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Understanding ion-specific behavior in nanoconfined water is essential for controlling charge transport

DOI: 00.0000/XXXXXXXXXX

and selectivity in two-dimensional membranes. Motivated by recent experiments revealing anomalous

dielectric and transport behavior of water confined between hBN sheets, we use machine-learning-

accelerated first-principles molecular dynamics to investigate the interfacial propensities of hydronium

and hydroxide ions under similar confinement. We find that hydronium remains interfacial across all

confinement regimes, whereas hydroxide shifts toward the interior as the environment becomes more

bulk-like. This contrasting behavior reflects the combined influence of hydrogen bonding, interfacial

water layering, and the polarization of hBN, which collectively stabilize hydronium at the surface

while making hydroxide slightly more favorable within the structured interior. These findings expose

an asymmetry in ion-surface coupling and establish a microscopic origin for hydronium's enhanced

interfacial affinity. The results provide mechanistic insight into ion partitioning in two-dimensional

channels and highlight the collective structuring of confined water as a key determinant of interfacial

ion thermodynamics.

1 Introduction

Two-dimensional nanochannels have emerged as a promising
platform for developing energy-efficient and environmentally safe
membranes for molecular separation and filtration."# Fast wa-
ter transport has been observed in graphitic nanoconduits, such
as graphene nanochannels, motivating applications ranging from
desalination® and nanofiltration?® to energy harvesting? and
lab-on-a-chip!? technologies. Continued progress in carbon-
based nanofluidics and other 2D materials requires precise char-
acterization and mechanistic understanding of water flow en-
hancement and interfacial slip as functions of nanoscale confine-
ment, surface curvature, and atomic-level surface chemistry.
Hexagonal boron nitride (hBN) has recently gained attention as
a complementary 2D nanofluidic material due to its exceptional
mechanical strength, chemical stability, and tunable band struc-
ture when integrated with graphene.l' Like graphene, hBN fea-
tures an atomically smooth, honeycomb lattice and exhibits high
in-plane thermal conductivity'% and resistance to oxidation, 1 of-
fering advantages in device stability, and biocompatibility. 14 De-
spite these structural similarities, recent experiments and simu-
lations have revealed unexpectedly large differences in aqueous
transport: water experiences one to two orders of magnitude
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higher interfacial friction on hBN than on graphene, reflected in
reduced slip lengths and higher friction coefficients. 12720

These observations underscore the critical importance of
molecular-scale interfacial behavior in 2D confinement. A de-
tailed understanding of how ions interact with—and subse-
quently modify—the interface is essential, as ion-specific effects
govern membrane selectivity; 21/22
and hydraulic resistance.
arise from the distinct physics of nanoconfinement, where wa-
ter adopts layered arrangements rather than behaving as a bulk-
like continuum,242¢ and where ion hydration shells become dis-
torted or partially dehydrated as they navigate narrow chan-
nels. 2731

Recent experiments further reveal striking anomalies in wa-
ter confined between hBN sheets, including an ultralow out-of-
plane dielectric constant,®? a ferroelectric-like in-plane dielectric
response, and proton conductivities approaching those of supe-
rionic liquids.®3 Yet the molecular mechanisms responsible for
these behaviors remain poorly understood. Furthermore, hBN has
traditionally been viewed as chemically inert and hydrophobic,
but recent studies have shown it to acquire substantial negative
surface charge at neutral pH, even in the absence of defects, due

energy-conversion efficiency; 23
Such unusual transport phenomena

to the preferential adsorption of hydroxide ions.24%37 This intrin-
sic charging mechanism stands in contrast to graphene, which re-
mains largely neutral under comparable conditions, and suggests
that the hBN-water interface hosts ion-specific chemistry gov-
erned by surface electronic structure rather than defects alone.
Determining how hydronium and hydroxide distribute and reor-
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ganize near hBN interfaces is therefore central to understanding
physics of confined aqueous solutions in hBN-based systems.

In light of these advances, it is clear that ion specificity at aque-
ous interfaces arises from a delicate interplay among hydrogen
bond topology, interfacial polarization, and confinement-induced
solvent structuring. Yet, despite extensive work on graphene=&
and the air-water interface, 22l the microscopic behavior of hy-
dronium and hydroxide at hBN-water interfaces under 2D con-
finement remains largely unexplored. This gap persists even as
recent studies have begun to clarify other ion interactions and
polarization effects at hBN interfaces.42%4 In this work, we con-
duct a comprehensive theoretical study to elucidate the interfa-
cial propensity of hydronium and hydroxide within nanoconfined
water adjacent to hBN. Leveraging machine-learning-accelerated
molecular dynamics trained on ab initio data, we achieve first-
principles fidelity while accessing simulation scales and sampling
depths far beyond traditional electronic structure methods. By
quantifying ion distribution, solvation structure, hydrogen bond
reorganization, and electron density response across confinement
regimes, we provide molecular level insights into the origin of ion-
specific stabilization and surface charging in hBN nanochannels.
These results establish a mechanistic foundation for understand-
ing proton and hydroxide behavior in 2D confined aqueous sys-
tems and inform the design of next-generation hBN based mem-
branes and nanofluidic devices.

2  Methods

2.1 System Set Up

The systems studied here have two parallel free-standing hBN
sheets, each containing 60 atoms, separated by heights ranging
from approximately 6.6 A to 20 A. These different slit widths
correspond to varying amounts of water molecules correspond-
ing to system sizes between 17 and 94, all determined to give a
water density of 1 g/cm? between the nanoslits. The water-filling
procedure used here follows Dufils et al,#2 which reports dielec-
tric responses in close agreement with experiment. All systems
were simulated in orthorhombic simulation cells employing peri-
odic boundary conditions in all three directions. For interfacial
systems, we used a vacuum of 15 A to uncouple periodic images
in the z direction, leading to negligible interactions between the
images. The lengths of the box in the x and y directions for all
systems was 13.02 A and 12.53 A, respectively.

2.2 Machine Learning Potentials

In this work, we use the MACE architecture,4® which allows for
efficient data-efficient training with high-order equivariant mes-
sage passing and has been proven robust in a wide variety of sce-
narios. We developed and validated a MACE machine learning
potential (MLP) model with two message passing layers, a 6 A
cutoff distance, and 128 equivariant messages with body order 4
and spherical harmonics of maximal degree 1. The MLP captures
semilocal interactions through a receptive field that spans the
product of the number of layers and the cutoff distance per layer.
In this case, the total receptive field is 12 A, allowing the MLP
to account for interactions within this range. While the model
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does not explicitly account for long-reDlrolc‘g:el %%ngt/s?%%%ogﬁz% recep-
tive field spans nearly the entire width of the slit in most cases,
effectively capturing the relevant electrostatic interactions within
the simulation. The final energy and force validation root-mean-
square errors were 7 meV/atom and 100 meV/A, respectively.

To accurately represent the potential energy surface of the
systems, we train our MLP model using energies and atomic
forces obtained from DFT calculations using the CP2K/Quickstep
code.”” We specifically used the revPBEQ-D34842 functional due
to its robust performance in reproducing the structure and dy-
namics of liquid water,”Y while also accurately capturing in-
teractions between water and hBN surfaces.4> Atomic cores
are represented using dual-space GTH pseudopotentials.?l The
Kohn-Sham orbitals of oxygen and hydrogen atoms are expanded
using the TZV2P basis set, while those of boron and nitrogen
atoms are expanded using the DZVP basis set. An auxiliary plane-
wave basis with a cutoff of 750 Ry was used to represent the
density. Training data was generated by first equilibrating sys-
tems for 400 ps with slit widths of 6, 10, 20, and 40 A using the
MACE foundational model,®2 and then sampling from short 10
ps ab initio molecular dynamics (AIMD) runs with CP2K under
the constant volume canonical ensemble (NVT) where the tem-
perature is controlled by stochastic velocity rescaling® with a
relaxation time of 1 ps and a time step of 0.5 fs. The final model
consisted of 1931 structures, with 1572 involving hBN interfaces
and 359 associated with bulk conditions. The configurations in-
cluded are neutral, hydronium, and hydroxide systems both in
bulk water and under confinement at slit widths of 6, 10, 20, and
40 A For the protonic defect systems, the system’s net charge was
neutralized using a uniformly charged background. Parity plots
of forces for configurations excluded from the training set, along
with RDFs compared to short 10 ps AIMD simulations, are pro-
vided in the Supporting Information (Figure S1-S3).

2.3 Molecular Dynamics Simulations

All MD simulations reported herein, which were based on the
MLP, were performed using the ASE software®? at a tempera-
ture of 300 K, in the NVT ensemble. Classical equations of mo-
tion were numerically integrated using the velocity Verlet algo-
rithm®> with a 0.5 fs time step. Temperature was controlled by
a white-noise Langevin thermostat with a friction parameter of
0.01 fs—!. Simulations were carried out for four slit widths: 6.63,
10.55, 15.55, 20.70 A. For each of the four slit widths and two
species, we conducted three independent simulations. Each sim-
ulation included a 100 ps equilibration period followed by a 3 ns
production run. Uncertainties in reported values were calculated
using the standard deviation from these replicates. All systems
were simulated in orthorhombic simulation cells employing peri-
odic boundary conditions in all three directions. The simulation
cells were initially set up by randomly packing water molecules
in each of the slit widths with a density of 1 g/cm3. To pre-
vent interactions between the periodic images, 15 A vacuum (ex-
ceeding the model’s receptive field) was added in the z direc-
tion of these initial configurations. The hBN walls are kept fixed
in the z direction (with thermal fluctuations allowed in the xy
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plane), following previous confined-water hBN studies4>'>? and

because free-standing hBN shows only minimal intrinsic rippling
(1-2A),17 making a fixed sheet a physically reasonable choice.

2.4 Electronic Structure Calculations

The electronic properties of the protonic defects at the hBN-water
interface were analyzed using the same electronic structure set-
tings used to train our MLP. To reduce the computational cost,
revPBE#8 was used as the exchange correlation functional. To
assess the interactions between the liquid environments and the
hBN layers, we used DFT to analyze their electron density differ-
ence (Ap), defined as Ap = pyig/neN — PuBN — Plig>» Where pjig gy,
prsn, and py;, are the electron densities of the system under con-
sideration, the isolated hBN surfaces, and the isolated liquid en-
vironment, respectively. Atomic charge distributions were calcu-
lated using the Hirshfeld®Z charge analysis with CP2K. 47

3 Results and Discussion

3.1 Interfacial Propensity of Water’s Ions Under hBN Con-
finement

Figure [1| shows the oxygen density profiles for neutral confined
water and for systems containing either a hydronium or hydrox-
ide ion in aqueous solution. At the smallest slit width, the hy-
dronium ion exhibits a clear preference for the interface, with
its density significantly peaked near the hBN surface. While hy-
droxide, at the same narrow confinement, predominantly occu-
pies the center of the water slab, avoiding the interface and in-
stead localizing within the most bulk-like region available. As
the confinement distance increases, this behavior somewhat per-
sists. Hydronium consistently remains interfacial across all sam-
pled slit widths, showing minimal population in the intermediate
or interior water layers. Hydroxide, however, increasingly sam-
ples both the interface and the interior as confinement relaxes.
While hydroxide maintains significant affinity for the surface, it
also exhibits a pronounced probability of residing within the or-
dered, layered water structure that develops away from the sur-
faces. Interestingly, this trend parallels previous observations for
water confined between graphene sheets, where hydroxide also
demonstrated greater interior affinity than hydronium.® How-
ever, the effect appears reduced in hBN nanoconfinement. The
hydroxide ion shows a somewhat weaker drive toward the in-
terior compared to graphene systems, suggesting subtle differ-
ences in ion-surface interactions between the two 2D materials,
potentially arising from hBN’s partial polarity and the associated
interfacial electrostatic environment. This observation is in line
with predictions from Wang et al®# of a strong affinity of both hy-
droxide and hydronium ions for a water hBN surface, which they
confirm experimentally to give rise to a negatively (positively)
charged interface under mildly basic (acidic) conditions.

This interfacial asymmetry between hydronium and hydrox-
ide echoes—though does not precisely replicate—their behavior
at other aqueous interfaces. In graphene nanochannels, prior
work has shown that hydronium strongly localizes at the surface,
whereas hydroxide preferentially occupies interior layers, reflect-
ing a confinement-amplified expression of their intrinsic solva-
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tion asymmetry.2® The trends obserVDeg‘hleortlaOPgl{%%Rlogll‘%%\ualita-
tively similar but exhibit important distinctions: hydroxide shows
a somewhat stronger interfacial presence than in graphene, con-
sistent with reports that defect-free hBN can acquire negative
charge through hydroxide adsorption. We expect that these dif-
ferences arise from the distinct electronic and hydrogen-bonding
environments of the two materials. Graphene presents an elec-
tronically homogeneous, nonpolar surface that disfavors hydrox-
ide’s anisotropic solvation motif, while hBN introduces atomic-
scale polarity capable of stabilizing charge redistribution, thereby
reducing the energetic cost of hydroxide approaching the inter-
face. A related depth-dependent ion organization is also found at
the air-water interface, where the acid-base character of the free
surface has been the subject of longstanding debate, 2241
scopic charge-sensing experiments historically pointed to hydrox-
ide enrichment, whereas molecular spectroscopies often indicated
hydronium accumulation. More recent deep-potential molecular
dynamics simulations*! add further nuance as they find a double-
layer structure in which both ions accumulate near the interface,
but at distinct depths. Taken together, these observations point to
a unifying picture across interfaces of increasing complexity: hy-
dronium consistently stabilizes at the liquid boundary, while hy-
droxide prefers regions where water maintains a more bulk-like
coordination environment. The degree to which hydroxide can
approach the interface is modulated by the local polarity and elec-
tronic structure of the confining surface. This consistency across
air, graphene, and hBN interfaces underscores the fundamental
role of hydrogen-bond topology and interfacial polarization in
shaping ion propensities under confinement.

Macro-

3.2 Asymmetric Hydrogen-Bond Environments Under

Nanoconfinement

To further elucidate the differing interfacial propensities of hy-
dronium and hydroxide, we first examine how confinement al-
ters their local hydrogen-bonding environments. Figure [2| reports
the average number of hydrogen bonds donated and accepted by
each ion as a function of slit width, with bulk water values in-
cluded for reference. Definition of layered water regions in the
relative to the respective density profiles are shown in Figure S4.
Overall, the solvation structure of hydronium is remarkably ro-
bust to confinement. Across all sampled slit widths, hydronium
maintains nearly the same number of hydrogen bonds as in bulk
water, with a small reduction in accepted bonds at the tightest
confinement. This indicates that even when strongly confined
or positioned directly at the hBN surface, hydronium can largely
preserve its characteristic three-donor hydrogen bond structure.
In contrast, hydroxide exhibits pronounced confinement-induced
restructuring. At the smallest slit width, hydroxide loses a sub-
stantial fraction of its accepted hydrogen bonds and essentially
ceases to donate hydrogen bonds altogether. With increasing
confinement distance, the hydrogen-bond coordination gradually
approaches the bulk value. At the largest slit width, hydroxide
recovers its bulk-like hydrogen-bonding behavior in the central
“bulk-like” region of the water slab. However, when hydroxide
resides at the interface at this widest spacing, it still shows a loss
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Fig. 1 Probability density profile of oxygen atoms in the system as a function of the z position for each sampled confinement distance. The red line

represents the density profile for the neutral water system while the yellow represents the density profile of the hydronium ion and the green represents
the density profile of the hydroxide ion. Z = 0 represents the midpoint between the two hBN surfaces. The dashed blue line represents the average
positions of the nitrogen and boron atoms. Shaded regions represent the standard deviation over the three runs.

of hydrogen-bond donation, indicating a persistent asymmetry in
solvation near the surface.

These observations establish a fundamental asymmetry in how
the two ions interact with the hBN interface under confinement.
Hydronium can adsorb to the interface while retaining nearly
bulk-like hydrogen-bonding. Hydroxide, by contrast, experiences
significant disruption to its preferred hydrogen-bonding environ-
ment when positioned near the surface; this structural frustration
leads to a decrease in interfacial localization, particularly at nar-
row confinement (e.g. 6.6 R). Thus, the hydrogen-bonding anal-
ysis provides a microscopic explanation for the higher interfacial
affinity of hydronium relative to hydroxide. Hydronium’s abil-
ity to preserve its solvation network enables favorable adsorption
without sacrificing hydrogen-bonding stability, whereas hydrox-
ide’s inability to maintain its solvation structure drives it towards
the more solvated interior of the nanochannel. A similar asym-
metry between water ions has been reported in water confined
between graphene sheets, 28 reinforcing the generality of this be-
havior in two-dimensional nanoconfinement environments.

3.3 Orientation and Site-Specific Interactions of Water Ions
at hBN Interfaces

To gain molecular-level insight into the surface-specific interac-
tions governing ion stabilization at the hBN interface, we ana-
lyzed the radial distribution functions (RDFs) between the oxygen
atom of each ion and the boron and nitrogen atoms of the surface
(Figure [3). Across all confinement distances, the hydronium ion
consistently resides closer to the interface, with its oxygen atom
located primarily within 2.5-3.0 A of the surface, whereas the hy-
droxide ion remains slightly farther away, typically beyond 3 A.
This trend aligns with the density profiles in Figure [1, which also
show that hydronium maintains a stronger interfacial localization
than hydroxide.

The RDFs further reveal distinct coordination characteristics
for the two surface species. Although the oxygen-boron corre-
lation peaks at slightly shorter separations, the first peak corre-
sponding to the oxygen-nitrogen pair exhibits greater intensity
for both ions, indicating a more favorable short-range interaction
with nitrogen sites. In contrast, the oxygen-boron RDF displays
a weaker first peak but a pronounced second maximum, suggest-
ing secondary coordination at larger distances. When the ions

4] Journal Name, [year], [vol.], 1@]

are interfacial, these structural motifs remain largely invariant
with confinement, and at the widest slit width the RDFs of hy-
dronium and hydroxide become nearly indistinguishable. Taken
together, these results demonstrate that both ions, particularly
hydronium, exhibit preferential stabilization through close-range
interactions with the nitrogen atoms of the hBN surface, reflect-
ing the subtle polarity and electronic heterogeneity inherent to
this two-dimensional material.

For both ions, the first O-N and O-B RDF peaks remain essen-
tially unchanged with confinement, indicating that the preferred
nearest-neighbor distances to the hBN surface atoms are stable
whenever the ion is interfacial. However, the broader structural
features evolve differently for the two water ions. Hydronium re-
tains a strong interfacial preference across all slit widths, and at
the smallest confinements its slightly increased separation from
the surface leads to broader, less ordered second-shell structure
in both the O-N and O-B RDFs. In contrast, although hydroxide’s
interfacial preference varies with confinement, its RDFs show
more sharply defined second-shell features when it is at the in-
terface, reflecting a more ordered positional relationship with the
surface atoms under the same conditions. These differences are
significant because they highlight that hydronium and hydroxide
stabilize at the interface through distinct structural mechanisms,
which contribute to their contrasting interfacial propensities un-
der confinement.

Figure [4] shows the orientation distributions of the O-H bond
vectors with respect to the surface normal for the smallest and
largest confinement distances. For hydronium, when located at
the interface, all O-H bonds lie predominantly parallel to the hBN
surface, producing a sharp peak near cos(6) = 0 under 6.6 A
confinement. Then under 20 A confinement there is a peak at
cos(0) = 0 and plateau from cos(6) = —1 to 0. Indicating that
the interface of 20 A confinement the hydronium O-H bonds ei-
ther point parallel to the hBN surface or away from either sur-
face. Hydroxide, in contrast, displays a broader and more com-
plex angular distribution: although under 6.6 A confinement it
also shows a peak near cos(6) = 0, it exhibits pronounced max-
ima at cos(8) = 1. While under 20 A confinement the O-H
bond has a pronounced peak at cos(6) = 1 with a slight plateau
from cos(0) = —1 to 0. This pattern indicates that the hydroxide
O-H bond frequently aligns along the surface normal, pointing
towards either hBN wall. This orientation reflects the hydrogen-
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Fig. 2 Average number of hydrogen bonds donated and accepted by top)
hydronium and bottom) hydroxide ions as a function of the four sampled
confinement distances. The dashed lines represent the respective bulk
water values. For the two larger confinement distances the number of
hydrogen bonds for the intermediate and bulk-like regions are estimated
as well. Hydrogen bonds are defined using the Luzar and Chandler defi-
nition.

bonding asymmetry of hydroxide. Its donated O-H bond is rela-
tively weak, making it easier to break than the stronger hydro-
gen bonds that hydroxide accepts, yet the ion simultaneously
prefers a roughly square-planar solvation structure. Enforcing
such a geometry in tightly confined, quasi-2D water is energet-
ically costly. As confinement widens (20 A), interfacial water be-
comes slightly more bulk-like, reducing this penalty and allowing
the cos(0) = £1 orientations to appear more frequently. Over-
all, these trends suggest that hydroxide experiences a slightly
larger energetic cost at the interface because its preferred ori-
entation and solvation structure are more difficult to accommo-
date, whereas hydronium can reorient to maintain its hydrogen-
bonding network with relatively little penalty.

3.4 Interfacial Polarization Drives Ion Adsorption at hBN

Despite the hydroxide ion exhibiting an undersolvated hydrogen-
bonding environment at the interface, it appears that both hy-
dronium and hydroxide ions are attracted to the hBN surface,
as shown by Figures[T]and [3] To elucidate the microscopic origin
of this interfacial stabilization, electron-density difference profiles
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accounted for when the ion is present at the interface of the system).
Gray dashed lines are included as visual guides to highlight that the hy-
dronium RDF peaks occur at shorter distances. Shaded regions represent
the standard deviation over the three runs

were computed for the 6 Aand 15 A confinement distances. These
calculations isolate the redistribution of electronic charge induced
by the presence of the liquid and the solvated ion near the hBN
surface, enabling direct visualization of how each species perturbs
the electronic structure of the interface. Figure |5|presents the in-
tegrated electron-density differences across the z direction at con-
finement distances of 6.6 and 15 A, for hydronium and hydroxide,
respectively. Notably, the qualitative behavior is consistent across
both confinement regimes, indicating that the electronic response
at the interface is robust with respect to separation.

In both cases, the interaction between the aqueous environ-
ment and the hBN surface generates a clear polarization signa-
ture. For hydronium, the electron-density profile reveals a re-
gion of enhanced electron accumulation immediately adjacent to
the surface, followed by a depletion layer farther into the lig-
uid. In contrast, hydroxide exhibits the opposite pattern—an
initial electron depletion at the interface followed by an accu-
mulation region. This opposite-phase polarization response re-
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on the respective hydronium and hydroxide snapshots.

Shaded regions represent the standard deviation over the three
runs. For the 20 A case the three different lines plotted represent

when the ion is at the interface, or present in the intermediate
region, or present in the bulk-like region.

flects the distinct charge distributions and solvation structures
of the two ions, and highlights that the interface accommodates
each ion through complementary electronic rearrangements. This
analysis reveals pronounced image charge interactions, with the
highly polarizable hBN surface generating induced electrostatic
responses that attract ions of either sign. As shown in Figure S6,
the Hirshfeld charge distributions of nitrogen and boron atoms
broaden substantially when the hBN sheet interacts with con-
fined water with the ions, with boron exhibiting the most pro-
nounced widening. Collectively, these results indicate that both
ions elicit favorable polarization at the water hBN interface, ac-
counting for their persistent interfacial preference across all con-
finement distances. This interfacial stabilization, despite hydrox-
ide’s reduced hydrogen-bond coordination relative to bulk sol-
vation, underscores the important role of surface-mediated elec-
tronic responses in governing ion adsorption in two-dimensional
nanoconfinement.
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To better understand why hydroxide exhibits some propensity for
the inner water layers at larger confinement distances, whereas
hydronium shows no such preference, we examine how each ion
perturbs the surrounding water structure. Figure [6] shows the
probability density distributions of the tetrahedral order parame-
ter for water molecules>? in the bulk-like region at a confinement
distance of 20 A. The distributions are compared across three
cases, when the ion resides in the interfacial, intermediate, or
bulk-like region, and are plotted alongside the corresponding dis-
tribution for the neutral water system. The corresponding prob-
ability density curves for water molecules in the interfacial and
intermediate regions are provided in the Supporting Information
(Figure S5) and reveal no significant structural differences in the
surrounding water when the ions are located in those regions.
In contrast, the probability density curves for water molecules
in the bulk-like region show that the local tetrahedral structure
of surrounding water is noticeably disrupted by the presence of
hydronium, even when the ion itself resides at the interface or
within the intermediate region. The corresponding distributions
shift toward lower getra values, indicating a transition to a more
disordered structure relative to the neutral water system. In com-
parison, when hydroxide is present, the tetrahedral ordering of
nearby water molecules remains largely preserved in the bulk-like
region regardless of the ion’s location. A slight shift toward lower
gtetra Values is observed when hydroxide occupies the bulk-like re-
gion, but this effect is less pronounced than for hydronium. These
results suggest that hydroxide induces only minor perturbations
to the intrinsic layering and hydrogen-bond network, whereas
hydronium produces substantial structural disruption extending
even into bulk-like water. These results provide a mechanistic ex-
planation for why both ions are found with very low probability
in the bulk region.

It is clear that hydronium’s tendency to preserve its bulk-
like solvation structure under confinement (as indicated by Fig-
ure [2) leads to pronounced disruption of the surrounding water
molecules when the ion is located away from the interface. In
contrast, when hydronium resides at the interface, favorable sur-
face interactions stabilize it (as indicated by Figure[5). Although
the ion still perturbs the nearby water molecules even at the sur-
face, the energetic benefit of interfacial stabilization outweighs
the accompanying structural disruption. Hydroxide behaves in-
versely because it better accommodates the structured hydrogen-
bond network in the confined interior, it can reside in the inter-
mediate and bulk-like regions without significantly altering the
surrounding water molecules tetrahedral ordering. Thus, the in-
terfacial affinity of hydronium and the partial interior preference
of hydroxide arise not solely from their individual solvation struc-
tures, but the ion’s effect on the surrounding water molecules sol-
vation structure under confinement. Hydronium’s disruption of
interior ordering reinforces its preference for the surface, while
hydroxide integrates more compatibly within the ordered water
layers.
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differences for a representative snapshot of the 15 A hydroxide system. Blue isosurface indicates a region of electron depletion, whereas yellow

isosurfaces indicate regions of electron accumulation. b) Electron densit

y difference profiles (integrated over the XY coordinates) for the 6A and 15A

case for the hydronium and hydroxide system. The electron density difference is defined as Ap = pyig/nan — PrsN = Piig, Where Pjig/npn, Pran, and piig
are the electron densities of the system under consideration, the isolated hBN surfaces, and the isolated liquid environment, respectively.
Profiles are averaged over 500 frames randomly sampled from the entire trajectory. Dashed lines represent constant electron density
difference profiles while continuous lines represent oxygen atom density profiles (calculated from the 500 frames). The vertical blue
line represents the position of hBN surface.

Conclusions

In this work, we investigated the behavior of water ions at the
confined hBN-water interface as a function of confinement width.
Our results reveal a pronounced preference of hydronium for the
interface across all confinement regimes, while hydroxide also
exhibits a substantial (but weaker) interfacial affinity.The elec-
tronegativity difference between nitrogen and boron in hBN cre-
ates a surface dipole. Nitrogen sites can act as hydrogen bond ac-
ceptors for hydroxide, partially offsetting the dehydration penalty
and enhancing OH™ interfacial propensity compared to graphene
nanochannels, 28, though still less than hydronium. The enhanced
interfacial polarization response of hBN therefore modifies the
delicate balance of interactions governing hydroxide behavior, en-
abling partial stabilization near the surface without full disruption
of its hydration structure.

Overall, our findings highlight the intricate interplay among
hydrogen bonding, orientational ordering, interfacial water struc-
turing, and electrostatic polarization that determines the stability
of hydronium and hydroxide at the hBN-water interface. By em-
ploying machine learning-based molecular dynamics simulations
with first-principles accuracy, we accessed time and length scales
far beyond the reach of conventional AIMD, enabling a statisti-
cally converged, microscopic description of ion behavior under 2D
confinement. The mechanistic insights uncovered here provide a
unifying framework for understanding ion-specific interactions at
polar 2D interfaces and offer predictive guidance for future ex-
perimental and theoretical efforts in nanofluidics, membrane sci-
ence, and interfacial electrochemistry. This study provides a de-
tailed picture of protonic defects at the hBN-water interface as a
foundation for interpreting experimental data and advancing our

fundamental understanding of ions at interfaces. Our prediction
of slightly higher proton propensity to the hBN-water interface
opens up the possibility for technological innovations in nanoflu-
idics, heterogeneous solid-liquid catalysis, and other critical do-
mains that rely on proton-mediated processes.
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