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In this study, we investigated the relationship between bubble stability and various parameters, including radial
pressure, density, surface tension, charge distribution, and Brownian motion, using molecular dynamics simu-
lations and classical bubble stability theory. Our research sheds light on the contrasting behavior of small and
large nanobubbles in water, with larger bubbles demonstrating a prolonged lifespan and lower internal pressure.
Specifically, nanobubbles with radii of 14 A, 18 ;\, and 22 A were found to have pressures of 792 atm, 647 atm,
and 518 atm, respectively. Notably, our calculations revealed that smaller bubbles possess a thicker liquid-gas
interface compared to the larger bubbles. Additionally, our analysis of gas-liquid interactions and mean
squared displacement demonstrated that smaller bubble gas molecules experience stronger liquid forces and
exhibit enhanced diffusivity. Importantly, we validated the reliability of classical theories by confirming the
consistency between the calculated solubility of nanobubbles using Henry’s law and simulation results. More-
over, our findings aligned with the predictions of Young’s equation regarding surface tension at the calculated
plane, highlighting its applicability in understanding nanobubbles behavior. Notably, we observed that gas
density has minimal impact on the surface tension of nanobubbles according to Young’s equation. Overall, our

research provides valuable insights into the generation of stable nanobubbles for diverse applications.

1. Introduction

Nanobubbles are defined as bubbles with a volume-equivalent
diameter of less than 1 pm according to ISO 20,480-1:2017 [1]. Nano-
bubbles have become a versatile tool with a wide range of applications,
including precision diagnostics [2-4] and environmental remediation
[5,6]. In the realm of medicine, the utilization of laser-induced vapor
nanobubbles on nanoparticle surfaces has revolutionized the attainment
of precise transport mechanisms for cancer treatment [7,8]. Simulta-
neously, the surface structures within microdevice heat transfer systems,
characterized by their roughness [9] and hydrophobic nature, have been
revealed as influential factors in the stabilization [10,11] and height-
ened nucleation efficiency of nanobubbles. Moreover, the generation of
nanobubbles can be indirectly achieved [12] during laser fabrication
processes [13,14] and the preparation of two-dimensional materials
[15-17]. Recent investigations have delved into the intricate behavior
and properties of nanobubbles across diverse processes, while compel-
ling experimental evidence [18] has also substantiated their remarkable
stability in the medium, persisting over extended periods even after
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dissolution.

Compared to microbubbles, nanobubbles possess a unique charac-
teristic of low buoyancy, which effectively prevents their buoyant rise
and subsequent breakup upon contact with water. Nanobubbles can be
classified into two distinct types based on their mode of existence: sur-
face nanobubbles [19] and bulk nanobubbles. The kinetic evolution of
surface nanobubbles adheres to the principles of the diffusion equation,
the Laplace equation, and Henry’s law. In particular, stable surface
nanobubbles can be obtained when gas flows in from gas-supersaturated
water and out due to Laplace pressure equilibrium [19]. Lohse et al.
have demonstrated through experiments [20] and molecular dynamics
simulations [21] that the immobilization of three-phase contact lines at
chemical or geometric surface heterogeneities is the primary factor
contributing to the extended lifetime of surface nanobubbles. However,
the stability of bulk nanobubbles remains a subject of ongoing scientific
discourse, warranting further investigation. Various indirect imaging
and characterization techniques, such as dynamic scattering techniques
[22], zeta potential shift [23], and cryoelectron microscopy [24], have
been employed to probe the properties of bulk nanobubbles [18].
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However, direct evidence supporting their ultra-long stability remains
elusive. The presence of contaminants during experimental procedures
has significantly interfered with the accurate detection and character-
ization of nanobubbles [22]. A recent study by Kim and Najafi et al. [25]
utilized ultrasound and heating to generate bulk nanobubbles and
observed a consistent zeta potential measurement on the nanoparticles,
aligning with that of larger bubbles. This study underscores the critical
importance of meticulous experimental design and rigorous control of
contaminant presence to ensure precise detection and characterization
of nanobubbles.

The stability mechanisms of bubbles have sparked theoretical de-
bates in the field. Currently, four mechanisms have been proposed: the
contaminant mechanism, epidermal mechanism, surface zeta potential
mechanism, and high internal gas density mechanism [26,27]. Howev-
er, experimental evidence has raised questions regarding the validity of
some of these mechanisms. For example, Ghaani et al. [28]. utilized
surface electrostatics to generate bulk nanobubbles and discovered that
the stability of these bubbles stems from surface polarization, which is
independent of the bubble charge. Additionally, the properties exhibited
by nanobubbles challenge classical theory [22], which predicts high
internal pressure and short lifetimes for such bubbles. Nevertheless,
experimental observations have demonstrated the remarkable persis-
tence of nanobubbles over extended periods, casting doubt on the
applicability [29,30] of Young’s Laplace equation for nanobubbles.

Despite extensive research, the understanding of the fundamental
properties of bulk nanobubbles remains highly controversial. To
contribute to this ongoing discussion, we conducted a series of molec-
ular dynamics simulations to investigate the intricate processes of for-
mation, dissolution, and stabilization of individual nanobubbles. Our
study highlights the critical role of achieving thermodynamic equilib-
rium between the nanobubbles and the surrounding liquid, which is
essential for efficient gas diffusion within the nanobubbles structure. To
assess the influence of nanobubbles size on stability, we meticulously
analyzed radial density, pressure, and charge distributions. Further-
more, we rigorously compared our numerical results with established
classical theories, including Young’s Laplace equation, Epstein and
Plesset’s lifetime prediction theory, and Henry’s law, confirming their
applicability and validity in the realm of nanobubbles. In addition to
fundamental investigations, we also explored the practical implications
of nanobubbles in various industrial applications by investigating their
mean squared displacement and Brownian motion. Our comprehensive
study not only advances the understanding of the underlying mecha-
nisms that govern the stability of bulk nanobubbles but also provides
valuable insights for potential applications in heat and mass transfer.

2. Physical model and methods

To investigate the nanobubbles properties and analyze the mecha-
nism, molecular dynamics simulations were performed using the clas-
sical MD code-Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [31]. The simulation system is visualized using the
open visualization tool-OVITO [32] during the simulation. We use a
cluster of nitrogen molecules [33-35] to represent our nanobubbles
since it constitutes a major part of the gaseous nanobubbles. To accu-
rately calculate the nanobubbles properties, the SPC/E water model was
used since it can match well with the experimental results in calculating
the density, diffusion coefficient, and viscosity of water. [36-38] In the
simulation, the interaction forces between nitrogen and nitrogen/water
molecules are described by the Lennard-Jones (L-J) potential, formu-
lated as:

oy 12 . 6
ot =2 () - () ®

where ¢ is the energy parameter, o is the length parameter and r, is the
cut-off radius. The cut-off radius between water molecules and nitrogen/
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water molecules is set to 10 A. Long-range Coulomb interactions are
calculated by the particle- particle-mesh (PPPM) solver [39]. The po-
tential parameters between the atoms are shown in Table S1, where q is
the atomic charged charge. Periodic conditions are used for all bound-
aries. The chosen size of the time step is 1 fs. The simulation model is a
cube of length L = 80 A, mainly divided into water and gas regions,
where the gas region is located in the center of the system with a radius
of 20 A (see Figure S1). Nanobubbles with three different sizes con-
taining different gas molecules (small: 206 N3 molecules, medium: 301
Ny molecules and large: 409 N5 molecules) were built to study the effect
of the gas molecule content on the solubility, stability, and Brownian
motion of the nanobubbles. All nanobubbles are immersed in the liquid
environment which consists of 15,249 water molecules.

A four-stage MD simulation study was conducted to investigate the
dissolution, stability, and motion properties of bubbles. Initially, the
system was simulated in canonical ensemble (NVT) for 2 ns, with a
controlled temperature of 300 K, and the gas confined to the initial
bubble. Subsequently, the isothermal-isobaric ensemble (NPT) was
employed to remove the spatial constraints of the bubbles while main-
taining a constant pressure of 1 atm and a temperature of 300 K. During
the NPT simulation, the dissolution properties of the bubble were
analyzed by counting the number of gas molecules inside and dissolved
into the water to determine the thermodynamic stability of the nano-
bubbles. The NPT simulation was terminated when the bubble reached
thermodynamic stability, which was determined based on the number of
gases inside and outside the bubble. During the simulation, when the
bubble reached thermodynamic stability, the properties were analyzed
in the microcanonical ensemble (NVE) for 2 ns. This is because for liquid
systems the NVE ensemble is the optimal ensemble for statistical system
properties and the thermostats/pressures of the other ensembles inter-
fere with the dynamics of the system [40]. It is difficult to count the
thermophysical properties at equilibrium because the nanobubbles will
undergo Brownian motion during the simulation. The mass center of the
bubble is controlled in the current simulation by reference to Thompson
et al. [41]. The simulation results are unaffected by atomic coordinate
translations due to the use of periodic conditions [33]. To account for
thermal fluctuations, the bubbles were not perfect spheres in any
ensemble, but were considered spheres for statistical analysis if the
nanobubbles equilibrium time was long enough. In the all-atom model,
based on the geometric clustering criterion [42,43], two gas molecules
within a nanobubble are considered to be clustered when their distance
is less than 5 A [33]. Therefore, the spherical shell positions 6 Ato39A
were selected for thermodynamic radial distribution statistics, consid-
ering the effects of the number of statistical atoms and periodic
boundaries. Finally, the restriction of the bubble’s fixed center-of-mass
was lifted to study its Brownian motion properties at NVE (2 ns)
conditions.

3. Results and discussion
3.1. Lifespan and dissolution

The stability of nanobubbles is achieved after a period of dissolution
subsequent to their generation, which is challenging to measure exper-
imentally due to the dynamic behavior of these bubbles. To investigate
the dissolution mechanism, a dynamic statistical region with a 20 A
radius is established, and the number of atoms enclosed within the
nanobubbles is statistically sampled using NPT ensemble simulations
(Fig. 1). In Fig. la-c, it is evident that the smaller nanobubbles experi-
ence a rapid contraction phase before reaching a stabilized state,
resulting in a significantly smaller size compared to their initial size.
Conversely, medium-sized nanobubbles (Fig. 1d-f) exhibit relatively
stable sizes throughout the dissolution process. Due to the use of fixed
regions filled with atoms for nanobubble construction, large-sized
nanobubbles (Fig. 1g-i) undergo an expansion of a few femtoseconds
during the ensemble transition (the system is unstable) and then begin to
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Fig. 1. Temporal progression of nanobubbles categorized as small (a-c), medium (d-f), and large (g-i) during the process of dissolution. The blue circle represents the
actual nanobubbles region throughout the dissolution, accounting for the fluctuation in size. Oxygen and hydrogen atoms in water molecules are denoted by red and
white points, respectively, whereas cyan points signify nitrogen atoms in nitrogen gas molecules.

contract. Note that this expansion of the bubble does not compromise
the validity of the subsequent statistical findings presented in our study.
These artefacts, manifesting transiently during the ensemble transition
phase for mere femtoseconds, were consequently excluded from our
data analysis. Our analysis of nanobubble dynamics during the disso-
lution process employed the NPT ensemble, ensuring each model un-
derwent a minimum simulation duration time of 10 nanoseconds. This
long simulation time has already effectively mitigated any artefact-
related influences in the previous transition processes. For the larger
nanobubbles, the size exceeds the statistical region (20 A) due to mo-
lecular dynamics artefacts at the system transition. Hence, we expanded
the statistical region to 23 A at 5 ns (Fig. 2d). Additional details
regarding the change in the approximate radius and the statistical region
for different bubble sizes are provided in the Supplementary Information
(as shown in Figure S2). By analyzing the temporal changes in the
number of bubble atoms within the statistical region, we observe that
smaller nanobubbles undergo a contraction phase lasting 20 ns before
stabilizing (Fig. 2a). In contrast, medium-sized nanobubbles, as shown
in Fig. 2b, maintain a relatively constant size and achieve stability
within 5 ns. In the case of larger bubbles, stabilization is achieved prior
to 5 ns (Fig. 2¢). This observation indicates that the greater the number

of atoms present within the bubble, the quicker the stabilization time is
attained.

To analyze the dissolution process of the nanobubbles, we calculated
the mean square displacement (MSD) of the gas molecules inside the
nanobubbles. To avoid the artifacts associated with fixed bubbles, we
lifted the bubble constraints and subtracted the bubble center-of-mass
drift to calculate the MSD of the internal gas. The diffusion coefficient
of the nanobubbles based on the MSD can be calculated as

= {0 =)

@

Where r(t) is the position vector of the atom at moment t and the average
was over the time origin for the autocorrelation. The MSD results of
nanobubbles containing 206, 301 and 409 gas molecules are shown in
Fig. 3a. The diffusion coefficients of nanobubbles were calculated to be
2.57x107° m?/s (N = 206), 1.29x10~° m?/s (N = 301) and 1.05x10~°
m%/s (N = 409), respectively. The diffusion coefficient of molecules
inside the N = 206 nanobubbles is nearly twice that of the N = 409
nanobubbles. Meanwhile, the solubility of the gas in the liquid can be
obtained from the number of molecules of the dissolved gas (as shown in
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Fig. 2. Dissolution curves of the (a) small, (b) medium and (c) large nanobubble under NPT conditions. The bubbles undergo a dissolution process to reach a state of
thermodynamic equilibrium. (d) The radius of the large bubble is wider than the initial statistical region due to the high number of atoms inside. To ensure accurate
counting of the atoms inside the large bubble, we expand the counting area from 20 A to 23 A after 5 ns.
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Fig. 3. (a) Investigation of gas molecule diffusion coefficients within nanobubbles is presented for NVE ensembles. The study examines the effect of gas molecule
number (N) on diffusive behavior within nanobubbles by analyzing the slope of mean squared displacement (MSD) between 1 and 2 ns. (b) The equilibrium solubility
of bubbles with varying radii is explored through an analysis of the ratio of dissolved gas content (orange bar) to the gas inside the bubble (dark blue bar). This ratio
provides an estimate of bubble stability. The solubility is determined by the molar fraction of dissolved gas in relation to the molar fraction of water.
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Fig. 3b). Theoretically, the dissolution of nitrogen at standard pressure
(1 atm) and temperature (300 K) is 1.1 x 107° (molar fraction). How-
ever, in the present study, the solubility of nitrogen nanobubbles was
much greater than the standard state and the liquid reached transitional
saturation. In experimental studies, the lifetime of nanobubbles has been
observed to be finite. However, molecular dynamics simulations are
constrained by temporal limitations that preclude the observation of
bubble disappearance. Employing the classical theory of bubble stability
[44], we have computed the lifetime of nanobubbles of varying radii.
Our calculations yield the estimated lifetimes of nanobubbles.

R*p,

Tite =
i~ 3Dc,

3

where pq is the gas density inside the bubble, D is the diffusion coeffi-
cient of the gas in the liquid, Cj is the solubility of the gas. The findings
demonstrate that bubbles with radii of 14 A, 18 A, and 22 A have life-
times of 28 ns, 104 ns, and 227 ns, respectively. Feng et al. have simi-
larly predicted the lifetime of nanobubbles, which they suggest is also at
the nanosecond level [45]. In contrast, the experimental data shows that
nanobubbles can have lifetimes of hours or even days. Discrepancies
between the theoretical and experimental results may stem from dif-
ferences in bubble size and the bubble population effect. Hong et al.
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[46]. found that the spacing between bubble clusters also contributes to
the stability of nanobubbles, and that the spacing is related to the radius
of the nanobubbles. For systems with multiple nanobubbles, high su-
persaturation within the solution and dissolution of the neighboring
nanobubbles inhibits the diffusion of gases from the nanobubbles into
the surroundings [47].

3.2. Thermodynamic stabilization of nanobubbles

The long-term stability of nanobubbles has been a controversial
topic, despite their initial rapid dissolution in aqueous solutions. This
study aims to shed light on the mechanism behind their stability by
exploring the state of nanobubbles at thermodynamic equilibrium.
Through NVE ensemble simulations and statistical sampling of ther-
modynamic properties, we calculated the radial density distributions of
the liquid and gas in order to determine the equilibrium radius of the
nanobubbles. Our analysis revealed that the gas-liquid density distri-
bution of the bubbles showed an absence of water molecules inside and
that the liquid density away from the bubbles reached that of water at
standard temperature and pressure as shown in Fig. 4a-c. However,
obtaining the bubble equilibrium radius was challenging due to diffi-
culties in maintaining a standard spherical shape during the simulation.
To address this, we fitted the liquid-gas density using a hyperbolic
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Fig. 4. Nanobubbles containing (a) 206 (R = 14 ;\), (b) 300 (R =18 A), and (c) 400 (R = 22 ;\) gas molecules show the radial density distribution and gas-liquid
interface widths of the liquid and gas, respectively. The orange area is the width of the liquid-gas interface. The equilibrium radius of the nanobubbles was estimated
by hyperbolic tangent fitting based on the (d) density distribution of the three different systems.
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tangent function, which was found to be consistent with the observed
radial density distribution [48].

~ Pint Pou
plr) ===

— P Post ann (2~ Ro) / €) @
Where pji, is the density inside the bubble, py is the density of the water,
¢ is the liquid-gas interface width. Based on Eq. (4), we found that
bubbles containing 206, 301, and 409 gas molecules reach thermody-
namic equilibrium at radii of 14 A, 18 A, and 22 A, respectively. Fig. 3d
shows that small-sized nanobubbles have higher density. According to
the ideal equation of state, the small bubbles should have a high pressure
inside, which leads to a faster diffusion rate of the gas inside. Further-
more, we noted that the liquid-gas interface widths for the three cases
were 6.8 A (R =14 A), 5.6 A (R = 18 A), and 4.4 A (R = 22 A). The
thickness of the liquid-gas interface layer increased as the size of the
bubble decreased. This observed trend is consistent with the results
measured experimentally by Zhang et al. [49]. Pan et al. used a mo-
lecular dynamics approach to study the effect of a periodically oscil-
lating electric field on the interface between methane and water [50]. It
was found that the thickness of the interface between methane and
water increased with increasing frequency of the electric field and that
the mass transfer between methane and water was enhanced, leading to
further dissolution of methane. Therefore, we speculate that the nano-
bubble interfacial thickness similarly affects the diffusion of the gas
inside the bubble. As the interfacial thickness increases, the contact area
between the gas and water increases, thus leading to enhanced mass
transfer of the gas.

3.3. Mechanically stable mechanisms

In the state of thermodynamic equilibrium, where a bubble is fully
immersed in a surrounding liquid, it maintains mechanical equilibrium
as well. This phenomenon is explained by Young’s equation:

2y
Pin = PGI( o 5
 + R (5)
where, Pj, is the internal pressure of the nanobubble, P, is the outside
pressure of the nanobubble, y is the surface tension at the liquid-gas
interface at the nanobubble boundary, Ry is the bubble equilibrium

radius. We calculated the pressure distribution of the system along the
radial direction using the Harasima method [51], and detailed equations
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are given in the Supplementary Information. Fig. 4 shows the radial
distribution of pressure in the system, which is consistent with the
theoretical framework of Young’s equation. The results indicate that
smaller bubbles exhibit higher pressures. Specifically, the R = 14 A
nanobubble displayed a remarkably high pressure of 792 atm, which
was 1.5 times greater than that of R = 22 A. Notably, the liquid-gas
interface was found to exhibit a strong negative pressure, particularly
in the case of the R = 22 A bubble. The observed negative pressure at the
gas-liquid interface may contribute to maintaining the mechanical
equilibrium of the bubbles. Moreover, we have observed that the liquid
pressure surrounding the bubbles consistently maintains an average of 1
atm, and this observation is further supported by the confirmed density
distribution (Fig. 4d).

The negative pressure in the liquid is primarily attributed to the
presence of surface tension at the interface between the two phases. This
surface tension causes the liquid atoms at the interface to undergo
stretching, leading to the generation of negative stress. In the Supple-
mentary Information (Figure S3), we have included the radial pressure
distribution of the liquid atoms. It is evident from the data that the
negative pressure of the liquid surrounding the bubble remains consis-
tent across different radii. Young’s equation can calculate the surface
tension at the gas-liquid interface by analyzing the pressure inside the
nanobubbles as seen in Fig. 5a. In this study, we constructed a simple
planar model representing the liquid-gas boundary, considering
different gas densities that align with those in bubbles (refer to Sup-
plementary Information for more information). This model was then
used to validate the predictions made by Young’s equation, as detailed
in Table 1. Our findings indicate that the surface tension values (yw)
calculated using Young’s equation, which are based on liquid pressure,
align closely with those obtained from our model. This consistency
confirms the applicability of Young’s equation at the nanoscale. More-
over, our analysis of nanobubbles of different sizes demonstrates that the
internal gas density has minimal impact on the surface tension at the
liquid-gas interface. This observation is consistent with the results

Table 1

Surface tension at the gas-liquid interface of different bubbles.
Bubble radius R=144 R=184 R=224A
Yw (mMN/m) 55.35 57.95 56.83
Ym (MmN/m) 56.49 58.29 58.43
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Fig. 5. (a) Radial pressure distribution of the system. In the homogeneous region, the pressure inside and outside the bubble is expressed as P = (Pyx+Pyy+P;,)/3. The
pressure of the liquid surrounding the bubble averaged 1 atm. (b) Radial distribution of charges around the bubble. The bubble is surrounded by a double layer of
electrostatic charge distributions. The inner layer is being positively charged and the outer layer is negatively charged.
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obtained from the analysis of the radial pressure distribution of the
liquid, which further confirms that the negative pressure observed at the
liquid-gas interface is indeed a direct result of the surface tension. It is
worth noting that our findings are consistent with insights gained from
investigations into surface bubbles [52]. Teshima [53] used molecular
dynamics to observe a phenomenon consistent with Atomic Force Mi-
croscopy (AFM), where the internal gas density has little effect on the
surface tension of the surface nanobubbles.

The stability of nanobubbles is influenced by various factors,
including electrostatic repulsion. The experimental results demonstrate
that nanobubbles possess a highly negative surface charge, as indicated
by the zeta potential measurements. To gain insight into the underlying
mechanism responsible for bubble stability, we examined the radial
distribution of charge around the bubble, as depicted in Fig. 5b. Our
findings reveal that the bubbles (composed of nitrogen molecules) carry
no charge, and the charge arises solely from water molecules. Specif-
ically, the water molecules organize themselves in a distinctive double-
layer charge structure around the bubbles, primarily due to their pref-
erential orientation at the gas-liquid interface. Remarkably, this double-
layer electrostatic charge structure persists even at the horizontal
interface, owing to the alignment of the dipole moment of water mole-
cules parallel to the interfacial normal vector. The outer layer’s negative
charge hinders the merging of neighboring nanobubbles, which pre-
cludes the formation of microbubbles, and thus avoids their rupture due
to buoyancy. The charge oscillations in the liquid region may be due to
the haphazard arrangement of water molecules, but the average charge
in the liquid region of nanobubbles at different radii is zero.

According to the description of Henry’s law, the solubility of gas in a
liquid is related to the partial pressure. The Henry’s law gives:

P, = HX 6

Where Py is the partial pressure of the gas, H is Henry’s constant (The
Henry’s constant for nitrogen is 9.2 x 10° pa at 300k) and X is the
solubility. The solubility of a bubble in a liquid can be determined
through the application of Henry’'s law, which predicts the pressure
within the bubble at thermodynamic equilibrium, as illustrated in
Fig. 4a. The reliability of Henry’s law in the context of nanobubbles was
confirmed by comparing computed and simulated results, as presented
in Table 2. The trends observed in both sets of results were in agreement
and fell within the same order of magnitude. Specifically, it was
observed that under high pressure, smaller bubbles exhibited increased
solubility.

3.4. Brownian motion of nanobubbles

The motion properties of nanobubbles are critical in industrial ap-
plications. To observe the Brownian motion of the nanobubbles, we
lifted the restriction on the center of mass of the bubbles and performed
2-ns NVE simulations to count the liquid-gas properties of the bubbles as
they undergo Brownian motion. Our analysis shows when the nano-
bubbles achieve a dynamic equilibrium, the diffusion of the contained
gases becomes slower. We have further visualized and confirmed the
majority of gas molecules are still in the bubble region. We found that
over 80 % of the gas molecules are maintained within the nanobubbles
which can be attributed to the liquid’s saturation (refer to Supplemen-
tary Information Figure S5). Therefore, the molecules inside the nano-
bubbles at steady state can be used to analyze the nanobubble motion.
Our results, presented in Fig. 6, demonstrate the Brownian motion of

Table 2

Dissolution of nanobubbles in liquids (molar fraction representation).
Bubble radius R=144A R=184A R=224A
Solubility (Henry’s law) 0.0087 0.0071 0.0057
Solubility (Simulation) 0.0063 0.0049 0.0036
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Fig. 6. The Brownian motion trajectory of bubbles with different radius in NVE
ensembles for 2 ns. It mainly reflects the displacement of the bubble in the x and
y directions.

bubbles with different radii. We observed that smaller bubbles exhibit
more intense Brownian motion and travel farther distances over the
same period. Furthermore, we found that the Brownian motion rate of
nanobubbles is influenced not only by bubble size, but also by the
saturation of the surrounding liquid. Both 18 A and 22 A bubbles reach
supersaturation levels compared to the 14 A bubbles. As the saturation
level increases, the Brownian motion of nanobubbles decreases. The
variability in the Brownian motion rates of nanobubbles within liquids is
primarily attributed to collisions between liquid and gas molecules,
which lead to distinctive levels of motion resistance. In the realm of
statistical physics, the friction coefficient is directly linked to the fluc-
tuations of the force exerted on the equilibrium entity. To accurately
quantify the resistance encountered during nanobubble motion, we
calculated the friction coefficients experienced by individual nano-
bubbles of various sizes. This calculation was performed using the
Green-Kubo integral of the force autocorrelation [54], employing the
following mathematical expression:

t

[ s Foyar @

0

1

f(t)zﬁ

where Kp is the Boltzmann constant, T is the temperature at system
stability, (F(S)-F(0)) is the average of the autocorrelation function of the
interaction forces of the liquid and the gas at different time starting
points.

The analysis reveals that the nanobubbles with varying radii expe-
rience rapid decay within 100 fs, as indicated by their force autocorre-
lation. Smaller bubbles exhibit a greater amplitude of oscillation, but all
eventually stabilize after 600 fs. By applying the average value of the
autocorrelation function to Eq. (7), the friction coefficient for nano-
bubbles of different radii was computed, and the results are presented in
Fig. 7a. Notably, larger bubbles exhibit a higher coefficient of friction,
with the 22 A bubble having roughly twice the coefficient of friction as
the 14 A bubble. The Brownian motion of nanobubbles is fundamentally
influenced by their gas-liquid interaction. In Fig. 7b, we present the
interaction forces and energies of moving bubbles (The detailed calcu-
lations are provided in the supplementary information.). Specifically,
larger bubbles experience greater gas-liquid interaction and energy
(absolute value) during Brownian motion, which impedes their move-
ment. Furthermore, the dissolution and movement of nanobubbles
typically happen concurrently. We calculated the forces exerted on
distinct gas molecules within these bubbles when immersed in liquid.
For bubbles with radii of 14 A, 18 A, and 22 A, the forces on the gas
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Fig. 7. (a)The normalized autocorrelation functions of force were determined for nanobubbles of varying radii. The corresponding friction coefficient was calculated
from the Green-Kubo integral of the force autocorrelations, as shown in the inset table. (b) Interaction forces absolute and energies of moving nanobubbles.

molecules were found to be 0.21, 0.09, and 0.07 (kcal/mol)/Angstrom,
respectively. This suggests that gas molecules in smaller bubbles expe-
rience greater liquid forces, facilitating their diffusion. These findings
align with the Mean Square Displacement (MSD) calculations illustrated
in Fig. 3a, which focus on the behavior of bubble molecules.

4. Conclusion

Our study presents a comprehensive investigation into the stability
of nanobubbles, employing molecular dynamics simulations and clas-
sical bubble stability theory. The results highlight the relationship be-
tween different parameters and bubble stability. Specifically, our
findings indicate that large nanobubbles possess a longer lifespan and
exhibit lower internal pressures compared to their smaller counterparts.
For instance, nanobubbles with radii of 14 f\, 18 }o\, and 22 A correspond
to pressures of 792 atm, 647 atm, and 518 atm, respectively. This es-
tablishes a clear correlation between bubble size and internal pressure.
Furthermore, our analysis uncovers distinctive characteristics of smaller
bubbles, including a more stretched state and a thicker liquid-gas
interface when compared to larger bubbles. Additionally, we conduct-
ed a charge distribution calculation for water molecules surrounding the
nanobubbles, which revealed the presence of a stable double-layer
electrostatic charge structure. To validate our findings, we employed
Henry’s law to calculate the solubility of nanobubbles, and the results
aligned with our simulation outcomes. Additionally, we examined the
surface tension of the calculated plane using Young’s equation, and
found that it correlated well with simulation data. Notably, according to
the results derived from Young’s equation, the gas density has minimal
influence on the surface tension of nanobubbles. Moreover, through
calculations of gas-liquid interactions and mean squared displacement
analysis, we demonstrate that gas molecules within smaller bubbles
experience more pronounced liquid forces and exhibit enhanced diffu-
sion compared to those within larger bubbles. Overall, our findings
provide novel insights into the generation of stable nanobubbles for
diverse applications. These insights hold significant implications for
fields such as materials science and biomedicine, offering exciting
prospects for their design and utilization.

Associated content
Correlation potential functions for nitrogen and water; Initial phys-

ical model of the bulk bubble; Dissolution curves of the (a) small, (b)
medium and (c) large nanobubbles under NPT conditions; Calculation of

surface tension at the interface between different gas densities and
solids.
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