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ABSTRACT: Two nanobubbles that merge in a graphene liquid cell take elliptical shapes
rather than the ideal circular shapes. This phenomenon was investigated in detail by using
in situ transmission electron microscopy (TEM). The results show that the distortion in
the two-dimensional shapes of the merging nanobubbles is attributed to the anisotropic gas
transport ﬂux between the nanobubbles. We also predicted and conﬁrmed the same
phenomenon in a three-nanobubble system, indicating that the relative size diﬀerence is
important in determining the shape of merging nanobubbles.

1. INTRODUCTION
With the naked eye, we can easily observe the bubbles in
boiling or falling water and in carbonated soda. Bubbles are
important in many chemical and biological phenomena in
nature, such as gas formation,1,2 sonochemistry,4 and electrochemical reactions.3 However, at a nanoscale level, not much is
known about bubbles, such as their extraordinary properties,5−7
because of the lack of detection tools. Recently, there have been
extensive studies of them using atomic force microscopy
(AFM),8,9 optical methods,10 cryo-electron microscopy (CryoEM),11,12 and various other methods.13,14
In our previous study,15 we reported the realization of
visualizing the growth of nanobubbles in liquids, by using a
graphene liquid cell16 and high-resolution transmission electron
microscopy (HRTEM). Furthermore, we unraveled three issues
about nanobubbles that were hitherto unknown: the threedimensional shape (side view), unusual stability, and growth
mechanism of nanobubbles. Brieﬂy, we observed that the
nanobubbles with a diameter of ∼10 nm have a convex shape in
liquid and exhibit two diﬀerent growth mechanisms depending
on their relative sizes: the Ostwald ripening process and the
coalescing process. Also, an uncommon shaking phenomenon
was observed in the ultrathin water layer between two
nanobubbles grown via the Ostwald ripening process. This
was attributed to the newly observed fast gas transport
mechanism, namely, “the direct gas transport.” When two
nanobubbles merge, they come close and the driving force was
thought to be the decreased liquid water density at the
interfacial region between the two nanobubbles.
Many previous studies17−20 have tried to investigate the
movement of nanobubbles in liquids, the change in their shapes
during migration, and the mechanism of migration of bubbles.
© XXXX American Chemical Society

However, direct imaging of bubbles by real-time observation at
the nanoscale level is not available. In this regard, here, we
demonstrate the behaviors and dynamics of migration of
nanobubbles in liquids using a graphene liquid cell and
HRTEM. Graphene is a two-dimensional hexagonal carbonbased material and is actively used in chemical, physical, and
biological ﬁelds because of its high heat and electrical
conductivities, outstanding mechanical strength and ﬂexibility,
and transparency to electron beams.21−24 By using these
properties, we observed the movement of a bubble and the
distortion of its shape during the merging processes (through
both the Ostwald ripening and the coalescing processes) in real
time and found that it is closely associated with the gas
transport between bubbles.
The Laplace pressure inside of a bubble is known to be
dependent on the bubble radius, and the gas density diﬀusing
out of the bubble is thought to decrease in the surrounding
water as the distance from the bubble increased. We assumed
that these two factors determine the density proﬁle map of the
water around each nanobubble, and the density diﬀerence
around a bubble is believed to be the driving force of attraction
between two bubbles. In this report, the degree and the angle of
distortion during the merging process were also found to vary
with time. These observations are in good agreement with the
proposed mechanism. From the understanding of the merging
process between two bubbles, we could further predict the
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Figure 1. (A,B) Schematic images of the fabrication process of a graphene liquid cell and its side view. (C) TEM image of the water layer trapped
between the graphene layers in UHV. (D) Side view TEM images of the adjacent nanobubbles showing distorted plano-convex shapes.

Figure 2. TEM snapshots of a nanobubble showing excellent stability with time. The scale bar is 5 nm.

3. RESULTS AND DISCUSSION
Figure 1A shows the fabrication of a graphene liquid cell. The
water layer was naturally captured between the two sheets of
single-layered graphene on a conventional TEM grid. The
excellent mechanical properties of graphene enabled the
capturing of the thin water layer including nanobubbles inside
the graphene liquid cell and ensured that it is not leaked even at
UHV conditions during HRTEM measurements (Figure 1B,C).
In our previous study,15 we reproducibly observed the side view
of nanobubbles by bending the graphene-coated TEM grid and
found that they have plano-convex morphologies with contact
angles of 60°−90° and diameters of 5−15 nm. Additionally, we
observed the shape distortion of two adjacent nanobubbles
from a side view showing a lopsided convex shape with diﬀerent
contact angles (θ1 < θ2) (Figure 1D).
We consider that the electron beam can adversely aﬀect the
irradiation damages of a specimen during observation and
analysis in an electron microscope, such as heating, electrostatic
charging, ionizing damage, displacement damage, sputtering,
and hydrocarbon contamination; especially, it is well known
that radiolysis can generate some radicals and hydrogen gas,
which, among others, is regarded as evidence of electronmediated radiation damages.27,29 So, we observed a single
bubble in liquid encapsulated by graphene for 2−5 min under
the same TEM observation condition. While observing the
magniﬁed images, the bubble was very stable and showed no
signiﬁcant changes in shape or size; there was no abnormal
behavior arising from electron beam irradiations, such as
bubbling of the hydrogen gas induced by radiolysis (Figure 2).
Although the radiation damages cannot be ignored, we believe
that the advantages of the EM system as well as the graphene

merging process among three nanobubbles, that is, which two
bubbles merge ﬁrst. Diﬀerent merging processes were observed
in the two kinds of merging of three bubbles, which proved our
prediction.

2. EXPERIMENTAL DETAILS
2.1. Preparation of a Graphene Liquid Cell. High-quality
monolayer graphene was synthesized by depositing chemical vapor on
a copper foil (from Alfa Aesar) under 70 mTorr H2 gas and 650 mTorr
CH4 gas. After ∼30 min of growth at 1000 °C, the copper foil was
etched with 1.8 wt % ammonium persulfate solution. The ﬂoating
monolayer graphene was rinsed using deionized water and transferred
onto a transmission electron microscopy (TEM) grid (Figure 1a).
After it was dried under ambient conditions, the graphene-coated
TEM grid was coated with another ﬂoating monolayer of graphene by
scooping up. During this process, the water islands were naturally
caught between the two monolayer graphene ﬁlms.
2.2. High-Resolution TEM Imaging of Nanobubbles in
Water. Nanobubbles were observed in real time using ultrahigh
vacuum (UHV) TEM (UHV-TEM, JEOL, JEM 2010V) at a 200 keV
accelerating voltage.25 The lattice resolution and the point resolution
at the Scherzer defocus were 2.0 and 2.3 Å, respectively. The pressure
inside the chamber during observation was below 5 × 10−9 Torr. In
situ TEM images of nanobubbles were recorded using a digital video
camera, with a time resolution of 1/30 s (Gatan model 622SC). In this
study, the electron beam current density (∼1 A cm−2) on the
specimen, which brings a temperature increase of a few degrees
celsius,26,27 hardly inﬂuences the imaging of the nanobubbles during
recording (about 10−120 s). In addition, HRTEM images were
obtained using a LaB6 ﬁlament, which has 100−1000 times lower
current density when compared to that of a ﬁeld-emission gun
ﬁlament.
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Figure 3. (A) TEM snapshots of migrating and merging nanobubbles via the Ostwald ripening process (R1 < R2) in 14 s. (B) Schematic illustration
of the distorted 2-dimensional shapes of the merging nanobubbles, induced by the direct gas transport between the nanobubbles. The red and blue
arrows indicate the outﬂux from the major bubble (R1) and the minor bubble (R2), respectively. a and b indicate the major and minor axes of a
distorted nanobubble, respectively.

Figure 4. Analysis of the migration and distortion of the nanobubbles during the Ostwald ripening process, corresponding to Figure 3A. (A) TEM
image of the merging nanobubbles. (B) Plot tracking the motion of the nanobubbles. The blue and red circles indicate the x and y coordinates of the
smaller (R1) and larger (R2) bubbles, respectively. PStart and PEnd indicate the start and ﬁnal positions of the bubbles, respectively. (C) Plot showing
the major-to-minor-axis ratio (a/b) of the larger bubble (R2) with time. (D) Diagram showing the distorted angles of the bubbles. The blue and red
circles indicate the distorted angles of the smaller (θ1) and larger (θ2) bubbles, respectively.

thought to ﬂow from the small bubble to the large bubble (red
arrow in Figure 3B).
During the conventional gas transport process, it is believed
that the gases experience three steps: condensation, transmission, and evaporation.28 Whereas gases condense from small
bubbles to the surrounding liquid water, they are easy to
transmit preferentially through the interfacial region and
evaporated into the larger bubble because the liquid water
density is lowest at the interfacial region. At this moment, the
partially deposited (i.e., evaporated) gases might induce
distortion of the larger bubble toward a small bubble, before
the larger bubble is fully settled down at the equilibrium state,
that is, becoming circular in shape. This preferential

liquid cell as a perfect membrane for EM imaging in UHV has
enabled the characterization of nanobubbles, to reduce
contamination in this study.
Figure 3A shows the snapshots of TEM images of two
bubbles merging by the Ostwald ripening process. Figure 1D
shows some interesting points that we found during the
process. The most notable point is the movement of the center
position of the larger bubble along with its elliptical shape (not
circular shape) during the process. As mentioned above, the
bubble radius determines the Laplace pressure of the gas
inside;18 a small bubble (R1) should have higher outﬂux of gas
than that of a large bubble (R2). Thus, the net gas ﬂow is
C
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Figure 5. Snapshot of the TEM images of the two kinds of merging three nanobubbles. The coalescing-ﬁrst (A) and the Ostwald ripening-ﬁrst (B)
merging of three bubbles, respectively. The scale bar is 10 nm.

Figure 6. (A,B) Numerical simulation of the liquid water density map surrounding three nanobubbles. Note that the liquid water density is zero
inside of a nanobubble. The region with the lowest liquid water density lies at the interface between R2 and R3 in case (A) and between R1 and R2 in
case (B).

Next, we tried to investigate the behavior of a threenanobubble system to conﬁrm our hypothesis in a more
complex system. Figure 5 shows the TEM images for two kinds
of merging procedures among three bubbles. In Figure 5A, the
two similar-sized bubbles are observed to move close to each
other and merge dominantly by the coalescing process (∼6 s).
And later, the Ostwald ripening occurred between the smaller
and the larger bubbles (∼15 s). On the other hand, Figure 4B
shows that the smallest and the largest bubbles merge ﬁrst via
the Ostwald ripening (∼25 s) and then coalescing process
occurs between the merged bubble and the mid-sized bubble
(∼20 s). With this, we were able to conﬁrm the presence of the
merging order and priority between the Ostwald ripening and
the coalescing processes among three bubbles.
To understand the driving force and the mechanism for
merging order, we calculated the density proﬁle of the liquid
water in the three-bubble system, which was numerically
simulated (ρ ≈ p × 1/d3) and mapped. Figure 6A,B
corresponds to the snapshots of Figure 5A,B, respectively. It
is clearly shown that the region with the lowest liquid water
density lies at the interfacial area between R2 and R3 in Figure
6A and between R1 and R2 in Figure 6B, which means that this
is the region with the highest gas density in the system.
Interestingly, the region between the two bubbles merging ﬁrst
shows the lowest liquid density in the whole system, which
indicates that the gas density is more intensive here and aﬀects
the merging order of bubbles as the driving factor.

evaporation in the larger bubble makes it seems to move
toward the small bubble during the merging process.
With this assumption, Figure 4 shows the analysis based on
real HRTEM images. Figure 4B shows the plot of the tracking
motion of two bubbles during the process, in which the larger
bubble seems to move toward the small bubble, whereas the
small bubble shows a drift motion without any direction. The
migration of the bubbles is related to gas transportation,13,18
and this result is coincident with the explanation of preferential
evaporation of gases in the larger bubble, as shown in Figure
3B.
Figure 4C also shows the variation of the ratio between the
major and the minor axes in the larger bubble, with an average
value of ∼1.2. Figure 4D shows that the variation of the
distorted angle of the bubble with respect to the center line also
supports the above explanation, in that the distorted angle of
the larger bubble tends to converge at the angle of 120°,
whereas the small bubble does not show distinct convergence
of the distorted angle although it is also changeable. All these
results support our explanation, which is based on the basic
assumption that the Laplace pressure is dependent on the
bubble radius (p ≈ 1/r, p: Laplace pressure, r: bubble radius),
and the gas density diﬀusing out of the bubble is dependent on
the distance (ρ ≈ p × 1/d3, ρ: gas density diﬀusing out into
liquid water and d: distance from the center of the bubble),
which determines the density proﬁle map of liquid water near
the bubbles.
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Figure 7. (A) TEM image of the merging of three nanobubbles via Ostwald ripening. (B) Plot showing the distorted angles in three bubbles. The
red and blue circles indicate the angles of the R2 bubble (θ2) and the R3 bubble (θ3), respectively. The black circle indicates the angle of the line
connecting the centers of R2 and R3 (θ4). The light blue and light red shadow regions indicate the periods for which Ostwald ripening and coalescing
were observed, respectively.
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Additionally, it is noteworthy in Figure 5 that the distortion
phenomenon was observed also during the merging process
among three bubbles. Figure 7 shows the behavior of the
merging of three nanobubbles ﬁrst via the Ostwald ripening
process corresponding to Figure 5B. When the R1 and R2
bubbles merge by the Ostwald ripening process, the major axis
angle for R2 varies from 100° to 130°. However, as the R1
bubble becomes smaller by gas evaporation, the inﬂuence of R1
on R2 becomes smaller. On the other hand, as the Ostwald
ripening ends, the interaction between the R2 and R3 bubbles
has become stronger than that between the R1 and R2 bubbles.
As a result, the angle of R2 (θ2) increases up to ∼150° during
the coalescing process, which is a value similar to θ4, the angle
of a connection line between the centers of R2 and R3. More
detailed dynamics of this phenomenon needs to be studied.

■

4. SUMMARY
In summary, we investigated the merging phenomenon of
nanobubbles in a graphene liquid cell using in situ UHV TEM,
indicating that the gas transport between adjacent bubbles is
governed by a combination of factors, including the radiusdependent Laplace pressure and the distance-dependent gas
density. As a result, the movement and the distortion of a larger
nanobubble are preferred. The merging behaviors of three
nanobubbles also show a similar phenomenon that the relative
size diﬀerence is a driving force that distorts the shape of the
nanobubbles. We believe that our results provide deeper
understanding of the growth dynamics of nanobubbles in an
ultra-conﬁned system.

■

REFERENCES

(1) Ljunggren, S.; Eriksson, J. C. The lifetime of a colloid-sized gas
bubble in water and the cause of the hydrophobic attraction. Colloids
Surf., A 1997, 130, 151.
(2) Arieli, R.; Marmur, A. Decompression sickness bubbles: Are gas
micronuclei formed on a flat hydrophobic surface? Respir. Physiol.
Neurobiol. 2011, 177, 19−23.
(3) Nakabayashi, S.; Shinozaki, R.; Senda, Y.; Yoshikawa, H. Y.
Hydrogen nanobubble at normal hydrogen electrode. J. Phys.: Condens.
Matter 2013, 25, 184008.
(4) Suslick, K. S.; Flannigan, D. J. Inside a Collapsing Bubble,
Sonoluminescence and the Conditions during Cavitation. Annu. Rev.
Phys. Chem. 2008, 59, 659−683.
(5) Parker, J. L.; Claesson, P. M.; Attard, P. Bubbles, cavities, and the
long-ranged attraction between hydrophobic surfaces. J. Phys. Chem.
1994, 98, 8468−8480.
(6) Borkent, B. M.; Dammer, S. M.; Schönherr, H.; Vancso, G. J.;
Lohse, D. Superstability of surface nanobubbles. Phys. Rev. Lett. 2007,
98, 204502.
(7) Weijs, J. H.; Lohse, D. Why surface nanobubbles live for hours.
Phys. Rev. Lett. 2013, 110, 054501.
(8) Guo, Z.; Liu, Y.; Xiao, Q.; Schönherr, H.; Zhang, X. Modeling the
interaction between AFM tips and pinned surface nanobubbles.
Langmuir 2016, 32, 751−758.
(9) Ishida, N.; Inoue, T.; Miyahara, M.; Higashitani, K. Nano bubbles
on a hydrophobic surface in water observed by tapping-mode atomic
force microscopy. Langmuir 2000, 16, 6377−6380.
(10) Chan, C. U.; Ohl, C.-D. Total-internal-reflection-fluorescence
microscopy for the study of nanobubble dynamics. Phys. Rev. Lett.
2012, 109, 174501.
(11) Switkes, M.; Ruberti, J. W. Rapid cryofixation/freeze fracture for
the study of nanobubbles at solid−liquid interfaces. Appl. Phys. Lett.
2004, 84, 4759−4761.
(12) Li, M.; Tonggu, L.; Zhan, X.; Mega, T. L.; Wang, L. Cryo-EM
visualization of nanobubbles in aqueous solution. Langmuir 2016,
DOI: 10.1021/acs.langmuir.6b00261.
(13) Brenner, M. P.; Lohse, D. Dynamics equilibrium mechanism for
surface nanobubble stabilization. Phys. Rev. Lett. 2008, 101, 214505.

AUTHOR INFORMATION

Corresponding Authors

*E-mail: chosp@snu.ac.kr (S.-P.C.).
*E-mail: byunghee@snu.ac.kr (B.H.H.).
Author Contributions
∥

J.B.P. and D.S. contributed equally. B.H.H. and S.-P.C.
conceived and supervised the project. J.B.P. and D.S. led the
project and wrote the manuscript. S.-P.C. and J.B.P. carried out
TEM imaging and analysis. J.B.P. and S.M.K. prepared the
samples. D.S. assisted with theoretical modeling.
Notes

The authors declare no competing ﬁnancial interest.
E

DOI: 10.1021/acs.langmuir.6b01672
Langmuir XXXX, XXX, XXX−XXX

Article

Langmuir
(14) Matsumoto, M. Surface tension and stability of a nanobubble in
water: Molecular simulation. J. Fluid Sci. Tech. 2008, 3, 922−929.
(15) Shin, D.; et al. Growth dynamics and gas transport mechanism
of nanobubbles in graphene liquid cells. Nat. Commun. 2015, 6, 6068.
(16) Yuk, J. M.; et al. High-resolution EM of colloidal nanocrystal
growth using graphene liquid cells. Science 2012, 336, 61−64.
(17) Seddon, J. R. T.; Zandvliet, H. J. W.; Lohse, D. Knudsen gas
provides nanobubbles stability. Phys. Rev. Lett. 2011, 107, 116101.
(18) Stevenson, P. Inter-bubble gas diffusion in liquid foam. Curr.
Opin. Colloid Interface Sci. 2010, 15, 374−381.
(19) Blake, J. R.; Boulton-Stone, J. M.; Thomas, N. H. Bubble
Dynamics and Interface Phenomena; Springer Science + Business Media,
B. V., 1994.
(20) Zhang, X. H.; Maeda, N.; Craig, V. S. J. Physical properties of
nanobubbles on hydrophobic surfaces in water and aqueous solutions.
Langmuir 2006, 22, 5025−5035.
(21) Geim, A. K.; Novoselov, K. S. The rise of graphene. Nat. Mater.
2007, 6, 183−191.
(22) Meyer, J. C.; et al. The structure of suspended graphene sheets.
Nature 2007, 446, 60−63.
(23) Lee, C.; Wei, X.; Kysar, J. W.; Hone, J. Measurement of the
elastic properties and intrinsic strength of monolayer graphene. Science
2008, 321, 385−388.
(24) Kim, K. S.; et al. Large-scale pattern growth of graphene films
for stretchable transparent electrodes. Nature 2009, 457, 706−710.
(25) Karpitschka, S.; et al. Nonintrusive optical visualization of
surface nanobubbles. Phys. Rev. Lett. 2012, 109, 066102.
(26) Cho, S.-P.; Nakamura, J.; Tanaka, N.; Osaka, T. Direct
observation of Au deposition processes on InSb{111}A,B-(2 × 2)
surfaces. Nanotechnology 2004, 15, S393−S397.
(27) Egerton, R. F.; Li, P.; Malac, M. Radiation damage in TEM and
SEM. Micron 2004, 35, 399−409.
(28) Lee, J.; Laoui, T.; Karnik, R. Nanofluidic transport governed by
the liquid/vapour interface. Nat. Nanotechnol. 2014, 9, 317−323.
(29) Massover, W. H. Electron beam-induced radiation damage: The
bubbling response in amorphous dried sodium phosphate buffer.
Microsc. Microanal. 2010, 16, 346−357.

F

DOI: 10.1021/acs.langmuir.6b01672
Langmuir XXXX, XXX, XXX−XXX

