groups in regulating water filling
within the MXene interlayer channels.

Tang et al., Sci. Adv. 12, eadz1780 (2026) 25 March 2026

Among all structural parameters, the interlayer spacing [i.e., d-
spacing of (002) facet, d(go2), in Fig. 1A] of MXenes is an observable
and crucial parameter that is related to the water intercalation and
can profoundly affect electrochemical behavior (31). Our calculations
reveal that the interlayer spacing exhibits a two-stage characteristic
enhancement with increasing intercalated water (Fig. 1C). These results
agree excellently with prior measurements (20, 43-48), particularly
those by Ghidiu et al. (49), who identified interlayer spacings of 12.5
and 15 A corresponding to ML and bilayer water configurations,
respectively, thereby confirming the validity and reliability of our
models. Most of the experimental interlayer spacings of anhydrous
MXenes fall into the theoretical range between 9.8 and 11.6 A bounded
by the three terminated (-E -O, and -OH) structures, in line with
the nature of mixed surface groups in reality, and the spacing of
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Ti3C,(OH); is the largest one of the three surfaces. When the inter-
calated water is above 1 ML, the interlayer spacing becomes less sensi-
tive to the surface groups. Pure termination models act as bounding
cases that encapsulate the essential structural response to surface
terminations and hydration levels, showing semiquantitative agree-
ment with experimental result.

With the calculated interlayer spacing and corresponding interca-
lated water content for Ti3C,T5, one could compare with the experi-
mentally measured c-lattice parameters. For instance, the TizC,Ty
immersed in water and sulfuric acid before electrochemical cycling
arrived at approximately ¢/2 = 12.8 to 13.9 A (32, 43), corresponding
to about 1 to 1.28 ML water intercalated into MXene. Our indepen-
dent measurements presented in Fig. 1D show that the fresh Ti;C, T,
exhibits a layer spacing of ~14.4 A, corroborating the assignment of
1.33 ML water. Following overnight vacuum drying at 80°C or stor-
age in a desiccator under vacuum for 9 months, the pristine Ti3C, T,
attained partially dehydrated states evidenced by contraction of layer
spacing to 12.5 and 12.7 A, respectively, corresponding to 0.25 to 1 ML
interlayer water. Further annealing Ti;C,T, at 200°C in vacuum for
12 hours induced almost complete dehydration and a shrinkage of
d-spacing to 11.5 A (<0.25 ML water). Overall, the interlayer spacing
parameters calculated on the basis of pure surface groups reasonably
frame the experimental values observed in synthesized MXenes, pro-
viding a quantitative reference for deducing the confined water con-
tent from lattice changes.

In experiments, the ratio among different surface groups of Ti3C, T
MZXene can be tuned electrochemically (43, 50). We reduced the
Ti3C,Tyin 1 M H,SO4 by applying a constant voltage of —0.8 V versus
Ag for 1 hour. The as-obtained hydroxyl-rich Ti;C,T, was washed
with deionized (DI) water to remove the electrolytes and dried at
200°C in vacuum for 12 hours before the XRD measurement. As
shown in Fig. 1E, x-ray photoelectron spectroscopy (XPS) shows that
more -OH groups are introduced onto MXene surfaces while main-
taining the same amount of -F groups, changing the -OH/-O ratio
from 1:1 to 1:0.62. The complete XPS survey scan and the correspond-
ing element composition analysis are provided in fig. S5 and table S2.
The hydroxyl-rich Ti3C,T, after vacuum annealing exhibits an ex-
panded d-spacing of 12.3 A, larger than that of pristine MXene (11.5 A),
mirroring the trend in the calculated results, shown in Fig. 1C.

To better understand the effect of water removal on interlayer
spacing, we performed in situ XRD on MXene films while gradually
increasing the temperature in 50°C increments (fig. S6). As the tem-
perature rises from 25° to 150°C, the (002) diffraction peak shifts
rightward and broadened, indicating a progressive reduction in in-
terlayer spacing and increased structural disorder. A similar trend
was observed in the (004) peak. This contraction in d-spacing cor-
responds to the loss of physically adsorbed water, aligning with nu-
clear magnetic resonance studies that showed an evident decrease in
free water content after annealing at 200°C (51). Likewise, thermo-
gravimetric analysis confirmed water loss below 200°C (52, 53). These
findings are consistent with simulation results, which also predict
interlayer shrinkage upon water removal. At temperatures exceeding
200°C, -OH groups become less stable and begin to detach from the
MXene surface, leading to the appearance of a new diffraction peak
at 20 = 7.8°, which remained unchanged up to 450°C. This thermal
fluctuation is also reflected in the calculated deintercalation energies
AEg4._;, (fig. S7), where -OH terminated systems exhibit more pro-
nounced temperature-dependent variations, although the energy
cost remains higher than in -F and -O terminated systems. Notably,

Tang et al., Sci. Adv. 12, eadz1780 (2026) 25 March 2026

the new peak corresponds to a reduced interlayer spacing of 11.3 A,
in agreement with simulations demonstrating that the loss of
-OH groups further decreases the d-spacing. The concordance
between calculations and measurements in the d-spacing related
responses to changes in surface groups and hydration supports
the use of our chosen computational models and methodology to
gain insights into the behavior of MXenes and intercalated water
in varied conditions.

Altered water distributions, packings, and orderings

The observable structural response of MXene upon water intercala-
tion and the associated thermodynamics have been addressed and
compared with different surface groups, both theoretically and ex-
perimentally. We next explore the atomic-scale distribution of water
molecules, solid-liquid separation, and order morphology, factors that
are nearly impossible to measure directly. As delineated in Fig. 2A, the
confinement distance 9, acting as a spectator to the interlayer ex-
pansion, is composed of the thickness d of the exclusion volume
and the effective height h g of the water layer. The water distribu-
tion can also be classified into the upper (z > 0) or lower bound
(z < 0) (Fig. 2A). This decomposition of § into d and k¢, as sum-
marized in Fig. 2B, enables us to explore the physical origin of inter-
layer expansion.

The MXene-water exclusion thickness (d) remains nearly constant
across varying levels of intercalated water but follows a termination-
dependent trend: d.p > d.o > d.on, as Fig. 2B shows. This trend
reflects that the interfacial separation between MXenes and interca-
lated water is decided by the intrinsic chemical nature of surface
groups rather than the water content. In particular, the -OH termi-
nation exhibits the strongest hydrophilicity and shortest interfacial
HB lengths among the three surface groups, as evidenced in fig. S8,
together leading toward the low thickness d of the exclusion volume
in -OH terminated systems. Moreover, both & and h ¢4 increase syn-
chronously with water content for the three surfaces, confirming that
h.g dominates the overall interlayer expansion. As a metric of con-
fined water compactness, h.g intrinsically reflects the central role of
water-water interactions in determining interlayer spacing and thereby
provides a tunable handle for the design and control of confined
channels. Recent study has shown that even subtle variations in surface
electrostatics can perturb water-water interactions and alter confined
water structures (54). Accordingly, adjusting h,4 via surface function-
alization or external stimuli may open a route to expand the interlayer
spacing beyond simply loading water content.

A visualized and quantitative characterization of the distribution
of water molecules confined within MXene layers is shown in Fig. 2C,
via the normalized density profiles of oxygen atoms of water. The
sharp and high peaks illustrate the localized position of water. When
more than 1 ML water is intercalated, another distinguishable peaks
emerge, indicating a well-defined stratification of water layers. Water
molecules in all cases are interfacial and confined between MXene
layers, exhibiting either even or uneven distributions depending on
water content. Notably, the -OH terminated MXenes exhibit the
sharpest peaks and the smallest d compared with the -F and -O ter-
minated counterparts, where a marked coalescence of the two peaks
is observed. The high hydrophilicity of the -OH terminations and
their capacity to form robust HBs with water molecules promote a
well-defined, distinct stratification in the density profile. Hence, other
than the oxidation state, the affinity of surface groups influences the
distribution of intercalated water molecules in MXenes, supported by
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Fig. 2. SLI-related structural characterization, water distribution, density, and ordering. (A) Cross-sectional view of MXenes with water molecule intercalation: the
illustration of exclusion-volume thickness d, the effective height h g, and the confinement distance §, with the baseline z= 0 denoting the central plane of confinement
channels. (B) The confinement distance §, the exclusion-volume thickness d, and the effective height h 4 as a function of the water content. (C) The normalized density
distribution of confined water in Ti3C,T, MXenes. The dotted lines indicate the solid-liquid contacting plane, and the shaded areas indicate the h.g. (D) Effective density
Per @s a function of the water content. (E) Schematic diagram illustrating the relationship between the orientation order parameter § and the water morphology. (F) Ef-

fective density changes induced by the order parameters &§.

recent spectroscopic evidence that confined water structures are
primarily dictated by interfacial chemistry rather than confinement
itself (55).

The effective density p.; of water could be determined from
the phenomenological compactness described by h g4 as p.g = #,
where m is the mass of water molecules and A denotes subvolume
area of confined water. As illustrated in Fig. 2D, p 4 is much higher
for the quasi-single-layer water (0.75 or 1 ML) than for the bilayer
water (1.33 to 2 ML), with the minimum p.¢ occurring at the 1.33 ML
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water intercalation. For the -F termination, p.g is lower at 0.75 ML
owing to the larger effective volume (A - h ). It increases at 1 ML
with nearly constant volume and drops to a minimum at 1.33 ML as
the volume expands sharply (fig. S9). Note that the p g with the -O
termination is always lower than that with -F or -OH groups for
nearly all water content. This disparity can be attributed to the more
negative oxidation state of surface groups, which enhances electro-
static repulsion between water molecules and promotes a dispersed
spatial distribution.
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Another dimension of describing the water structure is the order
parameter § (56, 57), with orientational characteristic, following the
equation of § = 0.5<3c0526n - 1>, where 0,, is defined as the angle
between the z axis and the normal axis to the H-O-H plane, result-
ing in a range of & from —0.5 to 1. Hereby, we can provide insight
into whether the molecules are aligned parallel (§ = 1), perpendic-
ular (& = —0.5) to the MXene surface, or in a random arrangement
(8 =0), as illustrated in Fig. 2E. Through the linear correlation be-
tween & and p.¢, as displayed in Fig. 2F, we are able to illustrate a
decrease of p.4 corresponding to a concurrent reduction of the &
across all three terminations. In other words, a widespread dis-
persion allows for a variety of orientations, leading to a disorder-
ing and lower density. This interdependence among the spatial
distribution, orientational order, and effective density constitutes
a closed-loop relationship. Such a relationship is also evident in
2D square ice (58), where strong ordering minimizes the spatial
occupation and increases the density, in contrast to the tetrahe-
dral ordering of bulk ice, which reduces density (59). Compared
with the 2D square ice (& = 1), the MXene-confined water with
an & ranging from —0.1 to 0.5 exhibits semi- or full disorder.
These quantitative characterizations provide robust corrobora-
tion for the reduced structural order during the incipient devel-
opment of another water layer.

SLI induced polarization flip and electrostatic

potential fluctuation

Having elucidated the solid-liquid interaction and deduced the
morphology evolution of both water and MXenes, we now turn to
investigate the origin of such phenomena. It is well known that the
water molecules are highly polar, and interaction with the tunable
MXene surface unavoidably perturbs their spontaneous polariza-
tion. Here, we use the z component of the local polarization density
(LPD), written as P,(z) = p(z)p(z) (60, 61), where p(z) is the average
local density of water molecules, p(z) =|p| (cos8,) is the z compo-
nent of the dipole moment vector, with the magnitude of the dipole
moment || = 2.27 Debye, and (cos6,) denotes the average cosine of
the dipole orientations, as a way to monitor out-of-plane polariza-
tion changes.

Figure 3A shows the LPD profiles, with error bars reported as
the SEM estimated from an effective sample size N, obtained via
integrated autocorrelation time analysis (62). The coupling between
surface terminations and water loading yields distinct polarization
patterns. For both 0.75 and 1 ML water intercalated scenarios, alter-
native up and down dipole pairs are observed, resulting in an ap-
proximately antiparallel polarization. As more water intercalated,
particularly beyond 1 ML water, the water stratification effect is
present as revealed in Fig. 2C, where the two-peak characteristics
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Fig. 3. Polarization-induced charge and electrostatic potential distributions at

SLIs. (A) LPD within confined channels at varying water content. (B) 1D planar aver-

aged electronic charge density distributions at Ti;C;T,-water interfaces. Inset: Schematic of electrostatic potential hump or well within the water region. (C) Electrostatic

potential difference A @ at varying water content. (D) Linear relationship between A
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@ and p.¢. All the vertical dashed lines indicate the interface position.
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near SLI are formed, and the nearly antiparallel polarizations are dis-
rupted with evident and swift flips. The polarizations in the -F termi-
nated case experience a clear flip from 1.33 to 2 ML intercalation.
Similarly, disordered polarizations are imposed in the -O terminated
case, ultimately presenting an almost unimodal characteristic. More-
over, the water polarizations confined between Ti;C,(OH), experience
several flips, showcasing a highly responsive behavior to water inter-
calation. Such flips of water contrast with the antiferroelectric polar-
ization observed in graphene and hBN channels (63), emphasizing
the intricate dynamics of polarization driven by the MXene-water
SLI. Crucially, these polarization flips can redistribute the interfacial
charge and reshape the local electric field, directly modulating charge
transfer kinetics.

We next analyze the charge transfer induced by the polarized water
and the negative clay-like MXene surface, as depicted in Fig. 3B. Spe-
cifically, the -F and -O terminations are electron rich, and the water
layer is electron poor, thus forming an electrostatic potential hump
centered within the water region (Fig. 3B, inset). In contrast, the -OH
terminated case presents the opposite picture, i.e., an electrostatic
potential well, since the water layer is highly charge accumulated.
Notably, the most marked charge density fluctuation is observed with
1.33 ML of water at the -F and -O groups and the 1 ML water layer
for the -OH groups. The localized charge density varying with water
content reflects the dynamic nature of this interfacial charge transfer,
which, in turn, generates the electrostatic potential change.

The observed polarization flips and associated charge density
variances at the SLI may generate an internal electrical field (64, 65),
which is believed to closely correlate to the electrostatic potential
change. Here, we primarily take the SLI-driven electrostatic poten-
tial difference A ®, defined as A ® = &, — ®, where ®y, repre-
sents the potential of the water layer which maximizes the A®, and
@, signifies the potential of the MXene surface at SLI. Figure 3C
quantitatively depicts that the interactions between water molecules
and surface groups uniquely alter the electrostatic landscape, with
-F and -O terminations creating an electrostatic potential hump
(A® > 0), in notable contrast to the potential well (A ® < 0) formed
by the -OH groups. The full description of the electrostatic potential
for all three surface groups across varying water content can be found
in fig. $10. The A @ is a direct consequence of charge redistribution
at the molecular level, i.e., the most pronounced electrostatic potential
hump or well corresponds to the strongest charge density fluctuations.
Moreover, the p.g is negatively correlated with A® for all three
terminations, as demonstrated in Fig. 3D. Briefly, a lower p 4 (disor-
dering) boosts the increase of @y, resulting in a positive developed
A®. Therefore, p.¢ serves as an indicator of linking water morphology
with A®, suggesting a potential relationship between structural
compactness and electrostatic modulation.

Hydrogen bonding and morphological and

vibrational signatures

The water molecules are connected through HBs, and under confine-
ment and interaction with MXene, their composition, structure, and
lifetime will change. In this context, HBs can be classified into three
categories based on their environment, e.g., the donor and acceptor
moieties: (i) HBs" ™Y in water, (ii) HBsW T between water and termi-
nations, and (iii) HBs" ™" between terminating groups and water, ex-
clusively applicable to the -OH terminated MXenes. The latter two types
are defined as interfacial HBs due to their direct involvement with the
MXene surface. For HBs" ™", the two- and three-HB characteristics
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are dominant in 0.75 to 1.33 ML, and the four-HB emerges along
with the prevalent three-HB configuration for cases above the 1.33 ML
water intercalated, as shown in fig. S11A. The average number of
HBs"~W and HBs"~T changes consistently across all three termina-
tions (fig. S11, B and C). While in the case of -OH terminated sur-
face, HBs" W should be additionally take into account, showing an
interesting role on the behavior of the water (fig. S11D). Furthermore,
the negative HB interaction energies observed across all the three
systems in fig. S12 suggest that hydrogen bonding underpins the
interface stability, and the most evident case lies with the -OH
terminated ones.

The interplay between polarization and interfacial hydrogen
bonding results in the unique HB network within the confined water,
as exemplified by the 1.33 ML water shown in Fig. 44, illustrating
the morphological patterns of confined water at SLIs influenced by
the surface group. In the case of Ti3C,F,, the bilayer water molecules
present a rhombic arrangement, with water molecules forming almost
saturated HB networks with neighboring molecules both within the
same layer and across the adjacent layer. As the hydrophilicity of
surface groups increases, the formation of interfacial HBs between
water and the -O and -OH terminations reduces hydrogen bond-
ing within the water layer, leading to the emergence of a hexagonal
structure. Moreover, the water morphology at -O and -OH termina-
tions is more disordered compared to that at -F terminations, which
is consistent with the above calculated p 4 and &, further highlight-
ing the impact of surface chemistry on the structure and bonding
characteristics of confined water. On the basis of our modeling, the
confined water experiences a transition from ordered quadrilaterals
to disordered pentagons and ultimately to 3D tetrahedral geometries,
with increasing water content (fig. S13). This structural evolution is
further corroborated by the orientation analysis of HBs, which shows
a shift from order to disorder and back to order (fig. S14). The diagram
of the water structure transition presented here would stimulate large-
scale modeling to depict a more tangible and explicit transition path.

A more consequential, yet often overlooked, aspect is the dynamics
of these HBs, informed by the HB lifetime (HBLT), quantified by the
continuous HB correlation function C(t) (66). The decaying function
C(t) can be approximately estimated by a biexponential function

C) erxp(—f) + (1—A)exp<—’ci>
1 2

where 7, and 1, represent the fast and the slow decay time constant,
respectively, together with the relative importance, A. More details
about C(t) are provided in figs. S15 to S17. Then, the HBLT 7 can
be obtained by Eq. 3 (67)

(o]

Typ = J[C(t)— (C(t=o0))]dt

0

2)

3)

Figure 4B elaborates upon the HBLT via Ty, with a reference of
the bulk water, denoted as the dashed lines. Note that the continu-
ous HBLT of bulk water as 1.96 ps, falling into the reported theo-
retical range between 0.9 and 2.0 ps (68-70). In comparison, 775"
is found to be always below that of bulk water, except for the -OH
terminated MXene with 1 ML water. A shorter HBLT than that of
bulk water has been reported in CNT-confined water (71). TIV{VB_ W at
the -OH terminations considerably exceed those at -F and -O termi-
nations, showing strengthened O-H...O, with a similar trend ob-
served for }j-" in Fig. 4C. Moreover, -OH terminations as donors
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A

Fig. 4. HB dynamics and vibrational properties of confined water. (A) Snapshots of HB networks within 1.33 ML water. HBLTs, established (B) within confined water
T, and (D) between -OH terminations (donor) and confined water (acceptor) 1/, T W .The
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all exhibit longer lifetimes ©

ing that in bulk water.

Another interest would be the vibrational properties of water un-
der confinement. In nature, vibrational modes of liquid water con-
sist of three major bands, (i) the O-H stretch mode at 3000 to 4000 cm™ ",
(ii) H-O-H bending mode at ~1600 cm™}, and (iii) librational modes
at ~585 cm™! (72). Here, we computed the vibrational density of

T-W
HB

compared to those in bulk water, as
illustrated in Fig. 4D. It is thus concluded that the -OH surface
groups offer a higher quantity of interfacial HBs to the confined water,
and these bonds exhibit a longevity either comparable to or exceed-

1

induced by -OH terminations. The primary role of confinement on
the vibrational behavior is lying on the librational mode, an indica-
tor of the integrity of the HB network. For -F and -O terminations,
the librational mode of the confined water is red-shifted compared
with the bulk water, indicating a softening of the water structure in
a confined environment. In essence, surface groups and confinement
markedly change the way water molecules vibrate, particularly in the
librational and O-H stretch modes. We anticipate that advanced
techniques such as correlated vibrational spectroscopy, a third-order
nonlinear method based on hyper-Raman scattering (73), could yield

crucial insights into interfacial hydrogen bonding and the vibrational
dynamics of confined water between MXene layers.

states spectra from the velocity autocorrelation as the spectrum
characterization of water dynamics, useful to identify the vibrational
signatures of confined water, e.g., new vibration modes. In Fig. 4E,
the position of the H-O-H bending mode in confined water is still
well aligned with that of bulk water only experiencing subtle variance
for all surfaces. However, the peak assigned to the O-H stretch mode
has been broadened and blue-shifted, ascribed to the more disper-
sive water molecules. Notably, in -OH terminated MXenes, particu-
larly with 1 ML water, the spectrum shows a distinct peak at 3200 cm™,
implying the presence of four-coordinated H-bonded water, which
is strongly associated with the additional HBs'~" and longer HBLTs

Water transport and correlation factors

Theoretically, the diffusion coefficients (D) can be obtained from the
mean-square displacement (fig. S18), allowing us to assess the diffu-
sion behavior of water, as one of the most fundamental properties.
As a reference, D of bulk water is calculated to ~0.18 X 10~ cm?/s,
agreeing well with the value from reported AIMD calculations (74).
In Fig. 5A, the -F and -O terminated MXenes exhibit similar diffu-
sion patterns with a single-peak feature during water intercalation,
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whereas the -OH terminated MXene shows suppressed diffusion,
with D remaining below that of bulk water. Then, on the basis of
these D values, the confined water can be classified to (i) fast diffu-
sion in the -F and -O terminated MXenes and (ii) nearly unchanged
but slow diffusion in the -OH terminated MXenes. The nonstoichio-
metric fractional water layers (such as 0.75, 1.33, and 1.67 ML) show
faster diffusivity than 1 or 2 ML water. The fastest diffusion is ob-
served at 1.33 ML water within the -O terminated MXene layers. It
is thus exciting to observe that using either -F or -O surface groups,
one could manipulate the water diffusion from almost frozen (-OH)
to the ultrafast transport (-F/-O with fractional water layers). While
in the earth’s deep interior, hydroxyl groups as the accommodator of
the water could lead nominally anhydrous mineral to form a super-
ionic channel for the H diffusion (75). We would like to recall that in

N
o

-
o
T

N
o
T

o
3
T

Diffusion coefficients (x10-5 cm?/s) >

the above analysis about the interlayer spacing, intercalation energy
and charge density profiles at the SLI all point to a similar pattern for
the -O and -F terminated MXenes. Similarly, the coincidence is also
reproduced in the water diffusion, as shown in Fig. 5A. In the cases
of 1.33 ML with either -O or -F terminations, the water shows a
central coalesced region (Fig. 2C), illustrating that the water at the
SLI is becoming more friction free.

The impact of the surface groups on the diffusivity could be de-
rived via the inelastic/quasi-elastic neutron scattering. In fig. S19 (A
and B), INS studies reveal a two-order-of-magnitude reduction of
water self-diffusivity in the case of MXene sample having higher
amount of -OH groups. As shown in fig. S19C, the pH-dependent
zeta potential reveals systematic variations in both the magnitude and
sign of the electrical potential during the termination transformation
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from -OH to -O terminations, well aligned with the increase and
change in sign of A ® presented in Fig. 3 (B and C). Both the INS
and zeta potential results align with the theoretical trends, where
large diffusion coefficients for -F/-O termination lead to faster diffu-
sion than the -OH termination—driven diffusivity at the hydration
levels with a noninteger number of water layers. This agreement es-
tablishes a foundation for potential future quantitative comparison
and predictions, despite the existing theoretical limitations regard-
ing the surface terminations.

In reality, thermal or some of sophisticated treatments (32, 76-
78) can effectively remove -OH groups to enhance water diffusion.
The approximately theoretical estimates of the surface group stabil-
ity were also performed. Figure S20 shows the calculated formation
energy AH; of the three surface groups (-E -O, and -OH) in Ti3C, T,
as a function of the change in hydrogen chemical potential Apy,. All
formation energies exhibit large negative values, signifying energeti-
cally favorable bonding between the transition metals and all three
surface groups. In principle, the enhancement of the pH value leads
to a larger ratio of -O:-OH, as prediction that the -O surface groups
exhibit the lowest AH; for Apy < —0.25 eV. Via the computational
hydrogen electrode approach, we are able to plot surface Pourbaix
diagrams as a function of pH and the applied electrode potential, as
illustrated in fig. S21A. It indicates that the Ti3C, surface with -O
termination is stable above the hydrogen evolution reaction (HER)
equilibrium line. Below the HER equilibrium, the -OH termination
becomes favorable due to the proton reduction, while the -F termi-
nation is stable only within a rather narrow pH range near the HER
line, specifically under strongly acidic conditions (pH < 2). Conversely,
under very negative potentials, the -H termination becomes more
stable than the other terminations. It is worth noting that the bare
surface exhibits poor stability. Our results are broadly consistent with
the reported data in fig. S21B (79).

Considering that the confined water diffusion can be tuned by the
electric field (80) and the reorientation of dipoles within the confined
water (81), we pick up the SLI-related electrical and morphological
features to gain a profound understanding of the water diffusion. As
enlightened in Fig. 3 (B and C), the surface group would modify the
interfacial charge and lead toward the negative A ® in the -OH ter-
minated cases contrasts with the positive and high magnitude of A ®
in the -O or -F dominant MXene surface. This charge modulation
correlates with diffusion trends as shown in Fig. 5B, where D increases
quadratically with A ® at -F and -O terminations, and by contrast, D
is almost invariant regardless of A @ fluctuations at -OH terminated
interfaces. In other words, when the confined water attains a higher
electrostatic potential relative to the surface groups, a potential hump
forms at the interface, enhancing the electrical activity of water and
thereby promoting diffusion. A similar phenomenon is also observed
in the confined water between a-Al,O3 sheets, where the enhanced
in-plane diffusion is accompanied by the high surface potential and
interfacial electric fields (82).

As presented in fig. S8, a higher number of the -OH groups make
the surface more hydrophilic than the -O and -F groups, resulting in
a more robust interaction with water. The additional HBs formed
between -OH terminations and water (i.e., HBs'~") could thus in-
fluence the water diffusion as well (fig. S11D). The relationship be-
tween D and the total HBLT TS}S as shown in Fig. 5C qualitatively
confirms a negative correlation between the HBLT with the water
diffusion. The -OH that regulated a strong and long-lasting HB net-
work freezes the water molecules, giving an ultralow D. In strong
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contrast, the diffusion in the -F and -O terminated cases can be ignited
by localized stimulation due to the shorter HBLTs, and analogous
alterations in the HBLTs and numbers culminate in a comparable
diffusion response of water to A @, shown in Fig. 5B.

The interfacial potential difference and hydrogen bonding as above
both fundamentally originate from the SLI and its effect on the mor-
phology of water. The normal angle 6, (Fig. 5D, inset) has been lever-
aged to quantify water structural ordering and orientation in the
preceding section. Here, 0,, is further categorized and statistically
analyzed in fig. S22, to assess the water morphology. When 6, falls
into the range of 60° to 120°, the water molecules are prone to orient
perpendicular to the MXene surface (1), and between the range of
0° to 30° and 150° to 180°, the water molecules prefer to align parallel
to the surface (|| ). One last category (6, = 30° to 60° and 120° to 150°)
defines the swing water, being the intermediate states of the above two
(I = 1).Figure 5D reveals a notable exponential correlation between
D and the ratio R of parallel to intermediate states. Maintaining
more and more swing water molecules in the intermediate state can
effectively enhance the diffusion of confined water within TizC,T,
MZXene nanochannels, thereby improving mass transport.

Hereafter, through a meticulous and methodical analysis, we build
up a multidimensional model to approximately describe the water
diffusion as illustrated in Fig. 5E. The water layer exhibiting the highest
D at each termination undergoes the most marked fluctuation in
charge density, consistent with the physical picture of A ®@. In addition,
the slow diffusivity in the -OH case could stem from the trapped
water by the interfacial potential wells and the robust HB network at
the interface. The orientational flip revealed in R is also related to
the polarization fluctuation, and such water/polarization flip and the
resulting friction between water and MXene could alter A @, which
forms an interdependence relationship and correlation. With the above,
we propose a model represented as D = ae®®® + Bel™ + yeR, where
a, B, and y denote weighting factors for the primary variables, and
parameters a, b, and ¢ are used to define each function of A®, t!°l,
and R. These findings emphasize the sophisticated interplay between
the interfacial electrostatic potential, the water morphology (HBs and
R), and the diffusivity of water.

While the main focus of this work has been on the conventional
-E -0, and -OH terminated Ti;C,T; systems, recent advances in molten
salt synthesis have enabled the synthesis of halogen-terminated
MZXenes, such as -Cl, which are experimentally accessible and ex-
hibit distinct surface chemistry, interfacial properties, and water dif-
fusions. Our extended analysis on the -Cl terminated MXene at
1.33 ML water content confirms that -Cl terminations can yield faster
water diffusivity, driven by an enhanced interfacial electrostatic poten-
tial and weakened hydrogen bonding (fig. $23), thereby supporting
the mechanistic framework established herein. Furthermore, con-
sidering that experimentally synthesized Ti;C,T MXenes are often
with mixed surface terminations, we also investigate representative
mixed systems, specifically Ti3C,O1 5(OH)g 5 and TizC,01 4,Cly 58, with
termination ratios consistent with experimental reports (22, 32).
Despite incorporating about ~29% -Cl or ~25% -OH, confined water
in these systems still exhibits higher diffusivity than bulk water, as
illustrated in fig. S24. The reduced diffusivities compared to pure -CI
or -O systems are primarily due to a diminished interfacial potential
difference, along with a slight decline in the orientational ratio R,
while HBLTs remain comparably short (fig. S24). Together, these in-
sights gained from the halogen and mixed surface terminations fur-
ther validate our diffusion model.

100f 14

920z ‘ez |udy uo A1sieAiun 1pa e HI0'80us oS MMM/ Sa1Y WO papeo|umoq



SCIENCE ADVANCES | RESEARCH ARTICLE

In short, a more disordered or irregular framework tends to facili-
tate the commencement of water diffusion on a local level, as opposed
to a structured or systematic setup where the diffusion starts more
globally but with greater difficulty. Typically, the low potential for wa-
ter, prolonged HBLTS, and a large R can considerably slow down the
water diffusion and vice versa. Such interesting and insightful findings
could inform prospects for purposefully directing water diffusion and
conformational order via judicious selection of surface group species
combined with external stimuli. Translating the correlation factors to
the transport properties is highly possible and could forge an innova-
tive approach to engineering the water behaviors. Recent work by
Chen et al. (83) establishes a subcontinuum flow model with average
density, viscosity, and slip length as the modified Navier-Stokes equa-
tion to explain the facilitated solvent permeation through sub-1-nm
MXene-graphene heterostructure membranes. In parallel, the present
work quantitatively correlates the SLI electrostatic potential, HBLT,
and water orientation with the confined water transport between
MXene layers, enriching the nanofluidic model with various media
and scales. Complementarily, the experimentally observed gate-
controlled water permeation in Ti3C, MXene-based membranes un-
der applied voltage further demonstrates the feasibility of controlling
confined water diffusion via electrostatic potential (84). In general, we
underscore the promising prospects tailoring a two-tiered control
methodology, including surface groups and the manipulation of po-
tential at SLI, to boost/freeze the water transport that are decisive to
both electron double layer and/or redox dominant capacitances.

DISCUSSION

To clarify the correspondence between simulations and experiments,
the comparison in this study is interpreted at the trend level rather than
as a strict one-to-one match. The pure termination models are used as
bounding cases, because experimentally synthesized Ti;C, T, contains
mixed terminations and inherent defects. As for the key structural re-
sponse, namely, interlayer spacing, a semiquantitative agreement can be
made. Two near-realistic Ti3C,0; 5(OH)g 5 and Ti3C,01 4,Clg 53 MXenes
show that both the structural and dynamical behaviors obtained from
the bounding cases are rational, strongly relevant, and interpretable to
experiments. The descriptor-diffusivity relationship captures the mech-
anistic trends, but the mapping between hydration, terminations, and
descriptors shows that surface chemistry and hydration may in turn
experimentally modify the related descriptors.

For practical electrochemical energy storage, the distribution
and dynamics of intercalating cations, together with their hydration
and interactions with the electrode surface, are key factors that de-
termine capacitive performance (35, 85). The present study of water
intercalation serves as a baseline for investigating cation-containing
electrolytes and understanding their hydration environments and
dynamical behavior in MXene interlayers. Moreover, the diffusivity
model developed here may be further refined for other aqueous
electrolyte systems and ultimately evolve to a general description of
water or hydrated ion transport in electrochemical devices.

Although developed for hydrophilic MXenes, the three descrip-
tors in our diffusivity model are potentially applicable to other 2D
confined water systems. Prior studies have shown that water con-
fined between graphene slits exhibits fast diffusion accompanied by
enhanced structural ordering (16, 86), whereas in graphene oxide
layers, diffusion becomes substantially slower due to electrostatic
interactions and strengthened HB networks (17, 87). External electric
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fields have also been shown to reorganize interfacial water struc-
tures (81) and modulate mobility in graphene oxide slits (88), CNTs
(89), and folded silica sheets (80). Notably, the positive or negative
correlation of each descriptor with the diffusivity depends strongly
on surface chemistry. The ordering-induced slowdown observed in
hydrophilic MXenes contrasts with the ordering-enhanced diffu-
sion on hydrophobic graphene surfaces (86). Thus, while the present
model may offer a transferable framework for confined water trans-
port, the formula may require modification when applied beyond
MZXene systems.

In conclusion, we have systematically quantified the morpho-
logical changes along with the intercalation thermodynamic and
kinetic behaviors of nanoconfined water between different func-
tionalized MXenes, by means of MLaMD and advanced experimental
characterizations. Our calculated structural changes associated with
water intercalation agree well with the XRD measurements, show-
ing a layer-dependent staging behavior. Beyond a water content of
1 ML, a bilayer distribution of water populations emerged, with
water-water interactions predominantly governing the changes in
the interlayer spacing. The effective densities of water in all cases are
linearly correlated with the order parameter as well as the electro-
static potential changes at SLIs. Such unique distribution, morphology,
and polarization of water lead to the electrostatic potential hump
(-E -O) and well (-OH) within the water layer across the MXene-
water interfaces. The reduced HBLTSs, together with the enhanced
electrostatic potential and swing water molecules, considerably pro-
mote the water diffusivity in either -O or -F terminated cases. The
termination-dependent diffusivity and electrostatic potential are both
aligned with the neutron scattering and the zeta potential measure-
ments. Overall, these insights lay the groundwork for regulating the
water transport by tuning MXene surface groups and controlling
water intercalation, enabling exponential model-based optimization
for water transport and water-mediated cation or proton highways
in superior charge storage devices. This work further opens avenues
for designing high-power batteries/supercapacitors, membranes with
programmable selectivity, and next-generation desalination channels
with atomic-precision control.

MATERIALS AND METHODS

Computational methods

All DFT calculations and MLaMD simulations were conducted us-
ing the Vienna Ab initio Simulation Package (VASP) software pack-
age (90). The generalized gradient approximation in the form of
the Perdew-Burke-Ernzerhof functional was used to address electron
exchange-correlation, in conjunction with the dispersion correction
method DFT-D3 to account for van der Waals interactions (91, 92).
The ion-electron interactions were described using the Blochl pro-
jector augmented wave method within the frozen-core approximation,
along with the plane-wave basis sets (93, 94). To model the MXene-
water interfaces, different contents of water ML were inserted into
Ti3C,T, (T = -E -0, and -OH) supercells containing 12 formula
units (0.25, 0.5, 0.75, 1, 1.33, 1.67, and 2 ML corresponding to 3, 6,
9, 12, 16, 20, and 24 water molecules, respectively). After a careful
convergence test on the orthorhombic supercell, a high energy cut-
off of 500 eV and a 3 X 3 X 2 I'-centered Monkhorst-Pack k-mesh
were found to be sufficient for converging the total energy within
1 meV per atom. For structural optimizations, the self-consistence
convergence criterion was set to 10 eV for energy, and the ionic
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convergence criterion was set to 0.02 eV/A per ion for the Hellman-
Feymann force. Specifically, the interlayer spacing and atomic posi-
tions of interface structures were fully relaxed until thermodynamic
equilibrium, serving as input structures for subsequent dynamic
simulations. To validate the results, we further plotted the average
surface force as a function of interlayer spacing (fig. S1). In all cases,
the forces converge to their respective minima near zero at the op-
timized spacing, confirming the reliability of the calculated values.

High-accuracy AIMD simulations are usually constrained to small
simulation cells and durations. The recently developed on-the-fly
MLaMD method offers a unique solution, expediting calculations by
autogenerating MLFF through Bayesian inference in MD simulations,
with first-principles calculations executed only when new configura-
tions emerge from previously sampled datasets (95, 96). This approach
can speed up the AIMD simulations by over two orders of magnitude
while ensuring near AIMD-level accuracy in the simulation outcomes
(97, 98). During MLaMD simulations, the NVT ensemble (constant
number of atoms, constant volume, and constant temperature) com-
bined with Nosé-Hoover thermostat for temperature control (99, 100)
were used, in a time step of 1.5 fs. At 300 K, an initial 15 ps was used
for system equilibration, ensuring proper balance, while the addition-
al 30 ps was dedicated to sampling and analysis of the interfacial sys-
tem. The convergence behaviors of the temperature and energy during
MLaMD simulations are shown in fig. S2. To evaluate the averaged
electrostatic potential and charge density distributions, equilibrium
trajectories were collected every 0.75 ps from the last 15 ps of the
45-ps simulation, yielding a total of 21 frames. For each of these frames,
self-consistent DFT calculations were performed to obtain the electro-
static potential and charge density distributions, and the presented
results can be obtained by averaging over all frames.

Experimental details
Ti3AlC, powder (1 g) was gradually added to a solution of LiF (1.6 g) and
9 M HCI (20 ml), and the mixture was stirred at 35°C for 24 hours. The
etched material was then repeatedly washed with DI water through cen-
trifugation until the supernatant reached a pH of 6. The sediment was
dispersed in 40 ml of DI water and sonicated for 1 hour under argon.
After centrifugation at 3500 rpm for 1 hour, the colloidal solution of few-
layered TisC, T, was collected, filtered into flexible films, and dried under
vacuum at room temperature for subsequent treatment and analysis.
XRD using Cu-Ka radiation (A = 1.54 A) was performed to as-
sess the interlayer structure of pristine and charged Ti3C,T), films
with various hydration states. In situ XRD was performed as the
temperature increased from room temperature to 450°C. XPS was
performed using a Thermo Fisher Scientific K-Alpha spectrometer
with a monochromatic Al Ka (1486.6 €V) source at 36 W, with all
peaks corrected for charge shift using the Cls hydrocarbon peak at
284.8 eV. The INS spectra of MXene samples were obtained using
the Fine Resolution Fermi Chopper Spectrometer (101, 102) with
incident neutron energies (E;) of 250 meV at the Spallation Neutron
Source, Oak Ridge National Laboratory. More experimental details
can be found in the Supplementary Materials.

Supplementary Materials
This PDF file includes:
Supplementary Text S1to S13

Figs. S1to S24

Tables S1.and S2

References

Tang et al., Sci. Adv. 12, eadz1780 (2026) 25 March 2026

REFERENCES

1.
2.

20.

21.

22.

23.

24.

25.

26.

27.

Y. Xu, Nanofluidics: A new arena for materials science. Adv. Mater. 30, 1702419 (2018).
D.Wang, Y. Tian, L. Jiang, Abnormal properties of low-dimensional confined water. Small
17,2100788 (2021).

. J.K.Holt, H. G. Park, Y. Wang, M. Stadermann, A. B. Artyukhin, C. P. Grigoropoulos, A. Noy,

0. Bakajin, Fast mass transport through sub-2-nanometer carbon nanotubes. Science
312, 1034-1037 (2006).

. D.Takaiwa, I. Hatano, K. Koga, H. Tanaka, Phase diagram of water in carbon nanotubes.

Proc. Natl. Acad. Sci. U.S.A. 105, 39-43 (2008).

. M. Antognozzi, A. D. L. Humphris, M. J. Miles, Observation of molecular layering in a confined

water film and study of the layers viscoelastic properties. Appl. Phys. Lett. 78, 300-302 (2001).

. L. Fumagalli, A. Esfandiar, R. Fabregas, S. Hu, P. Ares, A. Janardanan, Q. Yang, B. Radha,

T. Taniguchi, K. Watanabe, G. Gomila, K. S. Novoselov, A. K. Geim, Anomalously low
dielectric constant of confined water. Science 360, 1339-1342 (2018).

. N. Giovambattista, P. J. Rossky, P. G. Debenedetti, Computational studies of pressure,

temperature, and surface effects on the structure and thermodynamics of confined
water. Annu. Rev. Phys. Chem. 63, 179-200 (2012).

. M. Favaro, B. Jeong, P. N. Ross, J. Yano, Z. Hussain, Z. Liu, E. J. Crumlin, Unravelling the

electrochemical double layer by direct probing of the solid/liquid interface. Nat.
Commun. 7,12695 (2016).

. Z.Zhang, X. Li, J. Yin, Y. Xu, W. Fei, M. Xue, Q. Wang, J. Zhou, W. Guo, Emerging

hydrovoltaic technology. Nat. Nanotechnol. 13, 1109-1119 (2018).

. J. Fritz, M. K. Baller, H. P. Lang, T. Strunz, E. Meyer, H. J. Glintherodt, E. Delamarche,

C. Gerber, J. K. Gimzewski, Stress at the solid-liquid interface of self-assembled
monolayers on gold investigated with a nanomechanical sensor. Langmuir 16,
9694-9696 (2000).

. J.Carrasco, A. Hodgson, A. Michaelides, A molecular perspective of water at metal

interfaces. Nat. Mater. 11, 667-674 (2012).

. D. Mufioz-Santiburcio, D. Marx, Confinement-controlled aqueous chemistry within

nanometric slit pores. Chem. Rev. 121, 6293-6320 (2021).

. Q.Li,J. Song, F. Besenbacher, M. Dong, Two-dimensional material confined water. Acc.

Chem. Res. 48, 119-127 (2014).

. G.Hummer, J. C. Rasaiah, J. P. Noworyta, Water conduction through the hydrophobic

channel of a carbon nanotube. Nature 414, 188-190 (2001).

. M. Majumder, N. Chopra, R. Andrews, B. J. Hinds, Enhanced flow in carbon nanotubes.

Nature 438, 44-44 (2005).

. B.Radha, A. Esfandiar, F. C. Wang, A. P. Rooney, K. Gopinadhan, A. Keerthi, A. Mishchenko,

A. Janardanan, P. Blake, L. Fumagalli, M. Lozada-Hidalgo, S. Garaj, S. J. Haigh,
1. V. Grigorieva, H. A. Wu, A. K. Geim, Molecular transport through capillaries made with
atomic-scale precision. Nature 538, 222-225 (2016).

. R.Devanathan, D. Chase-Woods, Y. Shin, D. W. Gotthold, Molecular dynamics simulations

reveal that water diffusion between graphene oxide layers is slow. Sci. Rep. 6, 29484 (2016).

. Z.Wang, Q. Ty, S. Zheng, J. J. Urban, S. Li, B. Mi, Understanding the aqueous stability and

filtration capability of MoS; membranes. Nano Lett. 17, 7289-7298 (2017).

. C.Chen, J.Wang, D. Liy, C. Yang, Y. Liu, R. S. Ruoff, W. Lei, Functionalized boron nitride

membranes with ultrafast solvent transport performance for molecular separation. Nat.
Commun. 9, 1902 (2018).

M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu, M. Heon, L. Hultman, Y. Gogotsi,

M. W. Barsoum, Two-dimensional nanocrystals produced by exfoliation of TiAlC,. Adv.
Mater. 23, 4248-4253 (2011).

M. Li, J. Lu, K. Luo, Y. Li, K. Chang, K. Chen, J. Zhou, J. Rosen, L. Hultman, P. Eklund,

P.O. A. Persson, S. Du, Z. Chai, Z. Huang, Q. Huang, Element replacement approach by
reaction with lewis acidic molten salts to synthesize nanolaminated MAX phases and
MXenes. J. Am. Chem. Soc. 141, 4730-4737 (2019).

Y. Li, H. Shao, Z. Lin, J. Ly, L. Liu, B. Duployer, P. O. A. Persson, P. Eklund, L. Hultman, M. Li,

K. Chen, X-H. Zha, S. Dy, P. Rozier, Z. Chai, E. Raymundo-Pifiero, P-L. Taberna, P. Simon,

Q. Huang, A general Lewis acidic etching route for preparing MXenes with enhanced
electrochemical performance in non-aqueous electrolyte. Nat. Mater. 19, 894-899 (2020).
V. Kamysbayeyv, A. S. Filatov, H. Hu, X. Rui, F. Lagunas, D. Wang, R. F. Klie, D. V. Talapin,
Covalent surface modifications and superconductivity of two-dimensional metal carbide
MXenes. Science 369, 979-983 (2020).

A.Sugahara, Y. Ando, S. Kajiyama, K. Yazawa, K. Gotoh, M. Otani, M. Okubo, A. Yamada,
Negative dielectric constant of water confined in nanosheets. Nat. Commun. 10, 850 (2019).
Y.Sun, C. Zhan, P. R. C. Kent, M. Naguib, Y. Gogotsi, D.-E. Jiang, Proton redox and transport
in MXene-confined water. ACS Appl. Mater. Interfaces 12, 763-770 (2020).

L. Liu, E. Raymundo-Pifiero, S. Sunny, P-L. Taberna, P. Simon, Role of surface terminations
for charge storage of TisC;T, MXene electrodes in aqueous acidic electrolyte. Angew.
Chem. Int. Ed. Engl. 63, 202319238 (2024).

M. R. Lukatskaya, O. Mashtalir, C. E. Ren, Y. Dall'Agnese, P. Rozier, P. L. Taberna, M. Naguib,
P. Simon, M. W. Barsoum, Y. Gogotsi, Cation intercalation and high volumetric
capacitance of two-dimensional titanium carbide. Science 341, 1502-1505 (2013).

120f 14

920z ‘ez |udy uo A1sieAiun 1pa e HI0'80us oS MMM/ Sa1Y WO papeo|umoq



SCIENCE ADVANCES | RESEARCH ARTICLE

29.

30.

31.

32

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.
48.
49.
50.

51.

52.

53.

Tang et al., Sci. Adv. 12, eadz1780 (2026)

M. Naguib, V. N. Mochalin, M. W. Barsoum, Y. Gogotsi, 25th anniversary article: MXenes: A
new family of two-dimensional materials. Adv. Mater. 26, 992-1005 (2014).

B. Anasori, M. R. Lukatskaya, Y. Gogotsi, 2D metal carbides and nitrides (MXenes) for
energy storage. Nat. Rev. Mater. 2, 16098 (2017).

M. Hu, T. Hu, Z. Li, Y. Yang, R. Cheng, J. Yang, C. Cui, X. Wang, Surface functional groups
and interlayer water determine the electrochemical capacitance of Ti3C;T, MXene. ACS
Nano 15, 7835-7835 (2021).

H.Li, K. Xu, P. Chen, Y. Yuan, Y. Qiu, L. Wang, L. Zhu, X. Wang, G. Cai, L. Zheng, C. Dai,

D. Zhou, N. Zhang, J. Zhu, J. Xie, F. Liao, H. Peng, Y. Peng, J. Ju, Z. Lin, J. Sun, Achieving
ultrahigh electrochemical performance by surface design and nanoconfined water
manipulation. Natl. Sci. Rev. 9, nwac079 (2022).

H. Shao, K. Xu, Y.-C.Wu, A. ladecola, L. Liu, H. Ma, L. Qu, E. Raymundo-Pinero, J. Zhu, Z. Lin,
P-L.Taberna, P. Simon, Unraveling the charge storage mechanism of TisC,Ty MXene
electrode in acidic electrolyte. ACS Energy Lett. 5, 2873-2880 (2020).

M. Okubo, A. Sugahara, S. Kajiyama, A. Yamada, Mxene as a charge storage host. Acc.
Chem. Res. 51,591-599 (2018).

Y. Ando, M. Okubo, A. Yamada, M. Otani, Capacitive versus pseudocapacitive storage in
MXene. Adv. Funct. Mater. 30, 2000820 (2020).

Q. Gao, W. Sun, P. llani-Kashkouli, A. Tselev, P. R. C. Kent, N. Kabengi, M. Naguib,

M. Alhabeb, W.-Y. Tsai, A. P. Baddorf, J. Huang, S. Jesse, Y. Gogotsi, N. Balke, Tracking ion
intercalation into layered Ti3C; MXene films across length scales. Energ. Environ. Sci. 13,
2549-2558 (2020).

N. Shpigel, M. D. Levi, S. Sigalov, T. S. Mathis, Y. Gogotsi, D. Aurbach, Direct assessment of
nanoconfined water in 2D TisC; electrode interspaces by a surface acoustic technique. J.
Am. Chem. Soc. 140, 8910-8917 (2018).

N. C. Osti, M. Naguib, K. Ganeshan, Y. K. Shin, A. Ostadhossein, A. C.T. van Duin, Y. Cheng,
L. L. Daemen, Y. Gogotsi, E. Mamontov, A. I. Kolesnikov, Influence of metal ions
intercalation on the vibrational dynamics of water confined between MXene layers. Phys.
Rev. Mater. 1,065406 (2017).

M. L. Martins, T. S. Mathis, X. Wang, L. L. Daemen, Y. Gogotsi, E. Mamontov, Water
dynamics in pristine and porous Ti3C;T, MXene as probed by quasielastic neutron
scattering. Phys. Rev. Mater. 6, 034001 (2022).

P.Hou, Y.Tian, Y. Xie, Q. Li, G. Chen, F. Du, J. Wu, Y. Ma, X. Meng, Proton-driven dynamic
behavior of nanoconfined water in hydrophilic MXene sheets. Angew. Chem. Int. Ed. Engl.
63, 2202411849 (2024).

R. Jinnouchi, F. Karsai, G. Kresse, On-the-fly machine learning force field generation:
Application to melting points. Phys. Rev. B 100, 014105 (2019).

J.Yang, M. Lj, S. Fang, Y. Wang, H. He, C. Wang, Z. Zhang, B. Yuan, L. Jiang, R. H. Baughman,
Q. Cheng, Water-induced strong isotropic MXene-bridged graphene sheets for
electrochemical energy storage. Science 383, 771-777 (2024).

S.Vaitheeswaran, J. C. Rasaiah, G. Hummer, Electric field and temperature effects on
water in the narrow nonpolar pores of carbon nanotubes. J. Chem. Phys. 121, 7955-7965
(2004).

X.Mu, D. Wang, F. Du, G. Chen, C. Wang, Y. Wei, Y. Gogotsi, Y. Gao, Y. Dall'Agnese, Revealing
the pseudo-intercalation charge storage mechanism of MXenes in acidic electrolyte. Adv.
Funct. Mater. 29, 1902953 (2019).

N. C. Osti, M. Naguib, A. Ostadhossein, Y. Xie, P. R. C. Kent, B. Dyatkin, G. Rother,

W.T. Heller, A. C.T. van Duin, Y. Gogotsi, E. Mamontov, Effect of metal ion intercalation on
the structure of MXene and water dynamics on its internal surfaces. ACS Appl. Mater.
Interfaces 8, 8859-8863 (2016).

R. Cheng, T. Hu, H. Zhang, C. Wang, M. Hu, J. Yang, C. Cui, T. Guang, C. Li, C. Shi, P. Hou,
X.Wang, Understanding the lithium storage mechanism of TisC,Ty MXene. J. Phys. Chem.
C123,1099-1109 (2019).

Y. Xie, M. Naguib, V. N. Mochalin, M. W. Barsoum, Y. Gogotsi, X. Yu, K.-W. Nam, X.-Q. Yang,
A. I. Kolesnikov, P. R. C. Kent, Role of surface structure on Li-ion energy storage capacity
of two-dimensional transition-metal carbides. J. Am. Chem. Soc. 136, 6385-6394 (2014).
F.Chang, C. Li, J. Yang, H. Tang, M. Xue, Synthesis of a new graphene-like transition metal
carbide by de-intercalating TisAlC,. Mater. Lett. 109, 295-298 (2013).

M. Naguib, O. Mashtalir, J. Carle, V. Presser, J. Lu, L. Hultman, Y. Gogotsi, M. W. Barsoum,
Two-dimensional transition metal carbides. ACS Nano 6, 1322-1331 (2012).

M. Ghidiu, S. Kota, V. Drozd, M. W. Barsoum, Pressure-induced shear and interlayer
expansion in Ti3C; MXene in the presence of water. Sci. Adv. 4, eaao6850 (2018).

C. Zhan, M. Naguib, M. Lukatskaya, P. R. C. Kent, Y. Gogotsi, D.-E. Jiang, Understanding the
MXene pseudocapacitance. J. Phys. Chem. Lett. 9, 1223-1228 (2018).

T. Kobayashi, Y. Sun, K. Prenger, D.-E. Jiang, M. Naguib, M. Pruski, Nature of terminating
hydroxyl groups and intercalating water in TisC,T, MXenes: A study by 'H solid-state
NMR and DFT calculations. J. Phys. Chem. C 124, 13649-13655 (2020).

T.S. Mathis, K. Maleski, A. Goad, A. Sarycheva, M. Anayee, A. C. Foucher,

K. Hantanasirisakul, C. E. Shuck, E. A. Stach, Y. Gogotsi, Modified MAX phase synthesis for
environmentally stable and highly conductive TizC, MXene. ACS Nano 15, 6420-6429 (2021).
M. Ghidiu, J. Halim, S. Kota, D. Bish, Y. Gogotsi, M. W. Barsourm, lon-exchange and cation
solvation reactions in Ti3C; MXene. Chem. Mater. 28, 3507-3514 (2016).

25 March 2026

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

D.Wu, Z. Zhao, B. Lin, Y. Song, J. Qi, J. Jiang, Z. Yuan, B. Cheng, M. Zhao, Y. Tian, Z. Wang,
M. Wu, K. Bian, K.-H. Liu, L.-M. Xu, X. C. Zeng, E.-G. Wang, Y. Jiang, Probing structural
superlubricity of two-dimensional water transport with atomic resolution. Science 384,
1254-1259 (2024).

Y.Wang, F. Tang, X. Yu, K.-Y. Chiang, C.-C. Yu, T. Ohto, Y. Chen, Y. Nagata, M. Bonn,
Interfaces govern the structure of angstrom-scale confined water solutions. Nat.
Commun. 16, 7288 (2025).

J. P. Straley, Ordered phases of a liquid of biaxial particles. Phys. Rev. A 10, 1881-1887
(1974).

D. K. Hore, D. S. Walker, G. L. Richmond, Water at hydrophobic surfaces: When weaker is
better. J. Am. Chem. Soc. 130, 1800-1801 (2008).

G. Algara-Siller, O. Lehtinen, F. C. Wang, R. R. Nair, U. Kaiser, H. A. Wu, A. K. Geim,

1. V. Grigorieva, Square ice in graphene nanocapillaries. Nature 519, 443-445 (2015).

K. M. Herman, S. S. Xantheas, Origins of tetrahedral order in ice. J. Am. Chem. Soc. 147,
29732-29741 (2025).

S.Varghese, S. K. Kannam, J. S. Hansen, S. P. Sathian, Effect of hydrogen bonds on the
dielectric properties of interfacial water. Langmuir 35, 8159-8166 (2019).

R. Walker-Gibbons, A. Kubincovd, P. H. Hiinenberger, M. Krishnan, The role of surface
chemistry in the orientational behavior of water at an interface. J. Phys. Chem. B 126,
4697-4710 (2022).

E. H.Thiede, B. Van Koten, J. Weare, A. R. Dinner, Eigenvector method for umbrella
sampling enables error analysis. J. Chem. Phys. 145, 084115 (2016).

T. Dufils, C. Schran, J. Chen, A. K. Geim, L. Fumagalli, A. Michaelides, Origin of dielectric
polarization suppression in confined water from first principles. Chem. Sci. 15, 516-527
(2024).

J.-B.Le, Q-Y. Fan, J.-Q. Li, J. Cheng, Molecular origin of negative component of Helmholtz
capacitance at electrified Pt(111)/water interface. Sci. Adv. 6, eabb1219 (2020).

J. Cheng, M. Sprik, Alignment of electronic energy levels at electrochemical interfaces.
Phys. Chem. Chem. Phys. 14, 11245-11267 (2012).

D. C. Rapaport, Hydrogen bonds in water. Mol. Phys. 50, 1151-1162 (1983).

R. J. Gowers, P. Carbone, A multiscale approach to model hydrogen bonding: The case of
polyamide. J. Chem. Phys. 142, 224907 (2015).

A. Luzar, D. Chandler, Structure and hydrogen bond dynamics of water-dimethyl
sulfoxide mixtures by computer simulations. J. Chem. Phys. 98, 8160-8173 (1993).

S. Park, M. D. Fayer, Hydrogen bond dynamics in aqueous NaBr solutions. Proc. Natl. Acad.
Sci. U.S.A. 104, 16731-16738 (2007).

M. L. Antipova, V. E. Petrenko, Hydrogen bond lifetime for water in classic and quantum
molecular dynamics. Russ. J. Phys. Chem. A 87, 1170-1174 (2013).

1. Hanasaki, A. Nakatani, Hydrogen bond dynamics and microscopic structure of confined
water inside carbon nanotubes. J. Chem. Phys. 124, 174714 (2006).

C.-C.Yu, K--Y. Chiang, M. Okuno, T. Seki, T. Ohto, X. Yu, V. Korepanov, H.-o. Hamaguchi,

M. Bonn, J. Hunger, Y. Nagata, Vibrational couplings and energy transfer pathways of
water’s bending mode. Nat. Commun. 11, 5977 (2020).

M. Flér, D. M. Wilkins, M. de la Puente, D. Laage, G. Cassone, A. Hassanali, S. Roke,
Dissecting the hydrogen bond network of water: Charge transfer and nuclear quantum
effects. Science 386, eads4369 (2024).

M. Chen, H.Y. Ko, R. C. Remsing, M. F. Calegari Andrade, B. Santra, Z. Sun, A. Selloni, R. Car,
M. L. Klein, J. P. Perdew, X. Wu, Ab initio theory and modeling of water. Proc. Natl. Acad.
Sci. U.S.A. 114, 10846-10851 (2017).

J.Li, Y. Lin, T. Meier, Z. Liu, W. Yang, H.-k. Mao, S. Zhu, Q. Hu, Silica-water superstructure
and one-dimensional superionic conduit in Earth’s mantle. Sci. Adv. 9, eadh3784 (2023).
A. Gentile, C. Ferrara, S. Tosoni, M. Balordi, S. Marchionna, F. Cernuschi, M.-H. Kim,

H.-W. Lee, R. Ruffo, Enhanced functional properties of TisC,Tx Mxenes as negative
electrodes in sodium-ion batteries by chemical tuning. Small Methods 4, 2000314
(2020).

M. Seredych, C. E. Shuck, D. Pinto, M. Alhabeb, E. Precetti, G. Deysher, B. Anasori, N. Kurra,
Y. Gogotsi, High-temperature behavior and surface chemistry of carbide MXenes studied
by thermal analysis. Chem. Mater. 31, 3324-3332 (2019).

M. A. Hope, A. C. Forse, K. J. Griffith, M. R. Lukatskaya, M. Ghidiu, Y. Gogotsi, C. P. Grey,
NMR reveals the surface functionalisation of TisC, MXene. Phys. Chem. Chem. Phys. 18,
5099-5102 (2016).

M. Lopez, K. S. Exner, F. Vifies, F. lllas, Computational pourbaix diagrams for MXenes: A
key ingredient toward proper theoretical electrocatalytic studies. Adv. Theory Simul. 6,
2200217 (2023).

S. O. Diallo, E. Mamontov, W. Nobuo, S. Inagaki, Y. Fukushima, Enhanced translational
diffusion of confined water under electric field. Phys. Rev. E 86, 021506 (2012).

M. Sobrino Fernandez, F. M. Peeters, M. Neek-Amal, Electric-field-induced structural
changes in water confined between two graphene layers. Phys. Rev. B 94, 045436 (2016).
T.Tang, W. Ding, W. Fu, S. Tang, X. Zhang, Scale-dependent anomalous behavior of
confined water between Al,0; layers. Nano Res. 18, 94907417 (2025).

X. Chen, Y.Qin, Y. Zhu, X. Pan, Y. Wang, H. Ma, R. Wang, C. D. Easton, Y. Chen, C. Tang,
A.Du, A. Huang, Z. Xie, X. Zhang, G. P. Simon, M. M. Banaszak Holl, X. Lu, K. Novoselov,

130f 14

920z ‘ez |udy uo A1sieAiun 1pa e HI0'80us oS MMM/ Sa1Y WO papeo|umoq



SCIENCE ADVANCES | RESEARCH ARTICLE

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94,

95.

96.

97.

98.
99.
100.

101.

102.

103.

104.

106.

107.

108.

109.

Tang et al., Sci. Adv. 12, eadz1780 (2026)

H.Wang, Accurate prediction of solvent flux in sub—1-nm slit-pore nanosheet
membranes. Sci. Adv. 10, ead|1455 (2024).

T.Chu, Z. Zhou, P.Tian, T. Yu, C. Lian, B. Zhang, F.-Z. Xuan, Nanofluidic sensing inspired by
the anomalous water dynamics in electrical angstrom-scale channels. Nat. Commun. 15,
7329 (2024).

S. Fleischmann, Y. Zhang, X. Wang, P. T. Cummings, J. Wu, P. Simon, Y. Gogotsi, V. Presser,
V. Augustyn, Continuous transition from double-layer to Faradaic charge storage in
confined electrolytes. Nat. Energy 7, 222-228 (2022).

J.H. Park, N. R. Aluru, Ordering-induced fast diffusion of nanoscale water film on
graphene. J. Phys. Chem. C 114, 2595-2599 (2010).

N. Wei, X. Peng, Z. Xu, Breakdown of fast water transport in graphene oxides. Phys. Rev. E
89,012113 (2014).

K. G. Zhou, K. S.Vasu, C.T. Cherian, M. Neek-Amal, J. C. Zhang, H. Ghorbanfekr-Kalashami,
K.Huang, O. P. Marshall, V. G. Kravets, J. Abraham, Y. Su, A. N. Grigorenko, A. Pratt,

A. K. Geim, F. M. Peeters, K. S. Novoselov, R. R. Nair, Electrically controlled water
permeation through graphene oxide membranes. Nature 559, 236-240 (2018).

J.Kou, J.Yao, H. Lu, B. Zhang, A. Li, Z. Sun, J. Zhang, Y. Fang, F. Wu, J. Fan,
Electromanipulating water flow in nanochannels. Angew. Chem. Int. Ed. Engl. 54,
2351-2355(2015).

G. Kresse, J. Furthmdller, Efficient iterative schemes for ab initio total-energy calculations
using a plane-wave basis set. Phys. Rev. B 54, 11169-11186 (1996).

J. P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple.
Phys. Rev. Lett. 77, 3865-3868 (1996).

S. Grimme, J. Antony, S. Ehrlich, H. Krieg, A consistent and accurate ab initio
parametrization of density functional dispersion correction (DFT-D) for the 94 elements
H-Pu. J. Chem. Phys. 132, 154104 (2010).

P. E. Blochl, Projector augmented-wave method. Phys. Rev. B 50, 17953-17979 (1994).

G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the projector augmented-wave
method. Phys. Rev. B 59, 1758-1775 (1999).

R. Jinnouchi, J. Lahnsteiner, F. Karsai, G. Kresse, M. Bokdam, Phase transitions of hybrid
perovskites simulated by machine-learning force fields trained on the fly with bayesian
inference. Phys. Rev. Lett. 122, 225701 (2019).

R. Jinnouchi, K. Miwa, F. Karsai, G. Kresse, R. Asahi, On-the-fly active learning of
interatomic potentials for large-scale atomistic simulations. J. Phys. Chem. Lett. 11,
6946-6955 (2020).

C. Verdi, F. Karsai, P. Liu, R. Jinnouchi, G. Kresse, Thermal transport and phase transitions
of zirconia by on-the-fly machine-learned interatomic potentials. npj Comput. Mater. 7,
156 (2021).

B.W.J. Chen, X. Zhang, J. Zhang, Accelerating explicit solvent models of heterogeneous
catalysts with machine learning interatomic potentials. Chem. Sci. 14, 8338-8354 (2023).
S. Nosé, A unified formulation of the constant temperature molecular dynamics
methods. J. Chem. Phys. 81,511-519 (1984).

S. Nosé, Constant temperature molecular dynamics methods. Prog. Theor. Phys. Suppl.
103, 1-46 (1991).

G. E. Granroth, A. I. Kolesnikov, T. E. Sherline, J. P. Clancy, K. A. Ross, J. P. C. Ruff,

B. D. Gaulin, S. E. Nagler, Sequoia: A newly operating chopper spectrometer at the SNS. J.
Phys. Conf. Ser. 251,012058 (2010).

M. B. Stone, J. L. Niedziela, D. L. Abernathy, L. DeBeer-Schmitt, G. Ehlers, O. Garlea,

G. E. Granroth, M. Graves-Brook, A. I. Kolesnikov, A. Podlesnyak, B. Winn, A comparison of
four direct geometry time-of-flight spectrometers at the Spallation Neutron Source. Rev.
Sci. Instrum. 85, 045113 (2014).

M. A. Caro, T. Laurila, O. Lopez-Acevedo, Accurate schemes for calculation of
thermodynamic properties of liquid mixtures from molecular dynamics simulations. J.
Chem. Phys. 145, 244504 (2016).

S.T. Lin, M. Blanco, W. A. Goddard IIl, The two-phase model for calculating
thermodynamic properties of liquids from molecular dynamics: Validation for the phase
diagram of Lennard-Jones fluids. J. Chem. Phys. 119, 11792-11805 (2003).

. S-T.Lin, P.K. Maiti, W. A. Goddard Ill, Two-phase thermodynamic model for efficient and

accurate absolute entropy of water from molecular dynamics simulations. J. Phys. Chem.
B114,8191-8198 (2010).

T. A. Pascal, S.-T. Lin, W. A. Goddard Ill, Thermodynamics of liquids: Standard molar
entropies and heat capacities of common solvents from 2PT molecular dynamics. Phys.
Chem. Chem. Phys. 13, 169-181 (2011).

W. Xu, Z. Shi, Z.Yu, C. Peng, G. Yang, H.-F. Wang, J. Huang, Y. Cao, H. Wang, L. Li, H. Yu, A
sweet synthesis of MXenes. Nano Lett. 24, 10547-10553 (2024).

Z.Jin, C. Liuy, Z. Liu, J. Han, Y. Fang, Y. Han, Y. Niu, Y. Wu, C. Sun, Y. Xu, Rational design of
hydroxyl-rich TisC,Tx MXene quantum dots for high-performance electrochemical N,
reduction. Adv. Energy Mater. 10, 2000797 (2020).

M. Schied, H. Pazniak, F. Brette, P. Lacovig, M. Paris, F. Boucher, S. Lizzit, V. Mauchamp,

R. Larciprete, Reactivity of TisC; T, MXene with atomic hydrogen: Tuning of surface
terminations by halogen removal and reversible O to OH conversion. Chem. Mater. 36,
11905-11919 (2024).

25 March 2026

110. E.Mamontoy, K. W. Herwig, A time-of-flight backscattering spectrometer at the

Spallation Neutron Source, BASIS. Rev. Sci. Instrum. 82, 085109 (2011).

111. A.Meyer, R. M. Dimeo, P. M. Gehring, D. A. Neumann, The high-flux backscattering

spectrometer at the NIST Center for Neutron Research. Rev. Sci. Instrum. 74, 2759-2777 (2003).

Q. Berrod, K. Lagrené, J. Ollivier, J.-M. Zanotti, Inelastic and quasi-elastic neutron

scattering. Application to soft-matter. EPJ Web Conf. 188, 05001 (2018).

N. C. Osti, E. Mamontov, Microscopic dynamics in room-temperature ionic liquids confined

in materials for supercapacitor applications. Sustain. Energ. Fuels 4, 1554-1576 (2020).

H.-W. Wang, M. Naguib, K. Page, D. J. Wesolowski, Y. Gogotsi, Resolving the structure of

TisC,Tx MXenes through multilevel structural modeling of the atomic pair distribution

function. Chem. Mater. 28, 349-359 (2016).

E. S. Muckley, M. Naguib, H.-W. Wang, L. Vicek, N. C. Osti, R. L. Sacci, X. Sang, R. R. Unocic,

Y. Xie, M. Tyagi, E. Mamontov, K. L. Page, P. R. C. Kent, J. Nanda, I. N. lvanov, Multimodality

of structural, electrical, and gravimetric responses of intercalated MXenes to water. ACS

Nano 11,11118-11126 (2017).

Y.Ying, Y. Liu, X. Wang, Y. Mao, W. Cao, P. Hu, X. Peng, Two-dimensional titanium carbide

for efficiently reductive removal of highly toxic chromium(VI) from water. ACS Appl.

Mater. Interfaces 7, 1795-1803 (2015).

M. Khazaei, M. Arai, T. Sasaki, C.-Y. Chung, N. S. Venkataramanan, M. Estili, Y. Sakka,

Y. Kawazoe, Novel electronic and magnetic properties of two-dimensional transition

metal carbides and nitrides. Adv. Funct. Mater. 23, 2185-2192 (2013).

M. Ashton, K. Mathew, R. G. Hennig, S. B. Sinnoet, Predicted surface composition and

thermodynamic stability of MXenes in solution. J. Phys. Chem. C 120, 3550-3556 (2016).

G. Herzberg, A. Monfils, The dissociation energies of the H,, HD, and D, molecules. J. Mol.

Spectrosc. 5,482-498 (1961).

V. 1. Vedeneyeyv, Bond Energies, lonization Potentials and Electron Affinities (St. Martin's

Press, 1966).

121. J.W.C.Johns, R.F. Barrow, C. N. Hinshelwood, The ultra-violet spectra of HF and DF. Proc.
R. Soc. Lond. A Math. Phys. Sci. 251, 504-518 (1997).

12
113.

114.

115.

116.

17.

118.
119.

120.

Acknowledgments: We acknowledged X. Wang at Institute of Metals, Chinese Academy of
Science for fruitful discussions. This manuscript has been authored by UT-Battelle LLC, under
contract no. DE-AC05000R22725 with the US Department of Energy. The United States
Government retains, and the publisher, by accepting the article for publication, acknowledges
that the United States Government retains a nonexclusive, paid-up, irrevocable, world-wide
license to publish or reproduce the published form of this manuscript, or allow others to do so,
for the United States Government purposes. The Department of Energy will provide public
access to these results of federally sponsored research in accordance with the DOE Public
Access Plan (http://energy.gov/downloads/doe-public-access-plan). Certain commercial
material suppliers are identified in this paper to foster understanding. Such identification does
not imply recommendation or endorsement by the NIST, nor does it imply that the materials
or equipment identified are necessarily the best available for the purpose. Funding: W.S.
acknowledges the National Key R&D Program of China (no. 2023YFB4005400), Foundation of
National Key Laboratory of Shock Wave and Detonation Physics (no. JCKYS2023212004), and
the Key Laboratory of Nuclear Physics and Nuclear Technology (no. NLK2022-07). We also
thank the Big Data Computing Center of Southeast University for providing the facility support
on the numerical calculations in this paper. This work related to X.W. was supported by the
NWO Open Competition M (OCENW.M.22.303). A portion of this research used resources at the
Spallation Neutron Source, a DOE Office of Science User Facility operated by the Oak Ridge
National Laboratory. J.H. and PR.C.K. acknowledge the support for work performed at Oak
Ridge National Laboratory’s Center for Nanophase Materials Sciences, a US Department of
Energy, Office of Science User Facility. Access to the HFBS was provided by the Center for
High-Resolution Neutron Scattering, a partnership between the NIST and the NSF under
agreement no. DMR-2010792. Author contributions: Conceptualization: J.T,, W.S., and X.W.
Methodology: T.Z,, J.H., and PR.CK. Investigation: J.T, C.C,, L.B, T.Z, N.C.O, ALK, EM,, M.T,, and
PR.C.K. Data curation: J.T,, C.C., ALK, E.M., and M.T. Validation: J.T,, L.B.,, XW,, T.Z,, A.LK., EM., and
M.T. Formal analysis: C.C,, L.B., LS., JW., G.Y., N.C.O,, A.LK,, and J.H. Visualization: A.l.K. Resources:
WS, XW,, LS., N.C.O, AlK, J.H. and PR.CK. Writing—original draft: J.T., W.S., and N.C.O.
Writing—review and editing: W.S., C.C, L.B, XW.,, Y.X,, N.C.O., A.LK,, J.H., and PR.CK.
Supervision: X.W,, LS., JW,, and G.Y. Project administration: W.S. Funding acquisition: W.S. and
X.W. Competing interests: The authors declare that they have no competing interests. Data,
code, and materials availability: All data and code needed to evaluate and reproduce the
results in the paper are present in the paper and/or the Supplementary Materials. This study
did not generate new materials. The trajectories generated in this work are available in the
Figshare repository: https://doi.org/10.6084/m9.figshare.31384048. Integrated autocorrelation
times were evaluated using the publicly available code from GitHub at https://github.com/
ehthiede/EMUS.

Submitted 31 May 2025
Accepted 24 February 2026
Published 25 March 2026
10.1126/sciadv.adz1780

140f 14

920z ‘ez |udy uo A1sieAiun 1pa e HI0'80us oS MMM/ Sa1Y WO papeo|umoq


http://energy.gov/downloads/doe-public-access-plan
https://doi.org/10.6084/m9.figshare.31384048
https://github.com/ehthiede/EMUS
https://github.com/ehthiede/EMUS

Science Advances

Altered morphology and diffusivity of water confined in MXenes: Machine
learning—accelerated computations combined with experiments

Jiawei Tang, Weiwei Sun, Chaofan Chen, Lars Bannenberg, Xuehang Wang, Tingwei Zhu, Litao Sun, Jinlan Wang,
Guobing Ying, Yu Xie, Naresh C. Osti, Alexander I. Kolesnikov, Eugene Mamontov, Madhusudan Tyagi, Jingsong
Huang, and Paul R. C. Kent

Sci. Adv. 12 (13), eadz1780. DOI: 10.1126/sciadv.adz1780

View the article online

https://www.science.org/doi/10.1126/sciadv.adz1780
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2026 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

920z ‘ez |udy uo A1sieAiun 1pa e HI0'80us oS MMM/ Sa1Y WO papeo|umoq


https://www.science.org/content/page/terms-service

