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The great implication of nanobubbles at a solid/water interface has drawn wide attention of the scientific commu-

nity and industries. However, the fundamental properties of nanobubbles remain unknown as yet. In this paper, the

temperature effects on the morphology of nanobubbles at the mica/water interface are explored through the combination

of AFM direct image with the temperature control. The results demonstrate that the apparent height of nanobubbles

in AFM images is kept almost constant with the increase of temperature, whilst the lateral size of nanobubbles changes

significantly. As the temperature increases from 28°C to 42°C, the lateral size of nanobubbles increases, reaching a

maximum at about 37°C, and then decreases at a higher temperature. The possible explanation for the size change of

nanobubbles with temperature is suggested.
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1. Introduction

The interface between solid and aqueous solu-
tion has aroused wide interest because it is ubiqui-
tous in biological, chemical and colloidal systems.[!
Recently the existence of a gas layer on the nanome-
tre scale between some kinds of solid surface and wa-
ter has been put forward and supported by various
results from neutron reflection (NR), surface force
apparatus (SFA), ellipsometry and atomic force mi-
croscopy (AFM).2=12] Egpecially, the studies by use
of AFM have provided both the topographical char-
acteristics and the mechanical and mobile proper-
ties of these nanobubbles on substrates in a wide
range." 11 The great implication of the aggregated
gas at the interface has been noticed in various fields
concerning the surface interaction, hydrodynamics
and nanotechnology.*3—2%] Meanwhile, such processes
as the stability of emulsion without surfactant, the mi-
cro boiling behaviours, the mineral floatation, and the

rupture of wetting film, have been explained in rela-

tion to the presence of interfacial nanobubbles.[21—25]

At present the formation of nanobubbles has been
examined in some experiments. The degassing has
proven to play an essential role of dissolving gas in
the formation of nanobubbles and the tiny holes in
cryofixation silicon substrate.[26:27] This may serve as
another strong support to the existence of interfacial
nanobubbles. The studies have also reported that the
physical and chemical characteristics of the substrate
are important for the formation and the number of
nanobubbles.® Importantly, some methods have been
established to intentionally produce a large number of
nanobubbles especially when the exchange procedures
are employed, which has paved the way for the sys-

tematic exploration of nanobubbles.!8:26]

However, many fundamental properties of
nanobubbles remain unknown up to now except the
stability of nanobubbles.[26-8] In this paper we report
the temperature effect on the morphology of nanobub-

bles at mica/water interface. To our knowledge, the
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temperature effect on the morphology of nanobubbles
has not been reported. It can be predicted that such
studies would make a contribution to the understand-
ing of nanobubble-related interfacial behaviours, par-
ticularly related to the influence of dissolving gas.[*®!
The results in this paper demonstrate that the water
temperature could influence the size of nanobubbles
significantly. Surprisingly, the lateral size reaches a
maximum at about 37°C and decreases at a higher

temperature.
2.Experiments

The MultiMode Nanoscope IITa AFM (Digital In-
struments Veeco Metrology Group, NY USA) and
Before
each experiment the liquid cell and the probe were
cleaned thoroughly. A normal NP probe (Digi-
tal Instruments Veeco Metrology Group, NY USA)
was used and the spring constant of the cantilever
was 0.32N/m.
the liquid cell was realized through the thermal ac-
cessory for MultiMode AFM (Digital Instruments
Veeco Metrology Group, NY USA). The heating ac-

cessory consists of a sample heater and electronic

a liquid cell with an o-ring were used.

The control of the temperature in

heater controller.[??! A single-probe thermal coupler
(Cole-Parmer®Instrument Company, Illinois USA)
was used to measure the water temperature in the
liquid cell.

The formation of nanobubbles was realized by
the exchange of ethanol with water, as introduced
in our previous reports.l®26] The water used was pu-
rified with a Mill-Q system (Millipore Corporation,
Boston USA). Ethanol and other alcohols were pur-
chased from the Chinese Chemical Reagent Company.
The mica was obtained from the S&J Trading Com-
pany (NY, USA). The mica was freshly cleaved in air
and used as the substrate. After injecting water into
the liquid cell to displace the ethanol, we took images
of nanobubbles in 5 regions in a tapping mode. Then
the AFM tip was withdrawn and the setting temper-
ature on the heater controller was raised to heat the
water in the liquid cell. After the temperature reached
equilibrium, the tip was approached and nanobubbles
were imaged again. Such processes to increase tem-
perature were conducted until the water in the liquid
cell increased up to 42°C.

The averaged relative values of the morphologic

parameters at different temperatures were compared,

for it is hard, experimentally, to obtain in situ images
of nanobubbles after the processes of changing temper-
ature. Here the morphologic parameters included the
apparent height and the lateral size of nanobubbles.
(The height threshold for the statistic by using off-line
software was 2.5-3nm.) Since the initial morphology
of nanobubbles sometimes varied in a large range from
several nanometres to tens of nanometres, the relative
values, which were given out by dividing the morpho-
logic parameters by the lateral size of nanobubbles
at the initial temperature, were averaged in order to
eliminate the variance from time to time. (The AFM
tip may affect the apparent size of nanobubbles./?12
But the tip effects may be excluded in our experiments
for the same tip was used at different temperatures in

an experimental group.)
3. Results and discussion

After the exchange of ethanol with water,
nanobubbles could be produced as reported in our pre-
vious papers.[? On mica surface nanobubbles could
be observed in a tapping mode, but not in a con-
tact mode under the experimental condition (Ap-
pendix A). We found that besides ethanol other al-
cohols completely miscible with water, e.g. methanol,
1-propanol, 2-propanol and tert-butanol, can also be
displaced to form nanobubbles at mica/water inter-
face.

Figure 1 shows the typical images of nanobubbles
when the water temperature is increased after the for-
mation of nanobubbles. It can be seen that nanobub-
bles at 37°C are obviously larger than those at 32°C
and 42°C. The changes of the apparent height and lat-
eral size of nanobubbles with temperature are shown
in Fig.2. The apparent height of nanobubbles almost
remains constant throughout the range of tempera-
ture, whilst the lateral size of nanobubbles changes
significantly. As the temperature increases from 28°C
to 42°C, the lateral size of nanobubbles increases be-
fore reaching a maximum at about 37°C and decreases
at a higher temperature. The lateral size of nanobub-
bles at about 37°C is 2.5 times larger than that at
28°C. It shows that the nanobubble size increasing
with temperature is mainly due to the enlargement of
the lateral size rather than the increase of the height of
nanobubbles. (The effects of temperature on the ap-
parent contact angle and the density of nanobubbles

are shown in Appendix B).
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Fig.1. AFM height images of nanobubbles in water at different temperatures. The water tempera-
tures are (a) 32°C, (b) 37°C, and (c) 42°C. The scan size of all images is 2um by 2um. The sizes of
nanobubbles are different at different temperatures. Nanobubbles at 37°C are obviously the largest
of the three images.
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Fig.2. Effect of temperature on the morphology of
nanobubbles. The relative values on the vertical axis
are calculated by dividing the apparent height by the

lateral size of nanobubbles at the initial temperature.

What causes the size of nanobubbles to change
with the increase of temperature is quite interesting.
At first thought, one may surmise that the evapo-
ration could lead to the expanding of the nanobub-
bles, thus, to the increase in size. However, the de-
crease in size after 37°C can help exclude this pos-
sibility. Another consideration may be given to the
water—vapour surface tension, which changes to some
extent with the temperature and possibly causes the
variation of nanobubble size in AFM images. How-
ever, the difference between the water and vapour sur-
face tensions in a range of the experimental temper-
atures (28°C—42°C) is too small to have a significant
influence.??) We suppose that the main reason for the
change of nanobubble size might be due to the temper-
ature dependence of the gas solubility in water. It is
known that the solubility of non-polar gas in water is a
nonmonotonic function of temperature, which, passes
through a solubility minimum near a temperature of
about 310-350K.[39~32] Possibly the size of nanobub-
bles grew as gas dedissolves from the water with the
temperature increasing and coincidentally reaches the
maximum at the temperature where the gas solubil-
ity is minimum. That is to say, the slight change of
gas solubility in water might make a great contribu-
tion to the significant increase or decrease in size. It

is also interesting to explore the evaporation effect at

could cause the change of gas solubility with tem-
perature, resulting in the change of nanobubble size.
It has been proposed that the size of nanobubbles
would determine the range of hydrophobic force be-
tween macroscopically extended surfaces according to
present views.[®! Therefore the size of nanobubbles
might bridge the hydrophobic effect from molecular
level to macroscopic length scale. We expect that our
results might help explain the experimental result that
the range and magnitude of the hydrophobic interac-

tion would change with temperature.!

4. Conclusion

The effects of temperature on the morphology of
nanobubbles at mica/water interface have been stud-
ied through the combination of AFM direct image
with the temperature control. The results show that
as the temperature increases from 28°C to 42°C, the
apparent height of nanobubbles almost remains con-
stant whilst the lateral size of nanobubbles changes
significantly. The lateral size of nanobubbles increases
before reaching a maximum at about 37°C and de-
creases at a higher temperature. Although the tem-
perature effect on the morphology of nanobubbles is
carried out only at mica/water interface in this study,
we believe that this conclusion may benefit the un-
derstanding of other surface behaviours relevant to

nanobubbles.

Appendix A The
AFM image mode on the ob-

influence of

servation of nanobubbles
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After the formation of nanobubbles, the AFM im-
age mode can influence the observation of nanobub-
bles at mica/water interface. Under our experimental
condition nanobubbles could be observed in a tapping
mode, but not in a contact mode, as shown in the sup-
porting Fig.A-1. This is different from the nanobub-
bles on gold surface, which can be observed in a con-
tact mode.** The smooth mica surface image in a
contact mode may help eliminate the possibility that
the features in a tapping mode image are caused by

adsorbed particles.

(b)

Fig.A-1.

mica/water interface observed in different modes. (a)

AFM height images of nanobubbles at

tapping mode; (b) contact mode.

Appendix B The effects of tem-
perature on the apparent con-
tact angle and the density of

nanobubbles

The temperature dependence of the apparent con-
tact angles of the nanobubbles can be determined from
the effects of temperature on the apparent height and
the lateral size of nanobubbles. The following cor-
relation must hold among the height H, the bubble

radius R and the apparent contact angle 6 of the
bubble: 2536
H/R =tan(6/2)

With the increase of temperature, the height H is
constant. From the above equation, the radius R de-
termines that the apparent contact angle 6 decreases,
and then increases when temperature is higher than
37°C. Here the possible deformation of nanobubbles
under the influence of AFM tip is neglected.

The influence of temperature on the density of
nanobubbles, i.e. the number per unit area, is shown
in the supporting Fig.B-1. The density of nanobubbles
increases and then decreases with the increase of tem-
perature which is similar to the variation of nanobub-
ble size with temperature. This might not result
from the appearance and disappearance of nanobub-
bles with temperature, but from the fluctuation of
nanobubbles that is larger than the threshold for the

statistic by using off-line software.

N
(34

Relative value of density

Temperature =1 /°C

Fig.B-1. The effect of temperature on the density of
nanobubbles. The relative values on the vertical axis
are given out by dividing the density of nanobubbles
by the lateral size of nanobubbles at the initial tem-

perature.
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