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Abstract

The astonishing long lifetime and large contact angles of interfacial nanobubbles are
still in hot debates despite of numerous experimental and theoretical studies. One
hypothesis to reconcile the two abnormalities of interfacial nanobubbles is that they had
low surface tensions. However, few studies have been done to measure the surface
tensions of nanobubbles due to the lack of effective measurements. Here, we investigated
the in situ contact angles and surface tensions of individual interfacial nanobubbles
immersed in different ethanol aqueous solutions by quantitative nanomechanical atomic
force microscopy (AFM). Results showed that the contact angles of nanobubbles in the
studied ethanol solutions were also much larger than the corresponding macroscopic
counterparts on the same substrate, and they decreased with the increasing ethanol
concentrations. More significantly, the surface tensions calculated were much lower than
those of the gas-liquid interfaces of the solutions at macroscopic scale but have the
similar tendency with the increasing ethanol concentrations. Those results are expected to

further understand the stability of interfacial nanobubbles in complex solutions.
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Introduction

Nanoscale gas bubbles attached at the solid surfaces immersed in water, known as
interfacial nanobubbles or surface nanobubbles,'© were originally invoked to explain the
long range attractive force between hydrophobic surfaces in water,” and then directly
been observed by tapping mode atomic force microscopy (TM-AFM) imaging.* ' They
have far reaching potential implications in a range of interfacial phenomena and technical
applications, such as the long range attraction between hydrophobic surfaces in

11 13

solutions,” the stability of colloids and emulsions,' interfacial slippage in

18

microﬂuidics,m'16 froth flotation and mineral separation,”’ and bio-molecular

19, 20

adsorption. However, classical thermodynamics predicts that such small bubbles

should dissolve in less than a few hundred microseconds.*"*

To date, a large number of studies have focused on the confirmation of the existence
of interfacial nanobubbles and the mechanism for their superstability. Their existence and
gaseous nature have been confirmed by the pre-degassing and post-degassing

324 electrochemical method,” *® spectroscopy,”’ imaging by optical,**™'

experiments,
electron,’” ** X-ray’* microscopy and many other techniques.® The explanation of
stability such as line tension,” contamination,’®>” high density,”® dynamic equilibrium,”
Knudsen gas,”’ and gas layer,”' have been proposed to understand the superstability of
nanobubbles, but none of them could give an uncontested explanation. Recent findings
have showed that the nanobubble-liquid-substrate three phase contact line was
pinned,**** both the contact line pinning and gas supersaturation are very crucial for the
long lifetime of interfacial nanobubbles, as well as for the large contact angle.45’ 46

The contact angle and surface tension of the liquid/gas interface of nanobubbles are
two most important properties for interfacial nanobubbles. Zhang et al. investigated the
wetting phenomena of a droplet of ethanol/water solution on graphite with varied surface
tensions as well as contact angles by simply changing the concentrations of the ethanol
solutions.”” However, it is still a difficulty to obtain the contact angle and the surface
tension simultaneously at nanometer scale. While the contact angles of nanobubbles were

4850 the measurement of the

commonly obtained from their geometry in AFM images,
surface tensions of nanobubbles has long been a challenge. From Young-Laplace

equation, if the surface tension was decreased, the pressure inside nanobubble would be
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lowered. Surface tension is the driving force for nanobubble dissolution. A lower surface
tension decreases the Laplace pressure, thus decreasing the driving that leads to
dissolution. Previously, interfacial nanobubbles in water, surfactant solutions, or
non-aqueous solutions have been shown with low spring constants (stiffness) measured
by FV mode AFM, comparing well with the literature surface tension values of the
liquids at the same concentration.’'™ Our recent PeakForce Quantitative
Nano-Mechanics (PF-QNM) measurement also showed that the stiffness of nanobubbles
in pure water was close to the surface tension of water.”> However, the stiffness cannot be
simply equal to surface tension. Attard et al. have worked out two quantitative
relationships between the stiffness and surface tension of small gas bubbles,”®”* which
can be used for references to describe the correlation between the surface tension and
stiffness of nanobubbles. And very recently, Attard claimed that the surface tension of
nanobubbles was 40-50 mN/m in pure water.”® However, it was limited to measure
nanobubbles only in water. The systematical study of surface tensions of nanobubbles in
varied solution is still scarce. Moreover, it is more significant to investigate how the
contact angles and surface tensions of nanobubbles will change in solutions with
continuously tuned surface tensions in order to understand the stability of nanobubbles.
PF-QNM is a direct force control mode AFM that make the measurement of force at
each pixel precisely, allowing one to control and minimize the force between the tip and
sample, and the corresponding force curves can be extracted automatically from which
the stiffness is extracted at each pixel. So, the mechanical properties can be directly
quantified simultaneously with the topographical imaging with high resolution.” ***** In
this study, we used ethanol to tune the surface tension of the liquids around nanobubbles
so as to investigate the surface tension effects on the properties and stability of interfacial
nanobubbles in ethanol aqueous solutions. The in situ contact angles and surface tensions
of interfacial nanobubbles in ethanol aqueous solutions with different concentrations
were measured using PF-QNM. Results showed that the contact angles of nanobubbles
were much larger than those of macrodroplets not only in water but also in ethanol
solutions. More interestingly, the surface tensions of nanobubbles reduced while the
ethanol concentration increased accordingly. Those results are helpful to understand the

stability of nanobubbles in more complex solution environment.
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Experimental section

1. Materials

Highly Ordered Pyrolytic Graphite (HOPG, ZYB grade, NT-MDT, Russia) with a water
contact angle of 68 + 4° was freshly cleaved and used as substrate. Ultra-pure water with
a conductivity of 18.2 MQecm was prepared by a USF-ELGA Maxima water purification
system. Ethanol (>99.8%, GR) was purchased from Sinopharm Chemical Reagent Co.,
Ltd. The ethanol aqueous solutions with concentration of 0%, 10%, 20%, 30%, 40%,
50%, and 60% in volume were prepared respectively. These solutions was prepared in
lidded glass bottles (ultrasonic cleaned by water, ethanol, and water again, and were
extensively rinsed by pure water) and shocked for Smin for air equilibrium. The AFM
used here was Bruker’s Multimode SPM equipped with NanoScope 8.15 Software and
NanoScope V Controller. Silicon nitride tip with cantilever (NPS, 0.35N/m, 10nm tip
radius, Bruker) was treated by Plasma Cleaner (HARRICK PLASMA, PLASMA
CLEANER PDC-32G) for 1-2 minutes beforehand and used immediately to avoid
contamination.

2. Nanobubbles production

The quartz liquid cell, silicone tubes and silicone O-ring provided by Bruker, and sterile
syringes with SmL volume purchased from Sinopharm Chemical Reagent Co., Ltd. were
extensively rinsed with ethanol and water in turn. The plasma treated probe was loaded
on the assembled liquid cell and then put on the freshly cleaved HOPG substrate. The
cleaned syringes were used to extract liquids. Nanobubbles were prepared on the freshly
cleaved HOPG surface by the popularly used ethanol-water exchange procedure as it was
easily operated and could produce nanobubbles repeatedly.® ** Main steps as followed:
water was injected firstly into the liquid cell. Then, ethanol was injected to displace the
water. Finally, interfacial nanobubbles appeared on the surface after the ethanol was
exchanged by water.

3. PF-QNM imaging

After the ethanol-water exchange, nanobubbles were first imaged in pure water, after
which SmL 10% ethanol aqueous solution was carefully injected to replace the pure water
in the liquid cell, and the same area was imaged again. Then SmL 20% ethanol aqueous

solution was injected to replace the 10% ethanol aqueous solution and in sifu image was
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captured. In turn, low concentration ethanol solution was replaced by a higher
concentration ethanol solution. About SmL solution was efficient to displace the original
solution in the liquid cell (~100 pL) as 4-6 mL water was tested to make an efficient
displacement of ~500pL ethanol.”> We usually waited for about 10 minutes for system
equilibration and then captured in situ the corresponding topography and stiffness images
after each replacement. The deflection sensitivity and spring constant for each cantilever
were measured using the built-in cantilever calibration, ramp and thermal noise method,
respectively. The peakforce amplitude was set at 100nm, peakforce frequency at 2 kHz
and scan rate at 0.977Hz. The peakforce setpoint was carefully set at a loading force
(100pN ~ 400pN) as smaller as possible considering the very soft and fragile features of
nanobubbles. All AFM experiments were performed in a closed liquid cell configuration
with an O-ring at room temperature (~250]). The AFM offline processing system,
NanoScope Analysis software, was used for morphology and stiffness values
measurements and analysis.

4. Macroscopic contact angles measurement

The macroscopic contact angles of ethanol solutions on HOPG substrate were measured
on an Attension Theta system (KSV Instruments Ltd., Finland). A digital camera with
supplied calibration software recorded the profile of the advancing droplet of SuL
solution that was dropped on the freshly cleaved HOPG surface, from which the contact

angles were determined.

Results and discussion

1. In situ PF-QNM imaging of nanobubbles in ethanol/water solutions

It was reported that most of the nanobubbles were stable and could be imaged in ethanol
aqueous solutions below 70%vol after formation.** Previously, we successfully used
PF-QNM to simultaneously obtain the morphology and stiffness of nanobubbles in pure
water.”> Here, the morphology and stiffness images of nanobubbles immersed in different
ethanol aqueous solutions from 0% to 60% were obtained in sifu by using PF-QNM. Fig.
1 shows the height (a) and stiffness (b) images of nanobubbles on graphite surfaces

immersed in different ethanol solutions. (Here only the ethanol concentrations of 0%,
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20%, 40% and 60% are shown for examples (see Fig. S1 in the Supporting Information
for other concentrations). Nanobubbles can be stably imaged in ethanol aqueous solutions
after formation and most nanobubbles could exist there for hours with some changes in
size, while a few of them moved, coalesced or disappeared sometimes with the increase
of ethanol concentration. Hence, we were able to trace the changes on the heights, lateral
widths and stiffness of individual nanobubbles in situ in ethanol solutions with different
concentrations which lead to a continuously varied surface tension. As a typical example,

the nanobubbles numbered from 1 to 10 will be used for further analysis in the following

"
A : 20% AN

part.

b ER— o §

Fig. 1 Height (a) and stiffness (b) images of nanobubbles being immersed in ethanol aqueous
solutions with different concentrations obtained by in situ PF-QNM. The ethanol concentrations
(in vol %) were labeled in each image. Scan size Sumx5um. The nanobubbles numbered from 1 to 10

will be used for further analysis below.

2. In situ contact angles of nanobubbles in ethanol/water solutions

The contact angles of nanobubbles cannot be measured directly. Researchers in this
field commonly determined the contact angles of nanobubbles from the nanobubbles’
geometries obtained by AFM at imaging forces as low as possible, i.e. the heights and
lateral widths of nanobubbles. Nanobubbles with lateral width larger than 100 nm were

analyzed in our experiments to avoid the influence of the long-range van der Waals forces

Page 6 of 18



Page 7 of 18

Soft Matter

on the contact angles measurements of nanobubbles.®’ Besides, as the AFM tip may be
attracted to the nanobubble surface and deform it, the measured heights and lateral widths
are subjected to corrections to exclude the force induced deformation and the tip size
induced lateral extension of nanobubbles in order to obtain the contact angles as precise
as possible. One of the advantages of PF-QNM mode AFM is that the force exerted at
each pixel can be controlled precisely. So we were very careful to control the force during
the imaging of nanobubbles. Here, we used the force of 100-400pN (depending on the
solution in which the image was captured), the smallest force for stable imaging. Under
such small loading forces, PF-QNM mode has been found to give out the comparable

morphology of nanobubbles with tapping mode AFM™*->> ¢!,

We analyzed the changes of the geometries of ten typical nanobubbles. As showed in
Fig. 2, the in situ heights and lateral widths of the ten typical nanobubbles as a function of
the ethanol concentration were plotted, respectively. These values are corrected results
after having excluded the force induced deformation and the tip size induced lateral
extension of nanobubbles.®

H=H,+ F/k
R=[(W./2)* +H*)]/2H-Ry;,
W=2(2RH-H?)"?
6=cos™ (H/R-1)/mx180°

where H is the height after calibration, H, is the measured apparent height, W is the
lateral width after calibration, W, is the measured apparent lateral width, R is the
curvature radius after calibration, Ry is the tip radius, F is the loaded force, k is the
stiffness of nanobubbles, and 0 is the contact angle (measured through the liquid side) of

nanobubbles.



Fig. 2 Height (a), lateral width (b) and contact angles (c) of nanobubbles in ethanol/water

solutions. In (c), the contact angles of macrodroplets (0,,,) of ethanol/water solutions were also plotted

as a comparison.
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It was found that the height increased and lateral width decreased slightly as the
ethanol concentration increased. The contact angles of the ten typical nanobubbles were
shown in Fig. 2¢ in comparison to those of macrodroplets (MDs). The contact angles of
nanobubbles were much larger than the macroscopic measurements in water, in consistent
with literature reports.*” ** ¢ It was found that the contact angles of nanobubbles
decreased from about 160° to 130° while the corresponding macroscopic contact angles
decreased from about 70° to 20° as the ethanol concentration changed from 0% to 60%.
The present study indicated that the contact angles of nanobubbles were also much larger
than their macroscopic counterparts in different ethanol solutions, and they both
decreased with the increase of the ethanol concentrations. Although their absolute value
differed, the contact angles of the nanobubbles and the MDs showed a similar trend with

the change of ethanol concentration, as seen from Fig. 2c.

Some recent works reported that the nanobubbles were pinned and the geometry
which determines the contact angles,"”** i.e. the height and lateral width, may vary with
ethanol concentrations. Ethanol solution of higher concentration with lower surface
tension is easier to wet HOPG, and the effect of ethanol on nanobubbles might be
enhanced by the enriched ethanol near the HOPG surface as the composition of
ethanol-water solution is not usually uniform at the molecular level.®® Therefore, the
change of the nanobubble geometry might be mainly attributed to the decreasing of the
surface tension as the evidence of the pinning effects appeared clearly once the width did
not change when the height changed.*”** The addition of ethanol has been found to

decrease the contact angle (at the liquid side) of hydrophobic surface in water, and

decrease the long-range attraction and adhesion between hydrophobic surfaces in water.”
47,69,70
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Fig. 3 Stiffness of nanobubbles versus the ethanol concentration of the solutions. The stiffness of
10 nanobubbles (named in numbers) in sifu imaged in different ethanol solutions by PF-QNM were
directly measured from the stiffness images. The surface tension of macrodroplets71 (Ym) were also

showed for comparison.

3. In situ surface tension of nanobubbles in ethanol/water solutions

Fig. 3 shows the stiffness of nanobubbles marked in Fig. 1 in a series of ethanol
solutions. The stiffness is calculated at each pixel of the image from the slope in the
retraction trace of each oscillation cycle. To avoid the contribution of the long-range
forces and adhesion, we restricted the fit to a range in between 10% and 70% of the force
(peakforce + adhesion force) as reported in our pervious paper.”” The stiffness of
nanobubbles in pure water is very close to the surface tension of water, which is the same
as the surface tension of micron-sized bubbles,’® in consistent with our previous PF-QNM

51,52
1> In

measurements™ and very recent force volume measurements by Walczyk et a
addition, Zhang et al. reported a stiffness of 43 mN/m of nanobubbles in Tween 20
solutions,” and An ef al. reported a stiffness of 55 mN/m of nanobubbles in formamide,”*
both were comparable with the literature surface tension values of the liquids. Obviously,

as the concentration of the ethanol aqueous solutions increased, the stiffness of
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nanobubbles decreased. And the stiffness of nanobubbles was close to the surface
tensions of the solutions at each studied ethanol concentration. However, the stiffness
cannot be simply equal to surface tension. Attard et al. have worked out a quantitative
correlation between the stiffness and surface tension of micron-sized gas bubbles (method
1).>*°7 And very recently, a new model to calculate the surface tensions of nanobubbles
based on the AFM force curves was also developed (method 2).>® These two methods can
be used to determine the surface tensions of nanobubbles from the corresponding

stiffness.

Method 1:

R
cos@ T ln[

k = —4z] 959
7/{2 + cosé 2R’

Here k is the stiffness, y is the surface tension of the liquid/vapor interface, 0 is the

(1 + cos@)* ]}1

sin“@

gas-side contact angle, R, is the tip radius, R. is the bubbles’ curvature radii, and k! is

the decay length for an exponentially decaying interaction pressure.

Method 2:

- -1

2 2
1- 1-(“] 1- 1—(”]
1 R, 1 1 k) 1

k = —2zy| = In + - —1In v
2 2 2 2 2 2
TR R | Lt 1|2 |
Rc RL‘ RL‘ R(:

Here 1 is the radius of tip by which the nanobubble was penetrated and deformed; 1 is

the base radius of nanobubble which is it contact with the substrate, i.e., half of the lateral

width of nanobubbles.

We used method 1 to extract the surface tensions of nanobubbles by directly measuring
the stiffness of nanobubbles, and extended this method to nanobubbles in ethanol
solutions. The results were shown in Fig. 4a. The surface tensions of nanobubbles in
water are 20-30mN/m calculated based on this method. Clearly, the surface tensions of
the nanobubbles are much lower than those of macrodroplets and they both decrease with

increasing of the ethanol concentration.

It was indicated by Attard that when the nanobubble contact line was pinned to a
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penetrating tip, the air-water interface of nanobubble behaved like a Hookean spring with
spring constant proportional to the nanobubble surface tension. The AFM force curves
data were analyzed and yielded nanobubble surface tension in the range of 40-50
mN/m.”® Here, by using this method (method 2) we obtained the surface tensions of
nanobubbles not only in water but also in ethanol solutions as shown in Fig. 4b. Unlike
method 1 that was used to calculate the stiffness of micron-sized bubbles from their
air-water surface tension, method 2 was used to measure the surface tension of
nanobubbles from the AFM force curves. The surface tensions of nanobubbles in water
were 30-40mN/m determined by method 2 in our experiments, which were much closer
to those obtained by Attard. The small deviations should be due to the differences in
supersaturation between that achieved by the ethanol-water exchange method and that
previously equilibrating the water with air at a higher pressure or at a lower temperature.™
> A higher supersaturation led to a lower surface tension.” As the ethanol concentration
increased, the surface tensions of the nanobubbles were reduced and were much lower

than those of macrodroplets.

As was shown above, we elucidated experimentally that the surface tensions of
nanobubbles in water deduced from both methods were much lower than the surface
tension of pure water, even though there were differences between the two results. The
lower surface tensions of nanobubbles might be one of reason for their long lifetime.
Interestingly, very weak size dependence behaviors of the surface tensions of
nanobubbles were found in the low concentrated ethanol-water solutions where larger
bubbles presented slightly larger surface tension. However, as the ethanol concentration
increased, the surface tension has no evident size dependence as showed in the followed
figure. The value of surface tension is within the error bar (see Fig. S2). The 30-40 mN/m
surface tensions of nanobubbles obtained in our system are slightly lower than the
reported 40-50 mN/m. The differences might be due to several factors, such as the
different mode of AFM used, the tip wettability or shape, the variation of gas
supersaturation, temperature, loading force, substrate contact line pinning, etc. But the
results are consistent with reported that the nanobubble surface tension was less than the
air-water surface tension. Furthermore, nanobubbles in ethanol solutions also showed

lower surface tensions than those of macrodroplets of the same ethanol solutions.
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Fig. 4 Surface tension of nanobubbles versus the ethanol concentration of the solutions. The
surface tensions of the 10 nanobubbles were calculated from their corresponding stiffness based on
two different models. For method 1 (a), typical values of tip radius R,=10nm and decay length
«k'=10nm were used. For method 2 (b), r1=R,=10nm and r,=W/2 were used. The surface tensions of

macrodroplets (y,) were also showed for comparison.

So, how to explain that the surface tension of nanobubbles is lower than that of
macrodroplets on the same surface? Previously, it was assumed that a film of

contamination might cover on the nanobubbles surfaces so as to hinder the diffusion of

36, 72

gas and lower the surface tension which stabilizes the nanobubbles. But latter
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experiments disproved the possibility that a film of contaminants could cover on the
nanobubbles surfaces.”’ Recently, Berkelaar et al. reported that in some cases the AFM
imaged nanobubble-like objects might be induced by PDMS contaminations.”> However,
when we imaged the surface first in water and then in ethanol, no objects were observed
on the surface in our experiments (see Fig. S3). Nanobubbles were observed after the
ethanol was exchanged by water again, and no residues were observed after removing the
liquid and imaging the same area in water again (see Fig. S4). The above tests should
exclude the possibility of PDMS contamination in our experiments. Therefore, the origin
of low surface tension of nanobubbles is not clear. One of possible reasons might be due
to the gas supersaturation near the nanobubbles interfaces as reported that a higher

supersaturation leads to a lower surface tension.” > *

Conclusions

Interfacial nanobubbles were prepared on HOPG substrate immersed in ethanol-water
solutions with different concentrations. By using PF-QNM mode AFM, both the
morphology and the stiffness of nanobubbles were obtained in situ. As a result, we were
able to investigate the contact angles and the surface tensions of the nanobubbles on a
defined substrate as a function of ethanol concentrations. The results showed that the
contact angles of nanobubbles were much larger than those of macrodroplets not only in
water but also in ethanol solutions. The directly measured stiffness of nanobubbles in
ethanol aqueous solutions was very close to the macroscale values, comparable to that of
the nanobubbles in water, surfactant solutions and non-aqueous solutions measured by
FV mode AFM. From the stiffness, the in situ surface tensions of nanobubbles were also
derived from the corresponding stiffness on basis of two methods. Both methods
exhibited that the surface tensions of nanobubbles were lower than those of their
macroscale counterparts, in consistent with the recent FV mode AFM measurements. As
the ethanol concentration increased, the surface tensions of nanobubbles reduced. The
lower surface tension predicted is consistent with the notion of higher stability of
nanobubbles. The present work should shed light on the future studies of the properties

and stability of nanobubbles in non-aqueous solutions.
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Nanobubbles present larger contact angles and lower surface tensions in ethanol aqueous

solutions than those related values at macroscopic scale.



