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ABSTRACT: To understand the unexpected and puzzling longterm stability of nanoscale gas bubbles, it is crucial to probe their
nature and intrinsic properties. We report herein synchrotronbased scanning transmission X-ray microscopy (STXM) evidence
of highly condensed oxygen gas molecules trapped as surface
nanobubbles. Remarkably, the analysis of absorption spectra of a
single nanobubble revealed that the oxygen density inside was 1−2
orders of magnitude higher than that in atmospheric pressure, and
these bubbles were found in a highly saturated liquid environment with the estimated oxygen concentration to be hundreds of times
higher than the known oxygen solubility in equilibrium. Molecular dynamics simulations were performed to investigate the stability
of surface nanobubbles on a heterogeneous substrate in gas-oversaturated water. These results indicated that gas molecules within
conﬁnement such as the nanobubbles could maintain a dense state instead of the ideal gas state, as long as their surrounding liquid is
supersaturated. Our ﬁndings should help explain the surprisingly long lifetime of the nanobubbles and shed light on nanoscale gas
aggregation behaviors.

■

INTRODUCTION
Bubbles with a precise spherical shape and fragile nature are
common phenomena in daily life. Understanding the
formation of bubbles at interfaces is of fundamental
importance for gas evolution processes such as boiling, water
splitting, and decompression. The presence of small bubbles at
an interface would decrease the eﬃciency of photocatalytic
reactions in solar conversion1 and cause decompression
illness,2 while on the other hand, the bubbles are eﬀective in
creating slip boundary conditions in ﬂuid transport3 and
increase the eﬃciency in mineral particle ﬂotation.4 Nanosized
bubbles on surfaces were initially proposed to explain the longrange attraction between two hydrophobic surfaces in
water.5−9 The assumption of such pre-existing nanosized gas
bubbles that bridge these surfaces provided a conceivable
explanation for the measured hydrophobic attractions, which
could extend to as long as 100 nm.5,8,10 A few years later,
atomic force microscopy (AFM) results were reported that
supported the existence of such nanosized surface bubbles and
that also demonstrated these bubbles’ long-term stability.11−13
The dynamics and evolutions of microsized bubbles (radii of
ca. 5−10 μm) are well described by Epstein−Plesset theory14
on the basis of the diﬀusion equation and Laplace pressure.
However, nanosized bubbles with long lifetimes contradict the
predicted time scale for the bubbles’ lifetimes: namely, τ ≈ r2/
D (where D is the diﬀusion constant) calculated from
Epstein−Plesset theory.15,16 Another discrepancy with theory
is that the contact angles (water side ≥145°) of the surface
© 2020 American Chemical Society

nanobubbles are substantially greater than the microscopic
contact angle of water droplets on the same surface. Great
eﬀorts have been made to solve these two puzzles in the past
two decades.11,17,18 A host of techniques have been used to
study surface nanobubbles, including AFM imaging in liquid,
infrared spectroscopy,19 total internal reﬂection ﬂuorescence,20,21 transmission electron microscopy,22 dark-ﬁeld
microscopy,23 surface plasmon resonance microscopy,24,25
and so on. Further investigation revealed that surface
nanobubbles are not an intrinsic phenomenon of a hydrophobic surface in water but are induced by temporary gas
oversaturation26 and electrochemical reactions.27,28 Theoretical studies demonstrated that gas oversaturation and pinning
eﬀects at the three-phase contact line are essential to stabilize
surface nanobubbles.29−31 Several recent theoretical studies
suggested that an attractive hydrophobic potential from the
substrate could be the reason why surface nanobubbles are
stabilized even in unsaturated situations.32,33 It was proposed
that the electrochemically generated nanobubbles on the
surface are driven by a heterogeneous nucleation mechanism34
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Figure 1. High density of oxygen gas inside nanobubbles. (a) Schematic illustration of STXM measurement of the high density of oxygen
nanobubbles produced by water electrolysis. (b) Image of a single nanobubble recorded at 537 eV. (c) Normalized X-ray absorption spectra
passing through the nanobubble (green area). (d) Decomposed absorption spectra from inside the nanobubble in comparison with the spectrum of
oxygen gas at 1 atm pressure (50× enhancement). The optical density of the oxygen gas was the same throughout the height (ca. 46 nm) of the
nanobubble. (e) Estimated oxygen density inside nanobubbles (green circles) and oxygen concentration in the surrounding water (blue triangles)
near the nanobubbles as a function of their lateral diameter.

solid particles. However, the type of gas inside (vapor, N2, O2,
etc.) cannot be determined. The spectra of CO2 in the gas state
from Fourier transform infrared spectroscopy19,38 provided
strong support for gaseous CO2 bubbles at the substrate
surface but lacked enough spatial resolution to resolve a single
nanobubble. Synchrotron-based scanning transmission soft Xray microscopy (STXM), which can acquire near-edge X-ray
absorption ﬁne structure (NEXAFS) spectroscopic data of the
sample while also mapping it with a high spatial resolution, is a
powerful technique to probe some of the basic properties of
the gases inside nanobubbles. From STXM measurements one
can determine the elemental and chemical composition of a
sample, while also acquiring a transmission image with a
maximum spatial resolution of 30 nm. Our previous work
demonstrated that single nanobubbles of neon and SF6 can be
visualized by using STXM.39 Recent studies using STXM
suggested that a cloud of aggregated oxygen might exist in
porous diatomite particles.40 These reports both contribute

and was further investigated by molecular dynamics
simulations.35
Despite this remarkable progress, the basic physicochemical
properties of gas molecules conﬁned within nanobubbles
remain unclear. Usually, such conﬁnement occurs in at least
one dimension (normally height) close to the mean free path
of air (∼68 nm) under ambient conditions. The nature of gas
molecules entrapped under such conﬁned conditions is crucial
to understand the superstability of surface nanobubbles at
solid−water interfaces. One of the basic properties of
nanobubbles is the density (or inner pressure) of the bubble,
as the gas state inside a nanobubble can be deduced from it.
Thus far, little is known about this topic owing to the
diﬃculties of directly characterizing gas molecules under
conﬁnement. Studies with optical techniques such as total
internal reﬂection ﬂuorescence microscopy,20 reﬂection
interference contrast microscopy,36 and time-resolved ﬂuorescence microscopy37 have revealed certain features of gasrelated nanobubbles, which are distinct from oil droplets and
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Figure 2. Nanobubble imaging. (a) Photograph of the platinum-coated electrochemical silicon nitride window. The two areas coated with Pt were
isolated from one another, with the left side severed as the anode for the production of oxygen nanobubbles. (b) Optical image of the assembled
silicon nitride windows after water electrolysis (reﬂection mode). Microbubbles (indicated by arrows) can be seen to have formed on the Pt
electrode. (c) AFM image of nanobubbles on the Si3N4 membrane after water electrolysis. (d) Diﬀerent paths showing that X-rays travel through
the nanobubble and the water that surrounds it. (e, f) STXM transmission images of multiple nanobubbles at photon energies of (e) 531 eV and (f)
540 eV.

employed to measure their production via electrolysis of water
(see Figure 2c and Figure S2). This work focused on oxygen
nanobubbles produced near the working electrode in the setup.
To locate the nanobubbles on the Si3N4 surface, the sample
area was imaged at 540 and 531 eV in the STXM
measurements, as water barely absorbs soft X-rays below 535
eV but strongly absorbs X-rays at 540 eV (namely the “water
window”). The presence of the surface nanobubbles reduces
the thickness of the water layer relative to the surrounding area
that does not contain any nanobubbles. The reduction in the
thickness of water leads to a diﬀerence in absorption at 540 eV,
yielding bright nanobubbles that contrast with the dark areas
surrounding them in the STXM images, as shown in Figures 1b
and 2f. Conversely, at a photon energy of 531 eV, these
nanobubbles appear darker than the surrounding areas, as
shown in Figure 2e. The dark contrast of the nanobubbles at
531 eV suggests that the X-rays are being absorbed by the gas
inside the nanobubbles. These bubbles are found with diﬀerent
lateral sizes, from about 100 nm to several micrometers.
Furthermore, these bubbles remained stable: i.e., they did not
dissolve or merge with each other even after 5 h of monitoring.
NEXAFS Spectra from a Single Nanobubble. Stack
scans on a nanobubble were performed to acquire spatially
resolved X-ray absorption spectra. The background signal was
obtained through two bare Si3N4 windows as in Figure S3. The
normalized absorption spectrum through the nanobubble
(green line data in Figure 1c) exhibits a peak at 531 eV,
which can be assigned to the O 1s state of the oxygen gas. The
main features of liquid water and oxygen gas can be found at
535−550 eV. The acquired spectrum is very similar to the

toward the growing body of proof for the existence of gas-ﬁlled
nanobubbles.
Here, we studied the density of a gas that is conﬁned inside
individual oxygen nanobubbles and the local concentration of a
gas dissolved in the surrounding liquid. The experimentally
obtained NEXAFS spectra indicate a high density of “interior”
gas inside the observed nanobubbles; they also show a gas
oversaturation in the water surrounding the nanobubbles. Our
MD simulations provide insight into the stability of nanobubbles with a high gas density and are in good agreement
with the experimental results. The superhigh density of the gas
inside the nanobubbles and the oversaturation of the
surrounding liquid shed light on the gas aggregation behavior
at the nanoscale level with important implications for
nanoscale gas-related applications.

■

RESULTS AND DISCUSSION
Nanobubble Formation for STXM Imaging. Oxygen
nanobubbles were generated by water electrolysis. Schematic
illustrations of the STXM measurement and the electrode
layout are shown in Figures 1a and 2a, respectively. After
electrolysis many microsized bubbles were formed on the Pt
electrode and the nearby Si3N4 surface (Figure 2b and Figure
S1). Fringes from interference near the edge indicate that the
thickness of the water ﬁlm between the two assembled silicon
nitride windows was comparable to the wavelength of visible
light (400−760 nm). After the electrolysis procedure,
abundant nanobubbles were produced, as in our previous
report.27 To further conﬁrm that nanobubbles had formed on
the platinum-coated silicon nitride membrane, AFM was
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Figure 3. Spectral decomposition and density estimation. (a) STXM transmission image of a nanobubble (green region) and the water surrounding
it (red region) recorded at 540 eV. (b, c) Normalized absorption spectra from the nanobubble and the area of water surrounding it (solid lines) in
comparison with their ﬁtting curves (dashed lines). (d) Comparison of the absorption spectra from the nanobubble area (green, 5 times enlarged)
and a nearby water area (violet, 5 times enlarged) with the spectrum of oxygen gas (red). The diﬀerence in the optical density at 531 eV was used
to estimate the oxygen concentration in water. (e) Absorbance of the nanobubble (red) in comparison with that of water of the same thickness
(blue). The vertical average value of the ratio of the two markers was used for the density estimation.

spectrum of liquid water,41 suggesting that the absorption of Xrays by water dominates the spectrum. According to the Beer−
Lambert law, the absorbance or optical density (OD) can be
written as

from merely inside the bubble with the height of hb, one should
subtract the absorption from the water above with the
thickness of hw. However, the water above also has O2
dissolved inside, and the use of only liquid water spectra as
references cannot exclude such eﬀects. Instead, the absorptions
from the nearby water area surrounding the nanobubble
(assumed to be the same as the water above the nanobubble)
are adopted as reference spectra. Then the absorption of the
nanobubble area were divided into several parts

N

OD = −ln(I /I0) = ln 10 ×

∑ εicihi
i

(1)

where εi is the absorptivity of the substance i which depends
on the molecular type (in the nanobubble case it could be O2,
liquid water, or vapor), ci is concentration of the substance i,
and h is the length of the X-ray path. Equation 1 suggests that
the absorption spectrum of the measured nanobubble path is a
linear combination of absorption from inside the nanobubble
and the water above it. Thus, the chemical information from
solely inside the nanobubble can be obtained by decomposing
the acquired spectra.
To resolve the overlapping signals in the obtained spectrum,
we used a multiple linear least-squares curve ﬁtting method
(see the data analysis section). On the basis of the bubble
model in Figure 2d, in order to extract the absorption of O2

Abubble_area = βSwater ASwater + βO _bubbleA O2_gas + βvapor A vapor
2

+ ci

(2)

where β is the ﬁtted coeﬃcient of the reference spectra
denoted as A. Speciﬁcally, ASwater is the absorption spectra of
the nearby water area surrounding the nanobubble (purple
spectra in Figure 3d), and ci is the error variable of the curve
ﬁtting with a conﬁdence interval of 95%. Similar curve-ﬁtting
procedures were done on the absorption of the nearby water
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Table 1. Coeﬃcients of Linear Least-Squares Curve Fitting
n

yi = ϵi + ∑ βjxi , j

i = 1, 2, ..., m

j=1

composition

oxygen gas

vapor

liquid water

nanobubble area
surrounding water

0.0180 ± 0.0032
0.0285 ± 0.0058

−0.0102 ± 0.0116
0.0503 ± 0.0201

0.5273 ± 0.0205

ASwater = βLwater ′ALwater + βO water ′A O2_gas + βvapor ′A vapor
2

(3)

A comparison of the ﬁtting curve (orange dashed line) and
the original spectrum of the nanobubble area is shown in
Figure 3b, and the obtained coeﬃcient values are given in
Table 1. Subtracting the absorption of water (spectrum of the
surrounding water used as reference) yielded the spectrum of
dissolved oxygen in water, proving that oxygen gas is present
inside the nanobubble.
In addition, the liquid environment (red region in Figure 3a)
surrounding the nanobubble was also normalized, as shown in
Figure 3c (red solid line). Further, a small peak was also
present at 531 eVit belongs to the O 1s signal of oxygen gas
molecules in water. A curve-ﬁtting procedure was also used to
analyze this spectrum, but in this case, the spectrum of liquid
water was used as one of the references. From the ﬁtting
coeﬃcients presented in Table 1, the surrounding area of water
was shown to consist mainly of liquid water with dissolved
oxygen molecules. In comparison with the result from the
nanobubble area, the ratio of water vapor was high in the water
area, which may be caused by water evaporation in the two
sealed Si3N4 windows after the X-ray irradiation.
High Density of Gas Inside the Nanobubble. Two
distinct methods were applied to estimate the gas density
inside the detected oxygen nanobubble. The curve-ﬁtting
approach is described next.
From the ﬁtting results of the bubble area in eq 2, the
absorption from merely inside the nanobubble is
Abubble_hb = βO _bubbleAO2 _gas

Nb
ij Nw
yz
j
z
ODbubble_area = jjjhw ∑ εici + hb∑ εjcjzzz ln 10
jj
zz
i
j
k
{
Nw

If the exact values of hb and hw are known, the absorption
N
from merely inside bubble hb∑ j b εjcj can be obtained by
combining eqs 7 and 8. Then the concentrations ci can be
acquired by comparing with a standard absorption spectrum of
oxygen gas at 1 atm pressure with the same thickness hb. To
estimate the thickness of water, the OD diﬀerence of liquid
water between near 525 eV (barely absorbs X-rays) and after
537 eV (strongly absorbs X-rays) is compared with the value
from 1 μm, the simpliﬁed formula follows:
h = OD(E)/OD1(E)

(9)

where OD1 is the reference value of 1 μm water (about 1.769).
For the spectra provided in Figure 3d, the thickness of water
then can be estimated as (a) nearby water area (hw + hb) of
0.485−274 nm and (b) water above the nanobubble area (hw)
of 0.403−228 nm; therefore, the estimated nanobubble height
hb is around 46 nm.
When the bubble height and thickness of water are
determined, the absorption from merely inside the bubble
now can be written

A water_area_hb = (ASwater − βO water ′A O2gas − βvapor ′A vapor
2

(5)

The eﬀects of O2 and vapor in water now have been
excluded in eq 5, leaving only the features of liquid water. By
combining these two decomposed spectra and subtracting both
the absorbance near 525 eV to zero in Figure 3e, we can then
calculate the ratio of oxygen atom numbers inside nanobubble
and liquid water with same thickness of hb as
ratio = Abubble_hb /A water_area_hb

(8)

i

Since ASwater the absorption of nearby water area surrounding
nanobubble with thickness of (hw + hb) are decomposed in eq
3, and by knowing βSwater·ASwater as the absorption of the water
above nanobubble with the thickness of hw, then the
absorption of water area with thickness of hb can be acquired
by

− ci′)(1 − βSwater )

(7)

ODnearby_water_area = (hw + hb)∑ εici ln 10

(4)

2

0.5485 ± 0.0206

water and oxygen gas in this energy range barely changed,
meaning that εi in eq 1 barely changed. Thus, the absorbance
diﬀerence (OD values) between 525 and 550 eV are only
related to the atom density ci in the light path. By subtraction
of the average OD values at 523−525 eV of the two spectra to
zero, the OD values at 550−553 eV then were used for the
density calculation, as indicated by the two markers in Figure
3E. The ﬁnal result shows that the number of oxygen atoms
inside the nanobubble was around 10.08−16.47% of that in
liquid water with a curve-ﬁtting conﬁdence interval of 95%.
Given that the density of liquid water at a temperature of 25
°C is 997 g/L, the density of the gas in the oxygen nanobubble
was calculated to be around 118 ± 28 g/L. This number is
about 76.3−123.7 times greater than that of ambient air, which
has a density of 1.18 g/L.
The second method relied on the estimation of the thickness
of water. From eq 1 and the bubble model in Figure 2d, the
absorbance or OD of bubble area path and nearby surrounding
water area path can be written as

area surrounding the nanobubble with the spectra of liquid
water ALwater as reference:

+ ci′

surrounding water

ODbubble_hb = ODbubble_area −

hw
ODnearby_water_area
h w + hb
(10)

(6)

The gas density then can be deduced by comparing the
decomposed absorption spectra ODbubble_hb with the absorption spectra of oxygen gas at 1 atm pressure with the same

Such a comparison is applied between photon energies at
near 525 and 550 eV, because the absorption from both liquid
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Figure 4. Oxygen oversaturation in water and the gas concentration distribution map. (a, d) STXM transmission images of two oxygen
nanobubbles at 540 eV. (b, e) Thickness proﬁles of water. The thickness is determined according to the O k-edge X-ray absorption spectra at each
point. (c, f) Oxygen concentration distribution in water. This is estimated by comparing the OD (optical density) value at O 1s (531 eV) with a
reference value of oxygen gas at 1 atm pressure.

scan (e.g., 100 × 100) at a range of 525−560 eV (e.g. 80
images). After the intensity data were converted to OD values
by OD = −ln(I/I0), the absorption spectrum of every single
point (e.g., 40 nm × 40 nm) around the nanobubble area
(Figure 4a,d) then can be acquired. Therefore, from eqs 9 and
11, the thickness of water and the oxygen concentration in
water of every point within an interested area can be obtained.
The thickness results of two oxygen nanobubbles are
presented in Figure 4b,e; obviously the much thinner water
in the center (dark blue area) matches the description of a
surface nanobubble immersed in water. The variation of
thickness in some areas could be caused by normal intensity
ﬂuctuations during the point scan (each point stays for 0.5
ms).
The distribution of oxygen concentration in water
surrounding an individual nanobubble is provided in Figure
4c,f. Speciﬁcally, the estimated average concentration of O2 in
the water surrounding the nanobubble was 30−40 g/L. This
level of oxygen concentration is 3 orders of magnitude higher
than the O2 solubility (8.38 mg/L) of ambient water. The high
concentration of oxygen gas indicates that the water
surrounding the nanobubble was supersaturated, which is far
away from thermodynamic equilibrium.
To further verify the presence of high-density gas in
nanobubbles and oxygen oversaturation, we analyzed four
further nanobubbles with the same procedure; their STXM
images and corresponding absorption spectra are shown in
Figure S5. The thickness and concentration maps are
presented in Figures S6 and S7. All nanobubbles had a gas
density that was at least 20 times higher than the density of air

thickness of 46 nm. As in Figure 1d, these two main absorption
peaks at 531 eV suggested that oxygen pressures inside this
nanobubble were even much higher than 50 atm pressure. If
we compare the OD diﬀerence of the peak value at 531 eV, the
oxygen density inside this bubble gives about 101 ± 18 g/L, in
coincidence with the density estimation with the curve-ﬁtting
approach in Figure 3e. In our previous publications we
reported predictions that the gas inside nanobubbles has a high
density; in particular, our research suggested that gas molecules
would be enriched at the hydrophobic water/graphite interface
and form high-density nanobubbles there.42,43 Here, we report
direct experimental measurements of the gas density inside a
single nanobubble.
Oxygen Oversaturation in Water. Note that the
absorption spectra from the water area surrounding the
nanobubble was described by eq 8, and the thickness of this
water layer can be determined by eq 9. Thus, the concentration
of oxygen molecules in the water ci can be calculated by
comparing the spectra with the standard spectra of pure
oxygen gas at 1 atmospheric pressure with same thickness of hw
+ hb. The relative OD values of the main absorption peak at O
1s 531 eV were compared, and the oxygen concentration in
water can now be written
CO2_water = CO2_ 1atmODnearby_water_area (531)/ODO2_1atm (531)
(11)

where the density of pure oxygen gas under ambient condition
CO2_ 1atm is 1.42 g/L.
Generally, the STXM stack gathered the transmitted
intensity of a certain area (e.g., 4 μm × 4 μm) by a point
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Figure 5. Molecular dynamic simulations of oxygen nanobubbles. (a) Snapshot of the initial conﬁguration in the simulation. (b) Snapshot of an
oxygen nanobubble stabilized on the patterned surface at 35 ns (front view). The purple dots represent oxygen molecules, while red dots represent
water molecules. (c) Number of oxygen atoms inside a spherical caplike nanobubble as a function of the simulation time. (d) Density pseudo color
plot of oxygen molecules inside a nanobubble on the basis of MD simulations. (e) Statistical density distribution of the calculated cells inside a
nanobubble. (f) Mean square displacement (MSD) of oxygen atoms inside or outside of a nanobubble versus the calculated time.

at 1 atm pressure. Meanwhile, the concentration of dissolved
oxygen in the surrounding water was much higher than the
oxygen solubility under ambient conditions (8.38 mg/L),
although a lower concentration of oxygen was detected in
some areas. The gas density inside a nanobubble was found to
be related to its lateral diameter and to decrease as its lateral
diameter increased (Figure 1e). The size dependence of the
gas density of the nanobubbles may be partially attributed to
the surface tension leading to a large pressure inside a smaller
nanobubble according to the Laplace equation.
To summarize, as in Figure 4c,f, the chemical map of surface
nanobubbles produced by splitting water can now be described
as follows: nanobubbles with a high density of oxygen gas
inside them are surrounded by liquid water that is oversaturated with oxygen molecules.
MD Simulations of Oxygen Nanobubbles at a
Patterned Surface. All-atom molecular dynamic simulations
were performed to explore why oxygen nanobubbles can be
stable at such high internal gas densities. During the
electrolysis of water, it can be expected that an oxygen
oversaturation state will be created near the working electrode.

Previous reports also suggested that the heterogeneous surface
could lead to the nucleation of a stable surface nanobubble.31,35 Accordingly, the simulated system contains a
patterned substrate and the initial state was highly oversaturated with a ratio of water to oxygen molecules of about
70:1, as shown in Figure 5a. The ﬁnal conﬁguration of the
simulation showed that a spherical cap-shaped oxygen
nanobubble formed at the center of the patterned surface
(Figure 5b). The nanobubble is stabilized on the circular
pattern constructed by hydrophobic Lennard−Jones particles
(see Figure S9); the radius and height of the ﬁtted spherical
cap were about 4.4 and 3.4 nm, respectively. From the
estimated boundary of the spherical cap, the number of oxygen
molecules could be determined as inside or outside of the
nanobubble. The numbers of oxygen molecules inside the
nanobubble and dispersed inside the surrounding water are
presented in Figure 5c as a function of the simulation time.
The result indicates that the system reaches equilibrium at
about 18 ns.
To estimate the density of the gas in the oxygen nanobubble,
a slice parallel to the xz plane with dimensions of 11 × 8 × 11
5589
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where ρ/ρ0 is the normalized density where the gas density at
ambient pressure is P0, γ is the surface tension at the liquid−
gas interface, and R is the bubble’s curvature radius. For a
surface nanobubble with a curvature radius of 500 nm, γ is 72
mN/m, and P0 is 101 kPa, and then the normalized density ρ/
ρ0 is about 3.85, which is at least 1 order of magnitude less
than the results from our STXM measurements. This
discrepancy implies that the gas molecules trapped inside a
surface nanobubble are in a condensed state instead of in the
ideal gas state. During the STXM nanobubble measurement
the whole liquid environment was sealed in between two Si3N4
membranes and the thickness of water was normally below 1
μm (see Figure 4b,e). This liquid environment is a conﬁned
and closed system which does not exchange gas with the
external atmosphere. Thus, a “traﬃc jam eﬀect” which lowers
the diﬀusion rate of gas or even a chemical equilibrium can be
expected to cause the stability of these high-density bubbles in
a highly supersaturated environment. Our STXM measurements were performed after the formation of bubbles and are
currently unable to acquire their dynamics. Further studies
such as bubbles of other gas types and the growth dynamics of
bubbles under highly saturated conditions will provide us
valuable insights into the nanobubbles with “dense gas” inside.
Observations of a “dense gas” phase can also be found in
several recent experimental studies, which suggest that
nanobubble formation in a highly saturated local environment
(100−300 times gas saturation) is a universal occurrence
regardless of the gas type (H2, O2, or N2) and hydrophobic
surface type.28,34,44,45 Further, STXM results of nitrogen
molecules sealed in carbon nanotubes with an inner diameter
of about 100 nm have also revealed a very high pressure of ∼50
times atmospheric pressure.46
All this evidence points toward a surprising and longneglected fact: namely, that gas molecules trapped in
conﬁnement, such as those trapped in surface nanobubbles,
may aggregate into a condensed phase instead of being present
in the ideal gas phase as in ambient conditions. The driving
mechanism or physics behind this nanoscale gas aggregation in
conﬁnement is still unclear, and further exploration in this area
is necessary. Such observations will provide new insights into
gas aggregation behaviors on the nanoscale, which will be
important for understanding the long-term stability of surface
nanobubbles. Probing the eﬀects of absorbed dense gas
molecules should also yield new insights regarding phenomena
related to hydrophobic interactions such as protein folding,
peptide self-assembly, and boundary slip. The highly
condensed gas molecules inside nanobubbles and in the
environment surrounding them will enable the eﬃciency of
many processes such as oxygen delivery and catalysis to be
increased on the nanoscale level. We expect the potential
applications of such eﬃciency increases to include methane
hydrate synthesis as well as hydrogen gas storage and
transportation.

nm3 in the center of the box was chosen, and the average
occurrence of oxygen atoms in each 0.1 × 8 × 0.1 nm3 cell
within the last 5 ns was recorded. The results were normalized
and are presented as a density pseudo color plot in Figure 5d.
The Z coordinate of the ﬁrst plate (5.4 nm) was set as the start
line in the contour plot. The statistical density distribution of
each cell is presented in Figure 5e.
The oxygen molecules near the substrate surface aggregated
to an approximately two-layered structure, one with a density
of ∼400 kg/m3 and the other with a density of ∼700 kg/m3.
This phenomenon can be attributed to the weak attraction
forces of van der Waals interactions.
Nevertheless, it was found that the density inside the
nanobubble mainly ranged from 100 to 250 kg/m3, which is
100 times higher than the density of oxygen gas at 1 bar and
300 K (1.30 kg/m3). The diﬀerence in gas density between the
experiments and the MD results may be caused by the size of
the nanobubble; notice that all the density results inside the
nanobubble were much higher than that of ambient air.
We monitored every oxygen molecule in the last 5 ns to
describe the stabilized conﬁguration. The trajectory was saved
completely in 2500 frames. Oxygen molecules that appeared
inside the ﬁtted spherical cap in 80% of these frames were
treated as being oxygen molecules inside the nanobubble, while
all others were not. It was found that 443 oxygen molecules
were treated as being inside the nanobubble, while 57 oxygen
molecules were treated as being dispersed in water. The mean
square displacement of these two types of oxygen molecules
was recorded for every frame and is shown in Figure 5e. The
diﬀusion coeﬃcients of the oxygen molecules were estimated
to be 500−4500 ps in the linear region. The diﬀusion
coeﬃcient of the oxygen molecules dispersed in water was
estimated to be (3.08 ± 0.30) × 10−5 cm2/s, which is
comparable to the result reported in bulk water (2.10 × 10−5
cm2/s) at 298 K. However, the diﬀusion coeﬃcient of the
oxygen molecules inside the nanobubble was estimated to be
(0.069 ± 0.072) × 10−5 cm2/s; this is a large uncertainty in the
estimation, and the value is more than 1 order of magnitude
less than that for bulk water. These results indicate that the
oxygen molecules inside the nanobubble remain in a very
stable state and mainly move inside the spherical cap. We also
observed that diﬀusion of oxygen molecules from the inside to
the outside of the nanobubble rarely occurred. The water
around the bubble was made up of 35205 water molecules with
57 oxygen molecules among them; the concentration of
oxygen was thus estimated to be 2.88 g/L. This is still an
oversaturated state, as the oxygen concentration is about 343
times higher in comparison with the concentration of airsaturated water at 298 K under 1 atm pressure (8.38 mg/L).
This oversaturation may account for the low diﬀusion of
oxygen molecules from the nanobubble to the surrounding
water.

■

■

DISCUSSION AND CONCLUSIONS
The high gas density inside of the surface nanobubbles and the
superoversaturated liquid environment surrounding them are
astonishing and are not something predicted by conventional
theories. If we consider the ideal gas law and Laplace pressure
for small curvatures, the density inside the surface nanobubble
can be written as
ρ /ρ0 = 2γ /RP0 + 1

Article

EXPERIMENTAL SECTION

Materials. All aqueous solutions were prepared using ultrapure
water with a conductivity of 18.2 MΩ cm from a USF-ELGA Maxima
water puriﬁcation system. Sulfuric acid (AR, 98%) was purchased
from Sinopharm Chemical Reagent Co., Ltd. Customized electrochemical silicon nitride (Si3N4) windows coated with 200 nm thick
platinum ﬁlm electrodes (frame dimensions 10 mm × 10 mm,
window 1.5 mm × 1.5 mm × 100 nm) and bare Si3N4 windows
(frame dimensions 5 mm × 5 mm, window 1.5 mm × 1.5 mm × 100
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nm) were purchased from Shanghai NTI Co. Ltd. The platinum ﬁlm
on silicon nitride served as an anode or cathode.
Nanobubble Production by Electrochemical Reaction.
Oxygen nanobubbles were produced by water splitting. Prior to the
electrochemical reaction, 2.5 μL of the electrolyte (diluted sulfuric
acid solution, 0.01 mol/L) was dropped on the customized silicon
nitride window with coated platinum ﬁlms severed as electrodes
(Figure 2a). Then a 1.5 V voltage was applied on the electrodes for 8
s. This was controlled by an electrochemical workstation (CHI 600E,
CH Instruments). Under such a voltage, an oversaturation
atmosphere is created near the electrodes and oxygen nanobubbles
then can be produced near the working electrode (WE). After that, a
bare silicon nitride window was placed on the top of the customized
window and then the ﬂuid between the windows was slightly squeezed
out to form a suﬃciently thin water layer. Finally, the two windows
were sealed with vacuum grease. Before further measurement, the
sample was observed by optical microscopy. If the water trapped
between the two Si3N4 windows showed interference fringes (Figure
S1), that meant the water ﬁlm is thin enough (below 1 μm) and then
can be measured by the STXM.
STXM Measurements. The STXM experiments were carried out
on the BL08U1A beamline at the Shanghai Synchrotron Radiation
Facility, the 10A-SNS beamline at Pohang Accelerator Laboratory,47
and the SM beamline at the Canadian Light Source, respectively.
During the experiments, the monochromatic X-ray beam was focused
to a spot of ∼30 nm size by a Fresnel zone plate. An order sorting
aperture (OSA) with a central stop was used to block the zero-order
light. The sample was raster scanned in the x−y direction, and
transmitted X-rays were detected by a phosphor scintillator
photomultiplier tube. After the sample had been placed in the
STXM chamber, the chamber was pumped to 0.1 mbar and then it
was backﬁlled with about 100 mbar of helium. STXM images and
stack scans were carried out and recorded at selected energies across
the oxygen K-edge of 525−550 eV. During the scanning, the X-rays
penetrate the sample and the transmitted intensity is received by the
PMT detector. The original STXM data were processed using the
aXis2000 software (http://unicorn.mcmaster.ca/aXis2000.html) and
open source software MANTiS.48
NEXAFS Data Analysis. According to the Beer−Lambert law, the
absorbance A can be written as
A = − log10

I
=
I0

i

∑ εi ∫
N

three-layer structure is enough to avoid interactions between
molecules on either side of the plate.49
The open source software Gromacs (2018 version) was used to
perform the simulation.50 All of the parameters and potential
functions for bonded and nonbonded interactions during the
simulations are given in Tables S1 and S2. The extended simple
point charge (SPC/E) force ﬁeld was used for water.51 The water−
water interactions were modeled considering both Coulombic and
dispersive Lennard−Jones (12−6) potentials.
ÄÅ
É
ÅÅi y12 i y6ÑÑÑ q q
ÅÅjj σij zz
σij zz ÑÑ
j
i j
j
U (rij , qi , qj) = 4εijÅÅÅÅjjj zzz − jjj zzz ÑÑÑÑ +
j rij z ÑÑ
ÅÅj rij z
r
ij
ÅÅÇk {
k { ÑÑÖ
The nonpolar oxygen gas molecules were treated as harmonic
oscillators with a bond length of 0.121 nm and force constant of
494000 kJ/(mol nm2). No partial charges were added to the oxygen
atoms. The O2−O2 interactions were calculated by Lennard−Jones
potentials with σOO = 3.16 Å and εOO = 0.359 kJ/mol. We have
veriﬁed that the O2 potential parameters can reproduce the densities
of liquid oxygen at various temperatures and phenomena such as
oxygen absorption on graphite. The Lennard−Jones parameters for
water−graphene and O2−graphene interactions were obtained by
Lorentz−Berthelot rules.
εij =

■

ci(z) dz

σij =

1
(σi + σj)
2
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where εi is the molar attenuation coeﬃcient (or absorptivity) of the
substance i, ci(z) is the concentration of the substance i at a distance
of z, and h is the length of the X-ray path. N is the total number of
substances in the solution. Since the thickness between two silicon
nitride windows is very small (normally below 1 μm, see Figure S1),
we have assumed that for every individual substance the concentration
ci is the same at all distances. Thus, the former equation can be
simpliﬁed as

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.9b11303.

■

N

OD = A 0 ln 10 =

εiεj

Periodic boundary conditions were applied to all directions. A
cutoﬀ of 1.0 nm was applied to deal with van der Waals interactions
and short-range electrostatic interactions. The three-layer substrate
(parallel to the x−y plane) was ﬁxed during the simulations. Semiisotropic coupling at the target pressure of 1 bar was applied, which
means that the box vector moves only in the z direction. The particle
mesh Ewald method was chosen to treat long-range electrostatics, and
dispersion corrections for long-range van der Waals interactions were
applied for energy and pressure calculations. The bonds in SPC/E
water and the oxygen molecule was constrained by the LINCS
algorithm. The NPT equilibration continued for 30 ns, and our results
shown that it is enough to reach equilibrium. After that another 5 ns
NPT ensemble was produced and the data were collected every 2 ps
for analysis.

h

0
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Additional experimental details, parameters used in MD
simulations, optical and AFM characterizations, ﬁgures
and analysis results of other nanobubbles, and the initial
setup for MD simulations (PDF)
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which means that the optical density is a linear addition of the
absorption by the matters in the whole X-ray path. As in Figure 4a,
For the nanobubble path, the NEXAFS spectra contain the absorption
from two substances including water (thickness of hw) and a
nanobubble (thickness of hb); for the water area path, the NEXAFS
spectra contain only the absorption from water (thickness of hw + hb).
Here, the thickness of the nanobubble site was considered as the same
as that of the nearby water site between two Si3N4 windows.
Simulation Methodology. A patterned plate (9.86 nm × 9.96
nm × 0.68 nm) with three layers of graphene was utilized as the
substrate in the simulation. The top layer was patterned with a
circular area which is hydrophobic and the other area which is less
hydrophobic, while the other two layers were not patterned. The
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