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ABSTRACT: Understanding the stability of bulk nanobubbles,
especially how electrolyte ions influence their coarsening dynamics,
holds significant importance for widespread practical applications,
but the fundamental microscopic mechanisms remain not fully
understood and warrant further investigation. In this work, using
machine-learning molecular dynamics simulations, we captured the
Ostwald ripening of bulk nanobubbles, which is consistent with
experimental observations, and systematically investigated its
behavior under neutral, acidic, alkaline, and saline conditions.
Notably, the ripening rates exhibit a system-dependent order:
acidic > alkaline &~ pure water > saline. Further analyses reveal that
counterions critically regulate the orientational alignment and
hydrogen bonding of interfacial water molecules and ions through

lonic effect

Ripening rate

Acid > Base ~ Pure water > Salt

Average relative size

Time

hydration and electrostatic effects. Furthermore, in the saline system, the coupling of Na* and Cl™ ions leads to the enrichment of
“lying-flat” ion pairs near the interface, forming a dense hydration layer. Based on how these interfacial structural alterations regulate
gas diffusion to impact the bubble ripening rate, we established an ion-modulated microscopic mechanism grounded in the relative
dominance of enthalpy and entropy. This framework, which incorporates specific-ion effects, provides a self-consistent explanation
for the divergent ripening rates observed across various environments. Ultimately, these findings bridge atomistic interfacial
restructuring with thermodynamic principles, providing a comprehensive physicochemical landscape for understanding ion-

modulated nanobubble coarsening dynamics.

1. INTRODUCTION

Bulk nanobubbles (BNBs) are nanoscopic gas domains
dispersed in liquids. Due to their exceptional longevity, high
specific surface area, and significant surface zeta potential,
BNBs have attracted sustained interest in various fields, such as
separation,'  catalysis,”* cleaning,”” and biomedical pro-

719 At the same time, their reported stability confronts
a central paradox in bubble physics. According to the classical
Epstein—Plesset theory, the high curvature of BNBs implies
the Laplace pressure on the order of tens of MPa, which should
drive rapid dissolution in microseconds to milliseconds.
However, experiments have consistently shown that BNBs
can remain stable for hours or even days. This stability paradox
has motivated several theoretical explanations, including the
dense skin model,'"*? the diffusion shielding mechanism,"*
and the surface charge model."*'® Key parameters in these
models, such as the effective interfacial permeability, local gas
supersaturation fields, and the interfacial ion adsorption state,
are difficult to measure independently. Moreover, the
applicability of these explanations is often restricted to specific
regimes and assumptions. These limitations not only leave the
universal microscopic stabilization mechanism of BNBs
unresolved, but also imply that the single-bubble framework
may be insufficient.

cesses.
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BNBs typically exist as dispersions characterized by a finite
number density rather than as isolated objects. Their apparent
stability is therefore inseparable from the temporal evolution of
the size distribution, which reflects both single-bubble
dissolution dynamics and interbubble interactions. Existing
studies reported markedly divergent evolution scenarios
depending on gas type, electrolyte composition, surfactant
coverage, and generation protocols.'°"** A mean-field theory
for computing the evolution of size distribution of BNBs
suggested that sufficient surfactant adsorption can lead to a
gradual decrease in the average bubble size;' Alternatively,
ultrasonic cavitation in nominally pure water has been reported
to yield an approximately time-invariant size distribution of
BNBs, while the peak intensity decays.'” However, more
commonly, experiments observed coarsening of BNBs, that is,
the average bubble size increases while the number density
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decreases over time, sometimes accompanied by an

approximately conserved total gas volume”' or the emergence
of discrete peaks in the size distribution.”” The macroscopic
coarsening of the dispersed phase is a process fundamentally
driven by the minimization of total interfacial energy. From a
microscopic perspective, this coarsening implies a propensity
of bubbles to merge upon approach, a phenomenon explicitly
corroborated by theoretical and simulation studies.”*”*°
However, multiple microscopic pathways may cause BNBs
coarsening, for example, interbubble mass transfer and
collision-mediated bubble encounters, and the interfacial
physicochemistry can tilt the balance among these pathways.

For colloidal dispersions, two predominant dynamics ways
of coarsening are commonly discussed. One is Ostwald
ripening, which describes the growth of larger objects at the
expense of smaller ones through molecular diffusion in the
continuous phase.”” The other is Smoluchowski ripening that
describes aggregation via Brownian-motion-induced colli-
sions.”® In the context of bubbles, the latter is more naturally
interpreted as coalescence (hereafter synonymous with
Smoluchowski ripening), and ripening will be used exclusively
as shorthand for the Ostwald ripening in this work.

The two aforementioned coarsening mechanisms have been
widely applied to investigate issues such as the diffusion and
sintering of nanoparticles on solid surfaces,””*° as well as the
fabrication and preservation of nanoparticles.’** Analogous
arguments have also been applied to microbubble popula-
tions>>** and surface nanobubbles.*>*° However, BNBs differ
from microbubbles and surface nanobubbles in several key
aspects. Unconstrained by substrates and free-floating in the
bulk, BNBs are characterized by ultrahigh curvature and
elevated interfacial gas density. Furthermore, these unique
interfacial characteristics make BNBs highly sensitive to
environmental factors such as surfactants, pH, and ionic
species and strength. In particular, ions are ubiquitous in
realistic aqueous systems and have been shown to influence
BNB-related phenomena, driven by their specific hydration
properties’” and interfacial adsorption behaviors.'#'>%
Crucially, such ionic modulation of nanobubble behavior
might be pivotal in diverse scenarios, such as electrochemical
systems, where bulk nanobubbles near electrodes may
influence reaction efﬁciency,40 and marine environments,
where these suspended bubbles mediate organic pollutant
removal."" Given this critical context, a central question
remains insufficiently addressed: how do specific ions regulate
interbubble interactions and coarsening dynamics by re-
structuring the gas—liquid interface?

Unfortunately, progress on answering this question has been
hindered by both experimental and theoretical constraints.
Experimentally, measurements predominantly focus on macro-
scopic statistics such as number density and size distributions,
which capture collective behavior but obscure specific
microscopic mechanisms. Moreover, elementary events of
coarsenin§ are difficult to resolve with sufficient spatiotemporal
detail.*~** Theoretically, molecular dynamics (MD) simu-
lations can resolve atomistic mechanisms, but many existing
studies employ classical force fields,"™* which may not
capture electrolyte-specific interfacial restructuring with the
fidelity needed to connect ion effects to quantitative mass-
transfer dynamics. Therefore, an atomistically resolved yet
accurate description of gas—electrolyte interfaces is essential
for building a mechanistic, testable link between specific-ion
effects and BNBs coarsening. Recent advances in machine-

learning interatomic potentials offer a promising way to bridge
this gap by approaching ab initio accuracy at near-classical MD
cost," " extending the spatiotemporal scales accessible to
atomistic simulations. Consequently, such potentials have been
widely adopted in modeling aqueous physicochemical
processes.” >

In this work, we trained an ion-aware machine-learning
potential to investigate how ionic environments regulate N,
nanobubbles interaction. We employed the DP-GEN frame-
work™ to generate training data with high-precision energy
and force labels, and then fine-tuned the NEP89 foundation
model>>*® to construct a neuroevolution potential (NEP)
model that explicitly incorporates counterions. Using this
model, we conducted graphics-processing-unit molecular
dynamics (GPUMD)>’ simulations for both single-bubble
and two-bubble systems in neutral water, acidic (HC), alkaline
(NaOH) and saline (NaCl) solutions. We identified an
Ostwald ripening process in dynamic evolution of nanobubble
pairs that is consistent with experimentally reported ripening
behaviors.”® We further quantified the ripening dynamics and
analyzed the interfacial microstructures in different environ-
ments to identify the thermodynamic origins of ion-regulated
gas diffusion. Our results reveal that specific counterions
govern gas transport via distinct mechanisms: in acidic and
alkaline conditions, they drive a coupled restructuring of
interfacial water and OH™/H;O" orientations, whereas in
saline solutions, interfacial Na*—CI~ coupling creates a barrier
that suppresses radial gas diffusion through the ionic hydration
shells and markedly retards Ostwald ripening. Together, these
findings provide an atomic-scale physicochemical picture
connecting specific-ion effects to BNBs coarsening and
stability, and establish the fine-tuned NEP model as a reliable
tool for simulating complex gas—electrolyte interfaces.

2. COMPUTATIONAL DETAILS

2.1. Data Set Building

In this work, the data set was constructed and expanded using
a concurrent learning approach with DP-GEN, which primarily
involves three stages: Deep Potential (DP) training with
DeePMD-kit,*® conformational exploration via DPMD in
LAMMPS,” and labeling of sampled conformation using
density functional theory (DFT) calculations in VASP.®

The strongly constrained and appropriately normed
(SCAN) semilocal density functional has demonstrated
significant advantages in describing not only the electronic
properties and dynamical behavior of water®' ~®* but also ion—
water interactions.”*"®° Therefore, we adopted the SCAN
functional for the DFT labeling. In the DFT calculations, the
plane-wave basis set cutoff was set to 600 eV, the Brillouin
zone was sampled at the I" point only, and the convergence
criterion for the electronic self-consistent cycle was set to 1.0 X
107° eV. During the DPMD conformational exploration stage,
to ensure adequate sampling of diverse configurations, we
performed simulations in a canonical ensemble at multiple
temperature points. We ultimately obtained a data set
comprising 327,177 configurations across 36 subsystems
(Table S1), covering gas-phase, bulk-solution, and gas—liquid
interface environments. Then we applied the farthest point
sampling (FPS)®” method to reduce the dimensionality of the
data set and extracted 6,706 representative configurations,
yielding a refined training set.
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Similarly, we constructed a representative test set by
extracting from the rest of the complete data set using the
FPS method.

2.2. NEP89 Model Fine-Tuning

Rather than undertaking the delicate yet time-consuming task
of constructing a data set from scratch which balances size and
configurational variety well, we opted to fine-tune the NEP89
foundation model®® based on the aforementioned refined
training data set. This strategy efficiently leverages the
robustness and universality of the pretrained model while
adapting it to our specific system. Accuracy tests conducted on
the test set show that the fine-tuned NEP model (hereafter, we
will call it NEP-B for convenience) achieves an RMSE of 94
meV/A for force and an RMSE of 3 meV/atom for atomic
energy of the system (Figure S1). Although the NEP-B model
exhibits a modest reduction in accuracy compared to the
trained DP model, which yields corresponding RMSEs of 40
meV/A and 1.17 meV/atom, its performance remains within
the same order of magnitude. Importantly, the NEP-B model
provides a substantial computational speedup of approximately
7-fold for the later molecular dynamics simulations compared
to the DP model (Table S2). These results indicate that the
NEP-B model effectively balances accuracy and computational
efficiency while maintaining the model’s generalization
capability, which constitutes our primary motivation for
switching from DP model to the NEP model for the
subsequent large-scale MD production runs.

We further validated the NEP-B model through additional
analysis. As shown in Figure S3, the O—0O, N—O, Na—0, and
Cl—O0 radial distribution functions (RDFs) calculated from the
NaCl system (0.22 M) using the NEP-B model agree well with
those from previous simulations.”®”"" We also calculated the
diffusion coeflicient of N, in water, which is nearly identical to
our previous DPMD simulation result®> and remains on the
same order of magnitude as the experimental value.”' These
results support the reliability of the NEP-B model in describing
both local molecular structures and N, transport dynamics.
More details are provided in the Supporting Information (SI).

2.3. GPUMD Simulation

Based on the NEP-B model, we performed molecular dynamics
simulations using the GPUMD package’” to investigate bubble
stability and interaction mechanisms. First, to evaluate the
stability of single nanobubble, we directly used the well-relaxed
initial configurations in pure water, acidic, and alkaline
environments from our previous work.”> These systems consist
of a cubic simulation cell with a side length of L = 5.5 nm,
containing a central N, nanobubble (radius R ~ 1.5 nm,
comprising 120 N, molecules). The counterions (Na* and
Cl7) were introduced by uniformly replacing selected water
molecules in the bulk phase of these initial configurations.
Subsequently, these single-nanobubble systems underwent a
further relaxation and equilibration process to ensure a
thermodynamically stable state. Then, to explore the micro-
scopic interactions between bubbles, the double-bubble
systems were constructed by directly replicating the fully
equilibrated single-nanobubble cells along the x-axis, as
illustrated in Figure 1. The specific particle compositions for
all the simulated single- and double-bubble electrolyte systems
are detailed in Table 1.

All simulations were conducted in the isothermal—isobaric
(NPT) ensemble, with the pressure maintained at 1 atm and
the temperature at 330 K. This temperature is 30 K higher

Figure 1. Schematic representation of the double-bubble simulation
system. The simulation cell, with dimensions of 11 X 5.5 X 5.5 nm?,
contains two nitrogen nanobubbles characterized by an initial radius
of 1.5 nm and a center-to-center separation of 5.5 nm. Color coding:
H, white; O, red; N, blue. The surrounding water molecules are
rendered semitransparent to clearly visualize the nitrogen config-
uration within the bubbles.

Table 1. Details of the Simulation Systems

N, Num. of

System” Solution Compositionb Count Traj.”
Pure water 10188 H,O (0) 240 3(7)
(2BNs)
HCI (2BNs) 10108 H,0 + 40 H;0" + 40 CI™ 240 3(4)
(022 M)
NaOH (2BNs) 10108 H,0O + 40 Na* + 40 OH™ 240 3(6)
(022 M)
NaCl (2BNs) 10108 H,O + 40 Na* + 40 CI~ 240 3(5)
(0.22 M)
NaCl-2 (2BNs) 10168 H,0 + 10 Na* + 10 CI~ 240 1(1)
(0.056 M)
H,O" (2BNs) 10148 H,0 + 40 H;0* (0.22 M) 240 1(1)
OH™ (2BNs) 10148 H,0 + 40 OH™ (0.22 M) 240 1(1)
Pure water 5094 H,0 (0) 120 3
(BNs)
HCI (BNs) 5054 H,0 + 20 H;0* + 20 CI~ 120 3
(022 M)
NaOH (BNs) 5054 H,O + 20 Na* + 20 OH~ 120 3
(022 M)
NaOH-2 4854 H,0 + 100 Na* + 100 OH~ 120 3
(BNs) (1.11 M)
NaCl (BNs) 5054 H,0 + 20 Na* + 20 CI” 120 3
(022 M)

““2BNs” denotes a system containing two equal-sized bulk nano-
bubbles; “BNs” represents a system with a single bulk nanobubble.
“The exact counts of solvent molecules and solute ions included in
systems. The value in parentheses indicates the molar concentration
of the electrolyte solution, with 0 denoting pure water. “The number
of independent production runs performed for each case. For the
double-bubble systems, the value is given as x(y), where x is the
number of trajectories exhibiting Ostwald ripening and y is the total
number of simulated trajectories.

than the target value of 300 K to compensate for the known
deviation of the SCAN functional in describing liquid
water.”””"* The elevated temperature may affect the absolute
stability and dynamical time scale of nanobubbles; however,
because the same temperature was used for all systems, the
relative comparison among different aqueous environments is
expected to remain meaningful. The pressure and temperature
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Figure 2. Characterization of the two distinct interaction modes between initially equal-sized bubbles. (a) Time evolution of bubble sizes (number
of N atoms) and interbubble distance during the coalescence process. The red and blue curves represent the larger (growing) and smaller
(shrinking) bubbles, respectively, while the green curve tracks the distance between their centers of mass. (b) Time evolution of bubble sizes and
distance during the Ostwald ripening process, following the same color scheme as in (a). (c) Simulation snapshots visualizing the nitrogen
distribution. Molecules belonging to the large and small bubbles are colored dark brown and light yellow, respectively, while dissolved nitrogen
molecules in the bulk phase are shown in other colors. Panels (a) and (b) are based on one representative coalescence trajectory and one
representative ripening trajectory in the alkaline system, respectively, while panel (c) shows snapshots from these two representative trajectories.

were controlled using the stochastic cell rescaling barostat’
and the velocity rescaling thermostat,”® with damping time
constants of 1 and 0.1 ps, respectively. A canonical ensemble
(NVT) simulation was performed for comparison, showing
that the ensemble effect is minor for the present analysis, as
detailed in the SI.

Due to the varying time scales of bubble dissolution and
interaction events across different systems, the total simulation
time ranged from 32 to 88 ns. The time step was set to 1 fs,
with a general trajectory sampling interval of 1 ps. However,
since hydrogen bond (HB) dynamics typically occurs on the
picosecond time scale, a finer sampling interval of 0.1 ps was
specifically employed for subsequent HB analyses to accurately
capture their fast kinetics.

For each single-bubble system, three independent trajecto-
ries were simulated. For each investigated double-bubble
system, four to seven independent production runs were
performed to obtain three trajectories exhibiting the Ostwald
ripening process. Unless otherwise specified, all subsequent
structural and dynamical analyses of the double-bubble systems
were averaged over these three ripening trajectories for each
aqueous environment. For each selected trajectory, only the
ripening period from the onset of continuous dissolution of the
smaller bubble to its complete disappearance was used, and
both the shrinking and growing bubbles were included in the
statistical averaging. To examine the influence of salt
concentration, an additional low-concentration NaCl double-
bubble system was simulated, with the NaCl concentration
reduced to one-quarter of that normally used in the 0.22 M
NaCl double-bubble system. Additionally, to elucidate the
specific effects of counterions, one extra trajectory was
simulated for each of the acidic and alkaline systems, in

32415

which only hydronium or hydroxide ions were included
without their corresponding counterions (CI™ or Na*).
Further computational details refer to Table 1 and the SL

3. RESULTS AND DISCUSSION

3.1. Ripening and Coalescence Processes of Double
Nanobubbles

In double-bubble simulations, two distinct interaction modes
between two bubbles are observed for all investigated systems.
We take the alkaline system as an example and show its
representative trajectories and selected snapshots in Figure 2.
The first mode is bubble coalescence (Figure 2a), charac-
terized by the gradual approach of two nanobubbles followed
by their instantaneous merger into a single larger entity. The
second mode follows Ostwald ripening (Figure 2b): nitrogen
molecules diffuse from the shrinking bubble into the bulk
phase and are subsequently adsorbed by the growing bubble,
eventually leading to the complete dissolution of the smaller
bubble. This dynamic evolution qualitatively agrees with the in
situ transmission electron microscopy observations of nano-
bubble growth dynamics.”® Note that throughout this study,
the size of a nanobubble is quantitatively characterized by the
number of constituent nitrogen atoms, and the assignment of
nitrogen molecules to each bubble is determined via cluster
analysis. The two modes of interaction are visualized in the
molecular snapshots in Figure 2c.

The precise onset of coalescence can be evidently identified
by a sharp discontinuity in the bubble size evolution once a
critical proximity is reached. Given that these coalescence
events occur stochastically and can be understood in terms of
the well-known Brownian-collision mechanism,® in this work,
we focus on the complementary coarsening pathway, namely
Ostwald ripening, which has been much less explored for

https://doi.org/10.1021/jacs.6c08865
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Figure 3. Comparison of ripening dynamics across acidic, alkaline, saline, and pure water systems. (a,b) Temporal evolution of the bubble sizes
relative to those at the onset of ripening in the (a) shrinking (small) and (b) growing (large) bubbles. The vertical dashed lines mark the critical
moment of complete extinction of the smaller bubble. (c) Simulation snapshots illustrating the bubble evolution at various time points for each
system, where dark brown and light yellow N, molecules constitute the large and small bubbles, respectively, while N, molecules in other colors
represent dissolved nitrogen molecules in the bulk phase. Panels (a) and (b) show the averages over three independent ripening trajectories for
each system with standard deviations, while panel (c) shows one representative ripening trajectory for each system.

nanobubble pairs, in particular from a microscopic aspect. As
shown in Figure 2b, although the two BNBs are initially
constructed with equal sizes, microscopic thermal fluctuations
gradually give rise to a size asymmetry during the ripening
process. Meanwhile, the two bubbles consistently maintain a
measurable separation distance (green line), indicating that
mass transfer between the two bubbles is mediated by the
continuous medium rather than direct contact. We quantita-
tively substantiated this via a molecular-level Markov transition
analysis.”” Specifically, N, molecules in the systems were
classified into three states: bubble-1, bubble-2, and bulk states.
The analysis reveals that the probability of a direct state
transition of N, molecules from one bubble state to the other
without passing through the bulk state is negligible (Figure
SS), confirming that molecular exchange between the two
bubbles during the ripening process is predominantly achieved
via diffusion through the bulk phase. In addition, the Tolman-
corrected total surface energy of the BNBs decreases as
ripening proceeds (Figure S6), providing thermodynamic
support for Ostwald ripening as a pathway of BNBs coarsening.
Relevant details are provided in the SI

Although all observed ripening processes for a given system
exhibit similar characteristics, their onset times vary substan-

tially among independent trajectories (Figure S7a). Here, the
ripening onset time was determined using a unified criterion
based on the sustained shrinkage of one bubble and growth of
the other, with transient fluctuations excluded by requiring
persistent net molecular transfer over a finite time window.
The detailed definition is provided in the SI. To facilitate a
direct comparison among systems, we synchronized the
trajectories by setting this onset point as time zero (t = 0)
in later analysis. Figure 3a,b illustrate the temporal evolution of
the relative sizes of both bubbles, averaged over all
independent ripening trajectories for different systems. The
results indicate that the dissolution of the small bubble is
fastest in the acidic system, followed by the alkaline system
(which is slightly faster than pure water), and slowest in the
saline system. This evolution is clearly visualized by the
representative snapshots in Figure 3c, selected from a single
representative trajectory.

In addition, the apparent effective diffusion coefficient (D,g)
of N, molecules was calculated to describe the overall gas
mobility in the double-bubble systems (detailed in the SI). As
shown in Figure S9, the obtained D follows the same trend as
the ripening rate, implying that the observed ripening
dynamics can be rationalized from the perspective of classical
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diffusion-controlled gas transport, although it is beyond the
present work.

The dissolution of the small bubble exhibits a pattern
reminiscent of the single-bubble system. Moreover, the relative
stability trend of single bubbles (Figure S10a) is consistent
with the resistance ability of the smaller bubble to dissolution
during the ripening process (Figure 3a), indicating that the
ion-dependent single-bubble stability provides a useful baseline
for interpreting the ripening dynamics of double bubbles.

Furthermore, the growth of the large bubble exhibits a
distinct kinetic behavior from that of the small bubble. As
demarcated by the vertical dashed lines in Figure 3ab, the
growth process of the large bubble is divided into pre- and
postextinction stages of the small bubble. Prior to extinction of
the small bubble, the large bubble in the saline system exhibits
the slowest growth, while the other three systems are
comparable. Following the extinction of the small bubble,
the growth of large bubbles in all systems accelerates
significantly until their sizes stabilize. The quantitative
description of the above process is illustrated in Figure S11.

3.2. Interfacial lon Distribution and Orientational Ordering

To further elucidate the microscopic mechanisms underlying
the system-dependent bubble ripening behavior, we calculated
the radial distribution of the ion concentration within the
double-bubble systems. These profiles were determined
relative to the Gibbs dividing surface (GDS) of the
nanobubble, which is defined as the approximate location
where the radial water density drops to half of the bulk value.
To better describe the interfacial region, a relative normal
distance from the GDS is defined as d,, where d, < 0 represents
the region extending outward into the bulk phase, and d, > 0
represents the inward gas phase. As shown in Figure 4, in
acidic and alkaline systems, H;O" and OH™ exhibit a stronger
tendency to accumulate at the interface compared to their
respective counterions. Qualitatively consistent with our
previous findings,” the distribution peak of H;O* is located
closer to the GDS and exhibits a more localized profile
compared to that of OH™ (see Figure S12).

In the saline system, a slightly stronger enrichment of Na*
than CI™ was observed in the subsurface region, deviating from
existing reports for air—water interfaces, which prc;posed a
preferential subsurface accumulation of CI=’®” or a
colocalization of both ions within the same subsurface
layer.">®' We attribute the inversion to the unique electro-
statics of high-curvature nanobubbles. As detailed in Figure
S13, the peak magnitude of the negative surface charge density
is positively correlated with the bubble curvature (ie., it
increases significantly as the bubble size decreases). In
particular, the specific orientation of water at the highly
curved nanobubble boundary in this work leads to a substantial
negative surface charge density (peaking at ~—0.5e/nm?, see
Figure S10c). This intense electrostatic field may exert a strong
enthalpic pull on cations, effectively overriding the subtle
intrinsic interface affinity of cl-® Consequently, Na* is
electrostatically recruited to the interface, a mechanism
analogous to the cation adsorption observed at negatively
charged solid—liquid interfaces.”~*

Building upon these ionic distributions, we next evaluated
the local net charge-density profiles near the nanobubble
interface, which are also shown in Figure 4. The acidic and
alkaline systems exhibit positive and negative charge-density
peaks near the GDS, respectively, reflecting the local
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Figure 4. Ion concentration and local charge density profiles across
the interface for acidic, alkaline, and saline systems. The solid curves
represent the mean values calculated from three independent ripening
trajectories for each system. The semitransparent shaded regions
indicate the standard deviation. The vertical dashed line marks the
location of the Gibbs dividing surface (GDS). The left and right y-
axes correspond to the normalized ion number density and net charge
density, respectively.

enrichment of H;O* and OH™. The signs of these charge
density peaks are consistent with the experimentally reported
zeta potentials of nanobubbles in acidic and alkaline
solutions,*® although such microscopic charge distribution
should not be directly equated with the zeta potential defined
at the slipping plane. In the saline system, Na* enrichment
gives rise to a weak positive charge-density peak near the
interface, whereas experimental zeta potentials are often
negative.”® This difference highlights the distinction between
local ionic accumulation near the GDS and the macroscopic
electrokinetic response.

Moving beyond ion distributions, we further probed how
counterions modulate orientational ordering at the interface.
Given that water molecules are the predominant interfacial
species, we first calculated the radial profile of their average
dipole orientation angle (6,, defined as the angle between the
molecular dipole vector and the normal vector of the interface
toward the bubble center as shown in Figure 5a) in all systems
(Figure S15a). By comparing the results of simulation systems
with and without counterions, we found that counterions
drastically influence the orientation of interfacial water. In
particular, they reverse the relative magnitudes of average 6, in
the acidic and alkaline systems, underscoring their important
role in dictating interfacial structure. However, this average
angle merely reflects the collective alignment of the interfacial
water, obscuring the statistical distribution of molecular
configurations. To transcend the limitation, in addition to 8,
a twist angle ¢ which is defined as the azimuthal rotation of the
water molecule around its dipole axis (Figure Sa), was also
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Figure S. Definitions of orientational angles and comparative analysis of interfacial water configurations across different electrolyte systems. (a)

Schematic definition of molecular and ionic orientational angles. The vector d is the dipole vector of the water molecules and ions. The vector X
denotes the interface normal pointing toward the bubble center. For ions, 6~ and 0y o+ represent the dipole orientation angle of hydroxide and

hydronium ions, respectively. For water molecules, 6, represents the dipole orientation angle. The twist angle ¢ characterizes the molecular

rotation around d , measured as the angle between the molecular normal 7 and the projection of X onto the plane spanned by the interhydrogen
vector 7;_,; and 7. (b) Normalized probability heatmap showing the distribution of water molecule orientation, defined by the twist angle ¢ and
cosine of dipole angle 0,, in the pure water system. (c)—(e) Differential heatmaps revealing orientation variance in (c) alkaline, (d) acidic, and (e)
saline systems relative to the pure water baseline shown in (b). (f)—(g) Schematics of hydration shells for (f) Na* and (g) CI™ near the interface.
The interfacial water molecules within these shells exhibit specific orientational configurations corresponding to those highlighted by the blue and
red dashed boxes in (c) and (d), respectively. Panels (b)—(e) were calculated from three independent ripening trajectories for each system.

counted to map the configurational landscape of interfacial
water, as used by Jedlovszky et al.”’

A configurational baseline was established by plotting the
joint probability distribution heatmap of 8,, and ¢ for the pure
water system within the proximal interfacial region (PIR),
defined by —2.5 A < d, < 2.5 A. Figure Sb reveals the
distribution of orientational alignment of interfacial water
molecules with a nonuniform landscape characterized by
distinct preferences for specific configurations (further details
refer to the SI), in which the dominant configuration adopts an
orientation parallel to the interface, consistent with previous
reports.gg’89

Subsequently, to isolate the structural perturbations induced
by different electrolytes, difference heatmaps relative to the
pure water baseline were constructed. The difference heatmaps
(Figure Sc,d) show distinct system-dependent variations: the
dipole-down configuration (dipole pointing toward the gas
phase) is markedly suppressed in the alkaline system, whereas
the dipole-up configuration (dipole pointing toward the bulk
water region) is promoted; the acidic system exhibits an
opposite trend. This divergence may be attributed to the
hydration structural constraints imposed by counterions, as
schematically illustrated in Figure S5f,g. Further analyses
presented in Figure S16 show that Na* and OH™ exert
opposite effects on interfacial water orientation in the alkaline
system, qualitatively consistent with recent heterodyne-
detected vibrational sum-frequency generation (HD-VSFG)

observations.”” Notably, the configurational profile of the
saline system is virtually indistinguishable from that of pure
water (Figure Se), indicating that the impact of Na* and CI~
on the orientation of interfacial water may offset each other.
This weak perturbation is also qualitatively consistent with
recent HD-VSFG measurements.”’

Shifting focus from water to ions, we defined the dipole
orientation angle Oqy-/6yy o+ for OH™/H;0" as the angle

between the ionic dipole vector and the vector pointing from
the oxygen atom toward the bubble center (Figure Sa). Based
on this definition, the radial profiles of their average dipole
orientation angles were calculated to evaluate their interfacial
alignment (Figure S1Sb). Interestingly, both species display
distinct intrinsic orientation preferences at the interface from
those in the bulk phase, becoming more ordered (with the
averaged Oqy-/0y o+ deviating from 90°). Despite this

pronounced interfacial ordering, their orientations remain
insensitive to the presence of counterions. The only marginal
enhancement observed can be ascribed to minor ion-dipole
interactions between counterions and OH™/H,;0".

3.3. Interfacial Hydrogen Bond and Na*—Cl~ Coupling
Analysis

Given that the alignment of interfacial water and OH™/H;0"
may affect the HB network, we proceeded to examine its
detailed characteristics within the PIR. First, a persistent HB
asymmetry of interfacial water molecules was observed in all
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Figure 6. Hydrogen bond (HB) characteristics of interfacial water and ions across different systems. (a) HB analysis of interfacial water molecules.
The bar chart represents the difference between the normalized donor and acceptor HB counts. The orange and green lines indicate the
intermittent and continuous HB lifetimes, respectively. (b) Schematic illustration demonstrating the relationship between HB asymmetry and the
orientation of interfacial water molecules. (c) Comparison of the normalized donor and acceptor HB counts for H;O" and OH" ions in acidic and
alkaline systems, respectively, evaluated in the presence and absence of their corresponding counterions. “Don” and “Acc” denote the donor and
acceptor HB, respectively. The curved arrows and percentages highlight the relative reduction in HB counts upon the introduction of counterions.
(d) Schematic illustration of the mechanism by which counterions enhance the orientational preferences of H;O" and OH™ near the interface,
thereby attenuating the HB connectivity on their respective gas-facing sides. In the schematic representations, the purple/green pointed-tail arrow
in (d) denotes the enlarged/reduced orientation angle of OH™/ H;0" near the interface due to counterions. The dotted and dashed lines denote
donor and acceptor HBs, respectively. The colors of dotted and dashed lines distinguish the specific species forming HBs with surrounding water
molecules: gray for water, blue for OH™, and red for H;O". The transparent water molecules and HBs indicate weakened HB connectivity. Panels
(a) and (c) were calculated from three independent ripening trajectories for each corresponding system.

systems, characterized by a slight excess in the normalized
number of HB donors over acceptors. Crucially, this HB
asymmetry inherently reflects topological defects within the
HB network, which closely govern the thermodynamic and
dynamic stability of the HB network. Figure 6a shows that,
relative to the pure water baseline, the HB asymmetry is
enhanced in the acidic system and weakened in the alkaline
system. Although the magnitude of this asymmetry is system-
dependent, the HB asymmetry in the saline system is closer to
that of pure water. Further analysis reveals an obvious
correlation between the degree of HB asymmetry and the
orientation preference of interfacial water: a higher degree of
HB asymmetry corresponds to a configuration profile of more
dipole-down water molecules (Figure Sb,d), implying that the
HB-network topology is intrinsically coupled to the alignment
of interfacial water (Figure 6b).

Additionally, the lifetime of HB was calculated to evaluate
the dynamics of interfacial water—water HB network using the
time correlation function:”*”"

(hij(o)'hij(t»m

Cnlt) = = o7

(1)

r=f0 Cyp(t) dt 2)
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where h;(t) is a binary population variable denoting the HB
state between molecules i and j at time ¢ (h;(t) = 1 if the HB is
intact and 0 otherwise, h;(0) is h;(t) at t = 0), and the angular
brackets (...) represent the ensemble average. Depending on
the tolerance time (At) allowed for transient breakages, two
types of HB lifetime are evaluated: the continuous lifetime (7
with At = 0) and the intermittent lifetime (7; with At = o).
More details are provided in the SI. The calculated values for
both types of HB lifetime are presented as line plots in Figure
6a. Compared to the pure water system, the continuous and
intermittent lifetimes in both alkaline and saline systems
remain nearly unchanged, whereas those in the acidic system
exhibit a substantial decrease.

In summary, the obtained asymmetry and lifetime of
interfacial water—water HBs reveal a distinct system-dependent
variation of the interfacial HB network. Compared to the pure
water system, the acidic system exhibits pronounced HB
asymmetry and shortened lifetime, collectively signifying a
severely weakened interfacial HB network. The saline system
displays nearly unchanged structural asymmetry and HB
lifetime comparable to those of pure water, reflecting a well-
preserved, pure-water-like HB network. In contrast, the
alkaline system suppresses the asymmetry of HB while
preserving the intrinsic HB lifetime, ultimately yielding a
stabilized and enhanced interfacial HB network.
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Figure 7. Analysis of ion pairs and the radial diffusion dynamics of nitrogen molecules in the saline system. (a) Radial distribution function, g(r), of
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separated ion pair (2SIP). (b) Schematic illustration of SIP and 2SIP configurations near the gas—liquid interface, defining the orientation angle
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line denotes the spatial average orientation angle « of 57.3° that exhibits randomly oriented ion pairs in the bulk water region. (d) Spatially resolved
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near the interface. The vertical dashed lines in (c) and (d) denote the position of the GDS. Panels (c) and (d) were calculated from three

independent ripening trajectories in the saline system.

For interfacial H;O*/OH -involved HBs, we found that
counterions attenuate the role of OH™ as an HB donor and the
role of H;O" as an HB acceptor (Figure 6c), which is
fundamentally governed by the ion-dipole interactions
mentioned earlier. These interactions enhance the orienta-
tional preferences of both ions at the interface by directing the
hydrogen atom of OH™ and the oxygen atom of H;O" more
predominantly toward the gas-facing side. This alignment
imposes greater steric hindrance, restricting their participation
as an HB donor and acceptor respectively, as schematically
illustrated in Figure 6d. Although these interactions exert only
a marginal influence on the orientation of OH™ and H;0, this
subtle perturbation geometrically restricts HBs of the gas-
facing side, leading to a diminished HB connectivity.

Fundamentally, the ripening of nanobubbles is governed by
the diffusion of gas molecules across the interfacial water layer.
As illustrated in our previous work,®® this process is
thermodynamically modulated by two factors: the orientational
alignment of interfacial water that dictates the entropic effect
and the properties of interfacial HBs that govern the enthalpic
barrier. Through this thermodynamic perspective, the analyses
presented thus far reveal a striking anomaly for the saline
system. Compared to the pure water system, the saline system
exhibits nearly indistinguishable interfacial water alignment
and HB asymmetry, along with a comparable HB lifetime.
Therefore, how can the significantly slower nanobubble
ripening rate in the saline system compared to that in the
pure water system be rationalized thermodynamically? To
resolve this apparent discrepancy, we further investigated the
interactions between Na* and Cl™ ions near the interface in the
saline system.

Although the interfacial profiles indicate that the distribu-
tions of Na" and Cl” ions are in close spatial proximity along
the radial direction of the bubble (Figure 4), the Na*—CI~
RDF reveals a dominant peak at ~4.5 A rather than a short-
range peak (Figure 7a). These complementary spatial

32420

distributions suggest that Na* and CI™ ions may adopt specific
configurations near the interface. To quantitatively analyze,
based on the Na*—Cl~ RDF, we identified three distinct
interaction modes: contact ion pairs (CIPs), solvent-shared ion
pairs (SIPs), and double solvent-separated ion pairs (2SIPs).
More details of this categorization are provided in the SI. As
the population of CIPs is negligible compared to that of SIPs
and 2SIPs as shown in Figure 7a, our subsequent analysis
focuses exclusively on the latter two types.

Considering that the orientation of ion pairs can reshape the
hydration structure near the interface, an ion-pair orientation
angle a was defined as the acute angle between the dipole
vector of the ion pair and the normal vector of the interface
passing through the midpoint of the line connecting the Na*
and CI™ ions (Figure 7b). The radial profiles of mean @ shown
in Figure 7c reveal distinct spatially dependent behaviors.
Within the proximal aqueous layer (—4 A < d, < 0 A), the
mean orientation angles are mostly between 70° and 80°,
indicating a preferential orientation that is tangential to the
interface (hereafter denoted as “lying-flat” configuration). As
the distance extends deeper into the bulk phase, this ordered
alignment gradually relaxes, with the mean a converging to
57.3° (the mean angle for random orientation; derivation in
the SI). In tandem with this structural randomization, the
density of ion pairs undergoes a sharp surge within the aqueous
layer (=6 A < d, < — 4 A), after which it maintains a stable
plateau in the bulk phase.

These concurrent structural features, namely, the dense
accumulation of ion pairs and their “lying-flat” configuration,
may have profound implications for gas transport. A previous
study by Feng et al. suggested that ionic hydration shells
impede gas diffusion,”” an effect presumably intensified by the
dense accumulation of these specific orientational config-
urations. We hypothesize that this synergistic structural
arrangement promotes the emergence of localized and rigid
hydration layers, which significantly restrict gas diffusion.
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Figure 8. Free-energy profiles of N2 transfer from the nanobubble to the bulk region. Two-dimensional free-energy surfaces as functions of the gas
coordination number (Gas CN) and water coordination number (Water CN) for (a) pure water and (b) the saline system. The white dashed lines
indicate the gas-to-bulk transition channels used for the one-dimensional projection. (c) One-dimensional free-energy profiles projected along the
unified channel coordinate s, defined as the path coordinate along the common transition channel of both systems scaled from 0 to 1. The insets
show representative configurations of the probe N, molecule in the gas state (GS), interfacial state (IS), and bulk state (BS). The black dashed
circles mark the nanobubble, and molecules other than the probe N, molecule are shown with reduced opacity for clarity.

To verify this hypothesis and quantitatively characterize the
diffusion dynamics of nitrogen molecules, we calculated the
radial diffusion coefficient (D,) and the mean radial displace-
ment (MRD) of N, molecules using a S A-thick radial moving
window with a 1 A sliding step relative to the instantaneous
gas—liquid interface. The obtained values of D, and MRD were
ensemble-averaged over multiple N, molecules and time
origins within the selected ripening trajectories; further details
are provided in the SI. The results reveal a pronounced
increase in the diffusion coefficient around d, = —5 A (i.e., the
light orange shaded region in Figure 7d). Meanwhile, the MRD
decreases markedly in this region, indicating that the outward
radial migration of N, molecules is substantially suppressed
once they approach this region. Since bubble ripening relies on
gas transfer from the nanobubble into the surrounding
solution, this resistance region contributes to the slower
ripening rate in the saline system.

More importantly, the spatial span of this dynamic resistance
region (—6.0 A < d, < —4.0 A), indicated by the increase of D,
and the decrease of the MRD, coincides precisely with the
region of localized enrichment of “lying-flat” ion pairs (@ ~
60°—70°), as highlighted by the light orange shaded region in
Figure 7¢,d. This spatial congruence strongly corroborates our
hypothesis: the accumulation of “lying-flat” solvent-separated
ion pairs near the interface forms a robust barrier by hydration
interaction that effectively intercepts the diffusion of gas
molecules. Consistently, the low-concentration NaCl system
(0.056 M) exhibits a shorter dissolution time than the regular
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NaCl system (0.22 M) but remains slower than the acidic,
alkaline, and pure water systems (Figure S7b), indicating that
weakening the salt concentration reduces but does not
eliminate the retardation effect. Moreover, NaCl slightly
increases the diffusion coefficient of dissolved N, in bulk
solution compared with pure water, whereas it decreases the
apparent effective diffusion coefficient in nanobubble systems
(Figure S17). This opposite trend further supports that the
slowed gas transport in the saline nanobubble system
originates from interface-induced ion-pair hydration structures
rather than from a simple reduction of bulk N, diffusivity by
salt.

3.4. lon-Regulated Nanobubble Ripening Mechanism

Based on the evolution dynamics simulation results of double
nanobubbles and the comprehensive structural and dynamic
insights established above, we propose an ion-regulated bubble
ripening mechanism. Within this framework, the hydration
effect of counterions modulates the orientational alignment of
interfacial water, thereby influencing the asymmetry of
interfacial water—water HBs. Concurrently, the electrostatic
effect of counterions reinforces orientational preferences of
OH™ and H;O" at the interface, attenuating their HB
connectivity on the gas-facing side. Furthermore, the specific
coupling of Na* and CI~ ions promotes the formation of dense
hydration layers near the interface. These ion-regulated
structural alterations dictate the relative dominance of entropic
and enthalpic contributions, which thermodynamically con-
trols the diffusion of gas molecules, as elaborated below.
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From an entropic perspective, the different ripening
dynamics can be associated with the distinct ordering of
interfacial water. Compared to the pure water system, the
acidic system exhibits a higher degree of orientational order of
interfacial water (Figure Sb,d), corresponding to a low-entropy
state. Disruption of this relatively ordered interfacial water shell
by gas molecules may provide an entropic driving force for gas
diffusion. In contrast, the highly disordered interfacial water in
the alkaline system (Figure Sb,c) and the pure-water-like
orientation in the saline system (Figure Sb,e) correspond to
relatively higher entropy states. Consequently, these two
systems have no additional entropic advantage, exerting
negligible influence on gas diffusion.

The enthalpic landscape, mainly reflected by interfacial HB
structures and ion-pair coupling, presents an even more
complex competitive scenario. In the acidic system, a
structurally and dynamically fragile HB network, evidenced
by pronounced HB asymmetry and shortened lifetime, is
further weakened by the attenuated hydrogen bonding of
H;0" on the gas-facing side. This combined lability reduces
the enthalpic barrier to gas diffusion. In the alkaline system, the
enthalpic contributions exhibit internal cancellations: the
enhanced stability of the water—water HB network (nearly
unchanged lifetime and reduced asymmetry) is effectively
offset by the weakened hydrogen bonding of OH™ on the gas-
facing side. In contrast, the saline system features a preserved
pure-water-like HB network (nearly unchanged asymmetry and
lifetime). The specific coupling of Na* and Cl” ions facilitates
the formation of solvent-separated ion pairs and dense
hydration layers near the interface, promoting an enthalpic
barrier that hinders gas transport.

Ultimately, the ripening processes are strongly rationalized
by these distinct thermodynamic balances. The acidic system
benefits from a synergistic combination of a strong entropic
driving force and a reduced enthalpic barrier for diffusion of
nitrogen molecules, thereby accelerating the ripening process.
The alkaline system, characterized by a marginal entropic effect
and an internally canceled enthalpy, displays a ripening rate
nearly identical to that of pure water. Finally, the saline system
features a similarly marginal entropic effect, leaving an
overwhelming enthalpic barrier imposed by the coupling of
ion pairs to act as the mechanism that substantially retards the
ripening process.

To further support this interpretation, we performed
enhanced-sampling calculations for representative pure water
and saline systems to obtain the free-energy profiles of N,
transfer from the nanobubble to the bulk region (Figure 8).
Compared with pure water, the saline system exhibits a higher
free-energy barrier and a less negative free-energy change for
N, transfer from the interface to the bulk phase, indicating that
gas transfer into the bulk phase is both kinetically more
hindered and thermodynamically less favored. These free-
energy results provide direct thermodynamic support for the
proposed salt-retarded ripening mechanism.

It should be noted that the present simulations focus on
BNBs with an initial radius of approximately 1.5 nm. The
ripening kinetics are expected to be size-dependent because of
curvature effects. Therefore, the present mechanism should be
interpreted primarily for highly curved BNBs of comparable
size.

4. CONCLUSIONS

In summary, leveraging a high-accuracy NEP89 model fine-
tuned for gas—electrolyte interfaces, we performed efficient
GPUMD simulations to investigate the Ostwald ripening
process of bulk nanobubbles in acidic, alkaline, and saline
systems, with a specific focus on the role of counterions.

By quantifying the interfacial water orientation using a pair
of orientational coordinates, we revealed that counterions
significantly modulate water alignment through local hydration
effects. This structural perturbation intrinsically dictates the
interfacial configurational entropy and the asymmetry of the
interfacial HB network. Besides, counterions slightly enhance
the orientational preference of H;O" and OH™ ions near the
interface via electrostatic effects, further attenuating the
specific HB connectivity on gas-facing sides. Compared to
pure water, the interfacial water—water HB lifetime remains
stable in the alkaline and saline systems but is significantly
shortened in the acidic system. By analyzing the ion pairs and
radial gas diffusion in the saline system, a Na"—Cl~ coupling
mechanism was elucidated. Specifically, we uncovered a
localized enrichment of “lying-flat” ion pairs within a specific
bulk water region near the interface. These specific
configurations form dense interfacial hydration layers that
retard radial diffusion of gas molecules.

Based on the detailed analyses aforementioned, we elucidate
an ion-regulated ripening mechanism governed by the relative
dominance of entropic and enthalpic contributions. Synergistic
entropic-enthalpic advantages accelerate ripening in the acidic
system, whereas internal enthalpic cancellations render the
ripening rate of the alkaline system virtually identical to that of
pure water. Most notably, the remarkable resistance to ripening
in the saline system is caused by a dominant enthalpic barrier,
arising from the coupling of the Na" and Cl™ ions. This salt-
retarded mechanism is further supported by free-energy
profiles obtained from enhanced-sampling molecular dynamics
simulations, which reveal a higher barrier for N, transfer from
the nanobubble to the bulk phase in the saline system.

The current work provides an atomistic physicochemical
framework of bulk nanobubble ripening modulated by
interfacial ions. Looking ahead, we plan to train a more robust
machine learning potential that incorporates explicit charge
interactions and external electric fields. These advancements
will allow us to simulate more realistic application scenarios,
further elucidating the dynamical behavior of electrochemical
nanobubbles at the atomic scale.
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