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Abstract
The unexpected long lifetime of nanobubble against the large Laplace pressure is one of the important issues in nanobubble 
research and a few models have been proposed to explain it. Most studies, however, have been focused on the observation of 
relatively large nanobubbles over 100 nm and are limited to the equilibrium state phenomena. The study on the sub-100 nm 
sized nanobubble is still lacking due to the limitation of imaging methods which overcomes the optical resolution limit. 
Here, we demonstrate the observation of growth dynamics of 10 nm nanobubbles confined in the graphene liquid cell using 
transmission electron microscopy (TEM). We modified the classical diffusion theory by considering the finite size of the 
confined system of graphene liquid cell (GLC), successfully describing the temporal growth of nanobubble. Our study shows 
that the growth of nanobubble is determined by the gas oversaturation, which is affected by the size of GLC.
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Introduction

The gaseous bubbles in a liquid have been used in broad 
such as the controlling of protein conformations (Liu et al. 
2005; Zhou et al. 2004; Zhang et al. 2013; Okumura and 
Itoh 2014), the drug delivery studies (Lukianova-Hleb et al. 
2012; Li et al. 2015; Hernandez et al. 2017), the direct 
transfer of large-size graphene films with decreased defects 
(Gao et al. 2014; Guo et al. 2018), and the performance of 
chemical mechanical polishing (Tsai et al. 2007; Zhang et al. 
2016a, b, 2018). For example, a sudden formation of nitro-
gen nanobubbles might induce the unfolding of protein in 
our body and has been associated with the origin of ‘Diver’s 

disease’ (Zhang et al. 2013). Even though there have been 
growing interests in the application of the nanobubbles, a 
fundamental understanding on a formation mechanism is 
still deficient, especially due to the limit of proper charac-
terizing tools.

Growth dynamics of large nanobubble, whose lateral size 
is over 100 nm, have been studied with the optical micros-
copy. Chan et al. used total internal reflection fluorescence 
microscopy to measure the growth of the height of pinned 
nanobubble which is initiated by the coalescence of the two 
nanobubbles (Chan et al. 2015). The atomic force micro-
scopic study also obtained the successive height profiles of 
growing nanobubble and resolved the existence of the cir-
cular wetting layer which initiates the growth of nanobub-
ble (Fang et al. 2016). These nanobubbles can be stabilized 
by the surface pinning of three phase contact line (Liu and 
Zhang 2013, 2014; Tan et al. 2017; Weijs and Lohse 2013; 
Lohse and Zhang 2015a, b). However, there are few studies 
on the growth dynamics of nanobubble at 10 nm scale, at 
which the conventional atomic force microscopy and optical 
microscopy are hard to achieve (Chen et al. 2015; Huang 
et al. 2013).

In this article, we succeeded to characterize the ini-
tial growth dynamics of small nanobubbles encapsulated 
between the graphene liquid cell (GLC) using the high-
resolution transmission electron microscopy (HRTEM). 
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The observed temporal growth of 10 nm nanobubble is 
well described by the diffusion theory in gas–liquid sys-
tem considering the size of GLC. Interestingly, we found 
that the required amount of gas in the growth of nanobub-
bles is strongly dependent on the size of the GLC system, 
which determines the oversaturation condition. As the size 
of the system decreases, more amount of gas is required 
to oversaturate the system, which initiate the formation of 
nanobubbles.

Results

To image the temporal growth of the nanobubble at nm-scale 
resolution, we prepared the graphene liquid cell (GLC) (Shin 
et al. 2015; Park et al. 2015a, b; Algara-Siller et al. 2015; 
Yuk et al. 2012, 2014; Chen et al. 2013; Wang et al. 2014; 
De Clercq et al. 2014) fabricated on a TEM grid. Two adja-
cent graphene layers were stacked via strong van der Waals 
force, efficiently preventing water from leaking out to the 
ultrahigh vacuum environment in TEM chamber. Atomic 
thickness of graphene is also critical to achieve high-res-
olution image in liquid phase due to the minimized scat-
tered electron from the graphene. The size of water-encap-
sulated graphene pocket in GLC was determined as 100 nm 
height and 1 µm diameter (Supplementary Fig. S1). Note 
that we intentionally add Pt nanoparticles because observ-
ing the diffusion of Pt nanoparticle is efficient to recognize 
the region where confined water exists in GLC (Methods 
for the detailed procedure of preparation of GLC and Pt 
nanoparticles).

Nanobubbles are generated by radiolysis process, which 
occurs simultaneously during TEM measurement. The 
emitted electrons from electron gun interact with the water 
molecules and decomposes them into the primary species 
including  H2 molecules (Caer 2011). The concentration of 
 H2 saturates immediately (~ 1 ms) and prepared for the for-
mation of the nanobubbles (Schneider et al. 2014).

From the TEM observation of the nanobubble growth, 
we measured the temporal change of the radius of nano-
bubbles during 2 min. We take the snapshots of the sys-
tem during formation and growth of five hydrogen gas 
nanobubbles (Bubble 1–5) with temporal resolution of 1 s 
and Fig. 1b shows four of them (Supplementary Movie 
S1 for the full movie). The formation of nanobubbles is 
completed until t = 40 s and they grow steady by absorb-
ing the surrounding gas molecules (t = 100 s and 120 s). 
Because nanobubble 2 starts to exit the TEM observa-
tion window at t > 70 s, we collect its radius data until 
t = 70 s. As shown in snapshots in Fig. 1b, small fraction 
of nanobubble 2 is still observed, but estimated radius has 
large uncertainty and we do not use it. Note that we do 
not observe any coalescence event between two adjacent 

nanobubbles within our limited observation time of 120 s, 
but such nanobubble merging may be unlikely due to the 
inter-bubble liquid that mediates the gas influx and con-
trols the nanobubble growth, as discussed by the atomic 
force microscopy experiment (Lhuissier et al. 2014).

Figure 1c is plot of radius of the observed nanobubbles. 
The radius of first appeared nanobubbles are all similar 
and about 5–10 nm (denoted as arrows). This value is 
similar with the previous result ~ 5 nm obtained from the 
electrochemical measurement of the hydrogen nanobub-
ble nuclei on the Pt nanoelectrode (German et al. 2018). It 
implies that the first appearance of the nanobubble on the 
TEM window is related with the nucleation event. Once 
the nanobubble is formed, the subsequent growth curve 
denotes that the nanobubble grows continuously, which 
shows that diffusion of the gas monomer mainly attributes 
to the nanobubble growth.

Fig. 1  Growth of nanobubble in the GLC observed via TEM. a Sche-
matic of nanobubble formed by the aggregation (yellow arrows) of 
hydrogen gas molecules that are produced during the electron beam-
induced radiolysis reaction of the water (red arrows). b Four snap-
shots of TEM images showing formation and growth of five nanobub-
bles in the liquid water-encapsulated by GLC (Supplementary Movie 
S1). Nanobubbles are numbered from 1 to 5. The snapshot at t = 40 s 
has relatively poor contrast, so the dotted circle surrounding nano-
bubble is drawn for the visual guidance. c Temporal evolution of the 
radius of the five nanobubbles measured during in situ TEM observa-
tion. Arrow represents the first appearance time of the corresponding 
nanobubble, which occurs randomly depending on the local condi-
tions of fluctuations and gas densities. Due to the lack of the data, the 
data of nanobubble 1 between t = 60 and 65 s are not presented. Addi-
tionally, the data of nanobubble 2 are collected until t = 70 s because 
nanobubble 2 starts to exit the TEM observation window at t > 70 s 
and estimated radius has large uncertainty
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Discussion

We use the classical diffusion theory to describe the 
growth dynamics. We consider the single spherical-cap-
shaped nanobubble of projected radius Rb attached on the 
surface (Fig. 2a). This single nanobubble is confined in 
the finite cell with the height H and the lateral length L. 
By applying the periodic boundary condition in lateral 
dimensions, we can understand the behavior of the group 
of nanobubbles in the experiment (Fig. 1b) from single 
nanobubble model. Here H and L can be understood as 
the heights of the GLC and the average distance between 
the center of the adjacent nanobubbles. Note that height 
difference in the center of the few µm GLC used in experi-
ment is only few nm along the 100 nm of lateral dimen-
sion, which justifies the simplified rectangular box we 
used in the numerical model. Also note that our model 
considers the finite size of the system, different with the 
conventional growth model which assumes infinite system 
(Epstein and Plesset 1950).

In the diffusion theory, the gas flux between two regions 
is determined by the concentration difference between 
them. The diffusive volume outflux from a nanobubble 
can be expressed as (Brenner and Lohse 2008)

where D is the diffusion coefficient of the gas in the liquid, 
Rb is the projected radius of the nanobubble, cs is the con-
centration of gas just outside of the nanobubble and cl is the 
gas concentration far from the nanobubble.

Here, cs can be obtained by the Henry’s law,

where kH is the Henry’s law constant, � is the surface ten-
sion of water (0.072 N/m) and � is the contact angle between 
bubble and substrate. The parameter cl can be expressed as

where Nl , Ng is the number of liquid and gas molecule, and 
Ng,b is the number of gas molecules in the bubble. If there 
is no bubble, cl increases to Ng∕Nl . With the ideal gas law, 
Ng,b can be evaluated as

where pb is the Laplace pressure and Vb = V(�)R3 where 
V(�) = �

(
2 − 3 cos � + cos3�

)
∕3sin3�.

By combining Eqs. (1) to (4), we can obtain the differ-
ential equation of the time derivative of Rb,

which can be solved by the standard Runge–Kutta method.
Even the growth dynamics of nanobubble [Eq. (5)] is 

complex, Eq. (1) exhibits that the condition for the nano-
bubble growth is simple. Nanobubble can grow when gas 
concentration in liquid exceeds that on bubble interface, 
which is the definition of the gas oversaturation. We define 
gas oversaturation � from Eq. (1) as

and nanobubble grows when � > 0 and dissolves when � 
< 0. When the nanobubble is not confined within the GLC 
but is in the bulk liquid, Eq. (8) reduces to the conventional 

(1)
dVb

dt
= �RbD

(
cl
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− 1

)
,
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=
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Fig. 2  Numerical model of nanobubble. a Schematic of the nanobub-
ble system confined within the rectangular box, characterize by the 
horizontal and vertical length of L and H, respectively. Note that the 
periodic boundary condition is used along the horizontal direction. 
b Temporal evolution of the radius of the nanobubble obtained from 
Eq.  (5) (lines). Initial concentration c

i
 is rescaled by the oversatura-

tion � . For comparison, experimental data from Fig. 1c is used (dot) 
with the new time variable t

o
 . t

o
 = 0 denotes the moment when the 

nanobubble is first appeared on the imaging window. The data of 
Bubble 5 is omitted because we cannot specify its moment of appear-
ance from the observation
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definition of the gas oversaturation at infinite system �∞ as 
(Lohse and Zhang 2015b)

where ci = Ng∕Nl.
To compare Eq. (5) with the experimental results, we start 

with the initial radius of nanobubble Rb

(
to = 0

)
 = 9 nm. 

to = 0 means the moment that formation of nanobubble is 
first observed. We use to = 0 , not the lab time t  because 
the first observation times of nanobubbles in the experiment 
are all different (arrows in Fig. 1c). We solve Eq. (5) with 
parameters L = 100 nm, H = 100 nm, θ = 10°, kH = 7.1 × 109 
(Pa), D = 0.5 × 10−18  (m2/s), and � varying from undersat-
uration to oversaturation (Fig. 2b). The results show that 
the nanobubble grows when liquid is oversaturated ( � > 0). 
The experimental results qualitatively agree with numerical 
results when � is about 0.15.

In particular, when we solve Eq. (5), we use size of the 
system L and H with other parameters. It implies that when 
nanobubble is confined in the nanoscale, size of system 
affects the nanobubble growth. To observe the role of sys-
tem size for nanobubble growth, we calculate the growth 
dynamics of the nanobubble at various GLC size. Here we 
assume that H = L for setting simple geometry of system. 
Figure 3a shows that the growth dynamics is slowed down 
considerably when L < 100 nm and even nanobubble dis-
solves when L < 35 nm.

We can quantify the relation between nanobubble growth 
and system size by rewriting Eq. (6) with the Eq. (3) and the 
Eq. (7) as

This equation explains that if the initial concentration is 
same, � is always smaller than the �∞ because Ng,b∕Nl is 
nonzero and positive. And if we use relation Nl = V� , where 
� is the density of liquid molecule, this equation can explain 
why growth dynamics slow down as system size decreases, 
as shown in Fig. 3a. Notice that based on these results, 
it would be interesting to study the nanobubble growth 
dynamics by changing the concentration, but for this pur-
pose, however, we should decrease the electron dose, which 
accompanies decrease of the detection resolution, limiting 
experimental observation of the bubble.

We can predict the growth dynamics of nanobubble in 
confined system with respect to the bulk system by adopting 
the relation �∕�∞ , which has the maximum value 1 when 
� = �∞ and size of GLC can be neglected. When �∕�∞ = 0 , 
nanobubble begins to dissolve regardless of initial gas con-
centration. Figure 3b shows the plot of �∕�∞ as a function 
of L for three different �∞ = 0.05, 0.15 and 0.25. When �∞ 

(7)�∞ =
ci

cs
− 1

(8)� = �∞ −
1

cs

Ng,b

Nl

= 0.15, �∕�∞ ≤ 0 at L ≤ 35 nm . This explains why the 
growth of nanobubble in Fig. 3a begins to dissolve at about 
L = 35 nm. When L > 100 nm, �∕�∞ ~ 1 which indicates that 
we can consider this system like a bulk.

The length scale of GLC in experiment is about 
L ~ 100 nm and here �∕�∞ ~ 1 (black dots in Fig. 3b). To 
observe the modified growth dynamics of nanobubble in the 
small system, one needs to decrease the system size and we 
may see it from the molecular dynamics (MD) simulation. 
MD simulation of nanobubble has been carried out in the 
small rectangular cell with L ~ 10 nm due to the limitation 
of computational resources (Weijs et al. 2012; Peng et al. 
2013). For example, Peng et al. (Peng et al. 2013) used MD 
simulations to study about the formation of nitrogen nano-
bubble on the graphene interface. They used very high over-
saturation �∞ = 0.455, but failed to generate the spherical-
cap nanobubble in the simulation cell. If we use Eq. (8) with 
consideration of the system size, V = 6.9 × 6.6 × 7.0  nm3 
with other parameters kH = 9.1 × 10−9 , θ = 40°, and Rb = 
2 nm, then � = −0.329 and it explains why nanobubble is not 
observed in the simulation cell. Because length of the MD 

Fig. 3  The gas oversaturation in the finite size system. a Temporal 
growth of nanobubble with initial radius 9 nm confined in the finite 
volume of the system. We change the length scale L of the system 
from 1000 nm to 20 nm. The initial concentration of gas is fixed with 
�∞ = 0.15$. b The quantified finite size contribution, which is defined 
as the �∕�∞ for three different values of �∞ . The nanobubble growth 
gets slower when �∕�∞ decreases. Note that when �∕�∞ = 0, the 
growth of nanobubble completely stops and dissolution begins even 
�∞ > 0
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simulation cell is about 10 nm length, �∕�∞ < 0 and growth 
of nanobubble is suppressed. To carry out the experiment for 
L < 50 nm, further work is needed to fabricate the controlled 
and smaller size of GLC. The works of Rasool (Rasool et al. 
2016) and Kelly (Kelly et al. 2018) suggest that the size of 
GLC can be controlled using the nanopore with graphene 
encapsulation, as they observed the diffusion of nanomateri-
als in nanoconfined system.

Lastly, we discuss about the experimental diffusion coef-
ficient with the order of ~ 10−18  m2/s, which is eight orders of 
magnitude smaller than the bulk diffusion coefficient. When 
we observe the nanobubble growth (Fig. 1), we can track 
their trajectories which moves the few tens of nm during 
2 min and roughly estimate the order of diffusion coefficient 
(Temporal trajectory is shown in the Supplementary Fig. 
S2).

This slow moving of nanobubble may be associated with 
the sluggish surface water layer formed on the GLC sur-
face: in the molecular scale, the water molecule near the 
solid surface directly interacts with the surface atom and 
forms the surface water layer, which has different hydrogen 
bonding structure and dynamics. As a result, its viscosity 
is a few orders higher than the bulk viscosity, as measured 
with the atomic force microscopy in the liquid environment 
(Kim et al. 2013; Ortiz-Young et al. 2013), and thus diffu-
sion of nanobubble slows down under influence of surface 
water layer. Note that the damped diffusion of nanomaterials 
confined in the liquid cell has been generally observed in 
other studies (Chen et al. 2013; Lu et al. 2014), as well as 
our experiment.

In summary, we report direct observation of the nuclea-
tion and initial growth dynamics of nanobubbles inside 
the GLC via the in situ TEM observation. To elucidate the 
underlying mechanism of growth of the nanobubble against 
the large destructive Laplace pressure, we use the gas diffu-
sion model considering the finite volume of GLC. The theo-
retical model well shows that oversaturation is the key factor 
of the observed nanobubble growth. Gas oversaturation has 
been considered dependent only on the gas concentration in 
conventional gas diffusion model. In our model, volume of 
GLC system is another factor, which increases the required 
amount of gas molecules for oversaturation and slows down 
the growth dynamics.

Methods

Fabrication of graphene liquid cell with Pt 
nanoparticle solution

To prepare the graphene-coated TEM grid, we prepared 
few layer graphene with 1 nm thickness, which is depos-
ited on both sides of the copper substrate by chemical vapor 

deposition. We used oxygen plasma for 60 s to remove gra-
phene layers deposited on the one side of the copper sub-
strate. The copper substrate was etched in the freshly pre-
pared etching solution for at least 12 h to remove the residual 
copper seeds, which left only the graphene floating on the 
etching solution-vapor interface. This floating graphene was 
transferred to deionized water and washed several times to 
remove any remaining contaminants and organic compound 
after etching. We then immediately placed the clean gra-
phene on the TEM grid and dried for at least 1 h.

To fabricate the solution-encapsulating GLC, we pre-
pared another clean graphene floating on the water in addi-
tion to the graphene-deposited TEM grid and nanoparticle 
solution. When we dropped 300 nL aqueous solutions of Pt 
nanoparticle on the graphene-coated TEM grid, the droplet 
firmly adhered to the graphene and thus did not fall down 
to the ground even when the grid was flipped. Using the 
flipped down TEM grid, we then placed gently the floating 
graphene in parallel to the water interface. When two gra-
phene layers contact, surface tension of water breaks float-
ing graphene to many smaller pieces. These small graphene 
pieces are attracted by the large graphene layer deposited 
on the TEM grid and forms the multiple GLCs with few µm 
size that contains the Pt nanoparticle aqueous solution. After 
this step, we held the GLC in ambient air at least overnight 
to completely remove the remaining unencapsulated liquid. 
Finally, the grid was loaded into the TEM sample holder and 
was ready for observation by TEM. The entire procedures 
and the TEM image of deposited GLC are shown in the Sup-
plementary Fig. S1.

To measure the thickness of the GLC, we used log-ratio 
method (Malis et al. 1988), which determines the thickness 
L as

where Iw and I0 is the transmission intensity of GLC and bare 
graphene substrates, respectively, λ is the mean free path of 
inelastic scattering of water, 188.44 nm in this case. The 
thickness of GLC we used is around 100 nm.

For the preparation of Pt nanoparticle, the nanoparticle 
was synthesized with chloroplatinic acid  [H2PtCl6(H2O)6, 
99.9% pure on the metals basis] and polyvinylpyrrolidone 
(PVP) according to the literature (Kuhn et al. 2008). We first 
synthesized 2.9 nm Pt particles by dissolving PVP (66 mg) 
into the mixture of methanol (90 mL) and  H2PtCl6(H2O)6 
solution (10 mL of 6.0 mM), followed by refluxing for 2 h.

TEM Imaging

For TEM Imaging, we used JEOL 2100 TEM operating at 
an electron energy of 200 keV with 200 ~ 300 e−Å−2 electron 

(9)L = −� ln

(
Iw

I0

)
,
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dose rate per second for imaging in the liquid environment. 
Notice that with this dose rate, we could image the aqueous 
solvent system inside GLC with high enough contrast while 
avoiding radiation damage on the graphene substrate during 
2-min observation. The lifetime of the GLC is around 3 min. 
We set the exposure time of 0.1 s, followed by the collection 
of fluorescent signal for 0.9 s, resulting in the frame time and 
temporal resolution of 1 s.

Acknowledgements This work was supported by the National Research 
Foundation of Korea (NRF) grant funded by the Korea Government 
(MSIP) (No. 2016R1A3B1908660) and the Ministry of Education (No. 
2017R1A6A3A11031278).

Author contributions WJ and DW designed and directed the research. 
QK and JP carried out experiments. QK, DS, JP, DW and WJ analyzed 
and interpreted the data. QK and WJ wrote the manuscript.

Compliance with ethical standards 

Conflict of interest The authors declare no competing interests includ-
ing financial one.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Algara-Siller G et al (2015) Square ice in graphene nanocapillaries. 
Nature 519:443–445

Brenner MP, Lohse D (2008) Dynamic equilibrium mechanism for 
surface nanobubble stabilization. Phys Rev Lett 101:214505

Caer SL (2011) Water radiolysis: influence of oxide surfaces on  H2 
production under ionizing radiation. Water 3:235–253

Chan CU, Arora M, Ohl CD (2015) Coalescence, growth, and stability 
of surface-attached nanobubbles. Langmuir 31:7041–7046

Chen Q et al (2013) 3D Motion of DNA-Au nanoconjugates in gra-
phene liquid cell electron microscopy. Nano Lett 13:4556–4561

Chen Q, Wiedenroth HS, German S, White HS (2015) Electrochemical 
nucleation of stable  N2 nanobubbles at Pt nanoelectrodes. J Am 
Chem Soc 137:12064–12069

De Clercq A et al (2014) Growth of Pt–Pd nanoparticles studied in situ 
by HRTEM in a liquid cell. J Phys Chem Lett 5:2126–2130

Epstein PS, Plesset MS (1950) On the stability of gas bubbles in liquid-
gas solutions. J Chem Phys 18:1505

Fang CK, Ko HC, Yang CW, Lu YH, Hwang IS (2016) Nucleation pro-
cesses of nanobubbles at a solid/water interface. Sci Rep 6:24651

Gao L et al (2014) Face-to-face transfer of wafer-scale graphene films. 
Nature 505:190–194

German SR, Edwards MA, Ren H, White HS (2018) Critical nuclei 
size, rate, and activation energy of  H2 gas nucleation. J Am Chem 
Soc 140:4047–4053

Guo L et al (2018) Direct formation of wafer-scale single-layer gra-
phene films on the rough surface substrate by PECVD. Carbon 
129:456–461

Hernandez C, Gulati S, Fioravanti G, Stewart PL, Exner AA (2017) 
Cryo-EM visualization of lipid and polymer-stabilized perfluoro-
carbon gas nanobubbles—a step towards nanobubble mediated 
drug delivery. Sci Rep 7:13517

Huang TW et  al (2013) Dynamics of hydrogen nanobubbles in 
KLH protein solution studied in  situ wet-TEM. Soft Matter 
9:8856–8861

Kelly DJ et al (2018) Nanometer resolution elemental mapping in 
Graphene-based TEM liquid cells. Nano Lett 18:1168–1174

Kim B et al (2013) Unified stress tensor of the hydration water layer. 
Phys Rev Lett 111:246102

Kuhn JN, Huang W, Tsung CK, Zhang Y, Somorjai GA (2008) 
Structure sensitivity of carbon-nitrogen ring opening: impact 
of platinum particle size from below 1 to 5 nm upon pyrrole 
hydrogenation product selectivity over monodisperse platinum 
nanoparticles loaded onto mesoporous silica. J Am Chem Soc 
130:14026–14027

Lhuissier H, Lohse D, Zhang X (2014) Spatial organization of surface 
nanobubbles and its implications in their formation process. Soft 
Matter 10:942

Li M, Lohmller T, Feldmann J (2015) Optical injection of gold nano-
particles into living cells. Nano Lett 15:770–775

Liu Y, Zhang X (2013) Nanobubble stability induced by contact line 
pinning. J Chem Phys 138:014706

Liu Y, Zhang X (2014) A unified mechanism for the stability of nano-
bubbles: contact line pinning and supersaturation. J Chem Phys 
141:134702

Liu P, Huang X, Zhou R, Berne BJ (2005) Observation of a dewet-
ting transition in the collapse of the melittin tetramer. Nature 
437:159–162

Lohse D, Zhang X (2015a) Pinning and gas oversaturation imply stable 
single nanobubbles. Phys Rev E 91:031003

Lohse D, Zhang X (2015b) Nanobubbles and nanodroplets. Rev Mod 
Phys 87:981–1035

Lu J et al (2014) Nanoparticle dynamics in a nanodroplet. Nano Lett 
14:2111–2115

Lukianova-Hleb EY, Ren X, Zasadzinski JA, Wu X, Lapotko DO 
(2012) Plasmonic nanobubbles enhance efficacy and selectivity 
of chemotherapy against drug-resistant cancer cells. Adv Mater 
24:3831–3837

Malis T, Cheng SC, Egerton RF (1988) EELS log-ratio technique for 
specimen-thickness measurement in the TEM. J Elec Microsc 
Tech 8:193–200

Okumura H, Itoh SG (2014) Amyloid fibril disruption by ultrasonic 
cavitation: nonequilibrium molecular dynamics simulations. J Am 
Chem Soc 136:10549–10552

Ortiz-Young D, Chiu HC, Kim S, Voitchovsky K, Riedo E (2013) The 
interplay between apparent viscosity and wettability in nanocon-
fined water. Nat Comm 4:2482

Park J et al (2015a) 3D structure of individual nanocrystals in solution 
by electron microscopy. Science 349:290–295

Park J et al (2015b) Direct observation of wet biological samples by 
graphene liquid cell transmission electron microscopy. Nano Lett 
15:4737–4744

Peng H, Birkett GR, Nguyen AV (2013) Origin of interfacial nano-
scopic gaseous domains and formation of dense gas layer at hydro-
phobic solid-water interface. Langmuir 29:15266–15274

Rasool H, Dunn G, Fathalizadeh A, Zettl A (2016) Graphene-sealed 
Si/SiN cavities for high-resolution in situ electron microscopy 
of nano-confined solutions. Phys Status Solidi B 253:2351–2354

Schneider NM et al (2014) Electron-water interactions and impli-
cations for liquid cell electron microscopy. J Phys Chem C 
118:22373–22382

Shin D et al (2015) Growth dynamics and gas transport mechanism of 
nanobubbles in graphene liquid cells. Nat Commun 6:6068

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Applied Nanoscience 

1 3

Tan BH, An H, Ohl CD (2017) Resolving the pinning force of nano-
bubbles with optical microscopy. Phys Rev Lett 118:054501

Tsai JC, Kumar M, Chen SY, Lin JG (2007) Nano-bubble flotation 
technology with coagulation process for the cost-effective treat-
ment of chemical mechanical polishing wastewater. Sep Purif 
Technol 58:61–67

Wang C, Qiao Q, Shokuhfar T, Klie RF (2014) High-resolution 
electron microscopy and spectroscopy of ferritin in biocompat-
ible graphene liquid cells and graphene sandwiches. Adv Mater 
26:3410–3414

Weijs JH, Lohse D (2013) Why nanobubbles live for hours. Phys Rev 
Lett 110:054501

Weijs JH, Seddon JRT, Lohse D (2012) Diffusive shielding stabilizes 
bulk nanobubble clusters. Chem Phys Chem 13:2197–2204

Yuk JM et al (2012) High-resolution EM of colloidal nanocrystal 
growth using graphene liquid cells. Science 336:61–64

Yuk JM, Seo HK, Choi JW, Lee JY (2014) Anisotropic lithiation onset 
in silicon nanoparticle anode revealed by in situ graphene liquid 
cell electron microscopy. ACS Nano 8:7478–7485

Zhang M, Zuo G, Chen J, Gao Y, Fang H (2013) Aggregated gas mol-
ecules: toxic to protein? Sci Rep 3:1660

Zhang Z et al (2016a) A novel approach of chemical mechanical polish-
ing for cadmium zinc telluride wafers. Sci Rep 6:26891

Zhang Z et al (2016b) A novel approach of chemical mechanical pol-
ishing using environment-friendly slurry for mercury cadmium 
telluride semiconductors. Sci Rep 6:22466

Zhang Z et al (2018) A novel approach of chemical mechanical polish-
ing for a titanium alloy using an environment-friendly slurry. Appl 
Surf Sci 427:409–415

Zhou R, Huang X, Margulis CJ, Berne BJ (2004) Hydrophobic collapse 
in multidomain protein folding. Science 305:1605–1608

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Initial growth dynamics of 10 nm nanobubbles in the graphene liquid cell
	Abstract
	Introduction
	Results
	Discussion
	Methods
	Fabrication of graphene liquid cell with Pt nanoparticle solution
	TEM Imaging

	Acknowledgements 
	References


