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ABSTRACT: To understand the unexpected and puzzling long-
term stability of nanoscale gas bubbles, it is crucial to probe their
nature and intrinsic properties. We report herein synchrotron-

based scanning transmission X-ray microscopy (STXM) evidence . e
4

of highly condensed oxygen gas molecules trapped as suﬁae&?
nanobubbles. Remarkably, the analysis of absorption spectra of a

single nanobubble revealed that the oxygen density insid@ was 1 = """ "
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 tim
higher than the known oxygen solubility in equilibrium. Molecular dynamics simulations were performed to investigate the stabili
of surface nanobubbles on a heterogeneous substrate in gas-oversaturated water. These results indicated that gas molecules:
con nement such as the nanobubbles could maintain a dense state instead of the ideal gas state, as long as their surrounding ligt
supersaturated. Oundings should help explain the surprisingly long lifetime of the nanobubbles and shed light on nanoscale ga:
aggregation behaviors.

> “Dense gas”

.J\/\*‘\"

INTRODUCTION nanobubbles are substantially greater than the microscopic

Bubbles with a precise spherical shape and fragile nature ¢fBtact angle of water droplets on the same surface. Great
common phenomena in daily life. Understanding thé& orts have been made to solve these two puzzles in the past

formation of bubbles at interfaces is of fundamentdVo decades:™® A host of techniques have been used to
importance for gas evolution processes such as boiling, waidy surface nanobubbles, including AFM imaging in liquid,
splitting, and decompression. The presence of small bubbled¥tared spectroscopy,total internal reection uores-

an interface would decrease theiency of photocatalytic Ccence*" transmission electron microscpylark- eld
reactions in solar conversioand cause decompression microscop?? surface plasmon resonance micro$topy,
illness, while on the other hand, the bubbles aeetive in and so on. Further investigation revealed that surface
creating slip boundary conditions imd transport and nanobubbles are not an intrinsic phenomenon of a hydro-
increase the &iency in mineral particletation? Nanosized phobic surface in water but are induced by temporary gas
bubbles on surfaces were initially proposed to explain the lorgrersaturatich and electrochemical reactiori§. Theoreti-

range attraction betweenotwhydrophobic surfaces in cal studies demonstrated that gas oversaturation and pinning
water. ° The assumption of such pre-existing nanosized gasSects at the three-phase contact line are essential to stabilize
bubbles that bridge these surfaces provided a conceivaflgiace nanobubbfés3' Several recent theoretical studies
explanation for the measured hyg'fo hobic attractions, whiglyggested that an attractive hydrophobic potential from the
could extend to as long as 100°fiM.A few years later, ¢ pcirate could be the reason why surface nanobubbles are
atomic force microscopy (AFM) results were reported thafi ijized even in unsaturated situatfofist was proposed
supported the existence of such nanosized surface bubblestﬂg the electrochemically generated nanobubbles on the

that also demonstrated these bubloleg-term stability. ** rface are driven by a heterogeneous nucleation mééhanism
The dynamics and evolutions of microsized bubbles (radii g y 9

ca. 510 m) are well described by Epstéitesset theory
on the basis of the dision equation and Laplace pressure.Received: October 21, 2019
However, nanosized bubbles with long lifetimes contradict tfélblished: February 28, 2020
predicted time scale for the bubBitsgimes: namely, r%

D (where D is the diusion constant) calculated from

Epstein Plesset theofy'® Another discrepancy with theory

is that the contact angles (water sidd5) of the surface
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Figure 1.High density of oxygen gas inside nanobubbles. (a) Schematic illustration of STXM measurement of the high density of oxyger
nanobubbles produced by water electrolysis. (b) Image of a single nanobubble recorded at 537 eV. (c) Normalized X-ray absorption spect
passing through the nanobubble (green area). (d) Decomposed absorption spectra from inside the nanobubble in comparison with the spectrum
oxygen gas at 1 atm pressure @&thancement). 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 triangle
near the nanobubbles as a function of their lateral diameter.

and was further investigd by molecular dynamics solid particles. However, the type of gas inside (vap@s, N
simulations? etc.) cannot be determined. The spectra gfiDBe gas state
Despite this remarkable progress, the basic physicochemiggin Fourier transform infrared spectroscopyrovided
properties of gas molecules ced within nanobubbles strong support for gaseous ,Oflibbles at the substrate
remain unclear. Usually, such nement occurs in at least syrface but lacked enough spatial resolution to resolve a single
one dimension (normally height) close to the mean free pafhanobubble. Synchrotron-based scanning transmission soft X-
of air ( 68 nm) under ambient conditions. The nature of gagay microscopy (STXM), which can acquire near-edge X-ray
molec(;JIes en(tjra;;]ped under sbqlc;hmml;mcor}dltlons IS cbruglgl at%sorption ne structure (NEXAFS) spectroscopic data of the
to understand the superstability of surface nanobubbles mple while also mapping it with a high spatial resolution, is a
solid water interfaces. One of the basic properties o . . .
nanobubbles is the density (or inner pressure) of the bubbl 9werfu| t(_achnlque to probe some of the basic properties of
gases inside nanobubbles. From STXM measurements one

as the gas state inside a nanobubble can be deduced from it. _ . o
Thus far, litle is known about this topic owing to the can determine the elemental and chemical composition of a

di culties of directly characterizing gas molecules undé@MPple, while also acquiring a transmission image with a
con nement. Studies with optical techniques such as totlaximum spatial resolution of 30 nm. Our previous work
internal reection uorescence microscGpyre ection  demonstrated that single nanobubbles of neon gnarSiFe
interference contrast microscpgnd time-resolveduo- visualized by using STXMRecent studies using STXM
rescence microscdpyave revealed certain features of gassuggested that a cloud of aggregated oxygen might exist in
related nanobubbles, which are distinct from oil droplets ambrous diatomite particfsThese reports both contribute
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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 assemb
silicon nitride windows after water electrolysiedtien mode). Microbubbles (indicated by arrows) can be seen to have formed on the Pt
electrode. (c) AFM image of nanobubbles on {Ne Bembrane after water electrolysis. (dgf@nt 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 (
540 eV.

toward the growing body of proof for the existence dfaghs- employed to measure their production via electrolysis of water
nanobubbles. (seeFigure 2 andFigure SR This work focused on oxygen
Here, we studied the density of a gas that isedrinside  nanobubbles produced near the working electrode in the setup.
individual oxygen nanobubbles and the local concentration of @l o locate the nanobubbles on th#l Ssurface, the sample
gas dissolved in the surrounding liquid. The experimentallyea was imaged at 540 and 531 eV in the STXM
obtained NEXAFS spectra indicate a high densityesfor measurements, as water barely absorbs soft X-rays below 535
gas inside the observed nanobubbles; they also show a g@dsbut strongly absorbs X-rays at 540 eV (namehyaber
oversaturation in the water surrounding the nanobubbles. Owindow). The presence of the surface nanobubbles reduces
MD simulations provide insight into the stability of nano-the thickness of the water layer relative to the surrounding area
bubbles with a high gas density and are in good agreemenat does not contain any nanobubbles. The reduction in the
with the experimental results. The superhigh density of the gagckness of water leads to @dénce in absorption at 540 eV,
inside the nanobubbles and the oversaturation of thgelding bright nanobubbles that contrast with the dark areas
surrounding liquid shed light on the gas aggregation behaviirrounding them in the STXM images, as shdwmuires b
at the nanoscale level with important implications folnd 2f. Conversely, at a photon energy of 531 eV, these

nanoscale gas-related applications. nanobubbles appear darker than the surrounding areas, as
shown inFigure 2. The dark contrast of the nanobubbles at
RESULTS AND DISCUSSION 531 eV suggests that the X-rays are being absorbed by the gas

Nanobubble Formation for STXM Imaging. Oxygen inside the nanobubbles. These bubbles are found wrtndi
nanobubbles were generated by water electrolysis. Schemlatgyal sizes, from about 100 nm to several micrometers.
illustrations of the STXM measurement and the electrodeurthermore, these bubbles remained stable: i.e., they did not
layout are shown iRigures a4 and2a, respectively. After dissolve or merge with each other even after 5 h of monitoring.
electrolysis many microsized bubbles were formed on the PINEXAFS Spectra from a Single NanobubbleStack
electrode and the nearbyNgisurface Kigure » andFigure scans on a nanobubble were performed to acquire spatially
S1). Fringes from interference near the edge indicate that thesolved X-ray absorption spectra. The background signal was
thickness of the watdm between the two assembled silicon obtained through two barghNsjwindows as iRigure S3The
nitride windows was comparable to the wavelength of visible@rmalized absorption spectrum through the nanobubble
light (400 760 nm). After the electrolysis procedure,(green line data iffigure t) exhibits a peak at 531 eV,
abundant nanobubbles were produced, as in our previowhich can be assigned to the O 1s state of the oxygen gas. The
report:’ To further conrm that nanobubbles had formed on main features of liquid water and oxygen gas can be found at
the platinum-coated silicon nitride membrane, AFM waS35 550 eV. The acquired spectrum is very similar to the
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Figure 3.Spectral decomposition and density estimation. (a) STXM transmission image of a nanobubble (green region) and the water surroundin
it (red region) recorded at 540 eV. (b, c) Normalized absorption spectra from the nanobubble and the area of water surrounding it (solid lines) ir
comparison with theitting 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 (redynTaéndihe optical density at 531 eV was used

to estimate the oxygen concentration in water. () Absorbance of the nanobubble (red) in comparison with that of water of the same thicknes
(blue). The vertical average value of the ratio of the two markers was used for the density estimation.

spectrum of liquid watérsuggesting that the absorption of X- from merely inside the bubble with the heighy, ahe should
rays by water dominates the spectrum. According to the Beesubtract the absorption from the water above with the
Lambert law, the absorbance or optical density (OD) can bickness oh,. However, the water above also has O

written as dissolved inside, and the use of only liquid water spectra as
N references cannot exclude suehts. Instead, the absorptions
OD =SIn(l/ly =In10x Gh from the nearby water area surrounding the nanobubble
[ (1) (assumed to be the same as the water above the nanobubble)

where | is the absorptivity of the substanedich depends &€ adopted as reference spectra. Then the absorption of the

on the molecular type (in the nanobubble case it coulg be ohanobubble area were divided into several parts
liquid water, or vaporg, is concentration of the substance
andh is the length of the X-ray pafiyuation lsuggests that Avubble ared™  swatdfswatert 0, bubbld 0, gast  vaporVapo
the absorption spectrum of the measured nanobubble path is a
linear combination of absorption from inside the nanobubble +Gq @
and the water above it. Thus, the chemical information from ) _
solely inside the nanobubble can be obtained by decomposi¥gere is the tted coe cient of the reference spectra
the acquired spectra. denoted a#\. Specically,AgyaerlS the absorption spectra of
To resolve the overlapping signals in the obtained spectrufi¢ nearby water area surrounding the nanobubble (purple
we used a multiple linear least-squares diing method spectra irFigure 8), andg is the error variable of the curve
(see the data analysis section). On the basis of the bubblting with a condence interval of 95%. Similar cutireg
model inFigure @, in order to extract the absorption gf O procedures were done on the absorption of the nearby water
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Table 1. Coe cients of Linear Least-Squares Curve Fitting

y= i+ TR 2, .07
j=1
composition oxygen gas vapor liquid water surrounding water
nanobubble area 0.018®m.0032 0.0102+ 0.0116 0.548% 0.0206
surrounding water 0.02850.0058 0.0508 0.0201 0.5278 0.0205

area surrounding the nanobubble with the spectra of liquidater and oxygen gas in this energy range barely changed,

waterA, ,...ras reference: meaning that; in eq 1barely changed. Thus, the absorbance
di erence (OD values) between 525 and 550 eV are only
Aswater™  Lwater"water”  owater 0, gas"  vapor Avapor related to the atom densityn the light path. By subtraction
of the average OD values at 2% eV of the two spectra to
*G ®) zero, the OD values at 5853 eV then were used for the

A comparison of theting curve (orange dashed line) and density calculation, as indicated by the two markeiguie
the original spectrum of the nanobubble area is shown i#- The nal result shows that the number of oxygen atoms
Figure ®, and the obtained coeient values are given in inside the nanobubble was around 1A68&7% of that in
Table 1 Subtracting the absorption of water (spectrum of théiquid water with a curvéting condence interval of 95%.
surrounding water used as reference) yielded the spectrum@¥en that the density of liquid water at a temperature of 25

dissolved oxygen in water, proving that oxygen gas is pres&nts 997 g/L, the density of the gas in the oxygen nanobubble
inside the nanobubble. was calculated to be around *#188 g/L. This number is

In addition, the liquid environment (red regioRigure a) about 76.3123.7 times greater than that of ambient air, which
surrounding the nanobubble was also normalized, as showh@$ a density of 1.18 g/L.
Figure 8 (red solid line). Further, a small peak was also The second method relied on the estimation of the thickness
present at 531 eVit belongs to the O 1s signal of oxygen gasof water. Froneq 1and the bubble model Figure @, the
molecules in water. A cuntrg procedure was also used to absorbance or OD of bubble area path and nearby surrounding
analyze this spectrum, but in this case, the spectrum of liquidter area path can be written as
water was used as one of the references. Frorttirtige N N,
coe cients presented Trable 1the surrounding area of water — Yot h In 10
was shown to consist mainly of liquid water with dissolved ~  Pubble area wo i€ b ]

oxygen molecules. In comparison with the result from the ! : Q)
nanobubble area, the ratio of water vapor was high in the water N,

area, which may be caused by water evaporation in the twoo[)nearbx water s (N 4, ), ¢in10

sealed g\, windows after the X-ray irradiation. - i (8)

High Density of Gas Inside the Nanobubble. Two f th | d K he ab .
distinct methods were applied to estimate the gas density! the exact values laj an hNNare nown, the absorption
inside the detected oxygen nanobubble. The ¢tinge- from merely inside bubblg .® ;¢ can be obtained by

approach is described next. _ combiningegs 7and 8. Then the concentratiogscan be
From the tting results of the bubble areaem 2 the  acquired by comparing with a standard absorption spectrum of
absorption from merely inside the nanobubble is oxygen gas at 1 atm pressure with the same thigkriess
Aousbier, = o, bubbid0, gas @ estimate the thickness of water, the ORrence of liquid

water between near 525 eV (barely absorbs X-rays) and after
Since A.aithe absorption of nearby water area surrounding37 eV (strongly absorbs X-rays) is compared with the value

nanobubble with thickness kf ¢ h,) are decomposed &t from 1 m, the simplied formula follows:

3, and by knowings,..cAswate@S the absorption of the water _

above nanobubble with the thicknesshgf then the h = OD(E)/ODI1(E) ©)

absorption of water area with thicknes$g on be acquired where ODL1 is the reference value ohivater (about 1.769).

by For the spectra providedhigure 8, the thickness of water
o - then can be estimated as (a) nearby water lgreah() of
Awater aredr, = (A swarst OzwateerzgaSS vapor Aapo 0.485 274 nm and (b) water above the nanobubble byea (
= = of 0.403 228 nm; therefore, the estimated nanobubble height
SGLS guad ©) h, is around 46 nm.

The eects of @ and vapor in water now have been When the bubble height and thickness of water are
excluded ireq 5 leaving only the features of liquid water. Bydetermined, the absorption from merely inside the bubble
combining these two decomposed spectra and subtracting bB@ can be written
the absorbance near 525 eV to zeFagare 8, we can then . h,,
calculate the ratio of oxygen atom numbers inside nanobubbleOPuupbien, = OD bubbie ared +— 1~ ODhearby water area
and liquid water with same thickneds, afs hy+ (10)

ratio = Anuopien, /A water areh, (6) The gas density then can be deduced by comparing the

Such a comparison is applied between photon energiesd@composed absorption spe@i®, e, With the absorp-
near 525 and 550 eV, because the absorption from both liquidn spectra of oxygen gas at 1 atm pressure with the same
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Figure 4.0xygen oversaturation in water and the gas concentration distribution map. (a, d) STXM transmission images of two oxygen
nanobubbles at 540 eV. (b, e) Thicknesdgzof water. The thickness is determined according ti-theg® 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.

thickness of 46 nm. Askigure @, these two main absorption scan (e.g., 108 100) at a range of 52560 eV (e.g. 80
peaks at 531 eV suggested that oxygen pressures inside ithigges). After the intensity data were converted to OD values
nanobubble were even much higher than 50 atm pressurebyf OD = In(l/1y), the absorption spectrum of every single
we compare the OD dirence of the peak value at 531 eV, thepoint (e.g., 40 nnx 40 nm) around the nanobubble area
oxygen density inside this bubble gives abotit 183/L, in (Figure 4,d) then can be acquired. Therefore, émsand
coincidence with the density estimation with the ctiitvg- 11, the thickness of water and the oxygen concentration in
approach inFigure 8. In our previous publications we water of every point within an interested area can be obtained.
reported predictions that the gas inside nanobubbles has a higithe thickness results of two oxygen nanobubbles are
density; in particular, our research suggested that gas molecglesented irFigure B,e; obviously the much thinner water
would be enriched at the hydrophobic water/graphite interfagl the center (dark blue area) matches the description of a
and form high-density nanobubbles ttiéfeHere, we report  syrface nanobubble immersed in water. The variation of
direct experimental measurements of the gas density insidghkness in some areas could be caused by normal intensity
single nanobubble. o uctuations during the point scan (each point stays for 0.5
Oxygen Oversaturation in Water. Note that the g
absorption spectra from the water area surrounding theThe (distribution of oxygen concentration in water
nanobubble was describedehyg and the thickness of this  grrounding an individual nanobubble is providédgine
water layer can be determineé®$ Thus, the concentration - 4 ¢ specially, the estimated average concentratiopinf O
of oxygen molecules in the watecan be calculated by ihe water surrounding the nanobubble wad®@/L. This

comparing the spectra with the standard spectra of pu[ge| of oxygen concentration is 3 orders of magnitude higher
oxygen gas at 1 atmospheric pressure with same thidkpess gf, 5 the Gsolubility (8.38 mg/L) of ambient water. The high

+ hy,. The relative OD values of the main absorption peak at oncentration of oxygen gas indicates that the water

1s 531 eV were compared, and the oxygen COncemraﬂons'ﬂ'rrounding the nanobubble was supersaturated, which is far

water can now be written away from thermodynamic equilibrium.
Co, water= Cq 1atfPD nearby water 4§231)/0D o (531) To further verify the presence of _high—density gas in
- (11) nanobubbles and oxygen oversaturation, we anal'yzed four
) ) _ further nanobubbles with the same procedure; their STXM
where the density of pure oxygen gas under ambient conditiglages and corresponding absorption spectra are shown in
Co, 1am is 1.42 g/L. Figure S5 The thickness and concentration maps are
Generally, the STXM staclatlgered the transmitted presented irrigures S6 and SAll nanobubbles had a gas
intensity of a certain area (e.g.,ndx 4 m) by a point density that was at least 20 times higher than the density of air
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Figure 5.Molecular dynamic simulations of oxygen nanobubbles. (a) Snapshot of the igitratioonn 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 repre:
water molecules. (c) Number of oxygen atoms inside a spherical caplike nanobubble as a function of the simulation time. (d) Density pseudo co
plot of oxygen molecules inside a nanobubble on the basis of MD simulations. (e) Statistical density distribution of the calculated cells inside
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 dissolvBdevious reports also suggested that the heterogeneous surface
oxygen in the surrounding water was much higher than trmwuld lead to the nucleation of a stable surface nano-
oxygen solubility under ambient conditions (8.38 mg/L)bubble’™** Accordingly, the simulated system contains a
although a lower concentration of oxygen was detected jratterned substrate and the initial state was highly over-
some areas. The gas density inside a nanobubble was foundaturated with a ratio of water to oxygen molecules of about
be related to its lateral diameter and to decrease as its latef@il, as shown iRigure @. The nal conguration of the
diameter increaseéfiure &). The size dependence of the simulation showed that a epbal cap-shaped oxygen
gas density of the nanobubbles may be partially attributed tanobubble formed at the center of the patterned surface
the surface tension leading to a large pressure inside a smélegure 5). The nanobubble is stabilized on the circular
nanobubble according to the Laplace equation. pattern constructed by hydrophobic Lenndodes particles

To summarize, ashigure 4,f, the chemical map of surface (seeFigure Sp the radius and height of thtted spherical
nanobubbles produced by splitting water can now be describesth were about 4.4 and 3.4 nm, respectively. From the
as follows: nanobubbles with a high density of oxygen gastimated boundary of the spherical cap, the number of oxygen
inside them are surrounded by liquid water that is ovemolecules could be determined as inside or outside of the
saturated with oxygen molecules. nanobubble. The numbers of oxygen molecules inside the

MD Simulations of Oxygen Nanobubbles at a nanobubble and dispersed inside the surrounding water are
Patterned Surface.All-atom molecular dynamic simulations presented ifrigure 8 as a function of the simulation time.
were performed to explore why oxygen nanobubbles can bBke result indicates that the system reaches equilibrium at
stable at such high internal gas densities. During thabout 18 ns.
electrolysis of water, it can be expected that an oxygenTo estimate the density of the gas in the oxygen nanobubble,
oversaturation state will be created near the working electrodsslice parallel to tixa plane with dimensions of $18 x 11
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nn? in the center of the box was chosen, and the averageéhere / ,is the normalized density where the gas density at

occurrence of oxygen atoms in eachx @1x 0.1 nni cell ambient pressureRs is the surface tension at the liquid
within the last 5 ns was recorded. The results were normalizgds interface, arRlis the bubble curvature radius. For a
and are presented as a density pseudo color pigtiia 8. surface nanobubble with a curvature radius of 50072,

TheZ coordinate of therst plate (5.4 nm) was set as the start mN/m, andP, is 101 kPa, and then the normalized density

line in the contour plot. The statistical density distribution of 4 is about 3.85, which is at least 1 order of magnitude less

each cell is presentedrigure g. than the results from our STXM measurements. This
The oxygen molecules near the substrate surface aggregaisdrepancy implies that the gas molecules trapped inside a

to an approximately two-layered structure, one with a densgurface nanobubble are in a condensed state instead of in the

of 400 kg/ni and the other with a density 6700 kg/n?. ideal gas state. During the STXM nanobubble measurement
This phenomenon can be attributed to the weak attractiothe whole liquid environment was sealed in betweenyo Si
forces of van der Waals interactions. membranes and the thickness of water was normally below 1

Nevertheless, it was found that the density inside them (seeFigure #,e). This liquid environment is a aoed
nanobubble mainly ranged from 100 to 250 %gkmich is and closed system which does not exchange gas with the
100 times higher than the density of oxygen gas at 1 bar aexternal atmosphere. Thustra ¢ jam eect which lowers
300 K (1.30 kg/rf). The di erence in gas density between the the di usion rate of gas or even a chemical equilibrium can be
experiments and the MD results may be caused by the sizeegpected to cause the stability of these high-density bubbles in
the nanobubble; notice that all the density results inside tree highly supersaturated environment. Our STXM measure-
nanobubble were much higher than that of ambient air.  ments were performed after the formation of bubbles and are

We monitored every oxygen molecule in the last 5 ns tourrently unable to acquire their dynamics. Further studies
describe the stabilized cguaration. The trajectory was saved such as bubbles of other gas types and the growth dynamics of
completely in 2500 frames. Oxygen molecules that appeatatbles under highly saturated conditions will provide us
inside the tted spherical cap in 80% of these frames werealuable insights into the nanobubbles“dithse gasnside.
treated as being oxygen molecules inside the nanobubble, whil®bservations of ‘@lense gadgphase can also be found in
all others were not. It was found that 443 oxygen moleculegveral recent experimental studies, which suggest that
were treated as being inside the nanobubble, while 57 oxygemobubble formation in a highly saturated local environment
molecules were treated as being dispersed in water. The mé®0 300 times gas saturation) is a universal occurrence
square displacement of these two types of oxygen moleculegardless of the %as type, (8, or N,) and hydrophobic
was recorded for every frame and is showigine 8. The  surface typ&>****> Further, STXM results of nitrogen
di usion coecients of the oxygen molecules were estimatetholecules sealed in carbon nanotubes with an inner diameter
to be 5004500 ps in the linear region. The udion of about 100 nm have also revealed a very high pres$idre of
coe cient of the oxygen molecules dispersed in water wéisnes atmospheric pressiire.
estimated to be (3.08 0.30) x 10° cn¥/s, which is All this evidence points toward a surprising and long-
comparable to the result reported in bulk water @ 1M> neglected fact: namely, that gas molecules trapped in
cnf/s) at 298 K. However, the dision coecient of the con nement, such as those trapped in surface nanobubbles,
oxygen molecules inside the nanobubble was estimated torbay aggregate into a condensed phase instead of being present
(0.069+ 0.072)x 10 5 cnf/s; this is a large uncertainty in the in the ideal gas phase as in ambient conditions. The driving
estimation, and the value is more than 1 order of magnitudeechanism or physics behind this nanoscale gas aggregation in
less than that for bulk water. These results indicate that tleen nement is still unclear, and further exploration in this area
oxygen molecules inside the nanobubble remain in a vasynecessary. Such observations will provide new insights into
stable state and mainly move inside the spherical cap. We ajas aggregation behaviors on the nanoscale, which will be
observed that dision of oxygen molecules from the inside toimportant for understanding the long-term stability of surface
the outside of the nanobubble rarely occurred. The wateranobubbles. Probing theeets of absorbed dense gas
around the bubble was made up of 35205 water molecules witlolecules should also yield new insights regarding phenomena
57 oxygen molecules among them; the concentration oélated to hydrophobic interactions such as protein folding,
oxygen was thus estimated to be 2.88 g/L. This is still ameptide self-assembly, and boundary slip. The highly
oversaturated state, as the oxygen concentration is about 848densed gas molecules inside nanobubbles and in the
times higher in comparison with the concentration of airenvironment surrounding them will enable theiemcy of
saturated water at 298 K under 1 atm pressure (8.38 mg/Linany processes such as oxygen delivery and catalysis to be
This oversaturation may account for the lowstin of increased on the nanoscale level. We expect the potential
oxygen molecules from the nanobubble to the surroundirapplications of such eiency increases to include methane
water. hydrate synthesis as well as hydrogen gas storage and

transportation.

DISCUSSION AND CONCLUSIONS

The high gas density inside of the surface nanobubbles and the EXPERIMENTAL SECTION

superoversaturated liquid environment surrounding them areMaterials. All aqueous solutions were prepared using ultrapure
astonishing and are not something predicted by conventionater with a conductivity of 18.2 Mm from a USF-ELGA Maxima
theories. If we consider the ideal gas law and Laplace presg¥@er purication system. Sulfuric acid (AR, 98%) was purchased

for small curvatures, the density inside the surface nanobubfi? Sinopharm Chemical Reagent Co., Ltd. Customized electro-
can be written as Cl e_mlcal silicon nitride ¢Ni,) WIndOWS coqted with 200 nm thick
platinum Im electrodes (frame dimensions 10 mnm0 mm,
/| =2 /RP+1 window 1.5 mmx 1.5 mmx 100 nm) and bare §8i, windows
0~ 0 (12) (frame dimensions 5 mn5 mm, window 1.5 mpa 1.5 mmx 100
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nm) were purchased from Shanghai NTI Co. Ltd. The platinum  three-layer structure is enough to avoid interactions between
on silicon nitride served as an anode or cathode. molecules on either side of the gfate.

Nanobubble Production by Electrochemical Reaction. The open source software Gromacs (2018 version) was used to
Oxygen nanobubbles were produced by water splitting. Prior to tiperform the simulatici. All of the parameters and potential
electrochemical reaction, 215 of the electrolyte (diluted sulfuric functions for bonded and nonbonded interactions during the
acid solution, 0.01 mol/L) was dropped on the customized silicosimulations are given irables S1 and SZhe extended simple
nitride window with coated platinurims severed as electrodes point charge (SPC/E) forceeld was used for watéThe water
(Figure &). Then a 1.5 V voltage was applied on the electrodes for\Bater interactions were modeled considering both Coulombic and
s. This was controlled by an electrochemical workstation (CHI 600Bjspersive Lennardones (126) potentials.

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 U(r;, q, q) =4
bare silicon nitride window was placed on the top of the customized

window and then thaiid between the windows was slightly squeezed

out to form a suciently thin water layer. Finally, the two windows The nonpolar oxygen gas molecules were treated as harmonic
were sealed with vacuum grease. Before further measurement, déillators with a bond length of 0.121 nm and force constant of
sample was observed by optical microscopy. If the water trapp£94000 kJ/(mol nR). No partial charges were added to the oxygen
between the two $8i, windows showed interference fringégue atoms. The © O, interactions were calculated by Lennkdes

SJ), that meant the watelm is thin enough (below In) and then potentials with oo = 3.16 A and oo = 0.359 kJ/mol. We have

can be measured by the STXM. veri ed that the @potential parameters can reproduce the densities

STXM MeasurementsThe STXM experiments were carried out of liquid oxygen at various temperatures and phenomena such as
on the BLOBU1A beamline at the Shanghai Synchrotron Radiati@rxygen absorption on graphite. The Lendamkes parameters for
Facility, the 10A-SNS beamline at Pohang Accelerator Labbratorywater graphene and JOgraphene interactions were obtained by
and the SM beamline at the Canadian Light Source, respectivalyrentz Berthelot rules.

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 - —  — 1( + )

aperture (OSA) with a central stop was used to block the zero-order ' i 20t

light. The sample was raster scanned irx tlyedirection, and
transmitted X-rays were déeelc by a phosphor scintillator

Periodic boundary conditions were applied to all directions. A
photomultiplier tube. After the sample had been placed in th&uto of 1.0 nm was applled_ to deal w_|th van der Waals interactions
STXM chamber, the chamber was pumped to 0.1 mbar and thendpd short-range electrostatic interactions. The three-layer substrate
was backied with about 100 mbar of helium. STXM images and(Parallel to the« 'y plane) wasxed during the simulations. Semi-
stack scans were carried out and recorded at selected energies al}BEQPIC coupling at the target pressure of 1 bar was applied, which
the oxygerk-edge of 525550 eV. During the scanning, the X-rays means that the box vector moves only ia tfiection. The partlcle_
penetrate the sample and the transmitted intensity is received by {RgS Ewald method was chosen to treat long-range electrostatics, and
PMT detector. The original STXM data were processed using thq_:|sp§er5|on corrections for long-range van Qer Waals interactions were
aXis2000 softwarét{p://unicorn.mcmaster.ca/aXis2000.htard applied for energy and pressure calculations. '!'he bonds in SPC/E
open source software MANTS water and the oxygen molecule was constrained by the LINCS
NEXAFS Data Analysiskccorc'iing to the Beerambert law. the  &lgorithm. The NPT equilibration continued for 30 ns, and our results
absorbanca can be Writteﬁ as ' 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
| [ h for analysis.
A=Slog,—= i G(9dz
lo 0 ASSOCIATED CONTENT
*

where | is the molar attenuation cagent (or absorptivity) of the Supporting Information _
substanck g(2) is the concentration of the substaratea distance ~ The Supporting Information is available free of charge at
of z, andh is the length of the X-ray pathis the total number of  https://pubs.acs.org/doi/10.1021/jacs.9b11303

substances in the solution. Since the thickness between two silicon Additi | . | detail din MD
nitride windows is very small (normally belom1seeFigure S) itional experimental details, parameters used In

we have assumed that for every individual substance the concentration Simulations, optical and AFM characterizatignses
G is the same at all distances. Thus, the former equation can be and analysis results of other nanobubbles, and the initial

simpli ed as setup for MD simulation®DFH
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