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ABSTRACT: The ethanol—water exchange process is one of the
standard methods of generating nanobubbles at a solid—water
interface. In this work, we examine whether the nanobubbles
formed by the solvent exchange can initiate microbubble
formation as the temperature increases, thus acting as nuclei.
This, however, is not the case: the nanobubbles are stable and do
not facilitate microbubble formation. Instead, the process of
solvent exchange, which aids the formation of nanobubbles and
even microbubbles on some hydrophobic substrates under
ambient conditions, suppresses microbubble nucleation on
graphite and hydrophilic micropit-decorated substrates at high
temperature (i.e., deactivates the nucleation sites for microbubble
formation). We ascribe this behavior to the prewetting of the
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surface by the alcohol and the stability of the nanobubbles to the temperature increase. The findings in this study have
implications for the prevention of bubble formation for a range of applications.

B INTRODUCTION

The “inverse” of water droplets on surfaces in air is air bubbles
on surfaces in water. Just as droplets, they come in various sizes.
What is currently intriguing in the field of colloid and surface
science is surface nanobubbles (i.e., gaseous domains of
nanoscale thickness).' > These nanobubbles exist on hydro-
phobic surfaces in contact with water and render the already
complicated hydrophobic—water interfaces even more elusive.
It has been reported that the presence of nanobubbles can
influence a range of interfacial behaviors, such as thin liquid film
rupture,* hydrodynamic boundary conditions,” particle or
molecular adsorption,® and surface corrosion and catalysis
processes.” Research efforts in the past decade have revealed
that the formation of nanobubbles is closely related to the
surface history. For example, a temperature gradient, electro- or
photochemical reactions, or pressure fluctuations in the system
can all induce nanobubbles. One of the most often used
methods of producing nanobubbles is the solvent-exchange
process® where a hydrophobic substrate is first exposed to a
short-chain alcohol, such as ethanol or propanol, and then to
water. Given that gases have a higher solubility in alcohol than
in water, local gas supersaturation is created during the solvent
exchange and nanobubbles form on the interface.

Although counterintuitive, once formed, the nanobubbles are
very stable. Under ambient conditions, they can live for several
days.” Several hypotheses have been proposed to explain the
long life of surface nanobubbles, including a contamination
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shell on the bubble surface," dynamic equilibrium theory,"!
and coexisting gas layers.'>'® Recently, three research groups
have independently proposed the important role of pinning at
the three-phase boundary of nanobubbles and the gas
saturation level in the liquid phase."*”'® Nanobubbles also
demonstrate strong stability under long, gentle sonication'” and
under a massive pressure reduction through a rarefaction
wave.'®

In this Letter, we wonder how the formation process and the
presence of surface nanobubbles influence microbubble
nucleation with increasing temperature. Such a study may (i)
shed light on the relation between nanobubbles and normal
microbubbles from cavitation and (ii) provide a potential
method of controlling microbubble nucleation in some practical
processes. According to nucleation theory, the onset of bubble
nucleation in a stationary system can be facilitated by micro/
nanoscale physical or chemical features on the substrate.'”>
In particular, the presence of tiny gas pockets trapped inside the
crevices on the surface, called Harvey nucleation sites,** has
been used to rationalize the nucleation of bubbles, either under
pressure reduction or under boiling conditions. Bremond et
al.>® have demonstrated that the bubbles specifically form on
the built-in micropits on a flat background under pressure

Received: May 25, 2013
Revised: ~ July 26, 2013
Published: July 26, 2013

dx.doi.org/10.1021/1a402015q | Langmuir 2013, 29, 9979-9984


pubs.acs.org/Langmuir

Langmuir

reduction. Later, Borkent et al. showed that the cavitation
threshold can be quantitatively predicted, in perfect agreement
with the experimental findings.”” However, in another paper
Borkent et al. have shown that even under a massive pressure
reduction down to —60 bar surface nanobubbles do not act as
nuclei for microbubble formation.'®

The question to be addressed here is whether surface
nanobubbles act as nucleation sites with increasing temperature
and thus initiate the onset of microbble formation. We find that
surface nanobubbles do not facilitate the initiation of
microbubbles at high temperatures. Instead, the very same
solvent-exchange process, which aids the formation of nano-
bubbles and even microbubbles on some hydrophobic
substrates, can suppress the onset of bubble nucleation.

B EXPERIMENTAL SECTION

The substrates used in this work are summarized in Table 1. Type I is
a planar substrate composed of freshly cleaved, highly oriented

Table 1. Substrates for Bubble Formation

type I e II type III
(HOPG) (uncoated) (coated)
micropit size N/A 40 pm, 50 ym, 10 pm, 50 ym
100 pm
advancing and receding 90 =+ 5, 62+ 1,47 +1 152+1,
water angles 66 + 3 17+ 1
after the exchange at nanobubbles  no microbubbles

22 °C microbubbles

pyrolytic graphite (HOPG). We fabricate micropits on silicon wafers
using soft lithography and reactive-ion etching techniques in a clean
room. With this procedure, we made pits with a minimum diameter of
a couple of micrometers and a depth of tens of micrometers (type II).
To guarantee that air is trapped inside such cavities upon immersion in
water, we made the pit superhydrophobic by creating a black silicon
structure on the bottom®® and then applied an octafluorocyclobutane
(C4F8) coating (type III).

Water was prepared with a Milli-Q system and kept for at least 12 h
at 4 °C to equilibrate with air before use. The ethanol was freshly
distilled. When degassed ethanol or water was used, the liquids were
stirred and stored under a reduced pressure of 80 kPa until no bubbles
formed. During the standard solvent-exchange process, the substrate
was first exposed to ethanol, and then the ethanol was exchanged with
a large amount of water. The nanobubbles were imaged by tapping
mode AFM on HOPG after the exchange, following the protocol in
our previous work.”>*° We used the setup as shown in the schematic
drawing in Supporting Information to observe the formation of the
microbubbles. The temperature of the heater was set at 85 °C, and the
substrate was placed on a hot block and then heated from 22 °C until
microbubbles were observed under the optical microscope.

B RESULTS AND DISCUSSION

On a Planar Substrate: Highly Orientated Pyrolytic
Graphite. Figure 1 shows the microbubble formation on the
HOPG surface with the increase in the temperature. When
HOPG was directly exposed to air-equilibrated water (no
nanobubbles form in this case) and then heated to 85 °C,
bubbles were observed along the cleavage steps with a typical
number density of 5 to 80 microbubbles over an area of 2 mm*
as shown in Figure 1A. After the solvent-exchange process was
performed by first using air-saturated ethanol and then water to
produce nanobubbles on the surface, only 0 to 1 microbubble
formed after the temperature of the HOPG had been increased
to 95 °C (where even more microbubbles should form than at
85 °C), as shown in Figure 1B. To confirm that the solvent-
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Figure 1. Microbubbles nucleated on highly oriented pyrolytic
graphite (HOPG) at elevated temperature. (A) Microbubbles formed
on HOPG directly exposed to water at 85 °C. (B) After solvent
exchange, no microbubbles formed on HOPG at 95 °C. (C)
Microbubbles formed again when HOPG was dried after the
solvent-exchange process and exposed to water at 85 °C. (D—F)
AFM images of HOPG under the same conditions as in A—C, now at
room temperature. The area of the AFM images is 5 um X S ym.

exchange process did not alter the substrate permanently, the
water together with nanobubbles was removed by exposing the
HOPG surface to air. Therefore, the substrate was reset to the
state prior to the solvent exchange. When the substrate was
then heated a second time in air-equilibrated water, many
microbubbles formed again at 85 °C as shown in Figure 1C.

We further examined whether nanoscale gaseous domains
(nanobubbles or micropancakes) remained on the surface after
exposure to a high temperature. On the HOPG surface,
nanobubbles and micropancakes were produced by solvent
exchange and imaged by AFM under ambient conditions. Then
the temperature of the HOPG was increased to ~80 °C and
then cooled to room temperature for AFM imaging. It was
found that both nanobubbles and micropancakes (Figure 2A,B)
remained on the surface after exposure to ~80 °C in Figure
2C,D. The surface coverage of the nanobubbles and micro-
pancakes changed from 54 to 65%, and the number density of
nanobubbles remained almost the same (~60—64 over 100
um?). This result demonstrates that nanobubbles remain stable
with the increase in temperature and do not evolve into
macroscopic bubbles. The mechanism behind such stability
may be related to the strong pinning at the three-phase
boundary, which needs to be confirmed by more quantitative
experimental studies in the future. We did not manage to
obtain AFM images of the nanobubbles at 80 °C as a result of
the thermal drift of our instruments. Thus we do not know
whether the morphology or size of the nanobubbles transiently
changes at such high temperature.

There are three possible reasons that microbubbles do not
form after the solvent exchange: (i) Nucleation sites are
prewetted by the ethanol during the solvent-exchange process.
(ii) On an untreated substrate, microbubbles nucleate at the
intrinsic nucleation sites (i.e,, imperfections) on the substrate
with increasing temperature. After the solvent exchange, such
intrinsic sites may be buried under the nanobubbles that isolate
the sites from the liquid phase. Whether microbubbles form at
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Figure 2. AFM images of nanobubbles and micropancakes on the
HOPG surface. (A1—D1) in water at 22 °C. The scan sizes are (A, B)
20 um X 20 pm and (C, D) 10 um X 10 um. (A2—D2) In water after
heating to 80 °C and then cooling to 22 °C. The pink arrows point to
two nanobubbles, and the blue arrows point to two micropancakes in
D1 and D2, two different imaging areas. Both nanobubbles and
micropancakes remain on the surface after heating.

higher temperature is determined by the stability of nano-
bubbles at this temperature, not by the activity of the intrinsic
nucleation sites on the substrates. (iii) The nanoscale gaseous
layer (i.e, nanobubbles and micropancakes) acts as an
insulating layer, preventing heat transfer. In cases ii and iii,
the preformation of nanobubbles is required for the
deactivation of microbubbles. Explanation iii can be immedi-
ately ruled out, given that the nanobubble distribution can be
sparse and the micropancakes of condensated gas are too thin.

To determine remaining possibilities i and ii, we have
performed the solvent-exchange process by using degassed
ethanol and degassed water and have further exchanged the
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degassed water with air-equilibrated water. By this process, the
substrate was exposed to three solvents: degassed ethanol,
degassed water, and air-equilibrated water. The results in Figure
3 show that the exchange of degassed ethanol and degassed
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Figure 3. Optical images of HOPG substrate at 85 °C with and
without solvent exchange with degassed ethanol and water. (Al, A2)
Direct exposure to air-equilibrated water. (B1, B2) In air-equilibrated
water after the exchange of degassed ethanol for degassed water. The
arrows of the same color in Al point to the same features on the
substrate in BI.

water, which could suppress the nucleation of microbubbles
equally well: no microbubbles formed at 85 °C. Therefore, the
presence of surface nanobubbles resulting from the solvent-
exchange process was not critical to the deactivation of the
microbubble nucleation. The prewetting by the degassed
alcohol itself was sufficient to deactivate the microbubble
nucleation. However, in the case in which deactivation was
achieved by the exchange of air-equilibrated solvents, it is
critical that the nanobubbles produced by this process were
stable at increasing temperature. Otherwise, they could evolve
into microbubbles. Therefore, reasons i and ii could both play
important roles in the deactivation by solvent exchange.

In the experiments, when isopropanol was used instead of
ethanol during the solvent-exchange process, we obtained
similar results: the nucleation of microbubbles could be
deactivated by the exchange of isopropanol for water. In
previous work, nanobubbles were also produced by using other
short-chained alcohols such as methanol or propanols.” They
are all miscible with water and can wet the HOPG surface. We
also examined the stability of nanobubbles on other types of
substrates: silicon coated with octadecyltricholorosilane (OTS)
with a contact angle of 110° for water or coated with
1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTS) with a
contact angle of 120°. Also for these substrates the nanobubbles
remained stable at temperatures close to the boiling point of
water.

On Surfaces with Micropits. Substrates with micropits
have been used to study the nucleation and growth of bubbles
because the micropits can provide well-defined nucleation sites
for the bubbles. Here, on the substrates without a hydrophobic
coating (type I in Table 1), the contact angle of water was 62°.
We compared the temperature for microbubble formation with
and without the solvent-exchange process in Figure 4. The
micropits with a diameter of 40 um actively nucleated
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Figure 4. Optical images of the substrates in water. (A1—D1) On 40
um micropits (type II). (Al) In air. (B1) In air-equilibrated water at
45 °C. (C1) In air-equilibrated water after the solvent exchange at 45
°C. (D1) In air-equilibrated water after the solvent exchange by using
degassed ethanol and degassed water at 45 °C. Although some dust
particles are visible on C1 and D1, it is clear that no microbubbles
formed in C1 and D1. (A2, B2) On 50 pm uncoated micropits (type
II). (Al) In air-equilibrated water at 45 °C. (B) In air-equilibrated
water after the solvent exchange at 50 °C. (A3—B3) On 100 um
uncoated micropits (type III). (A3) In air-equilibrated water at S0 °C.
(B3) In air-equilibrated water after the solvent exchange at 60 °C.

microbubbles at 45 °C under standard conditions (ie., directly
exposed to water). However, after the solvent-exchange process
was performed on the substrate, none of the micropits
nucleated microbubbles even at 50 °C. If both ethanol and
water were degassed before the solvent exchange to prevent the
occurrence of surface nanobubbles during this process, no
microbubbles formed in the subsequent air-equilibrated water
even at 65 °C. Similar results were obtained on the substrate
patterned with uncoated micropits with diameters of 50 and
100 ym: microbubbles nucleated in the air-equilibrated water at
45 and 50 °C, respectively. Again, after the solvent-exchange
process, no microbubbles formed on the micropits at the same
or even higher temperature.

We could not examine by AFM whether nanobubbles were
produced inside the micropits by the solvent-exchange process.
However, from previous work” we know that it is difficult to
produce nanobubbles on a noncrystalline substrate with similar
hydrophobicity, for example, glassy carbon or trimethylchlor-
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osilane-coated silicon. Here, the microbubble deactivation on
micropits can presumably be attributed to reason i above (i.e.,
prewetting by the alcohol).

We note that the deactivation by solvent exchange is most
effective at slow heating rates. The above results were obtained
when the copper block and the substrate (as shown in the
schematic drawing in Supporting Information) were warmed
from room temperature (22 °C) until microbubbles formed
with the maximum temperature set at 80 °C. If the copper
block was preheated to 60 °C and then the substrate was placed
on top, then microbubbles would nucleate on all of the
hydrophilic micropits, no matter whether solvent exchange was
performed or not. This indicates that the deactivation of the
nucleation sites was relative to the gas saturation level in the
system. It became ineffective at a high gas saturation level when
the system was far from equilibrium during the rapid
temperature rise.

On the C4F8-coated substrate (type III) with micropits with
diameters of 10 and 50 pm, the contact angle of water was
152°. We found that the solvent-exchange process could
already produce microbubbles following the pattern of the
micropits even under ambient conditions as shown in Figure S.
Those microbubbles were not uniform with the diameter
ranging from 0 to 250 ym, indicating the heterogeneity in the
gas saturation level during solvent mixing. Upon the increase in
temperature to 85 °C, those microbubbles became larger as
shown in Figure SC1. In our previous work, we observed that
some microbubbles with a lateral diameter of up to 10 ym and
several hundreds of nanometers in height could be produced
simultaneously with nanobubbles by the solvent-exchange
process on planar hydrophobic substrates, such as the OTS-Si
substrate.”® With the increase in temperature close to the
boiling point, these microbubbles on a planar substrate did not
grow substantially, as far as we could judge within the optical
resolution. It will be interesting to discover whether the growth
of the microbubbles in Figure 5CI is related to the micropit
structure of the substrate underneath. In other words, the
nanobubble stability with respect to increasing temperature
might be exclusive for microbubbles sitting on a flat substrate.

B CONCLUSIONS

Surface nanobubbles are stable and do not initiate the
formation of microbubbles with increasing temperature. The
solvent-exchange process, which produces nanobubbles or even
microbubbles under ambient conditions, can deactivate the
bubble nucleation sites and lead to a higher temperature for the
formation of bubbles on both HOPG and hydrophilic micropits
at low heating rates. We attributed the effect of the solvent
exchange on microbubble formation to the prewetting of the
substrates by the alcohol, and the stability of the nanobubbles

to increasing temperature.

H OUTLOOK

The findings in this Letter may have implications in the
prevention of microbubble formation in applications. The
deactivation of the nucleation sites can be achieved by the
solvent-exchange process based on the prewetting of many
substrates of moderate hydrophobicity. In practice, we may
apply a thin layer of alcohol to a substrate and then
immediately expose it to water to deactivate the nucleation
sites. This process does not need an expensive setup or high
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Figure 5. Optical images of the substrate patterned with C4F8-coated 10 and SO ym micropits (type III). (A1) During the solvent exchange at 10%
ethanol under ambient condition. (B1) In air-equilibrated water under ambient conditions after the solvent exchange. (C1) At 85 °C. Microbubbles
form during the exchange, and their size is not uniform during the solvent exchange as a result of the flow pattern. All of the microbubbles produced
by the solvent exchange became larger with increasing temperature. (A2) C4F8-coated 10 and SO ym micropits. (B2, B3) Two areas in air-
equilibrated water under ambient conditions after the solvent exchange. The bubble size was not uniform due to the heterogeneous gas saturation

generated during the solvent exchange.

energy consumption to degas the system but can effectively
alleviate the damage caused by unwanted cavitation.

B ASSOCIATED CONTENT

© Supporting Information

Schematic drawing of the setup for bubble formation with
increasing temperature. This material is available free of charge
via the Internet at http://pubs.acs.org
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