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Dynamic interplay between interfacial nanobubbles:
Oversaturation promotes anisotropic depinning and bubble
coalescencet

Sarthak Nag,1? Yoko Tomo,1? Hideaki Teshima, Koji Takahashi,*c Masamichi Kohno*2°

Probing the nanobubbles’ dynamics is essential to understand their longevity and behavior. Importantly, such observation
requires tools and techniques having high temporal resolutions to capture nanobubble’s intrinsic characteristics. In this
work, we have used the in-situ liquid-phase electron microscopy technique (LPEM) to gain insights into nanobubbles’
behavior and their interfacial dynamics. Interestingly, we could observe a freely growing-shrinking nanobubble and a pinned
nanobubble at the same experimental conditions, suggesting the possibility of multiple nanobubble stabilization theories
and pathways. Remarkably, the study reveals that a freely growing-shrinking nanobubble induces anisotropic depinning in
the three-phase contact line of a strongly pinned neighboring nanobubble. The anisotropic depinning is attributed to the
differential local gas saturation levels, depending on the relative positioning of freely growing-shrinking nanobubble.
Further, we also observed the unique pull-push phenomenon exhibited by the nanobubble’s interfaces, which is attributed
to the van der Waals interactions and the electric double layer, collectively. The role of the electric double layer in
suppressing and delaying the merging is also highlighted in this study. The present work aims to reveal the role of locally
varying gas saturation in the depinning of nanobubbles, their longevity due to electric double layer, and the consequent
coalescence, which is crucial to understand the behavior of nanobubbles. Our findings will essentially contribute towards

the understanding of these novel nanoscale gaseous domains and their dynamics.

Introduction

The progression from macroscales to nanoscales, especially at
the interfaces, induces notorious behaviors and much-
unexpected transition from the familiar bulk behavior.»2 On a
similar tone, surface nanobubbles3-% have continued to perplex
researchers for nearly three decades now.” The classical Young-
Laplace equation, otherwise valid at the nanoscale,® predicts an
unusual high internal pressure of tens of atmospheres inside a
bubble of a few nanometer radius. Likewise, the Epstein-Plesset
theory on the stability and dynamics of gas bubbles® predicts
the dissolution timescales in the range of few microseconds for
nanobubbles,%11 yet their week-long stability has been
confirmed using numerous experimental techniques.1213
Therefore, efforts are required to investigate their dynamic
behavior. In addition, their unique applications and the
functional advantages, for instance, in chemical energy
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storage,’* surface cleaning,'> water treatment,'® assisted
and surface drag
reduction’® have thrust the interest to understand their
behavior and dynamics to further explore their potential
applications.

Numerous experimental techniques have been applied to
demonstrate the existence of surface nanobubbles and to
characterize their behavior:> atomic force microscopy (AFM),2°-
25 optical microscopy,?6722 scanning transmission X-ray
microscopy (STXM),2:30 and liquid-phase electron microscopy
(LPEM).31-35 AFM has been used extensively due to its capability
of providing information about the three-dimensional
topography of nanobubbles and studying characteristics like
contact angles, height and longevity as well as distinguishing
between the nanobubbles and micro/nano-pancakes.3%37 In
fact, the long-term stability of surface nanobubbles has been
proved experimentally using AFM. However, the time
resolution of AFM is in order of tens or hundreds of seconds
which renders them unsuitable to capture the dynamic
behavior of nanobubbles. Advanced optical microscopy
techniques have good temporal resolutions to capture
nanobubbles’ dynamic behavior but are incapable to capture
ultra-fine nanobubbles having a size less than 100 nm.?’
Similarly, STXM also has a low spatio-temporal resolution,
although it provides comprehensive information about the
density of the gas phase in and around nanobubbles which
contributes towards the understanding of gas behavior at the
nanoscale 2239, LPEM, on the other hand, can observe the
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nanobubbles with high temporal and spatial resolutions.3438
Moreover, the in-situ nanobubble nucleation in the protic
liquids due to radiolysis mediates the high time-resolved
observation of the bubble dynamics such as their growth,
shrinking, and dependence on the neighboring nanobubbles
which holds importance in characterizing these nanoscale
domains. Recent investigations on nanobubbles using
transmission electron microscopes (TEM) have unveiled
distinctive nanoscale gas transport and nanobubble behavior,
such as direct fast gas transport between the nanobubbles
through the instantaneous rupture of the ultrathin liquid film in
a graphene liquid cell.3° A similar study using graphene liquid
cell revealed the dependence of inter-bubble gas transport,
bubble shape, and bubble growth on the relative size of the
nanobubbles.*®  Additionally, the advancements in
nanofabrication and the development of silicon nitride (SiN,)
membrane liquid cells have helped in understanding
nanobubble dynamics with better control over nucleation
surfaces, liquid thickness, and other physical parameters. SiNy
cell based LPEM has revealed significant gas and nanobubble
behavior at nanoscale such as the diffusive shielding for smaller
nanobubbles,3? unexpected homogenous nucleation of
nanobubbles near the solid-liquid interface 33 and more
recently, the mechanistic involved in pinned surface
nanobubble merging.3®> Hence, the application of LPEM in
observing and understanding nanobubble dynamics becomes
highly relevant.

The available literature attributes the stability of the surface
nanobubbles to the oversaturation and contact line pinning.4%~
43 However, nanobubbles exhibit complex phenomena and it is
difficult to construe the stability of nanobubbles on basis of any
single novel model. Additionally, nanobubbles have been
observed to be stable, both numerically and experimentally, in
normal, or even in undersaturated conditions rather than
undergoing dissolution.4=46 On the contrary, the stability of the
surface nanobubbles, in absence of contact line pinning, has
also been studied and seems valid.*”*% Hence, understanding
the nanobubbles’ phenomenon and dynamics is tedious and
requires further studies to answer such complex
physiochemical phenomena. LPEM, due to its high temporal
resolution, has revealed the shrinking, growing, and merging of
nanobubbles in real-time,333%4° which also advocates for its
utilization to understand the phenomenon that can provide
answers towards stability and longevity of nanobubbles. On the
other hand, several literatures also contemplate the role of the
diffused double layer in the existence and stabilization of
nanobubbles.#>°>* The charges at the bubble interface and
their repulsive interaction create a net electrostatic pressure
acting radially outwards, opposite to the Laplace pressure. An
individual nanobubble is, therefore, encompassed in its electric
double layer whose thickness is a function of
concentration, liquid properties, and temperature.>>

In the present investigation, we have used LPEM to focus on the
interactions between surface nanobubbles. The salient feature
of this study is that we could observe nanobubbles with radii
less than 50 nm at a higher resolution for a long duration, which
allowed us to understand the slow-interplay these bubbles

ionic
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undergo. The nanobubbles were nucleated and probed in thin
water film using the TEM. We observed neighboring
nanobubbles showing contrasting behavior at similar
experimental conditions: pinned nanobubble and freely
growing-shrinking nanobubble. Next, we studied the
interactions among the contrasting nanobubbles and found
that the shrinking of the unpinned nanobubbles induces
directional depinning in the pinned nanobubbles. This signifies
the anisotropic gas transport as well as the presence of localized
saturation regions near the interface. Further, the push-pull
phenomena between the bubble interfaces were observed
multiple times. We consider that the electric double layer
exhibiting repulsive interaction is responsible for the push,
whereas the attractive van der Waals interaction, coupled with
the localized high saturation regions is responsible for the pull
or the directional depinning. Last, we propose and evaluate the
interacting pathway for these nanobubbles. Along with
highlighting the utility of LPEM in understanding nanobubbles,
the presented work essentially demonstrates the interplay
between the nanobubbles, along with evaluating the stability of
nanobubbles and gas transport at the nanoscale.

Experimental Methods

We used an in-situ electron microscopy system (Poseidon
Select, Protochips Inc., U.S.A.) for the direct visualization of
fluids in the TEM. Figure 1A shows the schematic representation
of the liquid cell. The details of the experimental equipment and
procedures have been described elsewhere,3> however briefly,
a water film was encapsulated between the silicon e-chips
having 50 nm thick suspended SiN, windows of dimensions 550
pm x 50 um, and spacer gap of 150 nm. The surface of these
silicon e-chips was cleaned and hydrophilized using a glow
discharge plasma reactor (PIB-10, Vacuum Devices, Japan). This
is an important step to encapsulate a stable water film at such
nanoconfinement levels and avoid liquid film retractions. This
also rendered high hydrophilicity to the SiN, chip with static
contact angle <5°, as shown in the ESIt (Figure S1). Water used
in the experiments was purified and deionized using a reverse
osmosis water purifier (Aquarius RFP742HA, Advantec, Japan).
Although deionized water was used for the experiment, carbon
dioxide from the atmosphere is expected to increase the pH of
the water due to the absorption of carbon dioxide. Hence, the
initial ionic strength and the pH of the water were 2x10°® M and
5.6, respectively. After the assembly of the in-situ electron
microscopy system, it was placed in the vacuum station and the
water was continuously flowed to check for leaks and avoid
drying. It is important to note that the central region of the SiNy
windows of the liquid cell undergoes massive bowing due to the
high vacuum in the TEM column, as depicted in Figure 1A, and
the liquid thickness is generally much larger than the spacer
height.

TEM (JEM-2100Plus Electron Microscope, JEOL Ltd., Japan),
operating at 200 kV, was used to nucleate and image the
nanobubbles in the water film. All the observations were done
at room temperature (R.T.: 22°C) and without flow in the liquid
cell. Long durations localized TEM observation of the sample

This journal is © The Royal Society of Chemistry 20xx
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Figure 1 Nanobubble observation in a liquid cell. (A) Schematic of the liquid cell used to observe nanobubbles. Nanobubbles are nucleated heterogeneously at the water-SiN,

interface due to the e-beam induced radiolysis process. The E-chips are aligned in a crossed configuration, as represented in their top view. The SiN, windows bow due to the high
vacuum of the TEM column, resulting in massive thickness increase in the central region of the liquid cell, as depicted by t;: spacer height (150 nm), and t,: film thickness at viewing
region (approx. hundreds of nm to few microns).” (B) TEM image showing the region of interest: nanobubbles A and B (in short: nbA and nbB). The initial distance between the

three-phase contact lines of these nanobubbles is 20 nm. These surface nanobubbles are nucleated on the bottom SiN, window. Few nanobubbles, present on the top SiN, window,
can also be seen in the TEM image. Red and blue bordered arrows are used to depict the bubbles at the bottom and top windows, respectively. (C) Side view representation of the
TEM image in (B). The approximate focus plane during the imaging is also shown in the schematic.

was possible due to the thermionic emission source (LaBg
filament). In our experiment, the typical beam current density
measured at the CMOS camera sensor was 1.03 A/cm?. All the
images were acquired using a CMOS (Rio 16, Gatan Inc., U.S.A.)
at 40 fps, 1K (1024x1024 pixels) resolution. In-house developed
MATLAB code was used for the image preprocessing. Since the
TEM images inherently have a low signal-to-noise ratio, the
Gaussian filter was deployed to smoothen out the TEM images,
and the Canny edge detection algorithm was used for detecting
edges of the nanobubbles. The edge detected binary image was
then fussed on the original TEM image and the physical
measurements were carried using an open-source scientific
image analysis package: Fiji >°.

Results and Discussion
Experimental Observation

LPEM provides the opportunity to nucleate and directly observe
nanobubbles and their interfacial phenomenon with high
temporal and spatial resolution. In LPEM, the nucleation of
nanobubbles can be accounted to the formation of gaseous
molecules due to the electron-beam mediated radiolysis of
water molecules and their successive agglomeration at the SiN,
surface (heterogeneous nucleation).”” It is important to note
that the heating effect of the electron beam on the liquid
sample at the used beam parameters and consequently, the
temperature increase is barely 2-3°C and can therefore be
neglected.>8

Figure 1B shows the TEM image of the nanobubbles. The
observed nanobubbles are in closer vicinity, thus providing the

This journal is © The Royal Society of Chemistry 20xx

opportunity to study the nanobubble’s unique interplay. The
contact angle of the nanobubbles could not be measured from
the 2D images and was assumed to be below 90° from the gas
side. This assumption agrees with previous studies which have
clarified a definite distinction between the macroscopic and
nanoscopic contact angles.>3237 Since the bubbles were
nucleated in-situ, the radiolysis and the sequential events
leading to the status quo had already begun and succeeded for
some time, hence the experimental observation began at the
time to. The time-sequential information of these nanobubbles,
before their coupled interplay, has been provided in the ESIt
(Figure S2). The image frame (Figure 1B) also shows
nanobubbles with bright boundaries, in contrast to darker
boundaries of nbA and nbB. These boundaries are the Fresnel
fringes which can be used to estimate the relative position of
the bubbles.*® The bubbles with the brighter fringes are on the
upper SiN, window, and due to their certain distance from the
in-focus plane (Figure 1C), are not considered in this study.
Additionally, the gap between the nanobubbles on the adjacent
SiN, windows is too large for the nanobubbles to have strong
interactions between them. The only probable effect bubbles
present on the upper window may have is the variations in the
path length of electrons due to the changing bubble height, and
hence, varying gas oversaturation in the liquid. However, even
this effect was not persistent as we observed instances where
no change in the size of nbA was observed as the bubble in the
adjacent window shrinks. One such instance to show the
negligible interaction between the bubbles present on the
adjacent windows is given in the ESIT (Figure S3). Hence, the
nanobubbles present on the adjacent SiN, windows are
assumed to be independent or weakly interacting in

J. Name., 2013, 00, 1-3 | 3
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comparison to the nanobubbles on the same window with
much less gap between them. Moreover, since the prime focus
of the present study was to understand the interplay between
the neighboring nanobubbles, we chose the bubbles on the
lower window having separation less than 20 nm.

Initially, at 0 s (t = to + O s; same nomenclature else specified
otherwise) the initial contact radii of the selected nanobubbles
nbA and nbB, measured using radii =+/area/mT, was 31.5 nm
and 27 nm, respectively. Both the nanobubbles were circular
with very low deformity. As the e-beam irradiation continues,
the nbA exhibits a gradual increase in its contact radius at 0.07
nm/s, whereas no increase in nbB’s contact radius was
observed. Consequently, the gap between the adjacent
interfaces also reduced from 19.5 nm to 12 nm in the initial 100
s, owing to the monotonic growth in nbA’s contact radius. The
variation of the contact area and the distance between
nanobubbles’ contact lines for the initial 100 s is included in the
ESIt (Figure S4).

Figure 2A-F shows the time sequence of the observed
phenomenon. On irradiating the region of interest for around
95 s, the nbA, unexpectedly, begins to shrink as its contact area
reduces from 4890 nm? to 2094 nm? in around 34 s, as shown
in Figure 2G. Figure 2A-C demonstrates the shrinking of nbA.
However, the nbB continues its trend of infinitesimal increase
in the contact area. Further, the nbA regrows to the contact
area 3870 nm? in 12 s. It is evident that the nanobubbles, nbA
and nbB, behave distinctly, as nbA is a freely growing-shrinking
nanobubble whereas nbB exhibits strong pinning in its contact
line. The pulsating of nbA and its effect on the contact line of
nbB can also be seen in Figure 2D-F. In our experimental study,
nanobubbles were expected to grow due to oversaturation
conditions under the continuous electron beam irradiation of
the water.*%>° However, pulsations were observed for the nbA
as shown in Figure 2G. Distinctively, the stability of nbB and its
reluctance to exhibit similar dynamics can be accounted to the
strong pinning of the contact line. The stability of the
nanobubbles has, indeed, been attributed to the contact line
pinning by several studies in the past.374380 The pinning
behavior of the contact line might be due to any possible
chemical heterogeneities, which can be present on the
smoothest of surfaces.® In a similar context, a recent study has
experimentally demonstrated the role of adsorbed gas layers on
the surface, which exhibits solid-like rigidity, in limiting the
mobility of micro-pancakes.? The presence of such adsorbed
layers is unlikely to be observed by a TEM, however, they might
be responsible for the stability of nbB.

Anisotropic depinning in nanobubbles

The unpinned nbA undergoes series of grow-shrink undulation
before stabilizing and following its usual growth pathway.
Further, these undulations in nbA induced deformity in nbB,
which tends to elongate the nbB. Figure 3A shows the variation
of circularity of the studied nanobubbles. Here, circularity is
defined as 4x times the ratio of area (A4) to the square of the
perimeter (P), i.e., Circ. = 47 (A/P?). The circularity value of 1
indicates a perfect circle, whereas any decline in its value

4| J. Name., 2012, 00, 1-3
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Figure 2 Time sequence images demonstrating the interfacial interplay between
nanobubbles observed using TEM. (A) TEM image showing the state of nanobubbles at t
— to = 90 s. (B,C) The shrinking or leaking of nbA induces elongation in nbB, directed
towards nbA. (D) The expansion or growth of nbA pushed the adjacent interface of nbB.
(E,F) nbA and nbB demonstrating the pull-push phenomenon, induced due to the grow-
shrink mechanism of nbA. Blue and Red arrows show the direction of the interface
movement for nbA and nbB, respectively. (G) Temporal variation of nanobubble contact
area for nbA and nbB. nbA exhibits growth-shrinkage behaviour, however, nbB remains
mostly firm in its contact area. The TEM video of these bubbles is available in the ESIT
(Movie M1).

indicates the extent of elongation. The reduced circularity of
nbB demonstrates its deformation, whereas the circularity of
nbA continues to be closer to 1. It was observed that while nbA
continued to maintain its circular form due to its unpinned
interface, nbB deformed asymmetrically. Moreover, the
undulations in the nbA also lead to the variation in the distance
between their three-phase contact lines, i.e., the gap varies
between 12 nm to 18 nm (Figure 3B). We also measured the
feret angle for nbB to understand the angularity and
directionality of the deformation in nbB. Feret angle is the angle
between the line segment joining two farthest points in an
enclosed entity with the horizontal line. In Figure 3C, the feret
angle was observed to fluctuate in two discrete ranges, (a) 15°-
50°, and (b) 100°-135°. This demonstrates a strong association
between the pulsation in nbA and deformation in nbB. For the
shrinking phase of nbA, the feret angle remained between 100°-
135°, thus confirming that nbB’s interface is pulled directionally
towards nbA due to its shrinking. Similarly, for the growing
phase of nbA, the feret angle remained between 15°-50°,
demonstrating push from the growing nbA’s interface. The

This journal is © The Royal Society of Chemistry 20xx
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Figure 3 Anisotropic depinning of nanobubbles. (A) Temporal variation of circularity for nanobubble nbA and nbB. (B) Variation of the gap between the nanobubbles. (C) Feret angle
and the angle formed by joining the centroids of nbA and nbB. The shaded region in (A), (B) and (C) highlights the directional deformation of the nbB induced due to nbA. (D) Contact
line of the nanobubbles traced for the first shrink-grow observation at the time: 111's, 125 s and 137 s. nbA shows the pulsating behaviour, while the nbB shows depinning along

edge adjacent to nbA and pinning along the opposite edge. (E) Contact line of nanobubbles for second shrink-grow observation at time: 155 s, 165 s and 175 s. Similar anisotropic

depinning is observed in nbB. (F) The reference image showing the measured parameters. O, and O are the centroids of nbA and nbB, respectively. g and @, are the feret angle and

the centroid angle, respectively.

variation of feret angle, either parallel or perpendicular to the
line joining the centroids of nanobubbles (Figure 3F) reassures
the coupled behavior of the nanobubbles’ interfaces. The
measured parameters plotted in Figure 3B-C are shown in
Figure 3F.

Further, the contact lines of these bubbles were traced using an
edge detection algorithm to understand the deformation and
the depinning of the nbB. Interestingly, it was observed that the
contact region of the nbB, farther from the nbA, remained
completely pinned to the surface during the whole
phenomenon (Figure 3D-E). Figure 3D shows the contact
boundary of the nanobubbles observed during the first shrink-
grow cycle, i.e., at time 111 s, 125 s and 135 s. Pulsating of nbA
and the consequent depinning of the adjacent interface of nbB,
highlighted by blue and yellow arrows, respectively, can be seen
in Figure 3D. A similar phenomenon of selective depinning was
observed again at 154 s to 175 s into the observation, as shown
in Figure 3E. Previously, the distortions in nanobubbles’ pair
were also observed by Park et. al, however, they observed it
specifically in the larger nanobubble exhibiting growth due to
the Ostwald ripening.*® Moreover, they did not observe the
asymmetrical depinning behavior in their experiments. In

This journal is © The Royal Society of Chemistry 20xx

addition, we also observed the pushing of nbB’s interface when
the nbA enters the growth regime.

For a better insight into the phenomenon, let us refocus on the
reasons that contributed towards the pulsations in the nbA’s
contact line and successively led to the anisotropic depinning.
Because of the continuous e-beam exposure, the gas
oversaturation in the irradiated region accumulates and the
nbA grows due to its unpinned three-phase contact line, which
can be perceived from the TEM images. However, nbB is also
expected to grow due to the increase in oversaturation, which
cannot be perceived in the 2-D TEM images due to its pinned
three-phase contact line. In an analytical study, Lohse and
Zhang suggested that for a pinned nanobubble, the equilibrium
radius varies inversely with the oversaturation, (Re = L¢c/2,
where Re is the equilibrium radius, L¢ is the contact length, and
{ is the gas oversaturation), hence an increase in the
oversaturation will compel the nanobubble to swell, thus
increasing in its height and effective volume.*® The probable
side views of the nanobubbles and the observed phenomenon
is shown in Figure 4A, where, any increase in the size of nbA is
accompanied by an increase in height of nbB, and vice versa.
The observed anisotropic depinning coupled with the shrinking
of the nbA can be explained as follows (Figure 4B): the

J. Name., 2013, 00, 1-3 | 5
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Figure 4 (A) Schematic of the probable side view of the nanobubbles shows the shrinking
of the nbA initiates the anisotropic depinning of nbB’s three-phase contact line. (B) Role
of increase in localized gas concentration in the anisotropic depinning of surface
nanobubbles. The lighter blue region around the nbA shows the level of high gas
concentration.

simultaneous shrinking of nbA and nbB leads to gas outflux in
their peripheral region. The gas concentration is expected to be
higher in the region between the nanobubbles near the solid
interface, due to the damped diffusion of gas molecules near
the interfaces.3%2 As the contact line of nbA is moving away,
these gas molecules then transmit to the pinned nbB, resulting
in the growth of its partial portion. Nanobubbles are in dynamic
equilibrium with the gas molecule in the liquid and the gas
influx through nanobubbles’
interfaces.®3> This, in general, does not affect depinning.

outflux is balanced by the
However, asymmetric distribution of gas oversaturation around
a pinned nanobubble leads to anisotropic depinning of its three-
phase contact line. Interestingly, the pinning force at the
interface for the remaining region was observed to be strong
enough to keep the surface pinned without compensating for
surface tension. In addition, the interface farther from the
region between the nanobubbles does not experience any
dramatic changes in the relative gas saturation, and hence, the
remaining three-phase contact line of the nanobubble remains
pinned, as shown by the red color in Figure 4A. The schematic
in Figure 4B also weighs the factors responsible for the observed
anisotropic depinning, where the increased local oversaturation
around the pulsating nanobubble is responsible for selective
depinning of a strongly pinned nanobubble.

Moreover, the relative positioning of these nanobubbles also
promotes the pulsating effect in the nanobubbles. As the nbA
nbB and the distance between the
nanobubbles’ three-phase contact line reduces, the presence of
nbB and the thin film formed between the nanobubbles hinders

expands towards

the further expansion of nbA. The stability of thin-film and the
nbA’s intrusion into the thin film not only suppresses the growth
of the nbA, but also leads to repulsions between the two
nanobubbles due to their interacting double layers. The
cumulative effect of strong interfacial repulsions and the
presence of pinned nanobubble triggers the shrinking of nbA.
The outflux from the nbA creates oversaturation in the vicinal

6 | J. Name., 2012, 00, 1-3

liquid, thus leading to the anisotropic depinning of the pinned
nanobubble. The outflux from nbA and the successively
increased oversaturation in the liquid further halts the shrinking
of nbA and leads to the growth in the size of nbA. The overshoot
in the radius of curvatures due to the inertia in interfaces’
motion creates a pulsating effect in the size of nanobubbles.
While the pulsations in the nbA are observed due to the
increase in its lateral size (as shown in Figure 2G), such
variations in nbB are impossible to observe using TEM.

Similar phenomenon was observed on multiple occasions while
observing other nanobubble pairs, however, the presence of
more nanobubbles at relative adjacence seems to impact the
time scales and bubble pulsations in the phenomenon. The time
sequence imagery and brief description of such events have
been provided in the ESIt (Figure S5, S6, and S7), where
deformation in the three-phase contact line of the nanobubbles
could be observed due to the shrinkage or growth of adjacent
nanobubble. On observing a nanobubble pair at a lower
electron beam intensity, we found the anisotropic depinning to
be lower in magnitude due to the lower relative oversaturation
at a low electron dose environment, as shown in the ESIT
(Figure S5). This reassures the role of localized oversaturation
on the anisotropic depinning of pinned surface nanobubbles.
However, the pushing of nbB’s three-phase contact line due to
the pulsating nbA needs to be discussed further while
considering the nanoscale forces at play.

The thin film between the nanobubbles, with varying thickness
of 6-20 nm, was observed to be stable experimentally.
Moreover, the nanobubbles interact across this thin film, which
causes the pull-push phenomenon between the nanobubble’s
interfaces. Nanobubbles’ surface, or in general all gas-water
interfaces, is charged negatively due to the strong adsorption of
hydroxide ions,®*%> which prompts an electric force field around
their interfaces. This electric field influences the ion distribution
around a nanobubble, which leads to the generation of diffused
electric double layer (EDL) around its interface.® The double
layers of two individual nanobubbles in the vicinity lead to the
interactions between their interfaces due to the accumulation
of counterions at the peripheral region. Due to the likeness of
the interfacial charges, the double-layer interaction is repulsive
in nature. In addition, the van der Waals interactions are
accounted for the attractive behavior and are dominant as the
distance between the bubbles reduces. Hence, cumulatively,
the nanobubble pair exhibits attractive-repulsive behavior
along with their interfaces, which is a factor of the separation
distance between the nanobubbles, size of the bubbles, surface
charge, and the physical properties of the nucleating medium.
These interactions are analogous to the colloidal particles
interacting in the bulk medium,®® except that the nanobubbles
are also coupled via the gas exchanges (mass diffusion) between
them. Further, the hemispherical shape of the bubbles, along
with their soft interfaces and interfacial pinning further
increases the complexity in the quantifiable modeling of such
phenomenon, however, the nature of interactions can be
discussed qualitatively. The Debye-Hiickel constant, which is
proportional to the ionic concentration of the liquid, plays a
critical role in determining the interactive behavior between the
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nanobubbles. It is important to note here that even though no
salt was added in this study, the ionic concentration in the water
is affected by the electron beam dose rate. For the lower
electron dose rates, the pH of the water remains unaffected,
but at higher electron dose rate values, the pH of the water
reduces significantly,>® implying an increase in the ionic
concentration of the H3;O* ions. For the typical TEM dose (108
Gy/s), the pH of the water is expected to lie between pH 4-5.58
The increased H30* concentration, hence the thin double layer,
maybe the reason for pull-push behavior between the
nanobubble interfaces, which can be justified by the feret angle
variation between 15°-50° and 100°-135° in Figure 3C. In case
of the pH value closer to the neutral cases (pH~7), the double
layer would be much thicker, and the interaction is expected to
be repulsion dominant. Moreover, the nature of gas molecules
dissolved in the water is highly unlikely to affect the charge at
the interface, except for CO,. Most of the gases dissolved in
water, such as N,, O, He, Ar, CHy4, H,, etc are non-polar and inert
in nature and have no impact on the pH of water.®” However,
CO, is arguably known to reduce the pH of the water and impart
negative charge to the water-gas interface.’® Hence, the
concentration of CO, in water will in fact affect the charge
concentration, Debye-Hlickel constant, and the strength of EDL,
which may impact the pull-push phenomenon.

Weakened repulsions and coalescence

In our experiment, we observed the coalescence of
nanobubbles after nearly 18 minutes from the beginning of the
observation (tg). During the observation, the nanobubble pair
underwent multiple pull-push and anisotropic depinning
events, details of which are provided in the ESIT (Figure S8). It is
important to note here that the bubbles have existed for a
longer time as they were already nucleated when the
observation was initiated. Recollecting the derogatory electron
beam conditions and the fluctuation in gas saturation
conditions caused by them, our observation reassured the long-
term existence of nanobubbles and their metastability. In the
due course, we observed the coalescence of the nanobubbles.
The snapshots of nbA and nbB before and during merging are
shown in Figure 5A-D. As discussed in the previous section
about the EDL, the bubbles should demonstrate hesitance to
merging, due to the attractive repulsive equilibrium at a lower
separation gap (Figure 5). That was, indeed, the reason for the
observed longevity of nanobubbles. However, the phenomenon
exhibited by nanobubbles is intricate and depends on the
various physio-chemical phenomenon, which may be transient
and changes as the experimental parameters change. Although
the formation of EDL hinders the coalescence initially, the
continuous exposure of the sample to the electron beam and
the accumulative buildup of gas saturation may be the reason
behind the observed coalescence. A previous study on the
effect of gas concentration in liquid on the bubble coalescence
also points towards the increased coalescence.®® The
accumulation of gas molecules and their steric effects might be
responsible for the displacement of ions from the interfacial
region of nanobubbles. This is further supported by the higher

This journal is © The Royal Society of Chemistry 20xx
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Figure 5 Time sequence snapshots of nbA and nbB for the time (A) 1014 s; (B) 1038 s; (C)
1065 s and (D) 1105 s. The blue and red arrows in (A) and (B) show the direction of the
interface movement in nbA and nbB, respectively, whereas the orange arrow in (C)
shows the initiation of merging. The bubble merged after 18 minutes of observation. The
shape of the bubble after merging verifies that the observed bubbles are surface
nanobubbles. (E) Variation of gap between the nanobubbles for time 0 s — 180 s (initial
observation) and 950 s — 1065 s (before merging). The black arrow shows the increased
gap due to the shrinking of nbA. The reduced repulsions between the interfaces have led
to a decrease in the overall gap between the bubbles. (F) Variation of center-to-center
distance between the nanobubbles for the complete 18 minutes of observation. The
reduced repulsions between the nanobubbles due to the accumulative oversaturation
increase are evident as the center-to-center distance decreases monotonically for the
whole observation.

steady-state concentration of hydrogen molecules in the
radiolysis of water,*® and the high diffusion coefficient of H;0*
ion.”%71 The resultant may be a weaker EDL and reduced
repulsive force between the nanobubbles. Additionally, few
previous studies also suggested that the gas molecules' number
density is generally higher near the liquid-solid interfaces,
owing to strong gas-solid interactions.”?273 This is further
favored by the inherently higher number of molecules between
the neighboring bubbles’ diffused interfaces.3>4° The increased
gas saturation may play a vital role in suppressing the repulsive
behavior, which leads to the merging of the nanobubbles.
Interestingly, the gap between the nanobubbles’ three-phase
contact line (as shown in Figure 5E), which in the earlier stage
of interactions fluctuated in the range of 12-20 nm, also
reduced to 5-10 nm range before merging, which is another
indication of the reduced magnitude of repulsive behavior. The
decreased repulsive behavior as a function of irradiation time is
also evident from the reduced center to center distance
between the nanobubbles, as shown in Figure 5F. The nbA was
observed to move towards the pinned nbB while pulsating as
their center-to-center distance reduced from 77 nm to 64 nm
while the whole observation was carried.

Conclusions

Using liquid-phase electron microscopy technique, this work
provides insight into the nanobubble dynamics and interactions
with high spatial and temporal resolutions. Previously, the
counterintuitive longevity of surface nanobubbles has been
long attributed to the contact line pinning, however, this study
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contributes towards expanding the existing knowledge by
experimentally demonstrating the existence of surface
nanobubbles with and without contact line pinning. In addition,
our work also captures the anisotropic depinning of the pinned
nanobubbles and reveals the role of localized gas
oversaturation in this asymmetric interfacial phenomenon. The
pulsations in the unpinned nanobubble create an environment
with fluctuating gas concentration and are responsible for the
anisotropic depinning. Further, this study highlights the effect
of the ionic concentration on the coupling of the nanobubbles’
interfaces and the pull-push behavior, which is attributed to the
EDLs encompassing the nanobubbles and their successive
interactions. The present study also reveals the role of
accumulative gas saturation in suppressing the EDL’s repulsive
interaction, which reduces the nanobubbles’ reluctance to
merge. These findings not only provide insight into the dynamic
nanobubble behavior but also explains the importance of EDL in
rendering the longevity to nanobubbles, which in some cases
have been few days. This work also illustrates the capability of
the LPEM technique in studying the nanobubbles’ dynamics,
which so far, has mostly been examined through the MD
simulation lens. The focus in future studies will on be on
controlling the gas oversaturation and ionic concentration in
the liquid by improvising the experimental methods so that the
influence of these parameters can be quantified for in-depth
understanding.
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