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Quantifying interfacial tensions of surface
nanobubbles: How far can Young's equation
explain?¥
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Nanobubbles at solid—-liquid interfaces play a key role in various physicochemical phenomena and it is
crucial to understand their unique properties. However, little is known about their interfacial tensions due
to the lack of reliable calculation methods. Based on mechanical and thermodynamic insights, we quan-
tified for the first time the liquid—gas, solid-liquid, and solid—gas interfacial tensions of submicron-sized
nitrogen bubbles at graphite—water interfaces using molecular dynamics (MD) analysis. It was revealed
that Young's equation holds even for nanobubbles with different radii. We found that the liquid—gas and
solid—liquid interfacial tensions were not largely affected by the gas density inside the nanobubbles. In
contrast, the size effect on the solid—gas interfacial tension was observed, namely, the value dramatically
decreased upon an increase in the gas density due to gas adsorption on the solid surface. However, our
quantitative evaluation also revealed that the gas density effect on the contact angles is negligible when
the footprint radius is larger than 50 nm, which is a typical range observed in experiments, and thus the
flat shape and stabilization of submicron-sized surface bubbles observed in experiments cannot be
explained only by the changes in interfacial tensions due to the van der Waals interaction-induced gas
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adsorption, namely by Young's equation without introducing the pinning effect. Based on our analysis, it
was clarified that additional factors such as the differences in the studied systems are needed to explain
the unresolved open issues — a satisfactory explanation for the nanobubbles in MD simulations being
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Introduction

Bubbles at solid-liquid interfaces are ubiquitous and impor-
tant both in nature and in industry. Accordingly, a rigorous
understanding of their physics from the molecular scale is of
fundamental importance for various physicochemical
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ultradense, non-flat, and stable without pinning.

phenomena involving bubble nucleation, such as boiling, cavi-
tation, chemical reactions, and water splitting. In particular,
small bubbles at solid-liquid interfaces with a submicron-
sized footprint radius and a height of tens of nanometers,
which are called surface/interfacial nanobubbles,' were first
reported a quarter century ago® and have attracted increasing
attention because of their roles for a wide range of phenom-
ena, such as long-range hydrophobic interactions,* fluid slip-
page,’ and stabilization of water thin films in nanoscale
spaces under vacuum.” The utilization of surface nanobubbles
is also a promising way for engineering applications including
the wafer-scale transfer of graphene films,° the onset of nucle-
ate boiling at a low superheat,” the drag reduction of fluid flow
inside a microchannel,® and inhibition of metal corrosion in
acidic geothermal fluids.’

To date, a number of studies have reported the unique pro-
perties of surface nanobubbles, such as the unexpected day-
order long-lifetime,'™> significantly larger contact angles
than those observed on a macroscale,'”> and superstability
against the disturbance.’®'® Subsequently, a variety of theories
have been proposed to explain them."'® So far, it has been
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speculated that pinning of their three-phase contact line and
local gas oversaturation are essential factors to explain the
characteristics,"”"® which was first proposed by Liu and Zhang
in 2013."° Indeed, it has been experimentally confirmed that
surface nanobubbles are strongly pinned even on atomically
flat surfaces.'®'>?%*!' However, some have questioned the
necessity of the pinning for the long-lifetime of surface nano-
bubbles. Chen et al. carried out molecular dynamics (MD)
simulations of steady argon surface nanobubbles without
pinning sites and argued that the pinning was not necessarily
needed for their stabilization.>® Nag et al experimentally
observed a free growth/shrinkage of surface nanobubbles for
longer than 1000 seconds in a nano-confined water film using
an in situ liquid phase electron microscopy (LPEM) technique,
which indicated the existence of non-pinned surface nanobub-
bles.”® Thus, it is still under debate whether the pinning is
necessary to explain the unique properties of surface
nanobubbles.

In addition to the aforementioned properties, a new charac-
teristic of surface nanobubbles was experimentally reported:
an ultrahigh density of inner gas molecules. Zhou et al
revealed using scanning transmission X-ray microscopy
(STXM) that oxygen surface nanobubbles with a footprint dia-
meter as large as 500-800 nm had a density one to two orders
of magnitude higher than that under ambient conditions,
which cannot be explained by the ideal gas law and the
Laplace pressure.?® This new feature would lead to innovations
such as effective oxygen transport, storage of hydrogen gases
at room temperature and pressure, and improvement in
chemical reactions. However, the cause for the ultrahigh
density has not been understood yet. Moreover, Zhang et al.
using attenuated total internal reflection-Fourier transform
infrared (ATR-FTIR) spectroscopy reported that the average
density inside the CO, surface nanobubbles was 44 + 16 mol
m~® (ie, 1.2 = 0.4 kg m~?), equivalent to the gas density at
atmospheric pressure,”® which is in contrast to the aforemen-
tioned STXM results.

The ultrahigh inner density of surface nanobubbles also
raises a new question whether their interfacial tensions
change. Because interfacial tensions originate from the inter-
action among molecules at the interfaces, it is natural to
expect that the values of ultradense nanobubbles deviate from
those of macroscopic bubbles. Such a change in the interfacial
tensions could rationalize the unique characteristics of surface
nanobubbles without introducing pinning as an additional
cause. For example, Zhang et al. proposed that the theoretical
lifetime of surface nanobubbles would approach the timescale
observed in experiments if the liquid-gas interfacial tension
could be reduced due to the high inner pressure.® Petsev et al.
also theoretically predicted that the adsorption of gas mole-
cules onto the solid surface just under the surface nanobub-
bles could reduce the solid-gas interfacial tension, leading to
their distinctive flat shape.?”

To reveal the mechanisms underlying the properties of
surface nanobubbles, quantification of their interfacial ten-
sions is highly desired. However, direct experimental measure-
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ment of the interfacial tensions of surface nanobubbles is
extremely difficult. Specifically, the liquid-gas interfacial
tension has been measured in a few studies, but the results are
inconsistent: one study reported that the value was not
changed,*® while another reported that it was changed.*® More
importantly, quantitative values of the solid-gas and solid-
liquid interfacial tensions of such nanobubbles have never
been reported. To calculate the reliable interfacial tensions of
surface nanobubbles, it is desirable to employ a theoretical
approach applicable at the molecular scale, rather than experi-
ments that inherently involve various uncertainties.

In this study, by integrating well-proven mechanical and
thermodynamic insights®*” into MD simulations, we quanti-
fied the liquid-gas, solid—gas, and solid-liquid interfacial ten-
sions of nitrogen surface nanobubbles at graphite/water inter-
faces. The resulting contact angles evaluated by substituting
these three interfacial tensions into Young’s equation agreed
well with those measured from the apparent shapes of the
surface nanobubbles. We further extended our method to esti-
mate the contact angles not only for quasi-two-dimensional
nanobubbles but also for semispherical submicron-sized
bubbles, which enabled us to directly compare our simulation
results with the previous experimental results. Based on this
analysis, as well as the interfacial tensions, we shed light on
the unresolved issues of surface nanobubbles mentioned
above: the necessity of the pinning and the effect of the inner
gas molecules on the flatness and long-lifetime.

Results and discussion

Density-dependence of the contact angles of surface
nanobubbles

We have carried out MD simulations of quasi-two-dimensional
hemi-cylindrical surface nanobubbles composed of nitrogen
molecules (referred to as N, molecules hereafter) in water,
which are confined between the top graphene and the bottom
AB stacked four-layer graphene (referred to as graphite here-
after). Fig. 1 presents an example of the nanobubble simu-
lation systems in the present study. Five cases were tested for
the number of N, molecules in the system Ny, as Ny, = 400,
300, 250, 200, and 150 with a constant number of water mole-
cules Ny, = 11000. The top graphene worked as a piston to
attain the pressure in the liquid at the atmospheric pressure
P, = 1 atm, as it has been successfully used in previous
studies.”®*®** The Lennard-Jones (LJ) energy between the
carbon atoms in the bottom graphite and N, molecules was
changed by multiplying a coupling parameter # = 1.0 or 1.5 to
investigate the influence of the solid-gas interaction. The
details of the setup of these nanobubble simulations are
described in the Methods section.

Fig. 2 shows (i) equilibrium MD snapshots and (ii) the time
averaged density distributions of N, surface nanobubbles and
a nanodroplet with only 5000 water molecules on the graphite
surface. As the number of N, molecules decreased, the nano-
bubbles became smaller and the N, density in the bulk of the
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Fig. 1 Simulation system of an N, nanobubble in water confined
between graphite and hydrophilic graphene with a number of N, mole-
cules Ny, = 400.

nanobubbles, plk\’}zk, increased. The values were approximately

130-230 kg m™ and 100-170 kg m ™~ for 7 = 1.0 and 1.5, which
are two orders of magnitude higher than the nitrogen gas
density under room conditions (1.14 kg m™) and reaches
12-28% of liquid nitrogen density (809 kg m™). This ultrahigh
density is caused by the high Laplace pressure generated by
their small radii of curvature. The inner pressures of these
nanobubbles P,,s, which were calculated from the normal
stress working on the graphite underneath them, were indeed
very high, ranging from 9.0 to 23.7 MPa (see ESI Fig. S1t). In
addition, adsorbed layers with higher concentrations of N,

(@)n=1.0
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molecules were observed near the solid surface underneath
the nanobubbles, which is consistent with the experimental
results.*’

Furthermore, we evaluated the apparent contact angle of
the nanobubbles 6,,, and that of the nanodroplet Oy opiec by
least-squares circular fitting to a contour of the gas-liquid
interface away from the wall.>***** Masuduzzaman and Kim
reported the importance of the definition of the solid-liquid
boundary position for the evaluation of the apparent contact
angle.*" In this study, the solid-liquid interface was defined as
the position where the fluid density becomes zero which gives
a consistent mechanical balance near the three-phase contact
lines.” The contact angle 6,,, increased as the nanobubbles
became smaller, Le., as pR* increased (89.2-98.9° for 5 = 1.0
and 109.8-121.0° for n = 1.5). They were much smaller than
those observed in experiments (160-175°)" but clearly higher
than the contact angle of the nanodroplet Ogropier = 71.7°
shown in Fig. 2(c-ii), which is within a range of that on graph-
ite surfaces experimentally reported.”” Because the pinning
effect can be negligible on an atomically smooth solid
surface,’® this density-dependent change in the contact angles
indicates that the gas molecules inside the nanobubbles
induced the change in their interfacial tensions.

Quantitative evaluation of interfacial tensions

To quantitatively investigate the effect of gas molecules on the
interfacial tensions, we employed quasi-one-dimensional
liquid-gas, solid-gas, and solid-liquid systems that mimic the
interfaces of surface nanobubbles shown in Fig. 2. Specifically,
the liquid-gas and solid-gas interfacial tensions were calcu-

(c) water droplet
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(i) MD snapshots of nanobubbles with a number of gas molecules Ny, = 400, and (ii) density distributions of nanobubbles with Ny, = 400,

250, and 150 (from the top) in the cases of (a) = 1.0 and (b) = 1.5, and (c) a water nanodroplet equilibrated on the same graphite. Time average
was taken for 20 ns after 40 ns equilibration for the calculation of the density distribution.
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lated based on Bakker’s equation,**” which describes the
relationships between the fluid stress anisotropy and inter-
facial tensions. The solid-liquid interfacial tension was quanti-
fied by the thermodynamic integration (TI) method that calcu-
lates the minimum work needed to separate the liquid from
the solid surface per area, which corresponds to the interfacial
free energy.’>***>*® These types of calculation methods of
interfacial tensions are called the “mechanical route”**> and
“thermodynamic route”,>*?*?>*3 respectively. The details of
the methods used for the calculation of interfacial tensions
are described in the Methods section.

The liquid-gas, solid-gas, and solid-liquid interfacial ten-
sions of the nanobubbles calculated for various bulk N, den-
sities are shown in Fig. 3(a). Although the value of the
liquid-gas interfacial tension y; decreased from that of the
liquid-vapor interfacial tension yy = 53.9 + 0.4 x 10> N m™"
(95% confidence interval) with the increase of pX¥, the differ-
ence ypy — yLg was as small as about 4 x 10° N m™" (7% of
7). This may be because the strong Coulomb force among
the water molecules governed the interfacial tension and the
effect of the weak van der Waals force between the water and
N, molecules was relatively small. The value of y;y, obtained
by the present SPC/E water model is consistent with other
calculated values previously reported in the literature.***’
The calculated values of y;y obtained with several water
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Fig. 3 (a) Interfacial tensions and (b) contact angles of 6y and 6, esti-
mated by Young's equation (eqn (1)) and apparent shape of the nano-
bubbles as a function of the bulk N, density pR%. The pink and green
dashed lines indicate the values of 7,y = 53.9 + 0.4 x 10> N m™ and -
(ysL — y50) =17.3 + L.0X 10> Nm™, respectively.
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models and at different temperatures are known to be under-
estimated compared to the established experimental values.*®
On the other hand, the solid-gas interfacial tension relative
to the solid-vacuum interfacial tension, ysg — yso, dramati-
cally decreased in both cases of = 1.0 and 1.5 with increas-
ing pRl¥, ie., with increasing pressure in the nanobubbles
Pgqs. This is because the density inside the gas molecule-
adsorbed layer increased as Py, increased (shown in ESI
Fig. S2t). Although such an adsorption of gas molecules was
also observed for the liquid-gas interfaces (Fig. 2(ii)), the
density increase was much smaller than that for the solid-
gas interfaces, resulting in a small effect on y;g. These
results imply that the change in the contact angles observed
in Fig. 2 was attributed to the significant decrease in the
solid—gas interfacial tension caused by the strong adsorption
of N, molecules.

From these results, we compared the apparent contact angle
Oapp obtained from the density distribution as shown in Fig. 2(ii)
and the contact angle 6y estimated by Young’s equation:

cos Oy = (sG = 7s0) = (¥s. — 7s0) (1)

7LG

as a function of pRl

in Fig. 3(b). These values calculated via
different approaches were in good agreement for both cases of
n = 1.0 and 1.5, which assures the reliability of our calculation
results and proves the conclusion that the density-dependence
of the contact angles observed in Fig. 2 is attributed to the
change in ysg — yso. This result also highlights the important
point that Young’s equation holds even for nanoscopic gas
bubbles at solid-liquid interfaces. Young’s equation broke
down only when the nanobubbles became so small that there
was no bulk N, density region inside them where the inter-
facial tensions between the two bulk phases could not be
defined any more (refer to ESI Fig. S37).

Are submicron-sized surface bubbles flattened by gas
molecular adsorption?

At first glance, the density dependence of the contact angle
induced by the adsorption of gas molecules appears to be a
key factor to explain the flatness of surface nanobubbles.
However, because the nanobubbles in our MD systems are
quasi-two-dimensional and their footprint radius (~5 nm) is
much smaller than that observed in experiments (~500 nm), a
direct comparison between them is not possible. Although it is
currently not feasible to directly analyze semispherical submi-
cron-sized bubbles in MD simulations due to the very demand-
ing computational cost involved, our method, which solves
Young’s equation by quantifying the interfacial tensions
corresponding to the Laplace pressure of three-dimensional
nanobubbles, makes it possible to calculate their contact
angles including the effects of gas molecular adsorption (the
detail is shown in ESI Fig. S4-S67).

The relationship between the contact angle 6y and the foot-
print radius Rgp of semispherical submicron-sized nano-
bubbles calculated by our method is shown in Fig. 4(b). When
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Fig. 4 (a) Relative solid—gas interfacial tension ysg — yso as a function of

the pressure Pg,s. The red and blue lines are drawn by fitting the
Szyszkowski eqn (3). The light pink and light blue bands were deter-
mined to cover all data points, which have the ranges of K’Qq between
0.38 x 1077 and 0.65 x 1077 Pa~* and between 1.31 x 107 and 2.89 x
1077 Pa~%, respectively. (b) A semispherical nanobubble’s contact angle
versus footprint radius Rgp. The red and blue curves are drawn by using
Petsev's model (egn (2)) with the Kﬁq value obtained in (a). The green
dashed lines indicate Ggopiet Shown in Fig. 2(c). Enlarged view for a small
Rep range is shown as an inset.

Rpp > 50 nm, the change in the contact angles from one of
nanodroplet Ogropiee Obtained in Fig. 2(c-ii) was small, at most
4.1° and 15.3° for n = 1.0 and 1.5, respectively. When Rgp <
50 nm, there is a significant increase in the contact angle as
the Rpp value decreases, but only when Rgp < 1 nm, it reaches
160-175°, which are typical values for nanobubbles on graph-
ite in experiments."

Petsev et al. theoretically proposed that the flat nanobubble
morphology can be explained by considering the effect of gas
adsorption at solid-gas interfaces on their contact angles.””
The equation used can be rewritten as

1 (kgT 2y Sin 6
cos = — {B— In {1 + Ké‘q (PO + L)} + 7Ly CcOS Gdroplet}
e L D Rpp
(2)

where kg is the Boltzmann constant and b is the cross-sectional
area of the adsorbed molecule, and K, is the equilibrium
adsorption constant with a unit of inverse pressure, which rep-
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resents the strength of adsorption. Their study used the values
of K, = 1.0 x 107" to 1.0 x 107° Pa™" to explain the flatness of
the nanobubbles, while these values are for materials functio-
nalized for gas adsorption?”*® and would be too high for an
atomically-flat and non-functionalized graphite surface typi-
cally used for the experimental observation of surface nano-
bubbles. Here, we estimated the values of K, for graphite sur-
faces used in our MD simulation using the Szyszkowski
equation,’® which predicts the effect of gas adsorption onto a
solid surface on ysg - yso by combining the Langmuir isotherm
and the ideal gas model as

kg T
YsG ~ Vso = _BT ln(l + K?quas) (3)

The plots of ysg - yso as a function of the pressure Py
(Fig. 4(a)) were fitted using eqn (3) with K%, as the fitting
parameter. The trends between the MD results and the
theoretical prediction presented good agreement and the
resulting values were K3, = 0.43 x 10" and 1.53 x 10" Pa™'
for # = 1.0 and 1.5, which were significantly smaller than the
K?q values used in the Petsev’s study.”” We then evaluated the
simulated contact angle 6y by substituting the obtained Kgq
value to Petsev’s model (eqn (2)) with b = 10.74 x 107> nm*
estimated from the LJ length parameter used in our study. As
shown in Fig. 4(b), the curves obtained using eqn (2) followed
the plots of 0y well. If we follow the value of K?q =1.0x107*
to 1.0 x 107® Pa~" used in a previous study,®” the value of
needs to be considerably large, which induces the unrealistic
behavior of N, molecules on graphite. From these results, the
present Kﬁq value obtained in our analysis is more reasonable
than the ones of the previous study, which seems to have
overestimated the effect of gas adsorption on the contact
angles. Therefore, although the size effect appears when the
nanobubbles are sufficiently small, the flat shape of semi-
spherical nanobubbles observed in experiments cannot be
explained only by the van der Waals interaction-induced gas
molecular adsorption.

We note that these results are still limited to the ideal case,
namely, the nanobubbles composed of non-polar gas mole-
cules in ultrapure water. In more realistic systems, the gas
molecular adsorption should be affected by the existence of
ions in solutions and the electric charge at interfaces. Further
quantitative characterization of them remains an interesting
topic but is beyond the range of the present paper.

Are submicron-sized surface bubbles ultradense or not?

Zhou et al. reported by STXM observation** that oxygen nano-
bubbles with a footprint radius of hundreds of nanometers
had a density of tens to hundreds kg m™>. On the other hand,
Zhang et al. reported by ATR-FTIR measurements that the
inner densities of surface nanobubbles are almost the same as
that of the ideal gas at atmospheric pressure.> In our MD ana-
lysis, we found that the ideal gas law is applicable to surface
nanobubbles with a gas density of lower than approximately
100 kg m™® (shown in ESI Fig. S61). Therefore, by considering

This journal is © The Royal Society of Chemistry 2022
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the ideal gas law and the Laplace pressure, the bulk N, density
inside the surface nanobubbles is given by

bk _ M

2y sin 6
2 (1 2300) "

Rpp

where m is the mass of a gas molecule (here we used 4.65 X
1072 kg of N, molecule) and we used T = 298 K and y = 72 x
107> N m™! instead of using 71 obtained in the MD simu-
lation as y. The graph of the bulk N, density inside the nano-
bubbles estimated by eqn (4) is shown in ESI Fig. S7.

If we adopt the typical values of surface nanobubbles,
namely a footprint radius of 300 nm and a contact angle of
160°, the density is estimated to be 3.0 kg m™ from eqn (4).
Although this is about 2.6 times higher than the N, gas
density at atmospheric pressure (1.14 kg m™), it is still two
orders of magnitude lower than the STXM results, supporting
the ATR-FTIR ones. There are two possible reasons for this
result. One is the overestimation of the gas density inside the
nanobubbles in STXM observations caused by the existence of
an ultradense gas molecule-adsorbed layer underneath them.
The formation of the dense adsorbed layers of gas molecules
has been reported not only by MD simulations*****° but also
by AFM*°°2 and LPEM’>*”* experiments. Our analysis also
found that even when the pressure Py, was reduced to 0.2
MPa corresponding to the nanobubbles with a footprint radius
of 250 nm and a contact angle of 170°, the peak density inside
the adsorbed layer was 37 and 241 kg m™ for 4 = 1.0 and 1.5
(shown in ESI Fig. S2}), which is 1-2 orders of magnitude
higher than 2.3 kg m™ of the bulk N, density inside the nano-
bubbles. Such highly dense adsorbed layers would have some
effect on the measured absorption spectra. The other is the
nano-confined effect. While ATR-FTIR experiments were con-
ducted in open systems, the nanobubbles in STXM obser-
vations were inside a nanoscopic water film sandwiched in two
SizN, windows like those in LPEM observation. Under such
nano-confined conditions, the overlap of the electric double
layer formed at the two solid-liquid interfaces would deviate
the properties of the nanobubbles from those predicted by the
classical theory and MD simulations, implying the importance
of the system conditions to the properties of surface nanobub-
bles discussed in the next subsection.

Eqn (4) suggests that surface nanobubbles with a large foot-
print radius in open systems like those observed by AFM or
optical methods cannot have an ultrahigh density of tens to
hundreds kg m™ except for inside the adsorbed layers. In con-
trast, because the typical footprint radius of nanobubbles
observed by LPEM is at most tens of nanometers,>*° the bulk
density inside them can reach a hundred kg m™>. In addition,
when a contact angle is 90°, the gas density estimated using
eqn (4) corresponds to that inside the bulk nanobubbles in
which the footprint radius Ryp is defined as the radius of cur-
vature. We can estimate that the typical bulk N, nanobubble
with a diameter of 100 nm would have a gas density of 34 kg
m~>. Such a high density would make it possible to effectively
supply gas molecules, and this is a possible explanation of the

This journal is © The Royal Society of Chemistry 2022
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mechanism of the nanobubble solution-induced promotion of
the growth of plants and living beings.>”

Is pinning required for the stabilization of surface
nanobubbles?

Some experiments and simulations have reported that pinning
is responsible for the stabilization and flattening of surface
nanobubbles, 3119203858 while several MD simulations,
including our study, showed that the nanobubbles can be
stable without pinning.**”° Zhang et al. predicted that the life-
time of surface nanobubbles would be extended if the liquid-
gas interfacial tension could be significantly reduced by the
high inner gas density.”® However, the effect of the gas density
on the liquid-gas interfacial tension is small as shown in
Fig. 3(a). Then, what caused the nanobubbles to stabilize with
no pinning sites in the MD simulations? We propose that it is
because of the abnormally high gas oversaturation in water
due to the closed condition. In our analysis, N, molecules have
dissolved in water more than 1 kg m~> (shown in ESI Fig. S81),
which is considerably supersaturated compared to the nitrogen
solubility of 0.017 kg m™ of ambient water. Because the simu-
lation box is closed due to the periodic boundary in the hori-
zontal direction and the walls in the vertical direction, the
decrease in gas supersaturation via diffusion does not occur.
Therefore, further dissolution is not induced even if the nano-
bubbles are at such a high inner pressure, resulting in their
metastability. Indeed, it was reported that the nanobubble
nucleation in LJ fluids can be controlled by adjusting the solubi-
lity through L] parameters,®® which supports our interpretation.

Such highly saturated and closed conditions are also
present in the experimental systems. STXM observations of a
confined water film reported that the water surrounding
oxygen nanobubbles were highly saturated with oxygen gas.>*
In LPEM experiments, hydrogen nanobubbles are nucleated in
a nano-confined liquid film by the radiolysis of water mole-
cules. Because the radiolysis induced by electron beam
irradiation continues to occur during observation, the gas
supersaturation in the solution should be extremely high. In
such cases, surface nanobubbles would be stable without
pinning. Nag et al. recently found an unpinned nanobubble
that was stable for over 1000 seconds in LPEM observation.?®
Shin et al. also observed the cross-sections of surface nanobub-
bles with diameters of 5-15 nm using the vended graphene
liquid cell, and found that their contact angles were 90-120°,°°
which are consistent with the values of the unpinned nano-
bubbles on graphite shown in Fig. 4(b). In contrast, in open
systems, the pinning and local gas oversaturation near solid-
liquid interfaces will be indispensable for nanobubble stabi-
lity. These indicate that the dynamic properties of surface
nanobubbles can be different in open systems (e.g., typical
systems in AFM and optical microscopy observations) and in
closed systems (e.g., typical systems in STXM, LPEM, and MD
simulations). Thus, the results obtained in different systems
should be carefully compared.

Our analysis showed that it would be necessary to consider
the force that causes the contact angles deviate from those pre-
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dicted by Young’s equation, i.e., pinning, to explain the pro-
perties of surface nanobubbles observed in open systems. The
remaining question in experiments is why the pinning occurs
on an atomically flat surface such as graphite. It is conceivable
that the adsorbed layers of molecules at solid-liquid interfaces
work as pinning sites.”®>>®'"% 1t has been found so far that
the adsorbed layers have a thickness of monoatomic to several
nanometers,’ appear preferentially at the three-phase contact
line of surface nanobubbles,®” and pin the gas phases
nucleated on them.’®*> However, it is still under debate
whether the constituent molecules are gases or airborne
contaminants.®*®* Moreover, the pinning of surface nanobub-
bles by gas molecule-adsorbed layers and their nanoscopic
thickness have never been reproduced by MD simulations. We
expect that further experiments and simulations considering
not only the gas molecule-adsorbed layers but also the concen-
tration of ions in solutions and the electric charge at interfaces
will provide valuable insights and address the origin of nano-
scale pinning, which is essential for the development of micro-
and nano-fluidic systems.

Conclusions

We quantified the interfacial tensions working on nitrogen
surface nanobubbles at graphite-water interfaces through
mechanical and thermodynamic routes. It was found that
Young’s equation holds even on the nanobubbles with a foot-
print diameter of a few nanometers. Furthermore, although a
size-dependent change in their contact angle was observed, it
was revealed that the effect of inner gas molecules on their
interfacial tensions is negligible for the submicron-sized semi-
spherical surface bubbles typically observed by AFM measure-
ments. Therefore, the van der Waals interaction-induced gas
molecular adsorption cannot explain the experimentally
observed stability and flatness of surface nanobubbles. Our
theoretical prediction also shows that surface nanobubbles
with a footprint diameter of hundreds of nanometers cannot
have an ultrahigh density of tens to hundreds kg m™ only by
the van der Waals interaction. The unexpected stability of
surface nanobubbles without pinning in MD simulations,
which contradicts the previous AFM results, was explained by
extremely high gas supersaturation induced by the closed con-
ditions, implying the necessity of the pinning for the stability
of surface nanobubbles in open systems.

Methods

The detailed setup of the nanobubble simulation systems

All MD simulations of surface nanobubbles have been per-
formed using the LAMMPS®® package with a timestep of 1.0 fs.
Periodic boundary conditions were employed in the x- and
y-directions for a rectangular calculation cell of 16.17 x 3.19 x
13.0 nm®. The SPC/E model®® was adopted for water and a
nitrogen molecule was modeled by a monoatomic 12-6 LJ
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particle.®” Because the Young’s modulus of graphite is on the
order of 10 GPa, which is considerably higher than the value
that causes non-negligible surface deformation (on the order
of 100 kPa®®), the influence of surface deformation on three-
phase contact lines is not considered. We have also confirmed
in our previous work that the vibration of atoms constituting a
solid surface does not influence the validity of Young’s
equation.’® Thus, the positions of the carbon atoms in the
graphite were fixed onto the space. The gap between the layers
in the graphite is 0.335 nm. Because the cutoff distance for the
L] interaction between the carbon and water and between the
carbon and N, was set at 1.0 nm, further increase in the
number of the graphene layers does not affect the simulation
results. The inter-molecular interactions among the species
were modeled by the 12-6 L] and coulombic potential as

ool (2)"-2)]-

where r;; is the distance between the interaction sites i and j,
and ¢, o, g; and ¢, denote the L] energy, length parameter, and
point electric charge at the site { and vacuum permittivity,
respectively.

The top graphene basically used as a barostat (piston) was
set to be hydrophilic by adjusting the LJ energy between the
constituent carbon atom and fluid molecules (N, and water) so
that the surface nanobubbles could nucleate only on the
bottom graphite. The hydrophilicity of the top graphene does
not affect the properties of surface nanobubbles because there
are sufficiently large regions of bulk water between the top
hydrophilic graphene and the nanobubbles (shown in ESI
Fig. S9t). The cross L] parameters except for the top graphene
were determined using the Lorentz-Berthelot combining
rules,®® in which the L] parameters of the carbon atom were
assumed to be ¢ = 0.34 nm and & = 0.06575 kcal mol™.”® The
LJ parameters and charge values used in the present study are
listed in Table 1.

The fluid temperature was kept at 300 K using the Nosé-
Hoover thermostat. The coulombic interactions were calcu-
lated by the particle-particle-particle-mesh method.®® A space
three times longer than the length of the simulation domain
was inserted in the z-direction to avoid the electrostatic inter-
actions from the dummy cells in the wall-normal direction.”*
The water bond length was constrained at 0.1 nm by the

q:q;

Anegryj

(5)

Table 1 Lennard-Jones (LJ) parameters and charge values adopted for
the simulations

Pair q (e) oy (nm) &y (keal mol™)

0-0 —-0.8476  0.3166 0.1555

H-H 0.4238 0 0

N,-N, 0.3698  0.1888

N,-H,0 0.3285  0.1924

Wall(C, top) - H,0 0.3367 0.2

Wall(C, top) - N, 0.3549  0.01

Wall(C, bottom) - H,O 0.3367  0.1015

Wall(C, bottom) - N, 0.3549  0.1114 x 57 (5 = 1.0, 1.5)

This journal is © The Royal Society of Chemistry 2022
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SHAKE algorithm.”” The system was divided into bins of 0.1 x
I, x 0.1 nm® for the calculation of the density distribution,
where [, is the system size in the y-direction.

The details of the methods for the calculation of interfacial
tensions

In addition to the simulation systems of surface nanobubbles,
we also employed quasi-one-dimensional systems to calculate
the corresponding interfacial tensions. We note that the basic
setting of molecular models, potential parameters, and the
control temperature is the same as that of the nanobubble
systems.

For the calculation of the liquid—gas interfacial tension, we
used two equilibrium simulation systems with a flat-water
film: with two liquid-vapor interfaces and with two liquid-gas
interfaces (shown in ESI Fig. S10(a)). Liquid-vapor or liquid-
gas interfacial tensions y;y and y g of the systems can be
expressed as

Pxx+Pyy l;
—(p, T W)= 6
4 <zz 5 5 ()

where P, Py, and P, are the diagonal components of the
average pressure tensor, and /, is the system size in the z-direc-
tion. Note that the right-hand side of eqn (6) is divided by two
considering that the systems have two interfaces.

Next, we employed the system in which N, molecules were
sandwiched between the top graphene and the bottom graph-
ite (shown in ESI Fig. S10(b){). The solid-gas interfacial
tension relative to the solid-vacuum interfacial tension
defined as ysg — yso was calculated by the Bakker’s equation
extended for the solid-gas interface®® given by

Zblk

Yoo — 7o = [ fee(2) — 7o )dz )

Jzgg

where 7,(z) and 7y, were the fluid stress tangential to the
solid—gas interface and bulk stress, respectively. To calculate
the stress distributions with sufficient accuracy, the system
was divided into small bins of /, x [, x 0.01 nm?, where [, is the
system size in the x-direction. The tangential stress 7, = 7, = 7y
is a function of the distance z and it starts to have non-zero
values from the solid-gas interface at z = zy;, whereas the bulk
stress 7y iS a constant equivalent to the bulk gas pressure
with inverted sign (—Pgys)-

Finally, we calculated the work of adhesion at solid-liquid
interfaces Wy, as the minimum work needed to separate the
liquid from the solid surface per area, which corresponds to
the interfacial free energy. Specifically, we employed the equili-
brium MD simulation systems of a water-graphite interface
shown in ESI Fig. S11(a)} to quasi-statically strip the liquid off
from the solid surface using a “phantom wall” under the con-
stant temperature conditions. This is an implementation of
the TI method for the calculation of the solid-liquid interfacial
free energy.>**?

In the systems of the TI method, a phantom wall that inter-
acts only with water molecules via the repulsive range of the
12-6 LJ model is at first placed sufficiently below the water

This journal is © The Royal Society of Chemistry 2022
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film, z, = z;. For the present case, z; is positioned exactly at
the middle of the two topmost graphene layers, i.e., approxi-
mately 0.4 nm below the lowest water molecules. Then, by
quasi-statically moving the phantom wall step by step up to
the place where the water film is completely stripped from the
graphite surface (z,, = zo), the work of adhesion was extracted
through the TI along a reversible path. The L] energy e and
length parameter ¢ of the phantom wall were 0.316 nm and
0.16 kcal mol™, respectively. The cutoff distance is set at
0.3546 nm to make the interaction repulsive only. The position
of the phantom wall in the z-direction z,(4) was expressed with
a coupling parameter A as follows:

Zw(d) = AMz1 — 20) + 20 (8)

In our case, we calculated multiple equilibrium systems of
graphene-water interfaces with discrete coupling parameters 1
from 0 to 1.0. The solid-liquid interface at A = 1.0 is separated
to the solid-vacuum and liquid-phantom wall interfaces by
changing the coupling parameter to A = 0 as shown in the left
and right panels in ESI Fig. S11(a).T The phantom wall was dis-
placed by 0.01 nm in the z-direction until the force exerted by
the wall was confirmed to be close to zero, ie., the interaction
between the liquid film and the graphene surface had become
neglectable. A total of 46 simulations were performed, with a
displacement of 0.45 nm, ie., 2, corresponds to the phantom
wall positioned 0.3 nm above the topmost graphene layer. The
variation of the force exerted by the wall on the liquid as a
function of z,, is shown in ESI Fig. S11(b).}

Because the number of molecules N, volume V, and temp-
erature 7 are constant in the systems, the difference in the
Helmbholtz free energy AF between the systems at z,, = z; and
Zw = Zo under a constant NVT is expressed by the interfacial
free energies as follows:

Wst, = AF + +
SL = A YsL T YLw T Vso (9)

R —YsL T Yv T ¥so

where A denotes the surface area and the phantom wall is
denoted by the subscript “W”, yiw and yso are the liquid-
phantom wall and solid-vacuum interfacial energies per unit
area. Note that y;w was substituted by the liquid-vapor inter-
facial tension yy because the L] parameters were set so that
only the repulsive force worked between the water molecules
and the phantom wall.

Using the NVT canonical ensemble, the difference in the
Helmbholtz free energy AF in eqn (9) is calculated through the
TT as

o[

- [ (fulz))dz

where H is the Hamiltonian, ie., the internal energy of the
system, and f;,(z,) is the sum of forces exerted on water mole-
cules by the phantom wall. The ensemble average was substi-
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tuted by the time average and was denoted by the angular
brackets. By substituting eqn (10) and y;y calculated using eqn
(6)~(9), 7sL — ¥so was obtained to be —=17.3 £ 1.0 x 107> N m™".
Although the N, molecules were adsorbed onto the graphite-
water interfaces of nanobubble systems (Fig. 2), they did not
give considerable influence on the contact angles, ie., the
contact angles estimated by Young’s equation did not deviate
from the apparent contact angles, as shown in Fig. 3(b).
This may be because the density of N, molecule-adsorbed
layers at graphite-water interfaces (up to 50 kg m~?) were con-
siderably lower than the adsorbed layer of water molecules
(~1800 kg m™).
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