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ABSTRACT: Nanobubbles are fascinating but controversial ob-
jects. Although there is strong evidence for the existence of surface
bound nanobubbles, the possibility of stable nanobubbles in the
bulk remains in question. In this work, we show how ultrasoni-
cation of electrolytes can create transient bulk nanobubbles. To do
this, glass nanopores are used as Coulter counters in order to detect
nanobubbles. During ultrasonication, these transient bulk nano-
bubbles are shown to exist in relatively high concentrations while
bubble activity on the surface of a solid media close to the pore is
driven by ultrasound. However, the transient nature of these bub-
bles is evident upon termination of the ultrasonic source. High-
speed imaging suggests that these transient nanobubbles originate
from the fragmentation of larger bubbles, which skate over the sur-
face of the structure in the acoustic field present. Transient nano-
bubbles as small as ~100 nm diameter are detected. In contrast to
previous work with microbubbles, no evidence for the oscillation
of these nanobubbles during translocation was found. The novel
experimental approach presented here provides strong evidence for
the existence of transient nanobubbles in bulk solution.
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Nanobubbles have a long history and were first described as
nuclei in bulk solution! in 1962 and on surfaces? in 1994. While
many potential applications of nanobubbles have been proposed
(e.g. membrane cleaning®, drug delivery*, and froth flotation®),
their existence and apparent long stability have attracted
considerable interest®. However, before these benefits can be fully
exploited, the debate as to whether these nanobubbles actually exist
has to be fully addressed. Key to this debate are the well-known
properties of bubbles within liquids. For example, bubbles are
inherently unstable and, will ultimately be removed from the liquid
through either dissolution, coalescence or conventional buoyancy
under the influence of gravity. The latter mechanism is particularly
rapid as bubbles become larger. For smaller bubbles, dissolution is
thought to be rapid. The lifetime of a bubble has been predicted by
Epstein and Plesset’. Here under typical conditions, a 1 pm
diameter bubbles would be expected to dissolve in ~9.5 ms in air
saturated media. Ultimately, the driving force for this apparent
instability is the Laplace pressure, which increases as the bubble
size decreases. This effect has been termed the Laplace
catastrophe®. These observations suggest that nanobubbles should
be extremely susceptible to dissolution, but published experimental
data suggest that they are stable enough to be observed
experimentally®. It is important to note that there are clear

distinctions between bubbles at the solid/liquid interface and those
in the bulk solution. Evidence for the existence of multiple surface
bound nanobubbles which have been shown to be gas filled'?, and
single nanobubbles on nanoelectrodes has been reported (e.g. with
atomic force!! and optical microscopy?). The reasons for the
stability and the effects of solution parameters (e.g. salt
concentrations and the deliberate addition of surfactant materials
have been reported (see ref® for a good review of the available
literature). While the number of studies and the proposed
mechanisms of stability are well developed for surface bound
bubbles (some created electrochemically!314), the evidence for and
the stability mechanisms are not accepted for nanobubbles in the
bulk. Bulk nanobubbles have been examined with dynamic light
scattering® and displacement instruments. Changes in the overall
size as a function of time (through growth and dissolution
mechanisms) have been proposed'®. Nuclear magnetic resonance
has even been used to study the effect of nanobubbles on the spin
relaxation time6, In addition, scanning electron microscopy has
been employed to study frozen solution containing bubbles®'7.
These reports suggest that the evidence is mounting for the
existence of bulk nanobubbles; however, questions remain as to
their ultimate stability. In order to answer some of these questions
experimental observations, which detect, identify, size and track
sub-micrometer bubbles are important. It would also be
advantageous to control the generation of nanobubbles in order to
probe their stability and lifetime. Correlating the measured signals
with their generation would also help discriminate against
contaminating particles. Hence, a combination of detection and
generation techniques would be extremely powerful. Here we use
in situ Coulter counting in combination with bubble generation
through the application of power ultrasound?®,

Coulter counting®® is an analytical electrochemical technique that
allows for the detection of particles, microbes, polymers, and
bubbles. This technique works by applying a voltage between two
electrodes on either side of a suitable pore. The resulting ionic
current flows through the pore but is limited by the pore resistance.
As a particle enters the pore, it displaces the electrolyte and
therefore increases the resistance of the pore momentarily?’. This
can be witnessed by recording the current passing through the pore.
It is possible to derive information from the change in current
signal, the duration and shape of the signal, and the frequency of
the events?. Considering the dimensions of nanobubbles, it is
advantageous to use pores of similar dimensions. Hence, we have
developed a set of nanopores, based on a modified literature
fabrication technique, to produce glass nanopores?-2* (GNP).

In this work, we report the use of Coulter counting with na-
nopores as a new method to detect and characterize bulk nanobub-



bles. We use ultrasonication to control the generation of the nano-
bubbles and show that they can be sized from the magnitude of the
translocation signal, that they appear not to oscillate and that they
disappear on termination of the driving generation mechanism.

EXPERIMENTAL DETAILS

Chemicals and Materials: Potassium chloride (99.5%) and
sodium hydroxide (97%) were purchased from Fischer Scientific,
[Ru(NH3)s]Cls (99%) from Strem and potassium persulfate (98%)
from Lancaster Synthesis. All chemicals were used as received and
all solutions were made with 18.2 MQ cm purified water from a
Suez Select Fusion water system. Tungsten microwire (diameter
25 pum, 99.5%) was purchased from Advent Research Materials.
Emery paper (P600 and P1200) and lapping films (5, 1, and 0.3 um)
were purchased from 3M. 22% PbO glass capillaries (PG10165-4,
OD 1.65 mm, ID 1.1 mm) were purchased from World Precision
Instruments.

Conical nanopores?® were prepared by electrochemically etching
tungsten 25 pm diameter microwires in 2 M NaOH before sealing
them in 22% PbO glass capillaries. The electrochemical etching
process was controlled by a specialized circuit designed to
terminate the electrochemical current if it fell below ~0.3 mA. This
ensured that the tip remained relatively sharp with a tip radius ~10
nm and a cone angle of ~ 3-5° (determined by FEGSEM). This tip
was then embedded in a PbO glass capillary in a flame. The tip of
the wire was exposed by polishing using a custom made continuity
tester (see ref?* for further details). Sizing of the resultant
nanoelectrodes was performed using voltammetry of Ru(NHs)e**.
The W template was then removed by chemical etching in a
solution containing 250 mM K2S20s and 2 M NaOH. The fully
developed nanopore was then characterized by investigating the i-
V curve in a solution of 1 M KCI. Note that in order to increase the
certainty of the size of the nanopore, the voltammetry of the
nanoelectrodes (prior to chemical etching to produce the pore) was
combined with the i-V characteristics in electrolytes. This enabled
an estimation of the cone angle and pore mouth of each nanopore
without reliance on microscopy. Further details on the errors
associated with this process can be found in the SI (see Figure S4).

Electrochemical measurements were performed with a custom-
made two-electrode potentiostat, capable of recording current
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Figure 1. Schematic representation of the generation and detec-
tion of nanobubbles. Here the sound source (a piston like emit-
ter, PLE) was positioned over a glass reflector (R). The GNP,
shown on the right of the image, and the hydrophone (H) were
held in position by appropriate mechanical stands. Note, this is
not to scale. Different bubble activity is also highlighted includ-
ing the cluster?”28 () at the end of the PLE and bubbles in the
bulk or on the surfaces ({)). Note the jagged edges on some
bubbles are a pictorial representation of those bubbles, which
exhibit surface wave oscillation. See Sl figure S1.

ranges as low as 1 pA. lon current results were recorded using a
custom-made current follower with a gain of up to 10° VV/A. This
system was constructed following a similar protocol to that
reported by Sigworth?. Further details of the approach adopted
and the performance of the device is included in the Sl data (see
Figure S5).
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Figure 2. Plot showing the ion current (i, ==) as a function of time for a 440 nm diameter pore. The GNP was positioned ~1 mm laterally
and level with the PLE (2 Wmms). The aerobic solution contained 10 mM KCI. A potential of 280 mV was applied across the pore. A
pressure difference of 77 mBar was applied to draw liquid into the GNP. The solution temperature was ~28 °C.
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Figure 3. Plots showing the ion current (i, =) as a function of
time for (a) a 440 nm diameter GNP and (b) a 40 um GMC. The
pores were positioned ~1 mm laterally and level with the PLE
(2 Wims). The aerobic solution contained 10 mM KCI. A
potential of 280 mV and 5 V was applied across the GNP and a
glass microchannel respectively. A pressure difference of 75-
77 mBar was applied to draw liquid into the pores. The solution
temperature was ~28 °C.

High-speed camera videos were recorded using a Fastcam-APX
RS from Photron. A 12X Navitar lens with a variable 0.58X-7X
zoom and a .67X adaptor tube was fitted onto the camera unit. The
videos were analysed using Photron Fastcam Viewer ver. 3391
software.

Ultrasonication of potassium chloride solutions was achieved
using a titanium piston like emitter (PLE) fitted with an insulating
ABS thread. The PLE was powered by a Microson XL2007
ultrasonic cell disruptor from Misonix Inc. The PLE frequency was
~22-23 kHz and, unless specified, the PLE was driven at an output
power (reported by the instrumentation) included in the appropriate
figure legend. The potassium chloride solutions were held in a
custom cell fitted with an optical glass window for the high-speed
camera to observe the bubbles. An SQ16 joint at the bottom of the
cell allowed a 1 cm diameter glass cylinder to be inserted at variable
height. The tip of the PLE (Ti, 3.2 mm diameter) was held 2.5 mm
above the glass cylinder and 5 mm below the meniscus of the
solution.

Figure 1 shows the experimental setup used in this study. Here
the PLE was used to create a large bubble population within the
fluid. It was found to be advantageous to use the glass cylinder as
a reflector (R) as this improved the frequency of bubble detection.
The hydrophone (H) was used to monitor the acoustic conditions
within the cell.

RESULTS AND DISCUSSION

Figure 2 shows the current time history of a 440 nm diameter
GNP in the presence of ultrasound. Here, the GNP was positioned
so that it was ~ 2 mm horizontally from the operating PLE. Figure
2 shows many transient drops in the current passed through the
nanopore. These are attributed to the passage of insulating material
through the GNP and are assigned to the translocation of
nanobubbles produced by the sound source outside the GNP. This
is supported by consideration of the dimensions of the nanopore
(estimated to be 440 nm in diameter from the electrochemical
characterization, see Sl for discussion) and the magnitude of the
current change detected (Ai up to ~1100 pA). The range of current

transients detected suggests that there is a broad distribution of
bubble sizes transferring through the GNP. Figure 3 (a) shows the
current time history for three specific translocations. In each case,
the current transient is characterized by a rapid decrease in the
current followed by a slower relaxation of the current back to the
baseline (here ~4070 pA). Assuming that the pore dimensions were
accurate (note the cone angle for these structures was estimated by
looking at the voltammetry of the W nanoelectrodes prior to
etching and then comparing to the ion current, see Sl for further
details), it is possible to size these events. For example, events (i),
(ii) and (iii) correspond to bubbles (by appropriate comparison to
simulation of the system, see S, Figure S6) with a diameter of 256
nm, 326 nm and 324 nm respectively. For comparison, Figure 3(b)
shows how the ionic current changes when a microbubble
translocates through a glass microchannel (GMC). Some clear
differences should be noted from this data.

Figure 3 (a) shows that the shape of the translocation event is
significantly different with the nanobubbles translocation
exhibiting an asymmetric fall and rise in current compared to the
microbubble case. These nanobubble translocation transients are
similar to those obtained when polystyrene nanospheres translocate
through nanopores (see Sl data, Figure S8). However, the Coulter
counter current for microbubble translocations is significantly
different. Figure 3 (b) shows that microbubble translocation is
accompanied with current oscillations which have been shown to
be linked to the local acoustic environment®. In essence, the
microbubbles oscillate in the sound field present as they
translocate. This dynamic size change can be detected by
measurement of the ion current through the micropore. However,
no such oscillation can be seen in the GNP case. This suggest that
these nanobubbles do not oscillate significantly, as they pass
through the GNP. However, some caution must be noted here, as
the instrumentational limitations of the system need to be
considered. In the case of the GNP system, a current follower with
a gain of 10° V Al was employed. This could be limiting as the
transients are of ms duration. However, analysis of the
performance of this system (see Sl data, Figure S4 and discussion)
suggests that this device was not significantly altering the shape of
the current time transients recorded. If this is the case, the absence
of nanobubbles oscillation is intriguing.
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Figure 4. Plots showing the ion current (i, =) for a 440 nm
diameter pore and the acoustic pressure (P, =) as a function of
time. The GNP was positioned ~1 mm laterally and level with
the PLE (6 Wrms). The aerobic solution contained 10 mM KCI.
A potential of +350 mV was applied across the pore. A pressure
difference of 76 mBar was applied to draw liquid into the GNP.
The solution temperature was ~23.5 °C.

First, one possibility is that these bubbles are far from resonance
at 23 kHz (a 100 nm radius bubble would be expected® to have a



resonance frequency of the order of 85 MHz). Hence, the degree
of oscillation expected would be much smaller than that expected
for the microbubble case (see calculations in SI, Figure S7, which
supports this conclusion). Second, the forces, damping and
structure of the bubble wall (which are a matter of interest), may
restrict the motion of these structures. Further work is needed to
determine the dynamics of these bubbles, but this will require a
more refined experimental approach.

While the evidence suggests the presence of nanobubbles within
this system, a measure of their stability would be useful. Figure 4
shows the ion current and acoustic pressure within the cell as
nanobubbles where generated (through the action of ultrasound)
during and after the termination of the ultrasonic field. Figure 4 (a)
shows that the acoustic field was initiated at 0 s and active to ~3 s
in this experiment. While the sound field is active (At time < ~3
s), figure 4 (b) shows the characteristic signature of nanobubbles
translocating through the GNP. However, on termination of the
sound source, detection of the translocation events also stopped.
This suggests that while the sound source was active, nanobubbles
were present and produced by mechanisms present in this
environment, including presumably fragmentation effects®.
However, as soon as the source was terminated, these bubbles were
no longer detected. Figure 4, which was found to be reproducible
over multiple runs and experiments, provides strong evidence that
the translocation events are related to transient nanobubbles and not
to nanoparticles present in the electrolyte. Several possibilities
exist as to the cause of this phenomenon. First, the actual bulk
concentration of nanobubbles in the media is extremely low and
events are rare in the absence of the generating mechanism (here
the ultrasonic source and the associated bubbled activity). Second,
the nanobubbles that were produced shrink rapidly to a size, which
is no longer detectable in the GNP (note, entities with a radius
smaller than ~80 nm would not be detected when translocating
through a 440 nm pore under the conditions employed, see SI,
Figure S6). Third, the transient nanobubbles are ephemeral in
nature and disappear through standard dissolution processes’
driven by the physical forces present. Nevertheless, the data
suggests that an intermediary nanobubble stage is detectable and,
considering that a nanobubble generation mechanism is likely to
produce such entities regardless of their ultimate fate, these
observations provide key evidence for the production of bulk
transient nanobubbles even if this cannot prove their final
existence.
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Figure 5. Image showing the experimental system while bubble
activity is driven by the PLE. A cluster (C) is seen at the PLE
tip; bubble activity in the liquid, on the surface of the reflector
(R) and GNP support is apparent. Two surface confined bubbles
(SBa1.2) are highlighted, with SB: close to the GNP mouth. The
scale bar represents 1 mm. In this case, the edge of the GNP
was ~ 1.8 mm from the edge of the PLE.

In order to understand the generation mechanisms present, high-
speed imaging of the GNP and the local environment was
undertaken. Clearly, imaging the bubbles (of the order of 100 nm
in diameter) is challenging. However, the local conditions (in
terms of microbubbles etc.) are possible to image. Figure 5 shows

an image of the bubble activity generated under the conditions we
employed. It was observed (see Sl data, Movie S1 for high-speed
imaging data) that nanobubbles translocation through the GNP was
accompanied by the presence of dynamic surface confined
microbubbles which skated over the GNP structure. This suggests
that fragmentation of these larger gas bubbles is the origin of these
transient nanobubbles. In contrast to work on microbubbles?®, the
GNP is unable to draw these surface bubbles through the pore
opening (under the conditions employed). Hence, the surface
confined bubbles were observed to continuously skate over the
structure producing the nanobubbles signature. Termination of the
sound source resulted in loss of activity of these bubbles and a
concomitant loss in transient nanobubbles detection (see figure 4).
In some cases, a permanent (on the time scale of the imaging)
bubble (diameter ~ 150 pm) was left on the surface of the GNP
structure (see SI data, Figure S1). In the experimental
investigation, a pressure difference (of the order of 80 mbar) was
applied across the pore. However, other factors, such as
electroosmosis and electrophoresis, could be a contributory effect
when considering the translocation of particles or indeed
nanobubbles through these structures. These effects, for particles,
have been discussed in several careful and elegant investigations of
nanoparticles translocation through asymmetric channels?33233
(see ref?® for an excellent review of the topic). In the current study,
we observed similar translocation events for both positive and
negative polarities across the nanopores used (see Sl data, Figure
S9). However, accessing force balance effects and associated
velocities remain an intriguing question in relation to the bubble
size, inherent charge, the pore wall, the nanopores size, the solution
conditions, the magnitude of the potential applied across the
nanopore and the possible transient nature of the population of
bubbles produced under the conditions employed in this
investigation. Lastly, under the conditions employed (e.g. the
pressure differential and the exposure to the ultrasonic field etc.)
the nanopore remained clear of obstructions.

CONCLUSIONS

Transient nanobubbles can be sensed within an electrolyte exposed
to ultrasound. These are detected as changes in the ion current
passing through a GNP. These nanobubbles appear to originate
from the fragmentation of a microbubble skating over the surface
of the glass support of the GNP. In contrast to microbubbles, which
are driven to oscillate during translocation by the local acoustic
field, no oscillation of the nanobubbles could be detected during
translocation.  Importantly, no translocation events could be
detected in the absence of the generating conditions, thereby ruling
out the involvement of bulk nanoparticles.
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