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Abstract

The response of nanoscopic gas phases at solid—liquid interfaces to temperature changes
remains unclear. We investigated the interactions between surface nanobubbles and
underlying micropancakes upon heating. By atomic force microscopy imaging of the
same area before and after heating, we found that the surface nanobubbles exhibited
various behaviors upon heating: nucleation, growth, and disappearance. The differences
in behavior are attributable to the existence of underlying gas phases, such as
micropancakes and adsorbed layers. The nucleation sites of the nanobubbles depend on
the positions of the micropancakes. The size of the underlying micropancakes is central
to the manner of gas transport between the micropancakes and overlying nanobubbles.
We propose that the strongly adsorbed gas layers attract dissolved gas molecules and

thereby lead to irreversible growth before and after heating.
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1. Introduction
Nanoscale bubbles at the solid—liquid interface exhibit various interrelated interfacial
phenomena, such as the onset of nucleate boiling with low superheating or even below
the boiling point[1,2], fluid slippage and concomitant drag reduction[3-5], long-range
hydrophobic interactions between in-water surfaces[6,7], and stabilization of water films
in nanoscale spaces under vacuum|[8]. Surface nanobubbles have unique characteristics—
such as a flat shape and long lifetime[9]—that cannot be explained by traditional theories
and exhibit superstability against disturbances[10,11]. To explain these characteristics,
researchers have proposed a variety of theories, such as contamination theory[12],
dynamic equilibrium theory[13,14], and contact line pinning and gas supersaturation[ 15].
Surface nanobubbles coexist with micropancakes, which spread laterally for several
hundred nanometers or even micrometers with a uniform thickness of several
nanometers[ 16-21], and thinner layers composed of adsorbed gas molecules. These
thinner layers consist of (1) an ordered layer that is several molecules thick and exhibits
a row-like structure that is influenced by the crystal structure of the substrate[22] and (2)
a disordered layer that covers the ordered layer[23].

Heat transfer researchers have begun to recognize the pertinence of surface
nanobubbles; specifically, the relationship between surface nanobubbles and the initial
stage of boiling phenomena. For phase change cooling systems for electronics, the quick

start of nucleate boiling is highly desired to prevent the electronic components from
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thermal shocks associated with superheating. Macroscopic experiments indicate that
bubble nuclei trapped in geometrical cavities act as boiling nuclei in the initial stage of
boiling[24—-27]. However, one cannot explain all experimental results by such traditional
models. For example, Nam and Ju[1] observed nucleate boiling with low superheating on
a nanoscopically smooth hydrophobic surface and proposed that surface nanobubbles act
as boiling nuclei. Shen et al.[2] attributed the onset of nucleate boiling below the boiling
point on a biphilic surface to surface nanobubbles that form on hydrophobic spots. These
results indicate that dissolved gas molecules and surface nanobubbles are strongly related
to the onset of nucleate boiling and have a potential to initiate it at extremely low
temperature. Therefore, to understand the detailed mechanism of initial stage of boiling
and to enable the design of an optimized heating surface that considerably suppresses the
superheating, one must investigate the response of surface nanobubbles to temperature
changes.

Although some studies have reported the responses of nanobubbles to temperature
changes|[1,28-32], there is no unified understanding of underlying mechanisms. For
example, Yang et al.[28] reported that nanobubbles spontaneously form during heating
and did not disappear after heating. Berkelaar et al.[30] reported that some bubbles grew
but others shrank when the temperature decreased from a value of 51°C to a value of
25°C. Furthermore, in contrast to the results of Nam and Ju[1] and Shen et al.[2], some
reports indicate that surface nanobubbles do not grow into large bubbles even when
heated to temperatures close to the boiling point[29,32]. These disparate results may be
due to the lack of simultaneous investigations of nanobubbles and the underlying gas
phases.

In this study, we achieved the following: (1) simultaneously observed surface
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nanobubbles, micropancakes, and a disordered layer on a highly oriented pyrolytic
graphite (HOPG)/pure water interface; and (2) measured changes induced by heating. The
size of the micropancakes was central to growth of the overlying nanobubbles. Our results
will help researchers understand how the gas phase at the solid-liquid interface behaves

in response to heating and further improve knowledge of phase-change heat transfer.

2. Experimental

An HOPG substrate (SPI-1 grade, 10 mm x 10 mm, Alliance Biosystems, Japan) was
fixed by applying epoxy adhesive EPO-TEK 377 (Epoxy Technology, Inc., USA) to its
back side, which was placed on the bottom of a glass liquid cell (approximately 5-mm
depth) and baked at 150°C for 1 h. This two-component adhesive does not use any
solvents and does not dissolve, even in alcohol. Before measurement, the entire liquid
cell was cleaned with ethanol and pure water and peel off the top surface of the HOPG
substrate to afford a fresh surface. The details of the used liquid cell can be found in
supplementary note 1. The interfacial nanoscale gas phase was generated by solvent
exchange method as it is most often used to nucleate nanobubbles[33]. Specifically,
HOPG is immersed in ethanol for a few minutes and then replace with pure water. This
exchange creates an air-supersaturated condition in water, resulting in the nucleation of
interfacial gas phases. It needs to be noted that this method has not yet been optimized to
control the nanobubble nucleation[34] because of the uncontrollability of gas
oversaturation. To prevent contamination, clean glass syringes and steel needles were
used[35]. Pure water was generated by using a water purifier (RFP742HA, Advantec,
Japan). Note that we have confirmed in previous studies[21,36] that the nucleated

domains are gas phases and not contamination. Figure 1 shows a diagram of the
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For the experiments, the amplitude modulation (AM) mode of a scanning probe
microscope (SPM; SPM-8100FM, Shimadzu Corp., Japan) was used and a SCANASYST
Fluid+ (Bruker Corp., USA; tip radius, 2—10 nm; resonant frequency, 100200 Hz; spring
constant, 0.35—1.4 N/m) was used for the cantilever. Because hydrophilic cantilevers are
preferable for measurements of gas phases in liquid[37], the cantilevers were
hydrophilized by O> plasma (150 W, 30 min; Plasma Reactor 500, Yamato Scientific,
Japan).

The liquid cell was fixed on the heating unit with silver paste and then the sample
was heated with a ceramic heating unit (Shimadzu Corp., Japan) that was attached to the
scanner top. The water temperature was monitored with a resistance thermometer. After
atomic force microscopy (AFM) measurements of the solid-liquid interface at room
temperature, the water temperature was increased to either 45°C, 60°C, or 70°C. When
the water temperature stabilized, heating was discontinued and AFM measurements were
conducted upon a return to room temperature. Figure S2 (supplementary information)
shows the cooling rate. All measurements were carried out after a complete cooldown of
the surface. Although we have tried to measure the nanobubbles during heating or cooling,
the thermal convection induced by the temperature gradient inside the liquid cell prevents
us from acquiring the AFM images. We could not conduct the AFM measurement even
when the water temperature stabilizes at a high temperature, which may be due to the

small thermal fluctuation caused by the conduction and water evaporation.
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Figure 1 Schematic of the experimental setup for AFM observations in water.

3. Results and discussion
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Figure 2 AFM height images of the HOPG/pure water interface: (a) before heating (room
temperature), and (b) after heating to 60°C. We acquired both images at room temperature.
Red solid circles and blue dotted circles indicate where nanobubbles grew after heating
and where nanobubbles were no longer evident after heating, respectively. (¢) Cross-
sections of the grown nanobubble indicated by the red solid circle (I) before and after

heating. The cross-sections of the nanobubbles (I1)-(IV) are shown in Figure S3.
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Figure 3 Base radius of nanobubbles versus inner pressure estimated by the Young—
Laplace equation p = (2y / Rc) + pam. Here, p is the inner pressure of the bubble, and pam
is the atmospheric pressure. R = r / sin @ 1is the radius of curvature, § =m — 2 arctan (/2
/ 1) 1s contact angles, and r and 4 are the base radius and height of the surface
nanobubbles, respectively. ) is assumed as 72 mN/m. Blue circle and green squares
indicate nanobubbles that were no longer evident after heating and nanobubbles that grew
upon heating, respectively. Red triangles indicate nanobubbles that remained after heating.
The uncertainty of the base radius and inner pressure values are estimated to be £1~3.5 %

and £1~4 % for the 95 % confidence interval.

Figure 2 shows AFM height images of the same area measured before heating
[Figure 2 (a)] and after heating [Figure 2 (b)]. We observed many surface nanobubbles of
base radius ~300 nm over the entire surface. As indicated by blue dotted circles, most of
the nanobubbles that were present before heating were no longer evident after heating.
However, the nanobubbles indicated by red solid circles remained after heating and all of
them grew in height (as shown in Figure 2(c) and Figure S3). More specifically, we
observed 44 nanobubbles in Figure 2(a) and 32 nanobubbles disappeared (73 %) and 12

grew (27 %) out of 44 after heating (Figure 2(b)). Table S2 (shown in supplementary note
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2) shows the properties of these grown bubbles before and after heating and indicates the
tendency that the nanobubbles grew in height, which leads to an increment of the inner
pressure. One would commonly presume simultaneous growth and shrinkage of bubbles
to be attributable to Ostwald ripening, in which gas molecules are transported from large
nanobubbles with higher inner pressure to small ones with lower inner pressure to make
the whole system more thermodynamically stable[38,39]. However, nanobubbles that

shrank after heating had comparatively lower inner pressures (Figure 3). Therefore, one

cannot explain the aforementioned growth and shrinkage by Ostwald ripening.

~ 15 nm

0

Figure 4 AFM height images of the HOPG/pure water interface: (a) before heating (room
temperature), (b) after heating to 45°C, and (c) after heating to 70°C. We measured these
images in the same area. Blue dotted frames and red solid frames correspond to the areas
shown in Figure 5 (a, b) and Figure 5 (c, d), respectively. Black arrows indicate the

micropancakes. Green arrows indicate the nanobubbles on the micropancakes.

To investigate the growth/shrinkage of heated nanobubbles, we conducted other
AFM measurements before and after sequential heating within a relatively small area.
Figure 4 shows the AFM height images before heating [Figure 4 (a)], after heating to

45°C [Figure 4 (b)], and after heating to 70°C [Figure 4 (c)]. In Figure 4 (a), there are few
8
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nanobubbles and some regions—specifically, the micropancake—are taller than the
substrate (black arrows). Although only a few nanobubbles were generated on
micropancakes after heating to 45°C [Figure 4 (b)], many of the nanobubbles were then
generated on micropancakes (green arrows) when heated to 70°C [Figure 4 (c)]. Moreover,
nucleation of the nanobubbles occurred only on the micropancakes, not on the bare HOPG
surface. Such a structure in which nanobubbles coexist on a micropancake is termed a
nanobubble-on-micropancake[18,19]. Furthermore, we also observed growth and
disappearance of nanobubbles after heating, as indicated by the blue and red dotted frames
in Figure 4. It should be noted that the micropancakes may exist under the nanobubbles
in Figure 2 but could not be precisely imaged because of the low lateral resolution and/or

the different conditions of the AFM tip.
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Figure 5 Magnified images of the micropancakes and nanobubbles: (a, c) before heating,
and (b, d) after heating. (a, b) and (c, d) correspond to the blue and red dotted frames
shown in Figure 4, respectively. Dotted black and red lines indicate the contour of the
micropancakes and adsorbed layer, respectively. Arrows indicate the nanobubbles. In (i)
and (i1), nanobubbles on the micropancakes grew by heating, yet in (iii) a nanobubble-
on-micropancake was no longer evident after heating. (¢) Cross sections corresponding
to the white dotted lines in (a) and (b), indicating growth of the micropancake and the

adsorbed layer.
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Table 1 Area and height of gas domain, which contains nanobubbles (NBs) and
micropancakes (MPs). The ratio NB/MP is the area of the nanobubbles divided by the
area of the micropancakes. The numbers (1), (i1), and (iii) correspond to the same numbers
in Figure 4 and 5. The uncertainty of the height and area values is estimated to be +4~16 %

and £1~8 % for the 95 % confidence interval.

(1) (i1) (i)
NB MP NB MP NB MP
Height [nm] 2.0 0.8 1.5 0.7 1.2 0.6
Before
Heat: Area [nm?] 1500 87900 900 39800 1700 3900
eati
8 NB/MP [%] 1.7 2.2 43
Height 6.0 1.3 4.9 1.1 - -
After
. Area [nm?] 7400 64800 7800 28200 - -
heating
NB/MP [%] 11 28 -

Figure 5(a, b) shows growth of nanobubble-on-micropancakes (micropancakes
marked in black dotted lines) that correspond to the blue dotted frame in Figure 4. Table
1 shows the properties of each gas phase. The area of the micropancakes clearly decreased,
although the nanobubbles grew both in height and base radius (Table 1). As a result, the
area ratio of the nanobubbles to the micropancakes considerably increased after heating.
The same tendency was observed in the different nanobubble-on-micropancake numbered
as (viii) in Figure 4 (The detail is shown in Figure S4 and Table S3 in supplementary note
3). Thus, we could observe the respective formation, growth, and disappearance of
nanobubbles on micropancakes 30 times, 3 times, and once in Figure 4. Moreover, we
also observed a disordered layer under the micropancakes after heating [Figure 5(b), red
dotted line]. This is consistent with previous reports that interfacial gases can form
multiple layers[19] and that heating increases the thickness of the unaligned layer and

renders it detectable by AM—AFM[40]. Next, we focus on Figure 5(c, d). There was a
11
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nanobubble-on-micropancake (Table 1) before heating [Figure 5(c)], and the ratio of the
area of the nanobubble to the micropancake was much larger than that discussed
previously (Table 1). After heating, neither the nanobubble nor the micropancake were
evident [Figure 5(d)].

First, we discuss the nucleation sites of the nanobubbles upon heating. The
nanobubbles nucleated only on the previously formed micropancakes and no nanobubbles
were generated on the bare HOPG surface (Figure 4). The location where the nanobubbles
form has been thought to be related to inhomogeneity and wettability of the
surface[41,42]. However, we newly found that nanobubbles are selectively generated on
micropancakes. Moreover, new micropancakes and nanobubbles did not form on the bare
HOPG surface by heating. This may be because the evolution of gas molecules from water
to the pre-existed micropancakes is thermodynamically more favorable than nucleation
of new micropancakes or nanobubbles beyond the energy barrier for heterogeneous

nucleation.

Table 2 Area and height of micropancakes and nanobubbles which were generated on the
micropancakes. The numbers (iv)-(vii) correspond to the same numbers in Figure 4 and
S5. The uncertainty of the height and area values is estimated to be £6~22 and £1~12 %

for the 95 % confidence interval.

(iv) V) (vi) (vii)
5 45 °C 73000 114700 118800 65700
Area [nm~]
70 °C 56400 62200 77100 55800
. 45 °C 0.8 0.8 1.3 0.9
Height [nm]
70 °C 0.9 1.1 1.2 0.9

12
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We also discuss the nucleation of a nanobubble-on-micropancake. Because the
micropancakes are very thin, the gas molecules constituting the micropancakes are
strongly attracted by van der Waals forces from the underlying adsorbed layer and HOPG
surface. Moreover, because the gas phases near the HOPG surface have a considerably
high density[20], their gas—liquid interfacial tension should be much weaker than the
macroscopic interfacial tension. Therefore, the micropancake does not instantaneously
become semispherical but instead grows while maintaining its flat shape during heating.
When its height increases to an extent where thermal fluctuation creates a region where
the gas—liquid interfacial tension becomes more dominant than van del Waals forces, a
semispherical nanobubble is generated on the micropancake. Furthermore, Table 2 shows
the area and height of micropancakes where nanobubbles nucleated before and after
heating [in Figure 4 and Figure S5 (supplementary note 4)]. In all cases, the area of the
micropancakes became smaller as the nanobubbles formed on them. This result implies
that the nucleation and growth consume the underlying micropancakes and thus

eventually extinguish them.

13
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Figure 6 Schematic of nanobubbles-on-micropancakes: (a) growth and (b) dissolution by
heating. (al) and (b1) show the stationary state before heating. (a2) and (b2) show the
nonstationary state during heating. (a3) and (b3) show the stationary state during heating.
Images (a4) and (b4) show the nonstationary state when the water temperature decreases.
Images (a5) and (b5) show the steady state when the water temperature decreased to room
temperature after cooling down. The size of the arrows qualitatively indicates the strength
of gas flow into and out of the nanobubbles, but not to scale. The brighter background

color indicates the region that has higher gas oversaturation.
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Next, we consider why heated nanobubbles lead to two results: growth and
shrinkage. Consider the size of a micropancake under the surface nanobubbles (Figure 6).
We assume two cases of micropancake: the comparatively larger one [Figure 6 (al-a5)]
and the comparatively smaller one [Figure 6 (b1-b5)]. We first introduce a dynamic
equilibrium model[13]; the quantity of gas molecules that flows from the bottom of the
nanobubble to the liquid is the same as the quantity of gas bubbles that flows from the
top of the nanobubble to the liquid. On the basis of the assumption that the gas
supersaturation ¢ near the solid—liquid interface is a function of the distance from the
solid surface to the gas molecule (because { depends on the interaction potential between

the substrate surface and the gas molecule), one can express ¢ as

_ % ¢(2)
(1) = s exp (— kBT) -1 (),

where z is the distance between the solid surface and gas molecule, ¢, is the gas

concentration outside the gas enrichment region, cg,;(z) 1is the saturated gas
concentration, ¢(z) is the solid—gas intermolecular potential, kg is the Boltzmann
constant, and T is absolute temperature[14,43]. {(z,T) < 0,= 0,and > 0 indicate the
undersaturated, saturated, and supersaturated states, respectively. Eq. (1) suggests the
presence of a region of very high gas supersaturation at z < A, where A is the thickness
of the gas enrichment region. In the following, ¢* and { represent the gas
supersaturation inside and outside the gas enrichment region, respectively. The presence
of the aforementioned region has been confirmed by both experiments and
simulations[21,40,44-47]. Because this region functions as the supplier of gas molecules
for nanobubbles, it is possible to achieve equilibrium with the gas flow caused by the high
internal pressure of the nanobubbles.

Assume the nanobubble-on-micropancake—in which gas molecules flow from the

15
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nanobubble to water, water to the micropancake, and the micropancake to the
nanobubble—is in dynamic equilibrium [NEY = NFB = NIP; Figure 6 (al, bl)]. We
define the gas flow from the nanobubbles to water, the micropancakes to nanobubbles,
and water to the micropancakes as flow in the positive direction. At room temperature
(Trr) before heating, the gas supersaturation outside and inside the gas enrichment region
is ¢; =0 and ¢} > 0, respectively. Table S4 (supplementary note 5) summarizes the
valuables and their relationships as per each temperature condition.

On heating, the saturated gas concentration cg,:(T) decreases, but the ¢, value
does not appreciably change because the diffusion phenomena are much slower than the
temperature increase. Thus, the gas supersaturation both inside and outside the gas
enrichment region increases ({3 > {{', {, > ¢;). This leads to flow of gas molecules from
water into the nanobubbles (N2Y < 0) and an increase in the quantity of gas molecules
entering the micropancake from water (N2* > NIP). As a result, the equilibrium state is
disrupted and thus the nanobubble, micropancake, and adsorbed layer grow [Figure 6 (a2,
b2)] [40].

When the water temperature stabilizes at high temperature (Ty), co gradually
decreases and reaches cg,:(Ty), and the gas supersaturation outside the gas enrichment
region approaches zero ({3 = 0). Therefore, there is no gas flow from water into the
nanobubble. In contrast, the quantity of gas flow from the nanobubble to water increases
because the inner pressure of the nanobubbles increases after heating [(Figure 2 and Table
S2 in supplementary information)]. Additionally, because of the increase in the thickness
of the adsorbed layer [Figure 5(e)]—which behaves as a solid surface[21] and is 300x
denser than nitrogen gas under atmospheric pressure[20]—the solid—gas intermolecular

potential ¢(z) increases and thus more strongly attracts dissolved gas molecules (¢4 >
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{{). Consequently, the gas supersaturation inside the gas enrichment region also increases
after heating. Therefore the gas flow from water to the micropancake increases (N+¥ >
NEP). As a result, one reaches a dynamic equilibrium state with the entire gas phase
(NBL = NPB = NIP) [Figure 6 (a3, b3)].

Upon a decrease in water temperature, the gas supersaturation outside the gas
enrichment region becomes negative ({, < 0) because of the higher saturated gas
concentration cgy, and the gas flow from the nanobubbles into the water increases
(NPY > NBL). However, because the adsorbed layer is strongly adsorbed to the substrate,
the constituent gas molecules do not diffuse much into the water. Thus, ¢ does not
appreciably change and the gas supersaturation inside the gas enrichment does not change
({4 ~ 74). Accordingly, the gas flow from the liquid to the micropancake does not change
(NP =~ NIP). Therefore, the dynamic equilibrium state is disrupted, but the quantity of
gas molecules flowing from the micropancake to the nanobubble increases such that the
nanobubbles retain their shape yet the micropancake shrinks(N2Y = NFB > NLP) [Figure
6 (a4)].

When the water temperature decreases to room temperature and stabilizes, the gas
supersaturation outside the gas enrichment region approaches zero ({5 = 0) and the gas
flow from the nanobubble surface returns to that exhibited during heating (N2* ~ NBL),
However, because the gas supersaturation inside the gas enrichment region remains high
(¢4 ~ ¢}), the gas flow from the water to the micropancake is the same as that during
heating (N&F =~ NLP). Therefore, if there is a large micropancake before heating, the
nanobubble remains stable in dynamic equilibrium (N3Y = NFB = NLP) even after
heating [Figure 6 (a5)].

Even in the case of a small micropancake [Figure 6 (b)], the phenomena from
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Figure 6 (b1) to Figure 6 (b3) is the same as Figure 6 (al) to Figure 6 (a3). However, the
edge of the shrinking micropancake overlaps with the edge of the nanobubble during
cooling down [Figure 6 (b4)]. As a result, N** and NPB approaches zero; thus the
nanobubble begins to shrink by diffusion and eventually is no longer evident [Figure 6
(b3)].

This mechanism explain the results obtained in our work. In Figure 2, the
nanobubbles that had a higher inner pressure grew and the nanobubbles that had a lower
inner pressure were no longer evident. Because the gas flow from a nanobubble was large
when the nanobubble’s inner pressure was high, the gas flow from the liquid into the
micropancake must have been equally large for equilibrium. Therefore, the nanobubbles
that initially had a high inner pressure were present on the (relatively) large micropancake.
As a result, the nanobubbles that had a higher inner pressure grew in accordance with
heating and exhibited the behavior depicted in Figure 6 (al—a5). In contrast, the area of
the micropancake underneath a nanobubble with a low inner pressure could be small
because the quantity of gas molecules flowing into the nanobubble was small. Therefore,
nanobubbles with low inner pressure were no longer evident during cooling down, in
accordance with the mechanism shown in Figure 6 (b1-b5).

As mentioned above, the inner pressure of nanobubbles, local gas oversaturation,
and the size of the micropancakes are definitely related to the growth and shrinkage of
nanobubbles. However, although the size of micropancakes can be measured by AFM,
there is no way to measure the local gas oversaturation near the solid-liquid interfaces.
Therefore, resolving the relationships among the inner pressure, the area of
micropancakes, and the local gas oversaturation and quantifying the threshold values for

the occurrence of the phenomena are beyond the contents of this paper.

18



1 The proposed mechanism also reasonably explains the inconsistent behaviors
2 reported in previous studies. Yang et al.[28] reported that surface nanobubbles grew after
3 heating, which is consistent with our interpretation. Berkelaar et al.[30] observed that
4 nanobubbles grew and shrank when the water temperature decreased. Shrinkage of the
5  nanobubbles should be due to the absence of large micropancakes underlying them. We
6  explain nanobubble growth by considering the disturbance of the AFM tip. Because we
7  observed no micropancakes in their AFM images, we infer that the AFM tip penetrated
8  the micropancakes and reached the bare HOPG surface in their measurements. As
9  previously reported[48], strong scanning as per an AFM tip diffuses gas molecules in the
10  micropancake, resulting in growth of nanobubbles in accordance with increasing ¢*.
11 It needs to be noted that, in the present study, we have tried to generate the gas
12 phases by solvent exchange method 37 times. As a result, we found the gas molecule-
13 adsorbed layer 35 times (95 %) and the micropancake 23 times (62 %), while the surface
14  nanobubbles were generated only 5 times (14 %). We could heat the nanobubbles twice
15  (i.e., Figure 2 and 4) out of 5 times. The number of the nanobubbles for each behavior
16  upon heating shown in Figure 2 and 4 was summarized in Table 3.
17

18  Table 3 Number of nanobubbles for each behavior upon heating observed in Figure 2 and

19  Figure 4.
Before . .
. 1st heating 2nd heating
heating
Response ) ) ) ) ) )
] Generation Growth Dissolution  Generation Growth Dissolution
to heating
Figure 2 44 - 32 12
Figure 4 1 3 - 1 27 3 -
20

19



10

11

12

13

14

15

16

17

18

19
20
21
22
23
24
25
26
27

4. Conclusions

We investigated the effect of heating on surface nanobubbles by AFM imaging before and
after heating. Nanobubbles in the same area exhibited divergent behaviors upon heating:
generation, growth, and dissolution. Nanobubbles were evident not on the bare HOPG
surface but on the previously existing micropancakes. This may be due to more
thermodynamically facile formation on the existing micropancakes than heterogeneous
nucleation on a bare HOPG surface. Furthermore, by simultaneously observing the
surface nanobubbles and micropancake, we found that the size of the micropancake plays
a key role to determine the behavior of the corresponding nanobubble on the
micropancake upon heating. We proposed a possible mechanism for the behavior of
heated nanobubbles. Specifically, when there was a large micropancake beneath a surface
nanobubble, the nanobubble was maintained by the gas molecules from the micropancake.
However, when the micropancake was small and the gas flow from the micropancake was
insufficient, the dynamic equilibrium was disrupted, and the nanobubble was no longer
evident. Our results will help researchers understand the nanoscopic behavior of gas
phases near the solid-liquid interface in response to heating and provide valuable
knowledge for modeling the mechanism of the very initial stage of onset of nucleate

boiling.
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